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Abstract

This thesis studies the temperature-dependent AC susceptibility of titanium, cerium magnesium ni-
trate (CeaMgs(NO3)12 - 24H20), and herbertsmithite (ZnCus(OH)gCls) in the temperature range of
~ 0.015-6 K. Through measurements of titanium, we find an estimated critical onset temperature of
Te.onset ~ 74.3mK and T¢ onset =~ 77 mK in terms of a heating and a cooling series, respectively using
an excitation frequency of v = 333 Hz. The large deviation from the literature value (~ 450 mK) [1],
and the reported value (468 mK) by Ref. [2], is believed to be governed by the presence of impurities.
Further, we find a frequency-dependence in T¢ onset Which is believed to originate from induced eddy
currents heating the sample. This interpretation is strengthened by the frequency-dependence being
suppressed as a result of reducing the drive field. Anyhow, from these measurements the phase (O)
required to separate the in-phase (') and out-of-phase (x”) susceptibility for a variety of frequencies
is extracted.

From measurements of CeaMg3(NO3)i2 - 24H20, we utilize its approximate Curie behaviour to ob-
tain an estimate of the sample temperature. We find that a cold finger temperature of ~ 13 mK
results in a sample temperature of Tyample ~ 27mK and Tiymple =~ 30mK for v = 333Hz and
v = 1433 Hz, respectively. In addition, we obtain a correction to the cold finger temperature outside
the reliable range of the thermometer.

Finally, we present both high-temperature DC susceptibility measurements and low-temperature AC
susceptibility measurements for ZnCus(OH)gCly. From the DC susceptibility measurements we find
a Curie Weiss temperature of cw = —248(57) K yielding an effective moment of g = v8Cpup =
1.91(10)up and a g-factor of g = 2.20(12). The large uncertainties are governed by overestimated
uncertainties from the data.

From the low-temperature AC susceptibility measurements of ZnCus(OH)gCly, we find the intriguing
occurrence of a peak in the in-phase component (') at ~ 50 mK, as well as an onset in the out-of-
phase component (x”) at ~ 200mK. A Curie Weiss fit conducted in the range ~ 0.02 K-6 K yields
a Curie Weiss temperature of Ocw = —0.0561(10) K — a factor of ~ 5000 smaller in magnitude than
Ocw = —248(57) K (high-temperature). Based on measurements for various excitation frequencies
we cannot reject a minuscule frequency-dependence in the features observed. However, the lack of
a signal in the 3rd harmonic susceptibility (x3), suggests the absence of spin glass behavior. Upon
applying a DC field, subtraction of a background term is unable to position the susceptibility curves
on a comparative scale for unknown reasons. However, subtracting an arbitrary offset, reveals signs
of saturation effects in x’, and a suppression of the onset in x” for increasing DC fields. The former
effect is in agreement with the observed behavior by Refs. |3, 4], whereas the latter effect is yet to

be investigated.
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1 Introduction

Magnetic frustration is associated with high ground state degeneracy and (in the quantum case)
quantum entanglement in the magnetic system. The phenomenon originates from quantum mechan-
ical exchange interactions that cannot be simultaneously minimized [5-7]. Frustration suppresses
the magnetic ordering temperature way below the temperature scale determined by the exchange
interaction J [8]. Further, it introduces the possibility of a variety of exotic states, where spins
may freeze in a random orientation and remain stuck in one of its many degenerate ground state
configurations |7]. Early studies show that magnetic frustration were studied even back in 1950s
[9]. The popularity of the research field has grown substantially since P. W. Anderson proposed the
resonating-valence bond (RVB) state in 1973 [10, 11|, and further, proposed a connection to high-
temperature superconductivity in 1987 [12]. The RVB state is believed to represent the ground state
of a quantum spin liquid (QSL), in broad sense, characterized by long-range quantum entanglement,
fractional excitations, and no magnetic order down to absolute zero [5, 6, 13-15]. Given quantum ef-
fects are most evident at low temperature near absolute zero, it requires accessibility to such extreme
environments in order to experimentally investigate the field of frustration. Nowadays, temperatures
near absolute zero are easily obtained with the 3 dominating refrigeration techniques being helium-4
evaporation, 3He-*He dilution, and nuclear magnetic refrigeration covering the kelvin, millikelvin,
and microkelvin range, respectively [16]. At these temperatures, AC susceptometry proves a valuable
and versatile tool, probing the dynamic magnetic properties by measuring the material’s response to
a small oscillating magnetic field [17-20]. In this thesis, the AC susceptometry technique is utilized
to measure the temperature-dependent AC susceptibility using a variety of excitation frequencies
and DC background fields at dilution temperatures for titanium, cerium magnesium nitrate, and
herbertsmithite.

Section 2 introduces the basic theory of magnetism such as paramagnetism, ferromagneitsm, and
antiferromagnetism and its origins. From there on, it presents magnetic frustration and the relevant
states of matter this may bring. Towards the end of the section, the concept of AC susceptibility
is presented along with the AC susceptibility characteristics of the states of matter relevant to this
thesis.

Section 3 introduces the theoretical model of the cooling process in a dilution refrigerator. Then
it moves on to the practical functionality behind the dilution refrigerator, and shows illustrative
graphs of some of the cooldowns conducted throughout the year. In the last half of the section, the
concept of AC susceptometry is reviewed as well as various considerations and key concepts when
working in the field.

Section 4 presents measurements for titanium with the purpose of determining the phase required
to separate the AC susceptibility in terms of the in-phase (') and the out-of-phase component (x”).
Section 5 utilizes cerium magnesium nitrate as a thermometer to convert between the recorded cold
finger temperature and the sample temperature. Further, it proposes a correction to the recorded
cold finger temperature outside the reliable range of the thermometer.

Section 6 shows intriguing measurements of the highly frustrated compound herbertsmithite, which,

with its perfect kagomé layers consisting of Cu?* ions, remains a leading QSL candidate [6, 13-15].
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2 Magnetism

2.1 Magnetic susceptibility

In vacuum, the magnetic flux density B relates linearly to the magnetic field strength H:
B = nuoH (1)

where the constant of proportionality, g = 47 x 107" Hm™! is the permeability of free space. The
magnetic flux density and the magnetic field strength are measured in the Sl-units tesla (T) and
ampere per meter (Am~!) respectively. However, both of these quantities are usually in literature
referred to as the magnetic field, and the letters ‘B’ and "H’ are further used to specify the magnetic
field of interest. This thesis will proceed adopting this syntax.
If a magnetic solid is present in the region of the applied field, the relationship between B and H
takes the general form:

B=p(H+M) (2)

where M represents the magnetization of the solid, which is defined as the magnetic moment per
unit volume |7, 21]. The magnetization for magnetic materials remain field-dependent and can be a
complicated function. In theory, the magnetic susceptibility represents the relationship between the

magnetization and the applied field, and is in its most general form defined as:

oM

X—aiH (3)

where the susceptibility is a tensor such that x.5 = %, with a, 8 € {z,y,z} [17, 22-24]. In
isotropic cases, it reduces to a scalar independent of the direction of the spatial coordinates. In most

cases for small fields, the magnetization remains linear and therefore becomes:
M = yH (4)
meaning the magnetic field B becomes:

B=po(1+x)H=pouH (5)

where g, = 1 4+ x is the relative permeability for the material of interest. However, one has to be
careful when it comes to the definition of fields in magnetic materials, since the internal field inside a
material B; and Hj, which are produced by the magnetic moments, can differ significantly from the
applied fields B, and H, due to the fact that the internal fields can be highly positioned dependent
[7]. In principal, the internal magnetic field can be broken into two components for an arbitrary
shape:

Hi (r) = Ha (1) + Ha (r)  B;(r) = Ba (r) + Ba (1) (6)

However, for an ellipsoidal shape, the demagnetization field is uniform, meaning it can be written
as:
(Ha); = = Ny Mj, (7)
J

where N represents the demagnetization tensor. If the magnetization points along one of the prin-
cipal axes of the ellipsoidal shape, it can be diagonalized such that N becomes a scalar. Further,
when measuring susceptibility, one has to keep in mind that the measured susceptibility corresponds
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to the experimental susceptibility (Xexp) Which relates to the applied field, which further relates to
the intrinsic susceptibility (xint) as follows:
Xint
Xexp = T N (8)
However, for weak magnetism (/N xiny < 1) one has xexp & Xint, meaning the effect of demagnetiza-
tion can be ignored. Although, in case of ferromagnetism or superconductivity this effect remains
significant |7].

2.2 A single atom in a magnetic field

The energy of an electron in a magnetic field due to it’s intrinsic angular momentum (spin) is given
by F = —pue - B where pe = —gpups represents the electron’s intrinsic magnetic moment. Thus, the
energy becomes:

E = gupmsB ~ tugB, 9)

using mg = j:% and g ~ 2 |7, 21, 23, 24| . In addition, the electrons possess orbital angular
momentum, and for a system of multiple electrons, the total angular momentum is given by AL =
>, i X p;, where the sum is taken over all electrons in the system. Neglecting the external magnetic
field, the unperturbed Hamiltonian for the Z number of electrons of an atom is given by:

4 2

~ p'L

HO = Z |:2me + V;:| ’ (10)
=1

where V; represents the potential for the i’th electron. By adding a magnetic field the Hamiltonian
should include the energy shift caused by the coupling between the magnetic field and the intrinsic
angular momentum of each electron, and the kinetic momentum has to be replaced by the canonical

momentum, p, — (p; + eA)2. Therefore, the perturbed Hamiltonian takes the form:

(p; +eA)?
2mee

Z
W=yt =3

i

+Vi| +gusB-S (11)

where S = ) 's; represents the total spin in the system [7, 21, 23, 24|. The magnetic field is given

by B =V x A and the gauge A(r) = BQXT is chosen. By expanding the squared term, one obtains:

z
H=Ho+ ) S [(M(ri))2 Fe(p; - Ar) + Ar) - pl.)} +gusB - S (12)
z :
=Ho + ; [4:;% (p; (B xr;)+(Bxr;) p;) + 8€—me (B x ri)ﬂ +gusB-S (13)
Further, using that [p,B xr] =0, p- (B xr) =B - (r x p) the Hamiltonian can be simplified to:
)
7:[:7:[O+MB(L+gS).B+;8;e(eri)z (14)

The second term up (L + ¢S) - B in Eq. (14) is considered the paramagnetic term which describes
the energy gain of aligning the magnetic moment of the atom with the applied field. This term
typically remains the dominant term and it corresponds to a positive magnetic susceptibility x > 0.
The third term ZzZ sze (B xr;)? in Eq. (14) is the diamagnetic term, caused by the magnetic
moments pointing anti-parallel with respect to the applied field, which corresponds to a negative

magnetic susceptibility x < 0. The main case where the diamagnetic term remains of significance is
for materials where the total angular momentum J = L 4 S takes a value of J = 0. This typically
happens for atoms with filled shell configurations |7, 21, 24].
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2.3 Diamagnetism
2.3.1 Larmor Diamagnetism

The diamagnetic term in Eq. (14) gives rise to the diamagnetic susceptibility for which an expression
can be fairly easily derived using first order perturbation theory. If one considers an atom with no
unfilled electron shells, so the paramagnetic term in Eq. (14) can be neglected to first order and a
magnetic field is applied along the z axis, one has that the ground state energy correction due to

the last term in Eq. (14) is given by:

Z
AE) = S a2 e = S Sy (15

12m
€ =1 € =1

where a spherically symmetrically atom has been assumed, implying that (22) = (y?) = $(r?) [7, 21].
Thus, for a system with N atoms contained in a volume V at T'= 0K one obtains a magnetization:

dE Ne2Bi< )

M=-—"-=_""_" . 16
a5 =V o, 2 (16)
and using B = puoH for small magnetic susceptibilities:
dM N e Z 9
XLarmor = dB V 6me ;(n) (17)

which is known as the Larmor diamagnetic susceptibility. For noble gasses and ionic salts the
electrons in the outer shell have roughly the same radial distance, meaning the sum in Eq. (17) can
be approximated as Zegr? where Zg represents the number of electrons in the outer shell [7, 21].

2.4 Paramagnetism

2.4.1 Van Vleck Paramagnetism

As mentioned in Section 2.3.1, if J = 0, the first order correction to the ground state energy from
the paramagnetic term from Eq. (14) vanishes |7, 21|. However, using second order perturbation

theory, a paramagnetic effect remains, since excited states with J # 0 are accounted for

|0l (L + ¢8) - Bln)* _ 2 p2 5 O +gS )I?”L)I2
s B 1

-y (o) o e 09

where B = BZ. And by assuming the same circumstances as in Section 2.3.1 the magnetization is
given by

0 (L= + g8:) [n)?
u%B 19
D (19)

for N atoms contained in a volume V at T'= 0 K. Thus, the susceptibility y = MO%% becomes:

(0| (L, + gS.) |n)|?
v = Yot Z' (£ +95.) ) 0

which is a positive quantity and known as the Van Vieck paramagnetic susceptibility. For an atom
with no unfilled electron shells, the susceptibility of the system becomes a sum of the Larmor and
the van Vleck suceptibility from Eq. (17) and Eq. (20), respectively:

‘ 0‘ —|— gS ) |7’L>’2 e 2
v rmor — 2 — . 21
X XvV XLarmo VﬂO E E EO 6me E <T‘Z> ( )
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2.4.2 Curie Law (J # 0)

The Curie law predicts that the magnetic susceptibility relates to the temperature through an inverse
proportionality. It arises from the paramagnetic term in Eq. (14) given this term is non-zero, which
occurs when J # 0. Further, it is based on the assumption that no interactions between the magnetic
moments are present. It remains valid, however, under weak interactions or in the regime where the
interactions are significantly smaller than the thermal fluctuations [16].

The paramagnetic term from Eq. (14) can be rewritten in terms of the total angular momentum J
as such:

H=upB - (L+g¢gS)=gsupB-J, (22)
where g represents the Landé g-factor and is given by [7]:

S(S+1) — L(L +1)

1 1
S D+ =(g—1 23
Assuming an applied magnetic field along the z axis, the energy becomes:
E = pupg;Bmy (24)

where the quantum number m ; can take the following values mj; = —J, —J+1, —-J+2...J-2, J—1, J.
Given the energy from Eq. (24), the partition function becomes:

my=J wm, sinh [l B2J+1) “>]
7= Y ermoript o DIV BT (2)
my=—J sinh [%NBQ];CB%}
which results in the following magnetization:
1 1 B(2J+1) 1 B
M= 2J 4+ 1)coth | = —— | —coth | = — 26
5"HBYI [( +1)co (2HB9J T > co <2MB9J k:BT)] (26)

In order to obtain the susceptibility, we consider small magnetic fields, thus by applying the following

approximation coth(z) ~ % + § for 2 < 1 the susceptibility becomes:

, OM  npopdg3J(J+1)  Courie
X~ pSM9B 3kpT T 27

which is known as the Curie law susceptibility. Note, this term is temperature-dependent and it
diverges at T' = 0, in comparison to the previous mentioned paramagnetic or diamagnetic contri-
butions to the total susceptibility. If the Curie susceptibility contribution remains non-zero it will
become the dominant term for the total magnetic susceptibility. A full derivation of the Curie law
is given in Appendix M.

2.5 Ferromagnetism & Antiferromagnetism

Up until this point, only free electrons and their interactions with an applied field have been con-
sidered. However, interactions in terms of dipole-dipole or exchange interactions in between the
magnetic moments give rise to the most interesting phenomena such as the emergence of order (fer-
romagnetism & antiferromagnetism) as well as magnetic frustration. Proceeding, we will look into
how some of these interactions modify the magnetic susceptibility.
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2.5.1 Interactions

The first interaction to be considered is the dipole-dipole interaction which has an energy equivalent

to
Ho

B = 0y~ S0 (g ) (28)
for two magnetic dipoles p; and ps separated by r [7]. Thus, the dipole-dipole energy depends
on the degree of mutual alignment and their separation. This interaction is on an energy scale
equivalent to a temperature of 1K, meaning it is extremely weak and may only be accountable
for magnetic order at milliKelvin temperatures, such as paramagnetic salts |7, 16]. Therefore,
regarding long-range order, the exchange interaction remains the underlying cause. It originates from
Coulomb repulsion in combination with Pauli’s exclusion principle and the fermionic anti-symmetric
wavefunction [7]. Considering a simple model containing two electrons, the total wavefunction is a
product of the spatial wavefunction tspace(r1,r2) and the spin function xgpin, where the latter is a
linear combination of the possible spin states of the system. Therefore, to uphold the requirement of
a total anti-symmetric wavefunction under particle exchange, the spatial part has to be symmetric if
the spin part is anti-symmetric and vice-versa. Thus, one either has a single state (S = 0) denoted
Ug or the triplet state (S = 1) denoted ¥t which are given as:

W = ji[wa<r1>wﬁ<r2> T (e2)Pa () xs (20)

1
Ur = —=[va(r1)vs(ra) — Yalr2)ihs(ry)xr (30)
V2
along with their corresponding energies Eg and Ep. The Hamiltonian can be expressed in terms of
these energies and parameterized using the two spins S; - Sa:

~ 1
H = Z(ES =+ 3ET) — (ES — ET)Sl . SQ (31)

where the spin-depdendent term may be rewritten as:

HPIN = 278, - Sy (32)

with the exchange constant defined as J = % This can be generalised to a many-body system
assuming the interaction applies between all neighbouring atoms, which results in the Hamiltonian
of the Heisenberg model:

H=-> JSi8; (33)

ij

A positive exchange parameter (J;; > 0) causes the triplet state to be favoured and therefore gives
rise to the spins aligning (ferromagnetism), whereas a negative exchange parameter (J;; < 0) puts
the singlet state as the lowest energy, and therefore motivates an anti-alignment between the spins

(antiferromagnetism) [7].

2.5.2 Ferromagnetism

The appropriate Hamiltonian for a Heisenberg magnet in the presence of an applied field can be
written in terms of the Heisenberg model including the Zeeman effect, meaning the Hamiltonian
takes the following form:

ﬁz—ZJijSi'Sj-i-g,uBZSj'B (34)

ij J
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assuming L = 0 and, hence, J = S. In the case of ferromagnetism we have a positive exchange
parameter J;; > 0. The Weiss-model builds on the approximation of a mean-field, which can be
parameterized as By = AM where \ = ﬁyﬁg > Jij (32; Jij — 2J if only z nearest neighbors
accounted for) is the parameter which represents the strength of the molecular field [7, 24]. Thus,
the model assumes that all magnetic ions in the system experiences the same molecular field. Given
such a mean-field, the Hamiltonian from Eq. (34) can be written as:

which is written on a similar form compared to Eq. (22). Thus, for arbitrary value of J (assuming
L =0 and J = S), the magnetization of the system follows the magnetization from Eq. (26), where
B — B+ AM.

1 1 B+ MM)(2J+1 1 B+ MM
M:in,uBgJ |:(2J+1)C0th<2/,LBgJ( + )T + ))—coth< i

— —— )| = MB
T SHBIS >] $B(y)

(36)
where Bj(y) represents the Brillouin function, Mg = ngyupJ represents the saturation magnetiza-
tion, and the variable y is given by:

_ 90 (B + AM)
Y kpT

(37)
With no magnetic field present, one has to find simultaneous solutions for the following two equations:

kgTy
M = MJBy(y), M=—2-7_
7(y) PR

in order to obtain the temperature-dependence of the magnetization. For temperatures above a

(38)

certain temperature denoted Curie temperature, Tc there are no simultaneous solution except for
y = 0, causing the magnetization to be zero. However, for temperatures T" < T¢ there are three
solutions, one at M = 0 and two at M = + some non-zero value (see Fig. 1 (left)). The first
solution (M = 0) is unstable and any fluctuations will push the system into the either of the two
non-zero solutions. By numerically solving the system of equations in Eq. (38), one obtains the
temperature-dependence of the magnetization shown in Fig. 2 (left), which reveals a second-order

phase transition, as the derivative of the magnetization contains a discontinuity at T = T¢.
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1.0 — 7>T7c 1— 157 -
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: — T<TC e T<TC
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Figure 1: Left: Graphical solution of Eq. (38) for J =
and B =3T.

Right: Graphical solution of Eq. (39) for J =

[ NI
N[—=

0.0 0.5 1.0 0.0 0.5 1.0
T/Tc T/Te¢

Figure 2: Numerical solutions of Eq. (38) and (39). Left: Magnetization as a function of temperature for
various values of J and B = 0. Right: Magnetization as a function of temperature for various magnitudes
of applied field and J = %



2 MAGNETISM 9

If a magnetic field is present, simultaneous solutions for the following two equations:

k:BTy B
M = MB;(y), M= GmIA A (39)
which differ slightly from Eq. (38), have to be found (see Fig. 1 (right) for graphical illustration).
This yields the magnetization shown in Fig. 2 (right). Note that if a magnetic field is present,
the spontaneous second-order phase transition from zero magnetization to a finite magnetization
below a critical temperature is eliminated as the magnetization remains continuous and is non-zero
regardless of the temperature due to it being energetically favoured for the moments to align along
the applied field. By considering a small magnetic field, thus, a small magnetization, similarly to

the case in Section 2.4.2, the susceptibility becomes:

_ C(Culrie _ CCurie
T — )\CCurie T — TC

X (40)

which is known as the Curie Weiss Law. The Curie temperature Tc = ACcurie represents the point
where the moments align resulting in long range order and the magnetization approaches a saturated
magnetization |7, 24].

2.5.3 Antiferromagnetism

In the case of antiferromagnetism the exchange energy from Eq. (34) is negative i.e. J;; < 0 causing
it to be energetically favoured for the nearest neighbour magnetic moments to align anti-parallel to
one another. The lattice can be considered as two sub-lattices, where one contains the moments
with spin-up and the other one contains the moments with spin-down as illustrated in Fig. 3.

g4 —_ L '
—4 —4 - | 4

.
1
i

Figure 3: An antiferromagnet on a square lattice may be decomposed into two sub-lattices, with one

containing spin-up moments and the other containing spin-down moments. From [7].

If one assumes the absence of an applied magnetic field and that the molecular field on one sub-
lattice is proportional to the magnetization of the other sub-lattice, the mean field for each sub
lattice caused by the molecular field alone can be written as:

B, = —[AM_, B_=—|A]M; (41)

where the sub-lattice containing the moments with spin-up has been labeled with '+’ and the sub-
lattice containing the moments with spin-down has been labeled with ’-’. Similarly, from Section
2.5.2 the magnetization becomes:

 gsksJ A My

My = MSBJ(Q)7 y= kB—T (42)
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The magnitude of the magnetization for the two sub-lattices should be equivalent i.e. |M,|=|M_| =
M. Thus, the magnetization for each sub-lattice follow the magnetization for ferromagnetism shown
in Fig. 2 (left) up until the transition temperature denoted Néel temperature, Ty at which point the
magnetization for each sub-lattice remain zero. For temperatures T' < Ty the net magnetization for
this model will be zero since the magnetization from each sub-lattice points in opposite directions.
However, commonly the staggered magnetization is defined as the order parameter for antiferromag-
nets, which represents the difference in the magnetization i.e My — M_ and remains non-zero for
temperatures T < Ty, where Ty = %}?WMS = |ACcurie |7, 24]. Anyhow, for small applied

magnetic fields, the magnetic susceptibility becomes:

_ C’Curie
T+ TN

X (43)
which as well as Eq. (40) is known as the Curie Weiss Law, where —T — Tn. This is not always
the case, in general, it is expressed as y = %, where Ocw is referred to as the Curie Weiss
temperature. Here, one has fcw > 0 and Ocw < 0 for a ferromagnet and an antiferromagnet,
respectively. Experimentally, a fit to a Curie Weiss-dependence is typically carried out for the
inverse susceptibility vs temperature (y~! = W), where the intersection with the temperature
axis corresponds to fow [7, 25]. Based on the above derivation one expects that Tn = |fcw|,
however, the Néel temperature is often found to deviate from the Curie Weiss temperature, which
is due to the simplified model considered in this section, and the deviation is typically enhanced
significantly by magnetic frustration |7, 24].

2.6 Frustration

The antiferromagnetic exchange interaction between spins presented in Section 2.5.3 opens the door
to the phenomenon of magnetic frustration, which contains various exotic ground states where some
are known as spin glass, spin ice, and quantum spin liquids with all being not fully understood and
the latter has yet to be observed [7]. As shown in Fig. 3 and Fig. 4 (left) having an antiferromag-
netic exchange interaction between spins on a square lattice, it remains nice and easy to obtain a
configuration of alternating up and down spins, where the energy is minimized. However, by intro-
ducing a triangular geometry as shown in Fig. 4 (middle), it becomes impossible to orient all three
spins such that a nearest-neighbour antiferromagnetic interaction is satisfied fully between every
spin. Instead, the system offers a multiplicity of equally unsatisfied states, meaning the ground state
is highly degenerate [5, 7|. Frustration suppresses long range order in terms of temperature, such
that a paramagnetic phase, described by a Curie Weiss-dependence, takes place for temperatures
way below the Curie Weiss temperature. Therefore, a frustration parameter is defined as the ratio
between the Curie Weiss temperature and the Néel temperature (f = %) where a large value for
the ratio remains a signature of frustration [5, 13-15].

2.6.1 Spin Glass

In a broad sense, a spin glass is defined as a magnetic system with random mixed interactions
between the spins giving rise to a highly degenerate ground state. Below a well defined so-called
freezing temperature (Tt), the moments freeze in one of the degenerate ground states, which is highly
irreversible and metastable, yet lacking long-range magnetic order |7, 17, 20]. At high temperatures,
the behaviour of the magnetic moments is governed by the thermal fluctuations, giving rise to
a paramagnetic behaviour. This is reflected in a Curie Weiss-like magnetic susceptibility. Upon
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NOR

Figure 4: Left: Antiferromagnetic nearest-neighbour interactions on a square lattice Middle: Antiferro-
magnetic nearest-neighbour interactions on a triangular lattice. Right: The kagomé lattice. From [7]

reaching the freezing temperature, the magnetic susceptibility shows a cusp, and begins to decrease
[7, 26]. Given the spin glass system lacks magnetic order below the freezing temperature, a field-
cooled (FC) and zero-field-cooled (ZFC) splitting (see Fig. 109 (top) Appendix L) still occurs in the
DC magnetic susceptibility which is one of the signatures [7]. However, the main probe technique to
study such systems is through AC susceptibility as various interesting and distinguishable features
are captured, which will be discussed further in Section 2.9 and 2.10 [20].

2.6.2 Quantum Spin Liquid (QSL)

A quantum spin liquid (QSL) is a state of matter which is characterized by long-range quantum
entanglement, fractional excitations in terms of spinons and no magnetic order down to T' = 0K,
yielding a frustration parameter that would approach infinity. Therefore, the moments remain liquid-
like and no spontaneous broken symmetry occurs |5, 6, 15]. The wave function for such a state of
matter may be seen as a resonating-valance bond (RVB) state, and it is predicted to be the ground
state of various frustrated materials. For instance the compound herbertsmithite (ZnCus(OH)sCly)
which possesses a kagomé structure shown in Fig. 4 (right) remains the most promising compound
to hold such a ground state, but this is yet to be observed [5, 6, 15].

Valence Bonds (VB): The state of dimer valence bonds is a non-magnetic state and is found to be
the ground state of various materials [27, 28|. A dimer valence bond represents a scenario where two
spins are highly quantum entangled with one another, owing up to an antiferromagnetic interaction,
with these two spins forming a spin-0 singlet state. Imagine such a static and localized dimer valence
bond being the case for all the spins in the lattice arrangement as shown in Fig. 5 (top left); the
overall ground state would have spin-0, causing the material in a sense to be non-magnetic and
contain excitations in terms of magnons (AS = 1) [5]. However, often the arrangement of valence
bonds is not unique which typically breaks translational and rotational lattice symmetry. Further,
the phenomenon lacks long-range entanglement, which means that such a state does not describe a
true quantum spin liquid [5, 13].

Resonating Valance Bond (RVB): However, if one allows these valence bonds to undergo quan-
tum fluctuations, one obtains the resonating valence bond state which was proposed in 1973 by
the American physicist P. W. Anderson [10, 11]. In 1987 P. W. Anderson further proposed for it
to underlie the physics of high-temperature superconductivity [5, 12, 15]. Recently, it has been
shown that the RVB wavefunction remains the ground state for various models, for instance the
nearest-neighbour Heisenberg model on the kagomé lattice as seen in Fig. 4 (right) |5, 13]. For such

a state there is no preferred ordering pattern and the overall wavefunction is a superposition of all
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the different pairing configurations of two spins, where the bond may be short range as seen in Fig.
5 (left middle) or long range as seen in Fig. 5 (left bottom). The long range bonds remain weaker
compared to the short range bonds, which is illustrated by the variation in the blue color [5]. The
exotic RVB state excitations take the form of electrically neutral spin—% spinons, which arise from
breaking a valence bond between a formed pair. These unpaired electrons may adjust the already
fluctuating valance bonds, resulting in two new unpaired electrons, which visually will appear as a

free spin propagating through the lattice as shown in Fig. 5 (right) [5].
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Figure 5: Left: Illustration of valance-bond state and resonating valance-bond state. Top: Static singlet
valance-bond dimers, with the insert illustrating a singlet state. Middle: Superposition of short-range
valence bonds. Bottom: Superposition of long-range valance bonds, where a longer bound has a lighter blue
color representing a weaker bound, and, hence, easier to break and form non-zero spin states. Right: A
Spinon is a fractional excitation propagating through the lattice by modifying the already resonating valence
bonds. From [5].

In the broad picture, there are two types of quantum spin liquids characterized by either gapped or
gapless spinon excitations. In terms of a gapped spinon excitation spectrum, it requires a certain
amount of energy to break the dimer singlets. The temperature-dependent susceptibility for an

isolated dimer singlet with a spin gap takes the form:
1

T (3 + exp[kBAT])

which is known as Bleaney-Bowers equation, where A represents the energy gap. for high temper-

X(T) o (44)

atures it behaves Curie-like and as T — 0K, the susceptibility goes exponentially to zero [7, 27,
29]. If the excitation spectrum is gapless, the valence bonds are easily broken. Here, the uniform
antiferromagnetic spin—% chain serves as a simplified picture, where the magnetic susceptibility ap-
proaches a finite value as T — 0K. Ref [29, 30| show numerical calculations for both the dimer
scenario and the uniform antiferromagnetic spin—% chain which are shown in Fig. 6 and fitted using
a polynomial expansion [30]. However, it has to be emphasized that these are indeed simplified
models and are only utilized to obtain suggestions of the true temperature-dependent susceptibility
of a gapped and a gapless quantum spin liquid. As mentioned, a true quantum spin liquid has yet
to be observed, and experimentally identifying such a state remains subtle and difficult to prove.
It remains significantly easier to state what the material of interest is not, rather than what it is.
This means that there is not a single experimental feature which, alone, identifies a quantum spin
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liquid [5, 15]. In terms of magnetic susceptibility, a large frustration parameter (f
a good indication, meaning a susceptibility vs temperature curve which reveals no sign of magnetic

order or spin freezing.
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Figure 6: Numerical calculations along with fits using polynominal expansions. Left: The antiferromag-
netic Heisenberg dimer singlet showing an exponential decay to zero as T — 0K. Right: The uniform
antiferromagnetic spin—% chain showing an approach towards a finite value as T'— 0K. From [29, 30]

2.7 Superconductivity

Superconductivity is characterized by two fundamental properties: zero DC resistivity and perfect
diamagnetism. It was first discovered by H. K Onnes in 1911 after witnessing the former property
(zero DC resistivity) for the material Mercury at the temperature of liquid helium. H. K Onnes
investigated the validity of the Drude theory by measuring resistivity for various materials such
as gold and platinum which yielded results consistent with Drude theory. However, in the case of
Mercury an unexpected drop in resistivity was observed at the critical temperature T, = 4.2 K which
differed from any theory regarding electrical transport, and therefore revealed a new phenomenon
at the given time [31, 32].

In 1957, Barden, Cooper, and Schrieffer presented the very first microscopic theory of superconduc-
tivity known as BCS theory, covering the conventional superconductors (mainly Type-I and a few
Type-II, both introduced in Section 2.7.2). The theory describes the formation of singlet Cooper
pairs, which essentially is an energetically favoured bound state between two electrons with oppo-
site momentum and spin (k 1T, —k |). The effective electron-electron interaction is mediated by
phonons and remains attractive within the Debye frequence (wp) of the Fermi surface. Unlike met-
als, where the electron states are filled up to the Fermi energy (ep) with a finite density of states
at the Fermi level (g(er)), BCS theory predicts the existence of a temperature-dependent energy
gap (A(T')) which separates the occupied states from the excited states by 2A(T"). The energy
gap represents the binding energy of the Cooper pairs, and it relates to the critical temperature as
follows: 2A(T = 0) = 3.52kpT, [1, 22, 23, 31, 32].

2.7.1 Meissner-Ochsenfeld Effect - Perfect Diamagnetism

The property of perfect diamagnetism was unravelled in 1933 by the two german physicists F. W.
Meissner and R. Ochsenfeld, when they observed the expulsion of an applied magnetic field by a
material in it’s superconducting state, suggesting an interior magnetic field of B = 0 [31]. Utilizing
the general form for the magnetic field from Eq. (2) in Section 2.1 and imposing that B = 0 inside
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the material at temperatures of T' < T¢, one obtains:
B=pypH+M)=0 = M=-H (45)

meaning that the material produces a magnetization which is equal in size and opposite in direction to
the applied magnetic field. For such a magnetization, one easily arrives at the magnetic susceptibility:

dM
X:ﬁH:o:_l (46)
which yields the value for perfect diamagnetism. The magnetization opposite to the applied field
is produced by tiny shielding currents driven on the surface of the material. The phenomenon is
illustrated in Fig. 7 and an additional feature to note, is that the density of the field lines near the
surface increases as the magnetic field is expelled resulting in a larger field magnitude in this region

[31].

Bl<bo Cooling

T<T,

Figure 7: Left: Magnetic field lines piercing the material at T' > T.. Right: Magnetic field lines being
repelled from within the body of the material at T' < T.. Additionally, the density of the magnetic field lines
increases near the material’s surface. From [31].

In reality, the magnetic field does penetrate the surface of the superconductor slightly over a length
scale referred to as the London Penetration Depth (A1) which takes part in the London equation:
2 1
VB = )\—ZB (47)
L
first derived by Fritz London and Heinz London [22, 32|. One-dimensional solutions to Eq. (47)
takes the form B = Bgexp (—%)

L )
distance Ar, (commonly ~ 50-500nm), which is given by:

which shows that the magnetic field decays exponentially over a

Me
,u()ns62

AL = (48)
where me and e represent the mass and the charge of the electron and ns represents the superfluid
density [22, 23, 31, 32|.

2.7.2 Type l and Type 1II Superconductors

The perfect diamagnetic susceptibility (x = —1) is only true in the limit of a weak applied magnetic
field. In general, there are two types of superconductors: type-I and type-II and as the external field
is increased, the material responds in two possible ways defined by the type. A type-I superconductor
is able to expel an applied field entirely up to a certain strength of the applied field referred to as
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the critical field, H.. At this point, it remains energetically favourable for the material to leave
the supercondcuting state, meaning it transfers to a normal metal spontaneously |31, 32] as shown
in Fig. 8 (left). A type-II superconductor acquires the perfect diamagnetism up to an initial
critical field (Hc1), at which point the material enters a 'mixed state’ where field lines pierce the
material at certain regions. These flux lines take the form of vortices carrying quantized magnetic
flux (¢pg = 2—}2) These vortices contain a core which essentially has transitioned to a normal metal,
however a circulating super-current at the edge of the region ensures a screening of the magnetic field
in the bulk of the material [31, 32]. A further increase in the magnetic field causes the magnetization
in the material to gradually approach zero, and at a field equivalent to H.o, the superconductivity

is eliminated as shown in Fig. 8 (right).

Type 1 Type Il

H. H
M ' Hr: N M |L] .c2

L J

Figure 8: Left: The magnetization sketched as a function of the applied field for a Type-I superconductor,
where it follows M = —H up to a cutoff point H = H., at which point the superconductivity breaks
down spontaneously. Right: The magnetization sketched as a function of the applied field for a Type II
superconductor, where it behaves as a Type I superconductor for an applied field H < H.; at which point
the material enters the vortex phase, causing the magnetization to gradually approach a value of zero as the
external field approaches a second critical field, i.e. H — H¢y. From [32].

Further, the critical field for both types of superconductors remain temperature-dependent and the
temperature-dependence is illustrated in Fig. 9. In case of Type-I superconductors, experimental
data are well approximated by the following empirical expression:

H(T) = H.(0) [1 - (;f) (49)

for temperatures T" < T, and as the temperature approaches the critical temperature, the relation
between the critical field and the temperature approaches a linear dependence:

Ho(T) o [T — 7] (50)

as described by Ginzburg-Landau theory [1, 22, 32].
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Type 1 Type 11

Applied field H

T, T,
Temperature T

Figure 9: Left: The temperature-dependence of the critical field (H,) for a Type-I superconductor. Right:
The temperature-dependence of the critical fields (H.; & Heo) for a Type-II superconductor. Sy, and Sy
and N represent the Meissner, mixed, and normal phase, respectively. From [31].

2.8 AC susceptibility

The AC susceptibility, unlike DC susceptibility, represents the dynamic response of a material subject
to a small sinusoidal field (Hac = Hac o cos(wt)) with a typical field strength of Hycp < 1Oe in
the frequency range 0.1-10* Hz, allowing one to directly probe the ground state of the spin system
[17]. The definition of susceptibility from Section 2.1 applies to AC susceptibility as well, it is just
important to note it differs by having an oscillating field giving rise to an oscillating magnetization:

XAC = (51)

Thus, instead of measuring the magnetization of the sample using a static finite field (DC case), AC
susceptibility represents the slope of the magnetization curve. An oscillating field may be used in a
combination with a static field causing the total field to take the form H = Hpc + Haco cos(wt).
This enables various magnetic field regions of the magnetization to be probed as illustrated in Fig.
10. Therefore, with a DC field present, the susceptibility becomes the slope of the curve evaluated

at the strength of the DC field [17]:
oM

Since the AC susceptibility represents the dynamic response of a given material subjected to an

(52)

oscillating field, one can imagine that given the magnetic moments in the material either share a
single relaxation time or there are a spread of relaxation times, the response will be frequency-
dependent. This frequency-dependence is generally divided into three characteristic regimes: the
isothermal regime, the adiabatic regime, and the intermediate regime [17].

e The isothermal regime (w < %) covers the scenario where the magnetic moments in the system
have a fast relaxation time with respect to the frequency of the excitation field such that the
moments have time to equilibrate for every oscillation of the excitation field and, therefore,
respond instantaneously exchanging energy with the lattice. In this regime one has xyac =~ xpc
and the measured susceptibility is typically referred to as the isothermal susceptibility, xT

e The adiabatic regime (w > %) regards the case where the perturbation of the system occurs at a
significantly higher frequency than the timescale of the natural relaxation time of the system.

Therefore, the system does not manage to respond properly and exchange energy with the
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lattice. The measured susceptibility for this regime is known as the adiabatic susceptibility,
Xs-

e The intermediate regime (w =~ %) remains the regime where the response in more complex. If

the excitation frequency is slightly slower or faster than the natural relaxation of the system,
a phase lag in the response occurs, meaning that the response is decomposed into an in-
phase component which reflects an inductive response and an out-of-phase component which

represents energy dissipation.

2M, .k

Hd.(,:. H

Figure 10: Figure illustrating how an AC field in combination with a DC field allows one to probe various

regions on the magnetization curve. The red line represents the gradient of the magnetization curve evaluated
at the Hpc. From [17].

Thus, the AC susceptibility can be written as a complex quantity:

xac (w) =X (T,w) +ix" (T,w) (53)

where both the real and the imaginary component may be temperature and frequency-dependent
[17]. The sinusoidal field causes the magnetization to be periodic, thus, assuming a driving force of

Hac(t) = Hac,o cos (wt) the magnetization can expanded in a Fourier series as follows:
= Hacpo Z , cos(nwt) + xn sin(nwt)] (54)

with the complex susceptibility on the form x,, = x/, + ix};, which includes the linear terms (n = 1)
and the non-linear terms (n > 1) of the susceptibility [17-19, 33, 34]. Based of Eq. (54) the Fourier
coefficients (x}, & x/ ) are defined as:

1 /wt—Qﬂ' 1 wt=2m
;1: M (t) cos(nwt)d(wt), ;’L: / M (t) sin(nwt)d(wt 55
o= s |, M@ eostuetdln), = | M(@)sin(tjdwt)  (55)
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Further, accounting for demagnetization using Eq. (8) and assuming an experimental complex
susceptibility on the form Xexp = Xexp + i Xoxp, On€ obtains:

Xlexp -N <(XI€XP)2 + (ngp)2> . ngp
2 5t 2 2
(1 - NXéXP) + (NX',E/XP) (1 - NXéXp) + (NX/GIXP)

Xint = (56)
which is on the form Xint = X}, T X}, meaning the first and the second term of Eq. (56) correspond

to the in-phase and the out-of-phase component of the intrinsic susceptibility [17, 33].

2.9 Fundamental Harmonic Susceptibilities

Focusing on the fundamental harmonics (n = 1), the in-phase part (}’) measures the inductive
response (energy storage) of the material subject to a field and, therefore, the meaning of this
quantity is equivalent to the magnetic susceptibility in case of a static field presented in the earlier
sections. The out-of-phase part (x”) relates to dissipation in the material in terms of AC losses.
The latter (y”) relates to the average energy loss per unit volume over a period T' = %r of the AC
field by [18, 19]: .

= % - HAC(t)%dt = %/LOWH?\C,OXH (57)
which in addition reveals that the out-of-phase component has to be positive (x” > 0). In case of an
electrically conducting sample, there will be a contribution to both the in-phase and the out-of-phase
component of the magnetic susceptibility due to induced eddy currents. Theses eddy currents will,
obeying Lenz’s law, give rise to a screening effect producing an interior magnetic field that opposes
the applied magnetic field, contributing to the in-phase component. Further, due to resistance in
the material, there will be a loss of energy in terms of generated heat, which will contribute to the

dissipative component (x”) [18].

2.9.1 Frequency Dependent Models

A model which is commonly used directly or as a starting point to describe the frequency-dependence
of the AC susceptibility is the Debye relaxation model, which initially was formulated to describe
relaxation in dielectrics involving an AC electric field [17, 18|. It assumes that the system of interest
possesses a single relaxation time 7 where the magnetization relaxes as M(t) = M(0) exp(—%) if
the applied field is removed. From this model, the complex susceptibility becomes:

B 1
1 +dwr

X(w) (58)

The sign in the denominator of Eq. (58) varies based on the convention used regarding the sign
(x = X £ix") [17]. Anyhow, from Eq. (58), one obtains that the in-phase and the out-of-phase
component are given as follows:

/ o XT — XS _ XT — XS
X (W) =xs+ 1+ (wr)?’ 1+ (wT)QWT

where xT and xg correspond to the isothermal and adiabatic susceptibility, respectively [17, 35]. The
in-phase and the out-of-phase components as a function of w7 are shown in Fig. 11, where the left
plot corresponds to Eq. (59) and the right plot shows a Cole-Cole plot, which is commonly shown
when investigating relaxation processes [17]. As mentioned, in the DC limit, the spins are able to

follow the applied field since the excitation frequency is significantly lower than the relaxation time,
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at which point from Eq. (59) one has x’ — xT and x” — 0, which in addition is illustrated in Fig.
11 (left). In the limit of high excitation frequency, the moments are not able to respond quickly
enough for the given relaxation time, causing the susceptibility to fall off such that x’ — xs and
x” — 0. The most interesting feature occurs when the excitation frequency approximately matches
the relaxation time of the moments, which results in a peak in the out-of-phase component at wr = 1
as seen in Fig. 11 (left). This allows one to extract the relaxation time for the given system [17, 18].
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Figure 11: Plot showing features from the Debye model in Eq. (58). Left: The in-phase and the out-of-
phase component from Eq. (59) as a function of w7 on a log-scale. Right: A Cole-Cole plot for the Debye
model 58, which yields a perfect semi-circle.

The Debye model from Eq. (58) considers a single relaxation time of the system. Thus, it neglects
interactions between the moments which is a decent approximation of superparamagnets (cluster of
free spins) and single molecule magnets, and, therefore, it has been very helpful in the study of these
[17, 18]. However, in most systems, the presence of completely non-interacting moments is unlikely,
and these interactions lead to clustering effects which results in a distribution of relaxation times
[17]. These complexities are accounted for in the generalised Debye model:

(xT — X8)

T+ or) o

x(w) = xs +

where a (0 < aw < 1) has been introduced to account for a spread of relaxation times. This modifies
the Cole-Cole plot in Fig. 11 (right) such that it becomes an arc instead of a semi-circle and spin
glasses may reach a value of a = 0.9 [17, 35]. Two alternative approaches to account for a distribution
of relaxation times are the Cole-Davidson:

(@) = x5 + ((XT —xs) (61)

1+ (iwT))B
where the parameter § has been introduced, or a combination of Eq. (60) and 61 yielding the

Havriliak-Negami model:
(xT — xs)
1+ (iwr)l—2)8

which utilizes both « and g [17]. It is important to note that these models are ad hoc adjustments

x(w) = xs + (62)

to improve the agreement between experimental measurements and theory [17]. Regardless of the
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model, it is certain that a frequency-dependence of x'(w) and x”(w) are always caused by the presence
of one or more relaxation processes [35].

2.9.2 AC Susceptibility Characteristics

Paramagnets: The AC susceptibility of a paramagnet resembles the DC susceptibility very closely,
as the in-phase component follows a Curie Weiss law nearly identical to the DC susceptibility, de-
pending on the field strength. The out-of-phase component should remain temperature-independent
in the paramagnetic regime given the material of interest is an insulator, otherwise there would be a
contribution due to induced eddy currents [18]. Further, in the frequency range accessible (0.1-10*
Hz) to AC susceptometry, the moments are free to relax in accordance to the excitation field as
the spin-spin relaxation time lies in the order of ~ 107?-1071%s. Therefore, the out-of-phase com-
ponent should remain zero [17, 18, 35]. Experimentally, a non-zero component will also originate
from background and instrumentation effects. Anyhow, if a DC field is applied in addition with an
oscillating field, it will create a net magnetization and spin-lattice relaxation may occur due to direct
phonon processes, causing the out-of-phase component to be non-zero, which can be studied by AC
susceptibility and approximated using the variations of the Debye model presented in Section 2.9.1.
Spin Glasses: The AC susceptibility is very commonly used to characterize spin glasses as the
transition to the metastable state is not captured by specific heat measurements [17, 20]. Above the
spin glass transition, a paramagnetic behaviour is reflected in both the in-phase compoent — showing
a Curie Weiss-like behaviour — and the out-of-phase component being zero. At the transition, a cusp
in the in-phase component appears associated with the freezing temperature (7%), along with an
onset of dissipation in the out-of-phase component [17, 18, 20, 35-37|. The signature of a spin glass
is that these two features remain frequency-dependent, such that for increasing frequency the cusp
in the in-phase component along with the dissipation in the out-of-phase component are shifted
towards higher temperatures see Fig. 109 (bottom) Appendix L) [25]. The frequency-dependence of
the AC susceptibility may be studied using the generalised Debye model presented in Section 2.9.1
and the relaxation time may be fitted as a function of the freezing temperature using Vogel-Fulchers

T(T) = 10 exp{kB(fiTo)} (63)

where F, and 7y represent the activation energy and the characteristic relaxation time, respectively

law:

and Tj is a parameter that accounts for the interactions between the moments [17, 18, 20, 26, 35,
37].

Superconductors: The AC susceptibility for a type-I superconductor resembles the DC suscepti-
bility in the in-phase component (x’), such that in the high temperature regime 7' > T it remains
close to temperature-independent. However, in the case of electrical conductive materials, there
may be a slight measured temperature-dependence, due to screening effects caused by induced eddy
currents [18]. Upon reaching the critical temperature, the material will enter the superconducting
phase showing an in-phase component of Y’ = —1 in terms of SI units. The out-of-phase component
(x"), however, will reveal a small positive value for temperatures T' > T, due to the AC losses of
the induced eddy currents which will increase with frequency [2, 18]. At the phase transition, the
out-of-phase component will display a peak at the point where magnetic irreversibility occurs. The
height of the peak increases with frequency, and for decreasing temperature, the out-of-phase com-
ponent will approach zero, reflecting the zero-loss state. The AC susceptibility has been measured
for titanium by Ref. [2] and shown in Appendix E.
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The AC susceptibility of a type-II superconductor shows a similar behaviour in the broad picture.
However, there are various small features reflected in the behaviour, which are associated with more
complex processes that differ from type-I superconductivity [17]. The features displayed in the
in-phase and the out-of-phase component associated with the supercondcuting transition remain
frequency-dependent, in the sense that these are shifted towards higher temperatures for increasing
frequency (see Fig. 81 (top) Appendix F) [17, 38]. In addition, these type-II superconductors
are commonly polycrystalline (powder or a pellet), which typically causes a broader transition and
reveals two critical temperatures T and Tco: the former representing the bulk of the material
becoming superconducting, and the latter associated with the coupling between the grain boundaries
which is more sensitive to the applied field |17, 39, 40].

2.10 Higher Harmonic Susceptibilities

The higher harmonic susceptibilities represent the non-linear contributions to the total magnetic
susceptibility, and in terms of AC susceptometry, these terms give rise to a signal at a frequency n
times the excitation frequency. For instance the 3rd (n = 3) harmonic susceptibility is a contribution
detected at a frequency of 3w where w remains the driving frequency of the excitation field [35]. In
general, these terms are only significant near a phase transition. For instance, the 3rd harmonic
susceptibility reveals a peak at a phase transition (paramagnetic to ferromagnetic, paramagnetic to
spin glass or superconducting transition) and may be utilized as a confirmation of such transition,
whereas the second harmonic susceptibility is associated with occurrence of spontaneous magnetiza-
tion |17, 35]. Further, it remains a tool to distinguish states of matter from one another which show
similar behaviour in the fundamental (n = 1) harmonic susceptibility [17].

Superconductors: The higher harmonic susceptibilities are greatly studied — in particular the
third harmonic susceptibility x3 = x4 + ix5 for type-II high-temperature superconductors. Their
presence relate to the flux dynamics in the material and are described by various critical models such
as the Bean critical model [38, 40-42]. However, these critical models fail to describe the frequency-
and amplitude-dependence of the applied field which have been observed experimentally, meaning
these higher harmonics are not fully understood [38, 40-42]. The higher harmonic susceptibilities for
type-1 superconductors do not seem to be of much interest among researchers, however. Regardless
of the type of superconductors, the transition is non-linear and contains non-linear processes which
therefore are characterized by the these non-linear terms [41]. In this thesis the 3rd harmonic
contribution has been measured for titanium which is presented in Section 4.7.

Spin Glass: The third (n = 3) harmonic susceptibility reveals a sharp negative peak near the
freezing temperature, which in addition to the frequency-dependent fundamental (n = 1) harmonic
susceptibility contributes to the signature of a spin glass. However, the third harmonic susceptibility
plays a central role in distinguishing a spin glass from a superparamagnet as these share similar
experimental features regarding the fundamental harmonic susceptibility, yet have a completely
different microscopic configurations [17, 26]. A spin glass shows a very sharp negative peak in the
third harmonic susceptibility, whereas a superparamagnet shows a very broad negative peak which
does not go to zero instantly [17, 43].
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3 Design and Instrumentation

This chapter is divided into a section covering the cryogenic aspect along with the instrumentation
utilized to reach temperatures of mK, and a section covering AC susceptometry and the design of
the susceptometer used to measure the AC susceptibility of titanium, cerium magnesium nitrate
(CMN) and herbertsmithite.

Section 3.1 introduces dilution refrigeration and presents the method of cooling from a theoretical
and a practical aspect. Section 3.2 presents the actual cryogenic instruments along with various
graphs regarding the cooling and the operation. The software recording the various temperatures in
the system was made by Jonas Hyatt in relation to his Master’s thesis [44]. Section 3.3 introduces
the concept of AC susceptometry in a more practical manner along with relevant complications
and considerations. Further, it presents the experimental method translating measured voltage to
susceptibility.

The final section 3.4 presents the design utilized to obtain the measurements presented in this thesis.

3.1 Dilution Refrigeration

Up until the 1950s, one could only achieve temperatures way below 1K using demagnetization of a
paramagnetic salt (magnetic refrigeration), however this method was replaced with 3He refrigerators
which reached their limit at temperatures of T' ~ 0.3 K. Later, it was suggested to make use of the
properties of a liquid mixture between the two helium isotopes 3He and *He to reach even lower
temperatures. This was carried out in reality at Leiden University in 1965 where a temperature of
T =~ 0.22 K was reached [16]. With time, this method has been improved greatly, where a minimum
temperature of 7'~ 2mK has been reached [16]. Nowadays, the dilution refrigerator is widely used
to reach temperatures T' < 0.3 K as the main method which has the substantial advantage of being
a continuous refrigeration method which can run stable for months [16, 45].

3.1.1 Phase Separation of Helium

Dilution refrigeration utilizes the properties of 3He-*He mixtures. The fraction of these isotopes in
the mixture may be defined as:

T3 = ﬁ, T4 =1— 13 (64)
where ns3 represents the number of *He atoms, and n4 represents the number of “He atoms. There
are various remarkable features of these isotope mixtures and the x-T phase diagram shown in Fig.
12 presents the relevant ones regarding dilution refrigeration. One feature to note is the lambda-line
which marks the temperature-concentration boundary for super-fluidity of the mixture. For instance,
pure *He (23 = 0) which is a Bose liquid becomes superfluid at a temperature of 7' ~ 2.177K, and
pure 3He (z3 = 1) which is a Fermi liquid becomes superfluid below ~ 3mK [46, 47]. And as the
concentration of *He increases, the temperature to obtain superfluidity of the mixture is suppressed.
At a concentration of x3 ~ 67.5% the Lambda line reaches the phase-separation line. The second
feature to note is the phase-separation line; above temperatures of T~ 0.87 K, the isotopes *He
and *He are fully miscible. However, below temperatures of T = 0.87 K there is a forbidden region
referred to as the "two-phase region" on Fig. 12, which marks a temperature-dependent restriction
on the concentration of 3He in the mixture. Thus, if a mixture with a 3He-concentration of z3 > 6.6%
is cooled to temperatures T' < 0.87 K, the mixture will begin to separate into a light 3He-rich phase,
where the concentration of “He approaches zero as the temperature decreases, and a heavy *He-rich
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phase, where 3 — 6.6%. The light phase will float on top of the heavy phase, and if 3He is removed
from the diluted (bottom) phase, new 3He atoms from the concentrated phase will dilute themselves
into the diluted phase such that the concentration of 3He remains at 23 = 6.6%. The dilution of the
3He into the heavy phase is an endothermic process, meaning the 3He atoms absorb heat from the
surroundings as they transfer from the pure phase to the diluted phase [16, 45].
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Figure 12: Phase diagram of liquid *He-*He mixtures for temperatures T < 2.3K approximately. The
Lambda line represents the temperature-concentration boundary for superfluidity of the mixture. The phase-

separation line represents the temperature dependent restriction on the concentration of 3He of the mixture
[16]

3.1.2 Cooling Power of the Dilution Process

The cooling power briefly introduced in the previous section arises simply from the difference in
enthalpy between the two phases, and from a theoretical aspect, the cooling power can be expressed
as:

Q = i3 [H3a(T) — Hs o(T)] (65)

where ns3 represents the molar flow rate of 3He from the concentrated phase to the dilute phase,
Hy(T) and H.(T) represent the enthalpy of He in the dilute and the concentrated phase, respectively
[16, 45]. Thus, given the enthalpy of the concentrated phase remains lower than the enthalpy of the
dilute phase, i.e. Hq(T) > H.(T) and *He is continuously transferred from the concentrated phase
to the dilute phase, one will have a cooling power @ > 0. The enthalpy is given by the following:

H(T)— H(T =0) = /OT C(T")dT’ (66)

meaning the heat capacities of 3He in the two phases must be obtained in order to determine the
cooling power of the dilution process. In both the diluted phase and the concentrated phase, the
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heat capacity varies linearly with temperature for low enough temperatures due to the fact both
phases are Fermi liquids. However, pure *He differs by being a strongly interacting Fermi liquid,
and the heat capacity cannot be computed using current theories. Experimental data of Greywall
[16, 48] yield the following:

C3.o(T) = 2.TNAksT (67)

at a temperature of ' < 40 mK and saturated vapour pressure. Using the expression from Eq. (67)
the enthalpy of pure *He becomes:

T
Hso(T) = Hy (T = 0) + / 2.7NpkpT'dT’ = Hs o(T = 0) + 1.35NpkpT? (68)
0

On the other hand, the diluted phase is weakly interacting and may, therefore, be reasonably ap-
proximated as a Fermi gas with an effective mass of m* ~ 2.5mg, where ms is the mass of 3He. For
such a gas, the heat capacity is given by:

™ T
C3a(T) = Nakp = — ~ 13NakpT (69)
’ 2 Ty
with Fermi temperature Tp = QTfka (37r2n3)2/3 where nz = N‘ﬁ—f’ and Vi, = Vim (1+0.284x3)

with molar volume of pure *He of Vam = 27.589 cm®mol~!. Thus, with a 3He concentration of
x3 = 6.6% in the dilute phase, the Fermi temperature becomes Tr(6.6%) = 0.38 K [16, 45]. Assuming
thermodynamic equilibrium between the two phasesi.e. u3 . = p3q = Hz 1S3 = H3 q4—T14S534,

and using that S = OT Cg,) dT’ one has:

H34(T) = H3 o(T = 0) + 11.4NpkpT? (70)

By using Eq. (68), (70) and (65) one obtains the following expression for the cooling power of the
dilution process:

Q = n3(95T3 — 11T72) (71)

The maximum cooling power occurs when there is thermal equilibrium between the concentrated

and the diluted phase (T, = Ty) at which point the cooling power becomes:
Q = 84n3T> (72)

This may be the case if new 3He is not supplied to the concentrated phase, at which point the
minimum temperature can be reached, but the cooling will deplete eventually. However, in a real
dilution refrigerator, the 3He is circulating such that it is continuously added to the concentrated
phase upholding the cooling effect. The added He in reality is warmer than the temperature of the
concentrated and the diluted phase, which will impact the temperature and the cooling power, but
as long as the temperature of the concentrated phase satisfies the following condition:

T, < 2.9Ty (73)

there will be a cooling effect. This condition implies that the temperature of the concentrate still has
to be close to the running temperature of the refrigerator, meaning it is crucial that the incoming
3He is pre-cooled before it reaches the concentrated phase [16, 45].
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3.1.3 Dilution Refrigeration in Practice

Figure. 13 shows a diagram of a working dilution refrigerator revealing the relevant components along
with the flow path of the liquid helium. This part is typically an insert, which during operation is
positioned in a cryostat kept at temperatures of T' < 4 K using a pulse-tube cooler or a helium bath.
By following the diagram from Fig. 13, 3He enters through a thin tube referred to as the condenser
line where it has been pre-cooled to T' ~ 1.5K and therefore liquefied (either by using a 1K pot
or a compressor). It reaches the main flow impedance which ensures the helium proceeds without
evaporating. It continues through a heat exchanger which is in thermal contact with the still, which
ideally is kept at a temperature of T~ 0.6 — 0.9 K. It proceeds to the second flow impedance which
plays the same role as the main flow impedance. It continues through additional heat exchangers
which ensure the 3He is brought close to the base temperature before entering the concentrated phase
of the mixture located in the top of a volume referred to as the mizing chamber where x5 ~ 100%.
A larger tube is connected to the dilute phase of the mixture from the lower part of the mixing
chamber where x3 ~ 6.6%. The tube follows through the same heat exchanger, which ensures the
incoming helium to be pre-cooled before entering the mixing chamber, and proceeds to the still.
Thus, the dilute phase extends from the mixing chamber to the still where the concentration of He
is significantly lower (z3 < 1%). However, the vapour above the dilute phase in the still consists
mainly of *He (x3 > 90%) since the vapour pressure of *He is significantly higher compared to
4He. Finally, the 3He is pumped away and resupplied to the condenser line creating a closed >He
circulation circuit. As the 3He is pumped from the still, the 3He in the dilute phase in the mixing
chamber will be driven to the still due to the osmotic pressure difference, which consequently results
in 3He from the concentrated phase to enter the dilute phase and producing a cooling effect. In
order to reach the base temperature, one typically supplies heat in the still in order to raise the
temperature causing *He to evaporate faster, which consequently increases the flow rate ns and
further improves the cooling power (See Eq. 71). In addition, too much heat supply in the still may
reduce the cooling power, as *He will evaporate in the process, causing the circulating helium to be
a 3He-*He mixture deteriorating the flow rate. Further, it puts a heat load on the heat exchangers
as the specific heat of 3He in a 3He-*He mixture is significantly higher compared to pure *He. So
the temperature in the mixing chamber is highly dependent on the temperature in the still, and one
has to find a balance.

Finally, the heat exchangers, especially the final heat exchanger prior to reaching the mixing chamber,
remain the most critical part of a dilution refrigerator and the minimum temperature is determined
from these. At low temperature (7' < 20mK), the thermal boundary resistances between helium
and the other materials in the helium circuit is given by:

«
R = T3 4
K A (7 )

where « remains a constant for the material specifically and A represents the surface area of the
interface between the two materials. Thus, for decreasing temperature, one requires a large surface
area to overcome this effect. Accounting for the thermal boundary resistance, Eq. (72) modifies to:

. 5.21n2 Rk Q  5.2n3Rk
=84 ( ngT2, — —>— T2, =

where the expression for T2 represents the minimum mixing chamber temperature when there is

mc

no heat load [16, 49]. This remains one of the main restrictions on the minimum temperatures

for the dilution refrigerator. The boundary resistance increases rapidly for decreasing temperature,
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reducing the cooling effect substantially. Furthermore, in order to minimize the final term in Eq.
(75), one would require a huge surface area between the heat exchangers and the circulating helium.
Therefore, obtaining temperatures closer and closer to absolute zero comes with requirements which
become unrealistic quickly.
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Figure 13: Schematic of a *He-*He dilution refrigerator. *He enters the condenser line where it liquifies.
It proceeds through various heat exchangers and flow impedances ensuring an adequate low temperature. It
enters the mixing chamber which contains a concentrated phase of 3He and a dilute phase of *He and *He.
The dilute phase extends through a thicker tube all the way to the still, where mainly 3He evaporates and
is resupplied to the condenser line using a pump. The percentages in the mixing chamber and in the still
represent the concentration of *He. From [16].

3.2 The Cryogenic Instrumentation

In this project, the cryogenic instruments consist of a two staged cryocooler (Cryomech PT415
Pulse Tube Compressor) and the MCK 50-100 Dilution Refrigerator (DR) which is specified to have
a cooling power of Q = 100 uW at a temperature of 7' = 100 mK [50]. The former is used to bring a
volume referred to as the outer vacuum chamber (OVC) to a temperature of T < 4.2K. The OVC
contains a 16 Tesla Cryogen-Free superconducting electromagnet along with various temperature
sensors for the different internal components such as the 1st stage, 2nd stage, upper and lower heat
exchangers etc. The base temperature of the cryocooler is T' ~ 2.8 K and it takes approximately 40
hours to reach a temperature of T' = 4.2K [51, 52]. A typical cooldown of the OVC is presented
in Fig. 14, where one may notice that the temperature of the 1st stage, 2nd stage, and the switch
decreases rapidly in the beginning compared to the rest of the components. The inner and outer part
of the superconducting electromagnet are thermally linked to the 1st and 2nd stage, but, it remains
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the largest mass in the OVC, which consequently results in a slower cooling. When the temperature
of the magnet reaches 100K, the cooling begins to approach the base temperature more rapidly
as the phonon heat capacity goes down. Hereafter, the 1st stage and the upper heat exchanger
stabilize at approximately 40 K and 15 K, respectively, whereas the remaining components stabilize
at T < 4.2K.

300 ® t upper_hex -
® tlower_hex
250 ® t_he pot B
® t 1st stage
< ® t 2nd_stage
= 2004 ® t.inner coil
’5 t outer_coil
© 150+ e tswitch |
o t_he_pot_2
Q.
£ 100 -
|_
501 -
04 L

75000 100000 125000 150000 175000 200000 225000 250000
Time [s]

Figure 14: A typical cooldown of the OVC using the two staged cryocooler. Measurement taken 20,/10/22.

The system is fitted with an exchange tube which is referred to as the slecve and designed to
accommodate the insertable DR. This tube contains multiple heat exchangers such as the 1st stage,
2nd stage and upper and lower heat exchanger which along with added exchange gas, ensures an
optimised temperature gradient adequate to cool the mixture of helium utilized in the dilution
process. Initially, this exchange gas in the sleeve only brings the relevant components (still & mixing
chamber) of the DR to base temperature very slowly. Then, exchange gas is further added into the
inner vacuum chamber (IVC) to enhance the speed of the entire process. The IVC contains the
probe which is mounted onto a cold-finger extending inside the mixing chamber of the DR. The
temperature of the dilution system is recorded by 3 ruthenium oxide (RuOs) resistors — one located
in the still, one located inside the mixing chamber, and the final one located on the cold finger.

A typical example of adding exchange gas into the IVC is depicted in Fig. 15. The bottom plot rep-
resents the pressure over time, where initially a large peak in the pressure occurs which reflects the
increasing pressure due to the exchange gas being added. Subsequently, the pressure decreases over
time due to the cooling of the exchange gas, and stabilizes at the base temperature. The insert shows
when the exchange gas is evacuated through the still using a molecular turbo pump, causing the pres-
sure in the still to increase for a short time, at which point it drops back to Pyi < 5 x 10~ mbar,
whereas the pressure in the IVC approaches the base pressure more slowly. The top plot in Fig. 15
shows the temperature of the components in the OVC, and the initial peaks for various components
represent the system’s response to the added heat load in terms of exchange gas. Further, when
the gas is evacuated, smaller peaks are seen in the upper and lower heat exchanger. Finally, the
middle plot shows the temperature of the still and mixing chamber, which start decreasing as the
exchange gas is added — as one would expect. One may notice that the temperature of the ther-
mometer labeled 't mixing chamber 2’ begins to decrease earlier compared to the thermometer
labled 't mixing chamber 1’ due to the fact that the former is located on the cold-finger in the

IVC, whereas the latter is located inside the mixing chamber. At this point, the dilution process
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can be initiated.
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Figure 15: A graph showing exchange gas being added to the IVC to ensure the still and the mixing
chamber reach a temperature T < 4.2K. Measurement taken 21/10/22. Top: The temperature of the
internal components of the OVC; notice the increase in the temperature — especially for the upper heat
exchanger at t ~ 175000s and ¢ =~ 245000s which represent the system’s response to heat load in terms of
exchange gas being added and removed, respectively. Middle: The temperature of the still and the mixing
chamber decrease upon the exchange gas being added. The thermometer denoted 't mixing chamber 2’ is
attached to the cold-finger whereas the thermometer denoted 't mixing chamber 1’ is located inside the
mixing chamber. Bottom: The pressure in the IVC and the still. The initial peak in the pressure of the
IVC represent the increase in pressure due to exchange gas. The insert shows the time (¢ ~ 245000s) where
the exchange gas is pumped out of the system through the still using a molecular turbo pump.

The gas handling system contains two storage tanks with the capacity of 70 L and 20 L where the
corresponding pressure of the 3He-*He mixtures is Pro1, dump = 735 mbar and Paor, dqump ~ 720 mbar.
The mixture is added to the system and a compressor is utilized to increase the pressure in order to
ease the condensation. The final temperature remains highly dependent on the amount of helium in
the system and the ratio of 3He and *He, and since the two storage tanks contain a mixture of the
3He and *He it may be difficult to control. However, reaching a point where one is close to emptying
the dumps such that the system contains the majority of the helium, letting the system stabilize,
and, subsequently, removing the helium in portions from the system until the lowest temperature is
reached, proved to be a sufficient and consistent method. When a certain configuration of helium
has been chosen, the temperature in the mixing chamber can be lowered even further by increasing
the temperature in the still as mentioned in Section 3.1.3. However, depending on the configuration
of helium, there is a limit of heating in the still due to the circulation pressure denoted P; as
this should ideally remain P; < 1000 mbar. The system’s response to a ramp in heat in the still is
illustrated in Fig. 16 which shows the temperature of the still and the mixing chamber along with the
circulation pressure. The left plot corresponds to a helium configuration of Pror, qump ~ 5 mbar and
Poo1, dump ~ 96 mbar and the right plot corresponds to a helium configuration of Pror, gump =~ 5 mbar
and Poor,,dump ~ 260 mbar. The helium configuration is defined as the amount of helium that remains
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in the storage tanks when circulation has been established. Therefore, there is a larger amount of
helium in the system for the configuration with Pror, qump =~ 5 mbar and Paor, qump ~ 96 mbar.
Regarding the left plot in Fig. 16, notice the temperature of the still is fluctuating initially as shown
by the arrow in the top plot. This is typically an indication that the system contains too much
helium, such that the level of liquid helium exceeds the top of the still, causing it to evaporate in a
non-smooth manner. The circulating helium, in this case, most likely has a too much “He, which can
cause a larger heat load on the heat exchangers, and, therefore, results in a higher mixing chamber
temperature as mentioned in Section 3.1.3. Upon ramping the heat to a higher level, one may notice
that the temperature in the still becomes more stable since the level of liquid helium is lowered
as more helium is circulating. The ramping in heat is, in addition, reflected in the simultaneous
decrease in the mixing chamber temperature and a simultaneous increase in the circulation pressure
(highlighted by the arrow) shown in the middle plot and the bottom plot, respectively. At the final
ramp, the circulation pressure reaches P5 ~ 1000 mbar, which marks the maximum amount of heat,
one can apply for this configuration of helium, and the mixing chamber temperature stabilizes at
Tme =~ 42mK.

As for Fig. 16 (right), helium has been removed from the system and, thus, the still temperature
remains more stable and the initial mixing chamber temperature is significantly lower. In addition,
the initial circulation pressure prior to applying heat in the still takes a lower value. Moving on in
time, the expected behavior is seen: the mixing chamber temperature decreases upon applying heat
in the still, and, consequently, the circulation pressure increases. Finally, the circulation pressure
reaches P5 ~ 1000 mbar and the temperature of the still and mixing chamber stabilize at Ty ~

900 mK and Ty, =~ 18 mK, respectively.

0.85 P70l dump =5 mbar__Poo gymp =96 mbar 5 P70l dump =5 mbar__ P gump =260 mbar
_ : 0.901 -
~0.80 Fluctuating Temperature L
E .:/
20.75 ~ E 0.85] o i
20.70 . - s
£ o 0.804~ f' :
F0.65 o tstill | - ® tstil

0.07 @® t_mixing_chamber 1 [ @® t_mixing_chamber_1
z : ® t_mixing_chamber 2 [ 0.024- ® t_mixing_chamber 2 [
(0]
50,067 0,022 i
o .
2 0.05- £ 0.020 . : -
s S
= 0.041 - 0.0181 L
— 1000 Heat Increased r [ 10007 [—-——- B
g 1
Q
E 800+ L
@ 800+ L
3
wn
o
2 600+ L
* 600 o bl o s

0 10000 20000 30000 40000 50000 60000 70000 80000 0 10000 20000 30000 40000 50000 60000 70000 80000
Time [s] Time [s]

Figure 16: Graph of the circulation pressure and the temperature of the mixing chamber and still during
operation while ramping up the heat in the still for two different configurations of helium. An increase in
the circulation pressure and temperature of the still along with a decrease in the temperature of the mixing
chamber reflect an increase in the heating. Measurement taken 28/10/22. Top: Temperature of the still as a
function of time. Middle: Temperature of the mixing chamber as a function of time. Bottom: Circulation
pressure as a function of time. Left: A helium configuration of Pror, qump ~ 5 mbar and Paor, qump ~ 96 mbar
Right: A helium configuration of Pror, dump &~ 5 mbar and Paor, dump ~ 260 mbar.
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3.3 AC Susceptometry

The previous chapter introduced magnetic susceptibility from a theoretical perspective. This section
will proceed in a more practical manner and clarify how one measures magnetic susceptibility, more
specifically AC susceptibility.

In general, measuring magnetic susceptibility regardless of DC or AC susceptibility relies on Fara-
day’s law which is given by:

£=- (76)

This implies that a change in magnetic flux (®) with respect to time through a closed path gives
rise to an induced electromotive force (£) and, therefore, an induced current in the closed path [53].
In the DC case, the change in magnetic flux is accomplished by physical movement of the sample
(vibrating sample magnetometer). However, in the AC case, the change in magnetic flux is obtained
simply by applying an oscillating excitation field while the sample remains static in position. A
conventional AC susceptometer consists of an excitation coil and two detector coils, which allows
one to study the susceptibility as a function of frequency, drive amplitude, and temperature |17, 18,
26, 33, 39, 54].

The excitation coil (commonly referred to as the primary or drive coil) produces an AC magnetic field
when driven by an AC source. Inside the excitation coil, a set of detector coils are positioned such
that they experience near-identical field from the excitation coil. The detector coils are oppositely
wound and electrically connected in series, meaning the change in magnetic flux produced by the
excitation coil, induces a net voltage difference across the detector coils, which theoretically will be
zero, given the two detector coils are identical and positioned symmetrically in accordance to the
excitation field. If one positions a sample in one of the detector coils and leaves the other empty as
illustrated on Fig. 17, the induced voltage will be caused by the magnetization of the sample alone.

Thus, one will have

(82 [ (0 B0) 0 [250.]

where N; is the number of turns for the detection coil. This reduces to the following expression

dM (t) dM (t)

E = —uyN;A
Mo i

(78)

This is, however, only true if the sample in focus is uniformly magnetized and have identical cross
sectional area as the detector coil. In reality, this is not the case. Thus, experimentally, a calibration
constant is introduced for the particular AC susceptometer which is separated into a part which is
dependent on the geometry of the coils («), and a part which is dependent on the quantity of the
sample (G), hence the arrow in Eq. (78) [34].

3.3.1 Considerations & Complications

There are various effects which are typically disregarded with pen and paper that may play a role
when working with an AC susceptometer [18, 39]. Such things, may be:

1. Nonidentical detector coils.
2. Inhomogeneous driving field.

3. Probe environment.
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4. Sensitivity & capacitive coupling.
5. Noise & ground loops.

Firstly, it remains impossible to construct identical detection coils, meaning a mismatch signal is
inevitable, and may easily become significant. Secondly, the detection coils will undoubtedly expe-
rience an inhomogeneous driving field, which will further enhance the mismatch signal, meaning the
system in general is sensitive to alignment of the detector coils. There are multiple balancing meth-
ods to compensate for the offset, such as using a "trim coil", inductively coupled to the detection
coils, that has to be driven with correct phase and adequate amplitude in order to null the signal.
Further, one can utilize a sample rod such that the sample may be positioned into each coil and,
subsequently, subtracting the two signals. However, achieving a successful compensation remains
difficult as the balancing point varies with temperature and frequency. Finally, one can adjust the

detecting coils along the axis of the primary coil minimizing the offset [18, 39, 54].

The probe environment should ideally be free of any magnetic materials within the vicinity of
the drive field, as this may produce unwanted effects which typically varies with frequency and
temperature. In addition, the drive field gives rise to induced eddy currents which can feed the
detection coils with an unwanted signal at a different phase with respect to the signal of interest. If
there are any of such effects they should be accounted for using a measurement with empty coils.
Depending on the temperature of interest, the eddy currents might give rise to further complications
in terms of heating; heat is produced in the metallic parts of the susceptometer which consequently
raises the temperature of the sample, especially if the sample is conducting [18]. The heat of such
eddy currents scales quadratically with both the excitation frequency and the strength of the field
(Q v*H3 ) [16]. This complication is mainly relevant for temperatures at the order of mK.

The sensitivity is mainly enhanced through the number of turns for the detection coils, and as a
rule-of-thumb one wants to select the smallest wire in terms of diameter, which will in addition make
it more difficult to wind two identical coils — just a slight imperfection will affect the inductance and,
therefore, the balance point [39]. A large number of turns brings unwanted effects such as increasing
the capacitive coupling between turns as well as the drive coil and the detection coils, which will
yield a background signal in the imaginary part of the voltage when the two components have been
separated [55|. Further, it will increase significantly for increasing frequency. Therefore, one has to

find a balance which yields a satisfying signal of the sample [18, 55].

Some of the points mentioned above should be considered when diving into AC susceptometry,
however, at the end of the day, the importance of these depends on the physics one strives to
measure. In case of superconductivity, the signal becomes of significant magnitude, at which point
the background signal and possible noise become of minor effect. In case of paramagnetism, the signal
becomes noticeable in the mK range, as the susceptibility roughly follows a Curie law (x o %) If
one wishes to pursue frustrated magnetism which possesses a minor magnetization for small external
fields, it may become a challenge to distinguish the signal due to the sample from the background
and the potential noise. Key decisions which lead to satisfying measurements typically come down

to trial and error.
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Figure 17: Sketch showing a traditional susceptometer which consists of a primary coil that contains two
smaller oppositely wound coils in series. In the ideal case with two secondary coils being identical, the voltage
across is cancelled with no sample present. However, a sample present in one of the coils, disturbs the balance
and, consequently, yields a voltage difference across the coils. From [39].

3.3.2 [Experimental Approach - Induced Voltage to Susceptibility

Experimentally, the voltage induced across the secondary coils is typically measured by a lock-in
amplifier which uses phase-sensitive detection to measure small AC signals at a given reference
frequency and phase with respect to the reference signal [56]. The raw, measured voltage difference
has to be separated with the proper phase in order to extract the in-phase and the out-of-phase
component of the susceptibility. And this section presents a method of obtaining the proper phase
for an arbitrary harmonic.

The driving field can in general be written as H = Hy cos(wt + ¢g), where ¢g represents the phase
to which the lock-in is synchronized. The induced voltage is given by Eq. (78), and, in general, the
magnetization of the sample is a nonlinear function of the external field and has a phase lag with

respect to the driving field. Such a magnetization can be written as a Fourier expansion:

o0

M (wt) = Ho Y [xy cosln(wt + ¢s)] + xp sin[n(wt + ¢s)]] (79)

n=1

Then, the induced voltage becomes:

o0
€= CswHy ) n [x,sin[n(wt + ¢s)] — x;, cos[n(wt + s)]] (80)

n=1
where Cg cover the prefactors from Eq. (78) such that Cg = poNsaG. The lock-in amplifier
multiplies the input signal with the phase shifted n’th harmonic of the reference signal, which,

subsequently, is passed through a low-pass filter. This process can be expressed as:

wt=27
EZY = Cint En(w)Ext (wt)d(wt) (81)

ref
wt=0
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where Ciy is the constant of integration. Reference [34] states that the form of the reference signal
is nontrivial. The following forms are presented:

Ere=sin[n(wt+ ¢p)], Ep = sin(nwt+ ¢p) (82)

where the left proposition leads to the no phase adjustment regardless of the harmonic order, whereas

the right proposition does. Reference 34| finds that £% = sin(nwt + ¢p) is the proper expression,

T

with €%, = €2, (¢p + 5). By inserting this in Eq. (81), one obtains:

X =Cg m\J/I;O [Xn cos(nds — dp) + Xy sin(ngs — ¢p)] (83)
g1 = Cs2 (1 sin(ngs — 6p) — X! cos(nds — 6p)] (84)

V2
where the Cjt = %\/i from Eq. (81). If the lock-in phase is set such that ¢p = n¢g the expressions
for £ and & in Eq. (83) reduce to the following 19, 34]
nwHy , nwHy
) &Y =-C
\/i Xn n S \/i Xn

where the signal has been separated into an in-phase and an out-of-phase n’th Fourier component.

E% = Cy (85)

Thus, one has to initially determine the phase which separates the first harmonic components, and
if one wishes to separate n’th harmonic components, the new phase will be ¢, = n¢p. Instead of
changing the phase on the actual instrument, equivalently one may rotate the raw data using:

En
vl ~

where X,, and Y,, represent the raw data. There exist multiple methods to determine the phase.

Xn
Yy,

cos® —sin®

. (86)
sin® cos©

However, a convenient method is utilizing the property of a superconductor having zero loss for
small applied drive fields (H < H.), meaning x] = 0. Further, one can utilize a paramagnetic
material such as cerium magnesium nitrate (CMN) which should equivalently have x/ = 0 and be
temperature independent. However, due to the two secondary coils not being identical, there will
be a capacitive contribution in the imaginary part which scales with frequency. Thus, one would
witness an out-of-phase component different from zero, which will remain temperature independent,
however. In addition, the calibration constant Cs can be determined experimentally by accounting
for demagnetization and subsequently imposing x; = —1 in SI units utilizing a superconductor,
or by knowing the coil geometry and the sample volume very precisely. However, plenty of effects
may have an impact, making it far from trivial obtaining the proper units. Unfortunately, even if
one performed the conversion properly, this is sample-specific. Therefore, research articles typically
report the converted susceptibility in arbitrary units and focuses on identifying phase transitions
and the behaviour as a function of the possible variables (frequency, temperature, field strength)
[18, 26].

3.4 Design - AC Susceptometer

The design of the AC suceptometer has been constructed by the NBI Mechanical and Electronic
Workshop and used in a previous Master’s Thesis [57]. Thus, the material of the coil housing and the
coil forms along with the coaxial type remain the same. Minor modifications regarding the detection
coils and a few metallic screws have been made in order to improve the overall performance. The
coil form for both the primary coil and the secondary coils were made of the material referred to as
PEEK (polyether ether ketone) which is non-magnetic and has a low thermal conductivity.
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3.4.1 The Primary Coil

The primary coil was constructed with the following parameters: an inner radius of R = 7.25 mm, a
length of [ = 25 mm, and N = 940 turns with a wire of 0.2 mm in diameter. A theoretical normalized
field profile is determined for the given length and inner radius of the primary coil using:

L
2 (87)

PR+ Ry

where R represents the inner radius and [ represents the length. The profile is depicted in Fig. 18

I I3
B(z):,uon Z+2

along with the ideal position of the detection coils assuming identical detection coils, and symmet-
ric driving field. The length of each detection coil along with the separation corresponds to the
parameters mentioned in the following section (Section 3.4.2).
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Figure 18: The theoretical axial field profile of the primary coil. The grey area corresponds to the position
of the detection coils. The blue lines represent the ends of the primary coil.

3.4.2 The Secondary Coils

Initially, the secondary coils made for the previous Master’s thesis [57] consisted of 220(1) turns
for each coil, using a coil form with a separation of 1 mm. Ideally, the secondary coils should be
separated with a larger distance in order to avoid flux coupling, and the other detection coil might
pickup the signal from the sample in focus, yielding a reduction in the signal. A common separation
length is the length of one detection coil (4 mm in our case), however, one may separate them further
[39]. In addition, a reasonable amount of turns are typically 800-1200 turns, however, it depends on
the setup, sample size, and physics one wishes to pursue [55].

Starting the project, we decided to wind a new set of secondary coils, using an identical coil form
with a coil separation of 4 mm (see Fig. 65 Appendix A). The coils ended up with the following
parameters: an inner radius of R = 5.2mm, a length of [ = 4mm and N = 460(1) turns using a
copper wire of 0.1 mm in diameter. The coil form contains cylindrical space for the sample with a

diameter of 3 mm.

3.4.3 The Positioning of the Coils

A housing for the coils was constructed for the Master’s thesis of Mathias Mikkelsen [57]. The housing
could be attached onto a stainless steel stand, which further could be screwed onto the cold finger.
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The primary coil was positioned in the housing (see Fig. 64 in Appendix A) and the secondary coils
were positioned inside the primary coil and fixed with designed non magnetic thread. The secondary
coils were adjusted along the axis at room temperature, such that the signal would be minimized
to a certain extend. Obviously, this position might differ slightly from the symmetrical positioned
presented in Fig. 18 as the detection coils remain non-identical and the primary coil in reality will
not produce a completely symmetric field, thus changing the balancing point as mentioned in Section
3.3.1. The positioning of the coil system on the cold finger can be seen in Fig. 19, where the left
image and the right image show the configurations which result in a perpendicular and parallel DC

field, respectively, if such field is present.

3.4.4 The Electrical Circuit

The electrical circuit for the inductive susceptometer consists of a primary circuit and a secondary
circuit. The primary circuit contains a resistor (R = 100§2) in series with the primary coil, which
produces the excitation field at a set excitation frequency using a voltage signal generator. The resis-
tor allows one to determine the current in the circuit, from Ohm’s law by measuring the voltage drop
across this resistor and from there then compute the strength of the magnetic field. The secondary
circuit consists of two detection coils wound oppositely such that the net voltage is minimized as
mentioned in Section 3.3.

The voltage is typically measured using a lock-in amplifier, which measures the amplitude and the
phase with respect to the phase of some reference voltage, which results in an in-phase signal and an
out-of-phase signal. The reference voltage is typically the voltage produced by the signal generator.
Two variations of such a circuit were used. In the first configuration which is depicted in Fig. 20
(left), an external signal generator (Keysight N9310A Signal Generator) was utilized in the primary
circuit to produce the driving field and the voltage drop across the resistor was measured using an
oscilloscope (Tektronix TBS1072B oscilloscope). A lock-in amplifier (Standford Research Systems
SR830 Lock-in amplifier) was used in the secondary circuit to measure the voltage drop across the
secondary coils and the reference voltage was set to the voltage produced by the external signal
generator. This configuration was used to measure the AC susceptibility of titanium and CMN. Due
to noise, the oscilloscope had a difficult time measuring the voltage drop accurately at low supply
voltages, and regarding the reference voltage for the lock-in amplifier, there was a minimum voltage
it could lock on to if a Transistor-Transistor Logic (TTL) wave was not used — and the external
signal generator did not seem to fulfill this requirement. Therefore, it puts a lower limit on the
voltage supply and, therefore, the current in the circuit along with the induced magnetic field. And,
as mentioned in Section 3.3.1, too high current produces heat due to resistance in the wires, and
additional heat is produced by induced eddy currents in metallic parts nearby which scales with
the strength and the frequency of the driving field, meaning one ideally want to use a small field to
prevent heating the sample.

Thus, for the second configuration, (see Fig. 20 (right)) the built-in signal generator of the lock-in
amplifier was used for the primary circuit, and a TTL output was supplied as a reference to an ad-
ditional lock-in amplifier of the same model, which further was utilized to measure the voltage drop
across the resistor. The lock-in amplifier in the secondary circuit takes its own produced signal as a
reference. This circuit configuration was used to measure the AC susceptibility of herbertsmithite.
This circuit is best of the two in our case as it allows us to decrease the field further and eliminate
the heat produced due to the resistive parts in the circuit and induced eddy currents.
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Figure 19: Left: This configuration (configuration 1) results in a DC field perpendicular to the excitation
field, if DC field is present. This configuration was used initially for all the samples (titanium, CMN and
herbertsmithite). Right: This configuration (configuration 2) results in a DC field parallel to the excitation
field, if DC field is present. It was used for the last measurement series of herbertsmithite and the background
measurement of Stycast. This, however, changes the background signal compared to the perpendicular
configuration because of the IVC can. The black arrow points at the nylon screws which replaced the metal
screws seen in configuration 1. The red points at the copper wires used for thermalization to the sample.
The green arrow points at the copper wires from the coils.
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Figure 20: Schematic overview of the wired circuits that were used. The two circuits consist of a primary

circuit and a secondary circuit. The primary contains a resistor (R = 100{2) in series with the primary coil

where the current is determined from Ohm’s law by measuring the voltage drop across the resistor. The

secondary contains a set of detection coils in series and oppositely wound where the voltage across the coils is

measured using a lock-in amplifier (Standford Research Systems SR830 Lock-in amplifier). Left: This circuit

was used for the measurements regarding Ti & CMN (Oscilloscope was replaced with lockin for CMN). It

consists of an external signal generator (Keysight N9310A Signal Generator) and an oscilloscope (Tektronix

TBS1072B oscilloscope) to measure the voltage across the resistor. Right: This circuit was used for the

measurements regarding herbersmithite. It utilizes the built-in oscillator of the lock-in amplifier and an

additional lock-in amplifier to measure the voltage across the resistor.
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4 The AC Susceptibility of Titanium

The very first test of the susceptometer and the two new detection coils was performed utilizing a
superconductor, as it generates a large signal. As mentioned in Section 3.3.2 superconductors allow
for an easy phase determination, which is required to separate the real and the imaginary component
of the measured voltage across the detection coils. However, the transition temperature (7¢) has to
be in the appropriate temperature range matching the temperature range of a dilution refrigerator
(0.002 - 1 K). Therefore, inspired by Amann et al. [2] and in an attempt to recreate some of the
results, titanium was chosen which, being a Type-I superconductor and having a critical temperature

T, ~ 450 mK, marks it as a suitable candidate. The results of Amann et al, are attached in Appendix

E.

4.1 The Sample and Positioning

A cylindrically shaped piece of titanium (3 mm in length and 2.6 mm in diameter) was cut from
a titanium rod by the NBI Mechanical and Electronic Workshop (see Fig. 66 (left) Appendix B),
which matched the dimensions of the detection coils, ensuring the entire sample would fill close
to the entire space of a single detection coil. The titanium sample was positioned into one of the
detection coils such that the excitation field was applied along the cylindrical axis. Due to lack of
GE-vanish or Stycast, the thermal contact was established with 5 insulating copper wires of 200
micron diameter held in place between the sample and the inner walls of the sample space using
friction. The other end of the copper wires were wrapped around the cold finger and held in place
by a stainless steel holder designed for the susceptometer which further was screwed onto the cold
finger (see Fig. 19 (left)).

4.2 Sampling of Data

The sampling of the data was done using a script, which initially was meant to obtain a rough
temperature behaviour of the susceptibility. It samples the data by measuring a single voltage data
point for each temperature data point, meaning the measurements presented in the whole of Section

4 remain without statistical uncertainties.

4.3 Overview And Temperature Control

Initially, it should be mentioned that the temperature for the following measurements in Section 4 is
recorded by the thermometer located on the cold finger and referred to as Ty,c2. In Section 3.2, it is,
however, referred to as 't _mixing chamber 2’. Anyhow, for the measurements shown in Section
4.5, an excitation field of Hac ~ 36 Am~! ~ 0.45 Oe was utilized in zero DC field. Measurements
were performed for various excitation frequencies while cooling from a finite temperature to the base
temperature and while heating from the base temperature up to a finite temperature. The process
of heating the sample is done by running a current through a resistor located in the mixing chamber.
The progress of the temperature as a function of time for these measurements are shown in Fig.
21. Regarding the heating series, the current in the resistor was varied 3 times across the entire
measuring period, and at certain temperature intervals to capture the important features such as
the superconducting transition. Therefore, as shown in Fig. 21 (left) at time ~ 0s, the heat is
applied and kept constant, meaning that as the temperature increases, the rate of change of the
temperature will decrease and the temperature will approach a finite value. At a temperature of

Tine2 =~ 70 mK (time & 3000s) the current is increased further in order to reach higher temperatures,
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which is illustrated by the sudden change of the curve. Finally, at a temperature of Tico &~ 90 mK
(time ~ 5000s) the current is increased yet again to wrap up the measurement. As for the cooling
series, the heat in the mixing chamber is turned off at time = 0's, causing the mixing chamber and
the sample to approach the base temperature close to linearly as shown in Fig. 21 (right). For
temperatures T' < T¢, the heat is applied in the still to produce a larger cooling effect in order to

save time, as measurements, in general, are time consuming.
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Figure 21: Cold finger temperature Ty,c2 as a function of time during the AC susceptibility measurements
for a field strength of Hac ~ 36 Am~! and excitation frequencies of v = 73Hz (®), 333 Hz (@), 663 Hz (A),
982Hz (M), and 1433Hz (V). Left: Measurements taken while heating. The heat is varied at time = Os,
3000s, and 5000s. Right: Measurement taken while cooling. The heat is turned off at time = Os.

For the measurements shown in Section 4.6, the excitation field was lowered to Hac ~ 21 Am~! ~
0.27 Oe and similar measurements were done in order to compare the effect. However, measurements
using an excitation frequency of v = 73 Hz for the given field strength (Hac ~ 21 Am~!) were not
performed due to lack of time in the period of measuring. The process of heating and cooling was
done in a similar manner (see Fig. 22) in order to be consistent and eliminate other potential factors
when comparing the effect due to the change in field strength.
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Figure 22: Cold finger temperature Ty,.2 as a function of time during the AC susceptibility measurements
for a field strength of Hac ~ 21 Am~! and excitation frequencies of v = 333 Hz (@), 663 Hz (A), 982 Hz (M),
and 1433Hz (V). Left: Measurements taken while heating. The heat is varied at time ~ 0s, 3000s and
5000s. Right: Measurement taken while cooling. The heat is turned off at time = 0s

Further, to test the DC magnet, measurements for various strengths of DC fields perpendicular
to the AC field were performed. These measurements were taken while heating the sample, and
after every measurement the DC field was turned off while cooling back to the base temperature.
Finally, non-linear components of the magnetic susceptibility such as 3rd harmonic susceptibilities
were measured. The temperature control pictured in Fig. 21 and 22 was implemented for these

measurements as well for the sake of consistency.

4.4 Conversion from Raw Data to Susceptibility

As mentioned in Section 3.3.2 and 3.4.4, the voltage across the detection coils is measured with a
lock-in amplifier, which measures the voltage in terms of an amplitude and the phase with respect
to some reference signal. Without any phase adjustment, the measured signal is referred to as the
raw data denoted X, and Y, where the former (X,) and the latter (Y;) correspond to Eq. (83)
and (84) (LHS), respectively, with Y, being 5 (90°) out of phase with respect to X,. In order to
separate the raw data into components proportional to the in-phase harmonic susceptibility (x},)
and the out-of-phase harmonic susceptibility (x/), one has to rotate the raw data in the complex
plane with the proper phase. Focusing on the fundamental harmonic order (n = 1), the phase can
be determined by imposing x/ = 0 in the case of a superconductor due to zero loss. Further, the
calibration constant (C'g) presented in Section 3.3.2 can be determined for the specific sample by
imposing ¥’ = —1 after accounting for demagnetization. The measured susceptibility corresponds to
the experimental susceptibility (Xexp) and x’ = —1 remains only true for the internal susceptibility
in SI units. Recall the conversion between experimental susceptibility and internal susceptibility in
SI units:

Xll,exp - N ((Xll,exp)2 + (Xlll,exp)2> " Xlll,exp

/ 2 " 2 X1 = / 2 " 2
(1 - NXI,exp) + (le,exp> (1 - NXl,exp) + (le,exp>

X1 = (88)
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where N represents the demagnetization factor [17, 18|. In accordance with the above description of
conversion, the raw data has been rotated with the required phase (©) in the complex plane using
Eq. (86) such that &/ = 0. Subsequently, the separated voltage has been scaled using Eq. (85)
and (88) where aG in Cs = puoNs;aG has been adjusted such that xj = —1. All the quantities such
as Hac, ©, v and Cg used in the conversion from voltage to susceptibility are reported in Table 1
and 2 for two different strengths of excitation field. The phase © has been estimated by averaging
the angle needed to obtain x/ = 0 for the lowest 5 data points in the case of Hac ~ 36 Am~! and
the lowest 10 data points in the case of Hac ~ 21 Am~! in terms of temperature. The calibration
constant (Cg) has been average over the 5 lowest data points, which results in ' = —1.

The demagnetization factor has been estimated as N = 0.2661 using an approximation for a cylin-
drical geometry from M. Sato and Y. Ishii [58] for the given sample dimensions. The raw data X
and Y7 for the majority of the measurements are shown in Appendix C and D.

4.5 1st Harmonic Measurements at 36 A/m
4.5.1 Comparison of Heating & Cooling Measurements at Fixed Excitation Frequency

The AC susceptibility as a function of Ty for an excitation field of strength Hac = 36.2(1) Am~—! ~
0.45 Oe and frequency of v = 982 Hz is shown in Fig. 23. The in-phase component (x}) follows a
seemingly constant behaviour near x} = 0 for high temperatures, at which point it drastically changes
at the estimated critical onset temperatures Tt onset = 0.0669 K and Tt onset = 0.0673 K approaching
a value of x} = —1 (perfect diamagnetism) for the heating and the cooling series, respectively. The
critical onset temperature Tt onset for X has been estimated utilizing the intersection between linear
fits below and above the transition, and the peak temperature for x| has been estimated by taking
the maximum value of x}. This method has been utilized for the remaining measurements in Section
4.

The out-of-phase component (x]) takes a small positive value above the estimated critical tem-
peratures, which reflects the AC losses due to induced eddy currents in the sample. During the
superconducting transition, the out-of-phase component (x/) reveals a peak at Tpeax = 0.0599K
and Tpeak = 0.0623 K for the heating and the cooling series, respectively, at which point it rapidly
approaches a value of x| = 0, marking the superconducting zero-loss state. The peak in the out-of-
phase component (x}) marks the point of magnetic irreversibility (see Section 2.9.2).
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Figure 23: The AC susceptibility as a function of T2 for Hac = 36.21(10) Am~! and v = 982 Hz while
heating (®) and cooling (A). Top: The out-of-phase component (x}). Bottom: The in-phase component

(X7)-

As stated earlier, pure titanium is known to have a critical temperature of T, =~ 450 mK and Amann
et al |2] reports a critical temperature of T, = 468 mK in the absence of a DC field (see Fig. 78
Appendix E), which is in good agreement with additional literature of the same matter [59]. This
differs largely from the estimated critical temperatures for the heating and cooling series in Fig
23. This may be caused by poor thermalization, creation of heat at the sample stage, perhaps an
inaccurate thermometer, or an impure sample. The first and the second of the suggested causes will
be investigated in the current section (Section 4), whereas the third is brought up in Section 5. The
final suggested cause is, however, very likely as the sample stems from the NBI workshop.

By comparing the two series from Fig. 23, one may notice that the curves are separated in terms of
temperature, and the estimated quantities (7, & Tpeak) differ between the heating and the cooling
series. Such a difference is typically an indication of imperfect thermalization between the cold
finger and the sample. However, it appears to be seemingly good as the estimated quantities differ
only by a few millikelvin. Therefore, a lack of thermalization is doubtfully enough explanation for
the large deviation between the estimated critical temperatures and the literature value for critical
temperature (7T, ~ 450 mK).

4.5.2 Heating & Cooling Measurements For Various Frequencies

In various studies, especially regarding type-II superconductors, a frequency dependence in the in-
phase component (x}) and the out-of-phase component (x}) is witnessed [17, 38, 42|. However,
Amann et al [2] reports a frequency dependence in the out-of-phase component (x7) alone for
titanium (type-I superconductor) (see Fig 79 Appendix E), where the initial value of x/ for T' > Tt
increases for increasing frequency along with the height of the peak (x](Tpeak)). In an attempt to
replicate this frequency dependence, AC susceptibility measurements were performed as a function
of Tineo for various frequencies while heating and cooling the sample. These measurements are shown
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in Fig. 24.

Focusing on the temperature dependent behavior, the in-phase component (x}) for each frequency
measurement shows a close to constant behavior above some temperature T¢ onset at which point
X} approaches a value of x} = —1. The out-of-phase component (x7) takes a small positive value
for high temperatures which increases with frequency. At some temperature Tpeak, the out-of-phase
component (x/ ) reveals a peak and approaches a value of x| = 0 for T" < Tjeax. The estimated
quantities (T¢ onset & Tpeak) for each frequency are reported in Table 1 for both the heating series
and the cooling series. Comparing the two series (heating & cooling), there is a similar separation
in terms of temperature, cf. T¢ onset and Tpeax in Table 1. There is a ~ 2-3mK difference in T onset
and Tpeax between heating and cooling except for v = 1433 Hz. As mentioned in Section 4.5.1, this
is indicative of imperfect thermalization between the cold finger and the sample.

Further, an increase in x7 for increasing frequency is captured — both at Tpeax and at temperatures
above T¢ onset Which is in agreement with Amann et al [2] and explained by increased dissipation in
terms of heat in the sample.

Moving on, the unexpected, but interesting, feature to notice is a clear frequency dependence of
the onset critical temperature in x) for both series which consequently yields a highly frequency
dependent peak temperature in 7, as these two quantities go hand in hand. This feature is clear
both visually from the measurements shown in Fig. 24 and by the estimated quantities reported
in Table 1. For instance, by comparing Tt onset = 0.0721 K (v = 333Hz) and T¢ onset = 0.0579 K
(v = 1433 Hz) for the heating series, one obtains a reduction of AT gnset = 14.2 mK, which is without
doubt noticeable. This occurrence is suspected to be caused by produced heat from either induced
eddy currents in the metallic surroundings or the resistive part of the primary coil, raising the sample
temperature. Thus, we expect that the mixing chamber temperature probe underestimates the true
sample temperature. As mentioned in Section 3.3.1, the heat due to induced eddy currents scales
quadratically with v and Hac, meaning if the excitation field is lowered, this change should be
reflected in the new estimated T¢ onset and Tpeak, given the above suspicion regarding an induction

of heat around the sample remains correct.
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Heating
v [Hz| 73 333 666 982 1433
Hac [Am_l] 36.37(12) 36.7(2) 36.53(11) 36.21(10) 36.8(2)
O [radians] 1.61012(7) | 1.697950(11) | 1.805140(4) | 1.901763(7) | 2.02803(6)
Cgx10? [AISI}I,l 1.67904(19) | 1.688222(17) | 1.75424(3) 1.86435(4) | 1.95932(16)
Te onset | K| 0.0729 0.0721 0.0689 0.0637 0.0579
Tpeak K] 0.0681 0.0677 0.0650 0.0599 0.0426
Cooling
v [Hz| 73 333 666 982 1433
Hpc [Am_l] 36.32(11) 36.48(12) 36.69(11) 36.3(2) 36.05(10)
© [radians]| 1.61011(10) | 1.69799(3) | 1.80515(2) | 1.901762(6) | 2.028155(6)
Cgx10° [AZY—I 1.68172(17) | 1.70039(7) | 1.74615(3) | 1.858946(4) | 2.00047(2)
Te onset | K| 0.0746 0.0741 0.0715 0.0669 0.0595
Theak K] 0.0708 0.0697 0.0677 0.0623 0.0493

Table 1: The quantities used to convert from raw data to susceptibility along with the estimated critical
temperature T¢ onset for xj and the estimated peak temperature Tpheax for x/ regarding the measurements
shown in Fig. 24. Top: Corresponds to the measurement in Fig. 24 (left). Bottom: Corresponds to the

measurement in Fig. 24 (right).
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Figure 24: AC susceptibility as a function of Tyeo for Hac ~ 36 Am ™! and for excitation frequencies of v =
73Hz (®), 333Hz (@), 663Hz (A), 982Hz (M), and 1433 Hz (V). Top: The out-of-phase component (7).
Bottom: The in-phase component (x}). Left: Measurements taken while heating. Right: Measurements

taken while cooling.
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4.6 1st Harmonic Measurements at 21 A/m

In Section 4.5, AC susceptibility measurements utilizing a field of Hac ~ 36 Am~! for various
frequencies captured a significant reduction in Tt onset and Tpeax for the in-phase component (x})
and the out-of-phase component (x/), respectively for increasing excitation frequency. Therefore,
similar measurements to the ones in Section 4.5, are presented in the upcoming section where the
excitation field has been lowered to a field strength of Hac ~ 21 Am~! ~ 0.26 Oe with the purpose
of investigating the effect of field reduction.

4.6.1 Comparison of Heating & Cooling Measurements at Fixed Excitation Frequency

The AC susceptibility as a function of Tj,¢o for an excitation field of the strength Hac = 21.9(2) Am~!
and a fixed excitation frequency of v = 982Hz is shown in Fig. 25. The in-phase compo-
nent (x}) remains approximately zero constant for temperatures above T, onset = 0.0730K and
Teonset = 0.0756 K in case of the heating and cooling series, respectively, at which point the su-
perconducting transition occurs, attaining the perfect diamagnetism x} = —1. The out-of-phase
component (x}) takes a small positive value for high temperatures, and begins to grow in value as
the temperature approaches the estimated critical onset temperatures, at which point it peaks at
Theak = 0.0695 K and Tpeax = 0.0715 K in the case of the heating and the cooling series, respectively.
As the temperature decreases further, the zero-loss state is obtained, reflected by x{ = 0.

Figure 25 shows that the two series remain separated in terms of temperature. This is further
reflected by the difference (~ 3mK) in the estimated critical onset temperatures (7¢ onset = 0.0730 K
& Teonset = 0.0756 K for the heating and the cooling, series respectively). This separation is a
minor improvement, if any at all, compared to the separation shown in Fig. 23 and reflected by the
difference in the estimated critical onset temperatures reported in Table 1, i.e. Tt onset = 0.0637 K
and T¢ onset = 0.0669 K for the heat and the cooling series, respectively — especially considering a
roughly 40 % reduction of the excitation field strength. Similarly, one may compare the estimated
peak temperatures which leads to the same conclusion. However, as mentioned in Section 4.5.1, an
imperfect thermalization between the cold finger and the sample proved adequate in explaining this
occurrence, and surely this thermalization should remain independent of any changes in the field
strength. It should, however, depend on the rate of change in the temperature, which was performed
in a similar manner for every measurement to a certain extent as mentioned in Section 4.3.

The new estimated critical onset and peak temperatures for both series reveal a significant increase
as a result of lowering the field. By comparing the estimated quantities from Table 1 and 2, one
obtains a large increase in T¢ onset and Tpeax With the weaker field; the discrepancies are collected
in Table 2. This will be elaborated on in Section 4.6.2, as this effect is captured across the entire
measured frequency range.
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Figure 25: AC susceptibility as a function of Tee for Hac = 21.9(2) Am~! and v = 982 Hz while heating
(@) and cooling (A). Top: The out-of-phase component (x4). Bottom: The in-phase component (x7).

4.6.2 Heating & Cooling Measurements For Various Frequencies

The AC susceptibility measurements as a function of Ty,co for the excitation field of Hac ~ 21 Am~!
and a variety of frequencies are shown in Fig. 26. The in-phase component (X)) remains close to
temperature independent above some estimated temperature Tt onset, at which point it undergoes a
rapid change and converges towards yj = —1, attaining the superconductivity. Meanwhile, the out-
of-phase component (x/) takes a positive value for high temperatures and peaks at some temperature
Tpeak, at which point it converges towards x| = 0, reflecting the superconducting zero loss state.
The height of the peak x/(Tpeak) continues to increase with frequency, so does the value x7 at high
temperatures. The estimated quantities Tt onset and Tpeax corresponding to X} and x/ respectively
are reported in Table 2 along with the increase in each of these quantities (AT, et 36 Am—1—21 Am~1
& AT cak 36 Am—1—21 Am—1) as a result of lowering the field from Hac ~ 36 Am~! to Hyc ~ 21 Am~L.

As discussed in Section 4.6.1, the separation between the heating and the cooling curve for excitation
frequency v = 982 Hz does not reveal a significant difference as a result of lowering the field, nor does

it reveal a noticeable difference for the measurements taken at the remaining excitation frequencies.

This is consistent with imperfect thermalization.

As briefly mentioned in Section 4.6.1, the estimated critical onset and peak temperatures for the
excitation frequency v = 982 Hz does increase as a result of lowering the field. Additionally, one may
notice visually from Fig. 26 that the same phenomenon occurs at the remaining frequencies. By ex-
amining the estimated values for T¢ onset and Tpeax in Table 2 and, further, AT, <ot 36 Am—1 — 21 Am—1
and AT, .k 36 Am—1—21 Am~1» the effect of lowering the field becomes quite clear. This observation is
a strong indication of heat being produced by the excitation field, causing the temperature of the
sample to be frequency- and field-dependent. Furthermore, the fact that the largest improvement

occurs for the measurements at the highest excitation frequency (v = 1433 Hz), as one may see
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in Table 2 (row 7 & 8), agrees with the explanation that the heat might stem from induced eddy
currents rather than the resistive part of the primary coil.

In addition, the curves for each frequency in Fig. 26 appears to be significantly more gathered com-
pared to the curves in Fig. 24, meaning that the excitation frequency appears to have less of an im-
pact in terms of temperature variations of the sample at the given field strength of Hac ~ 21 Am~!.
This might indicate that the heating is close to be minimized, meaning that if the field was lowered
further, it may not have revealed a huge difference, and, therefore, the estimated (7 onset) potentially
remains close to the true critical onset temperature recorded by the thermometer on the cold finger
for the given sample. It was the plan to lower the excitation field further. Unfortunately, an incident
occurred regarding helium entering the IVC, meaning that I was forced to retrieve the circulating
helium, and investigating the titanium sample further remained low on our list of priorities.
Anyhow, the estimated Tt onset from Table 2 has been plotted in Fig. 27 as a function of the excitation
frequency.

The estimated critical onset temperature (T onset) appears to converge towards some finite value as
the excitation frequency approaches zero, such that T, onset(V = 0) & Tt onset (¥ = 333Hz). How-
ever, it should be emphasized that the estimated temperature quantities will unavoidably differ from
the true temperature quantities of the sample, due to the imperfect thermalization. In general, this
imperfection causes the measured temperature on the cold finger to deviate from the sample temper-
ature across the entire temperature regime. How much it differs is investigated in Section 5, where
cerium magnesium nitrate is utilized to estimate whether the thermometer can even be trusted, esti-
mate the sample temperature, and, finally, obtain a corrected mixing chamber temperature outside

its reliable range.

Finally, it remains ideal to comment on the remaining quantities Hac, ©, and Cg reported in Table
1 and 2 for the heating series and cooling series.

Increasing the frequency reduces the current in the circuit for a constant voltage supply due to
the frequency-dependence of the impedance of the primary coil. Thus, in order to obtain a similar
excitation field for all the measurements, one has to increase the voltage supply when increasing
the excitation frequency, which was done. Obviously, this will naturally cause the field strength to
differ slightly from each frequency measurement, and, further, there will be statistical fluctuations
contributing.

The phase for each frequency appears to differ slightly moving from a field of Hac ~ 36 Am~! to
Hac ~ 21 Am~!, and, given the uncertainties (0g) the differences are statistically significant, which
suggests that the phase could be field-dependent. Possibly due to experimental reasons, such as coil
imperfections.

The calibration constant (Cg) appears to be frequency-dependent and some of this might origi-
nate from instrumental effects. Further, there will always be a background signal present, which
unavoidably is frequency-dependent due to the coil imperfections. In addition, Cs does appear
to differ - given the small uncertainties - moving from Hac ~ 36 Am™! to Hac ~ 21 Am~!
if one compares the reported values in Table 1 and 2. If one compares the heating series with
the cooling series for both the excitation fields, one may notice a trend that the calibration con-
stant remains slightly larger if the field value is slightly smaller. For instance, Table 2 (row 4)
reports Hac = 21.9(1) Am~! and Cg = 1.84283(5) x 107° i}l,l for the heating series, whereas

A

Hac = 21.6(2) Am~! and Cs = 1.86556(4) x 107 Aer,l for the cooling series at a constant excita-

tion frequency of v = 982 Hz. The uncertainties on the two reported excitation fields suggest that
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these fields are statistically identical, since one obtains a Z-value of ~ 1.34¢ where
Xo— X
CR S— (89)
\/(0?2)2 + (0%,)?

This is the case for the majority of the excitation frequencies. This suggests that, the statistical dif-
ference in the calibration constants (C's) between the heating and the cooling series, either originates
from some other factor, unless the uncertainties on the excitation fields are overestimated.

However, as we will see in Section 5, using the electrical circuit (see Fig. 20 (left)) with a lock-in
amplifier measuring the excitation field, yields a significantly smaller statistical uncertainty, meaning
that if the same occurrence would persist, one could argue for a field dependent C's for small
variations of the field. Although, this is pure speculation, but it would be interesting and perhaps
useful to map the calibration constants over small variations of the driving field in terms of amplitude

7 =

for each frequency.
Finally, recall that the calibration constant (C'g) consists of a part dependent on the geometry of

the coils () and a part dependent on the sample (G). The geometry of the coils might change ever
so slightly over time for various reasons. One example would be: when changing sample, the coil
system along with the coil wires have to be reattached, which unavoidably result in movement of
the wires. Thus, it remains impossible to obtain the exact same positioning of the wires. This often
results in a small background change (~ 1 x 10~7V) compared to a previous measuring session.
This could change the required scaling factor («) representing the geometry of the coils, meaning
that C's could potentially vary for the same sample, if it was measured again. It might even change
the frequency-dependence due to the fact that the wire position has changed, thus, the turn-to-turn

capacitive coupling has been modified.
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Figure 26: AC susceptibility as a function of Teo for Hac ~ 21 Am ™! and for excitation frequencies of v =
333Hz (@), 663Hz (A), 982Hz (M), and 1433 Hz (V). Top: The out-of-phase component (x}). Bottom:
The in-phase component (x}). Left: Measurements taken while heating. Right Measurements taken while

cooling.



4 THE AC SUSCEPTIBILITY OF TITANIUM

49

Heating
v |Hz] 333 666 982 1433
Hac [Am_l] 21.6(2) 21.5(2) 21.9(1) 21.8(2)
O [radians] 1.70541(5) | 1.81142(2) | 1.90707(1) | 2.033416(7)
Cgx10° [Aiy,l 1.68361(11) | 1.74685(4) | 1.84283(5) | 1.993681(16)
Te onset K| 0.0743 0.0738 0.0730 0.0692
Tpeak K| 0.0711 0.0706 0.0695 0.0660
ATC70nset’36Am_1_>21 am—1 K] 0.0022 0.0049 0.0093 0.0113
ATpeak,SGAHFlHZl Aam—1 K] 0.0034 0.0056 0.0096 0.0230
Cooling
v |Hz| 333 666 982 1433
Hac [Am_l] 21.2(2) 21.3(2) 21.6(2) 21.8(2)
© [radians] 1.70540(2) 1.81145(2) | 1.907045(8) | 2.033307(3)
Cgx10° AISI}I_l 1.713192(13) | 1.76437(2) | 1.86556(4) | 1.993605(9)
Te onset |K] 0.0770 0.0763 0.0756 0.0717
Theak K] 0.0737 0.0730 0.0715 0.0677
ATC70nset’36Am_1H21 Aam-1 K] 0.0029 0.0052 0.0087 0.0122
ATpeak,36Am*1—>21 am—1 K] 0.0040 0.0053 0.0093 0.0184

Table 2: The quantities used to convert from raw data to susceptibility along with the estimated critical

temperature T¢ onset for x} and the estimated peak temperature Tpeax for x/ regarding the measurements

shown in Fig. 26. Further, it contains the increase in the estimated critical onset and peak temperature

AT,

C

onset,36 Am—1 21 Am—1 A ATy 264 -1 101 a1, Tespectively, lowering the excitation field from Hac =

36 Am~! to Hac = 21 Am~!. Top: Corresponds to the measurement in Fig. 26 (left). Bottom: Corresponds

to the measurement in Fig. 26 (right).
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Figure 27: Left: Critical temperatures extracted from the measurement taken while heating. Right:

Critical temperatures extracted from the measurement taken while cooling.
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4.6.3 Measurements For Various Strengths of DC Background Field.

Moving forward with an excitation field of Hac ~ 21 Am~!, AC susceptibility measurements were
performed for various strengths of DC magnetic fields as a function of Tico. These measurements
are shown in Fig. 28. The in-phase component (x}) shows a clear suppression of the critical onset
temperature along with a broader transition for increasing DC fields. Similarly, the out-of-phase
component (x}) shows a peak which occurs at lower temperatures and becomes more broad for
increasing DC fields. The estimated critical onset temperatures T¢ onset for xj and the peak tem-
peratures for x| are reported in Table 3 for the corresponding strength of DC field. The observed
response to an applied DC field in Fig. 28 is in agreement with Amann et al [2] (see Fig. 80 Appendix
E), and this behavior is in agreement with what one would expect for a type-I superconductor as
mentioned in Section 2.7.2.

For further comparison with Amann et al and the theory in Section 2.7.2, the applied DC field has
been plotted in Fig. 29 as a function of the estimated 7t onset from Table 3. The data points shown
in Fig. 29 (left) appear to have a linear trend in the given field-temperature regime, which is similar
to Amann et al (see Fig. 80 Appendix E). A linear fit (black dashed line) has been applied to the
g, = —2060.25(6) A2~ = —3270.4(8) $¢ and an
intersect of H.(T, = 0) = 18662(4) Am~!. This slope fit parameter differs significantly from a slope
of —443 % reported by Amann et al (see Fig. 80 Appendix E).
In addition, a fit (black solid line), based on the emperical relation from Eq. (49) in Section 2.7.2 has
been applied yielding the following fit parameters: H.(0) = 10707(2) Am~! and T, = 71.606(3) mK.

As mentioned in Section 2.7.2, experimental data yield that the critical field as a function of the

points in Fig. 29, which yields a slope of (%)

critical temperature may be described by Eq. (49) in the high field regime and tends to become
more linear in accordance to Eq. (50) in the low field regime. Fig. 29 (right) shows a combination
of the two relations with Eq. (49) used in the high field regime and Eq. (50) used in the low field
regime.

Ideally, Eq. (49) would have to be applied onto the high field regime. However, additional data points
for high fields were not conducted due to complications with the dilution refrigerator. Further, it
would be interesting to investigate whether measurements would follow the relation in the high field
regime, since the fit from Eq. (49) does yield a fit parameter H.(0) = 10707(2) Am~! = 134.54(2) Oe,
equivalent to B, = 0.013454(2) T, which remains larger than the literature value B, ~ 0.01T for
titanium [1]. This is unexpected. The superconducting energy gap, thus the binding energy of a
cooper pair is approximately A(0) = 1.764kpT. ~ 0.011meV in our case. This is substantially
lower compared to a titanium piece with T, ~ 450 mK. Surely a lower binding energy would, as a
consequence, yield a lower critical field H.(0) compared to the literature value of the critical field.
An explanation could be that the titanium sample experiences a weaker DC field than the ones
reported in Table 3 due to the fact that the DR inset adjustment might be off. This would mean
that the sample is not positioned within the maxima of the field profile — it is very unlikely that
this is the case. A titanium of high purity was ordered and we attempted a cooldown using this.
Unfortunately, complications regarding the dilution refrigerator occurred which prevented us to do

SO.
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Hpc [Am™1] 0 1977.80 | 3211.02 | 6142.82
Teonset K| | 0.0730 | 0.0627 | 0.0581 | 0.0496
0.0695 | 0.0544 | 0.0491 | 0.0367

Tpeak [K]
Table 3: A table containing the estimated critical onset temperatures and peak temperatures of the mea-

surements shown in Fig. 28 for the various DC fields. Further, these points are plotted as Hpc vs T¢ onset in

Fig. 29.
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Figure 28: AC susceptibility as a function of Ty,eo for Hac = 21.9(2) Am~! and for DC background fields of
Hpc = 0Am™! (@), 1977.80 Am~! (A), 3211.02Am~! (W), and 6142.82 Am~! (V). Top: The out-of-phase
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Figure 29: The critical field as a function of the estimated critical temperature from Table 3. Left: Both a
fit using the empirical relation from Eq. (49) (black solid line) and a linear fit (black dashed line) have been
applied. Right: The two fits have been combined, using the black solid line in the high field regime, and the
black dashed line in the low field regime.

4.7 3rd Harmonic Susceptibility Measurements at 21 A /m Field

The non-linear higher harmonic susceptibilities, especially the 3rd harmonic magnetic susceptibility
are investigated in various articles for type-II superconductors. However, there seem to be an
ambiguity regarding the separation of these components since articles seem to present the higher
harmonic susceptibilities differently. As mentioned in Section 3.3.2, the phase adjustment required
to separate the in-phase component (x/,) and the out-of-phase component (/) properly regardless of
the harmonic order n follows ©,, = n-0,,—1, where ©,,_1 represents the phase adjustment required to
separate the fundamental harmonic component. This section presents 3rd harmonic AC susceptibility
measurements using various excitation frequencies for the scenarios, where the phase ©3 has been
adjusted such that ©3 = 0, ©,,—1 and 3 - ©,-1. Further, it compares the measurements for the
different scenarios with experimental observations for type-II superconductors from various studies.
Finally, it should be mentioned that an additional phase adjustment of ©3 = 5 + 3 - (@nzl — g) is
shown in Appendix I and may be compared to Ref. [40] for the curious reader.

4.7.1 Phase Adjustment of O3 =0

The 3rd harmonic AC susceptibility for a phase adjustment of ©3 = 0 is presented in Fig. 30. The
out-of-phase component (x45) remains positive in the high temperature regime and as temperature
decreases, a positive peak occurs just below T' =~ 0.08 K near the superconducting transition. The
peak seems to be suppressed for increasing excitation frequency. As temperature decreases further,
a rapid change occurs followed by a negative peak, which seems to be moderately larger in magni-
tude compared to the positive peak and increase slightly with frequency. As temperature goes even
lower the out-of-phase component (%) converges to a value of x4 = 0 for all the utilized excitation
frequencies.

The in-phase component (x%) takes a positive value for the measurements at v = 333 Hz, but remains
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negative for the measurements at v = 1433 Hz in the high temperature regime. At a temperature
slightly below T' ~ 0.08 K, x} reveals a negative peak, which — similarly to the out-of-phase com-
ponent — seems to be suppressed in magnitude and become more broad as frequency is increased.
As temperature decreases further, x4 shows a sharp positive peak, which appears to increase in
magnitude and width as frequency increases. As the temperature decreases further, x4 approaches
Zero.

The separation in terms of temperature between the various curves at different frequency may be
caused by the generated heat at the sample stage, deduced from the comparison between Fig. 24 and
26, or at least this may contribute to the separation. Whether there is supposed to be a frequency-
dependent separation due to other effects remains unknown. One may notice that similar to Fig.
23 and 25, the separation in terms of temperature between the heating series and the cooling series
proceed, to exist, which, as mentioned, was assumed to be caused by the imperfect thermalization
between the sample and the cold finger.

However, if one mainly focuses on the temperature-dependent features, comparing to similar mea-
surements on the superconducting compound FeSeq 5Teg 5 by Pal et al [38] (see Fig. 81 Appendix
F), one might notice that they observe similar temperature-dependent features. The in-phase com-
ponent (x4) in Fig. 81 takes a value of x5 = 0 for all the frequency curves at high temperatures.
Approaching the superconducting transition they all reveal a negative peak which appears to de-
crease in magnitude as frequency increases. As temperature decreases further, a positive peak occurs
which seems to increase in magnitude as frequency increases, at which point a finite value is ap-
proached. The out-of-phase component (x%) in Fig. 81 remains zero (x4 = 0) at high temperatures,
at which point a positive peak is observed approaching the superconducting transition. The positive
peak is suppressed as the frequency increases. As temperature continues to decrease, a negative
peak occurs which seem to show almost no frequency-dependence in terms of magnitude. The simi-
larities to note between the measurements in Fig. 30 and the measurements in Fig. 81 by Pal et al
[38] are as follows: both components reveal peaks with the same sign and in the same order. The
majority of the peaks seem to respond similarly to frequency changes. The differences to note are:
the measurements in Fig. 30 reveal a non-zero value (x4 # 0, x4 # 0) for high temperatures and a
value of zero (x4 =0, x4 = 0) at low temperatures while the measurements in Fig. 81 by Pal et al
[38] show the opposite behavior at temperatures above and below the superconducting transition,
respectively. This difference in behavior might be related to the fact that the measurements in
Fig. 26 show x/ # 0 for high temperatures due to presumed dissipation caused by generated eddy
currents and x7 = 0 in the superconducting phase. However, 1st harmonic susceptibilities shown in
Fig. 81 Pal et al reveal the opposite behavior [38], which is quite common regarding x% # 0 for type
IT superconductors near the phase transition. Further, given the in-phase component (x) proceeds
to decrease at the lowest recorded temperature of T' ~ 2 K indicates that the sample remains in the
transition regime, which might further contribute to the differences. Although it is not reported,
given the similarities it might suggest that the presented 3rd harmonic AC susceptibility measure-
ments by Pal et al [38], correspond to a phase adjustment of ® = 0. With that in mind, one has
to recall that Pal et al investigates a type-II superconductor, in which dynamical processes such
as flux creep, flux flow and thermally assisted flux flow along with flux pinning may occur [17, 38,
42]. Finally, for the curious reader, one may compare the Cole-Cole plots from Fig. 74 and 75 in
Appendix D with the Cole-Cole plots by Pal et al (see Fig. 82 Appendix F) and notice some of the

similarities.
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Figure 30: 3rd harmonic (03 = 0) AC susceptibility as a function of Tyeo for Hac ~ 21 Am~! and
for excitation frequencies of v = 333Hz (@), 663Hz (A), 982Hz (M), and 1433 Hz (V). The linear spline
connecting the data points is simply to guide the eye. Top: The out-of-phase component y4. Bottom:
The in-phase component x5. Left: Measurements taken while heating. Right: Measurements taken while
cooling.

4.7.2 Phase Adjustment of ©3 = 0,

The 3rd harmonic AC susceptibility for a phase adjustment corresponding to O3 = O,—; (see
Table 2 for ©,—;) is shown in Fig. 31. The out-of-phase component (x4) is negative for v =
333 Hz and positive for v = 1433 Hz at high temperatures. It decreases slightly for v = 333 Hz
and increases slightly for v = 1433 Hz as temperature decreases. The measurements for all the
excitation frequencies show a large positive peak which decreases in magnitude and increases in
width for increasing frequency, followed by a small and sharp negative peak below Ty,c.0 ~ 65 mK,
at which point x4 — 0K. The small negative peak appears to grow in magnitude for increasing
frequency. The in-phase component (x4) begins at a positive value in the high temperature regime.
It proceeds to increase as the temperature is lowered, at which point it peaks. The positive peak
show a suppression in magnitude in magnitude and increase in the width for increasing frequency.
At Tine2 ~ 67mK, the in-phase component (x4) reveals a negative large peak, which seems to be
enhanced slightly in magnitude and perhaps width as frequency is increased. For the remaining of the
temperature regime it yields a value of zero (x4 = 0). Polichetti et al [42] report measurements of 3rd
harmonic components separated using O3 = 0,1 on the compound Y;BasCuszO7_x. Although, the
plots provided in the article [42| remain difficult to compare with, due to the chosen excitation fields
(Hac =~ 4-8 Oe) being notably larger compared to the field utilized in Fig. 31 (Hac = 0.26 Oe). This
usually has a large impact on the 3rd harmonic susceptibility behaviour [40]. Nevertheless, the in-
phase component (x4) from the measurements by Polichetti et al [42] shown in Fig. 83 begins at zero
(x5 = 0) for high temperature, at which point a positive peak occurs, which grows in magnitude
and width for decreasing frequency. For lower temperatures, the measurement for v = 1607 Hz
reveals a negative peak, however, this feature appears to be suppressed for the remaining excitation
frequencies (v = 10.7Hz & v = 107Hz). The out-of-phase component (x4) (see Fig. 83 Appendix
G) for Hpc = 0Oe takes a value of zero (x4 = 0) in the high temperature regime. At 7'~ 91K, a
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large distinct positive peak occurs followed by a gradual decrease towards a value of zero (x4 = 0)
as the temperature is lowered. The similarities there are to spot between the measurements in
Fig. 31 and the measurements in Fig. 83 by Polichetti et al [42] are as follows: for the in-phase
component (x4), the peaks come with the same sign in the same order in terms of temperature, and
both, positive peaks appear to increase in magnitude as frequency is decreased. The out-of-phase
component (x4) show a large sharp peak which appear quite similar between the measurement for
v = 333Hz in Fig. 31 and the measurement by Polichetti et al [42] for Hpc = 00e at v = 107 Hz
(Fig. 83). The differences to note are as follows: the in-phase component takes a value of zero
(x5 = 0) at high temperatures in the measurements by Polichetti et al [42], whereas it remains
positive from the measurements shown in Fig. 31. Further, the negative peak in the measurements
by Polichetti et al [42] seems to almost disappear for decreasing frequency, therefore, be significantly
more frequency-dependent compared to the measurements shown in Fig. 31. The out-of-phase
component is zero (x4 = 0) at high temperatures in the measurements by Polichetti et al [42] for
v = 107Hz and Hpc = 0 Oe, whereas it takes a negative value and decreases slightly as temperature
decreases in the measurements shown in Fig. 31 for v = 333 Hz. For the frequencies of v = 633 Hz,
982 Hz, and 1443 Hz a negative peak occurs shown in Fig. 31, however, frequencies of this order are
not presented by Polichetti et al [42]. Further, it might also be highly dependent on the material,

meaning a comparison is difficult.
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Figure 31: 3rd harmonic (O3 = ©,—;) AC susceptibility as a function of Ty for Hyac ~ 21 Am~! and
for excitation frequencies of v = 333Hz (@), 663Hz (A), 982Hz (M), and 1433 Hz (V). The linear spline
connecting the data points is simply to guide the eye. Top: The out-of-phase component (x%). Bottom:
The in-phase component (x%). Left: Measurements taken while heating. Right: Measurements taken while
cooling.

4.7.3 Phase Adjustment of ©3 =3 -0,

The 3rd harmonic AC susceptibility for a phase adjustment of ©3 = 3 - ©,-1 (in accordance with
[34]) is shown in Fig. 32. The out-of-phase component (x%) remains positive in the high tempera-
ture regime for all excitation frequencies. As the temperature approaches the transition temperature
from above, the value of the out-of-phase component (x4 ) increases slightly, revealing a small broad
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positive peak. The peak is suppressed as frequency increases, and at a frequency of v = 1433 Hz, the
peak ceases to exist and the temperature-dependence across the high temperature regime appears
close to constant. As temperature decreases, the curves rapidly change and show a distinct negative
peak which seem to show a tiny trend of decreasing magnitude for increasing frequency. As temper-
ature is lowered further, the out-of-phase component goes to zero (x4 = 0). The in-phase component
(x5) begins at negative values in the high end of the measured temperature interval. As temperature
decreases, it shows a negative peak, which appear to become broader and shrink in magnitude for
increasing frequency. Subsequently, it shows a sharp positive peak, which carries a tiny trend of
increasing magnitude for increasing frequency. For the remaining lower part of the temperature
interval, it stays at zero (x4 = 0). Gioacchino et al [41] have conducted similar measurements on
the compound NdOj_¢ 14F¢ 14FeAs, and they observe temperature-dependent features (see Fig. 84
Appendix H), which to some extend show similar behaviour to the measurements presented in Fig.
32. From the measurements by Gioacchino et al, the in-phase component (x5) from Fig. 84 (left)
takes a value of zero (x4 = 0) in the high end of the temperature interval. As temperature is lowered
a sharp negative peak occurs, which seem to show a tiny frequency dependence if any at all. As tem-
perature decreases further, a positive peak appears which does seem to decrease in magnitude and
sharpness as frequency increases. For the remaining temperature interval, it gradually approaches
a value of zero (x5 = 0). The out-of-phase component (x4) from Fig. 84 (right) shows a value of
zero (x4 = 0) at high temperatures followed by a large sharp negative peak and approaches a value
of zero (x4 = 0) gradually for decreasing temperatures. The peak appears to decrease slightly in
magnitude for increasing frequency, however, the width remains close to unchanged. Focusing only
on the temperature dependent behavior, the similarities to note between the measurements in Fig.
32 and the measurements in Fig. 84 by Gioacchino et al [41] are as follows: the in-phase component
(x5), going from high to low temperatures, reveals firstly a negative peak followed by a positive
peak across all frequencies. The out-of-phase component (x4) shows a large sharp distinct negative
peak, which seems to show a tiny trend of decreasing magnitude with increasing frequency. The
differences to note are as follows: The negative peak for the in-phase component (x4) shows a de-
crease in magnitude and sharpness in Fig. 32 as frequency decreases, which differs from the in-phase
component (x45) in Fig. 84, where there seems to be no clear frequency-dependence. Regarding the
positive peak for the in-phase component (x4), there seems to be a frequency-dependence from the
measurements by Gioacchino et al [41] shown in Fig. 84 (left), and close to no frequency-dependence
in the measurements from Fig. 32 (apart from the shift in temperature — presumably due to induced
eddy currents). The out-of-phase component (x45) in Fig. 32 differs from out-of-phase component
(x5) by Gioacchino et al [41] shown in Fig. 84 by taking a positive value at high temperatures.
Further, it shows a small negative broad peak at Ti,c.o &~ 0.07 K, which decreases slightly with fre-
quency. The abrupt decay for the negative peak in the lower part of the temperature in Fig. 32
differs from the gradual decay shown in Fig. 84. Gioacchino et al [41] do not report any phase
adjustment, however, given the similarities mentioned it might be possible that the measurements
by Gioacchino et al [41] (see Fig. 84 Appendix H) correspond to a phase adjustment of ©3 = 3-Op—;.

According to Ref. [34] the phase adjustment ©3 = 3 - ©,-1 would separate the in-phase component
(x5) and the out-of-phase component (x4) properly. Although, one would have to further investigate
this, in order to draw any conclusions regarding the correct phase adjustment. With that being said,
one has to be cautious, as the choice of the phase adjustment can have an impact on the interpretation
of such measurements for various frequencies, since the measurements using a O3 = 3 - ©,,—; differ

largely from the two previous representations shown in Section 4.7.1 and 4.7.2 in appearance. In
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addition, there appears to be less of a response to a change in excitation frequency regarding the
representation using ©3 = 3 - ©,-1. This is strengthened, by a comparison between the Cole-Cole
plots from Fig. 77, 75, and 76. The first-mentioned Cole-Cole plot, seems somewhat static whereas
the two remaining ones appear to create a spiral motion of the circular closed loops. Regardless of
the phase adjustment, the measurements do reveal that during the superconducting transition the
full magnetic AC susceptibility is governed by the presence of non-linear terms as well. However,

the linear terms still remain dominant.
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Figure 32: 3rd harmonic (O3 = 3- ©,—1) AC susceptibility as a function of Tj,c2 for Hac ~ 21 Am~! and
for excitation frequencies of v = 333Hz (@), 663Hz (A), 982Hz (M), and 1433 Hz (V). The linear spline
connecting the data points is simply to guide the eye. Top: The out-of-phase component (x%). Bottom:
The in-phase component (x%). Left: Measurements taken while heating. Right: Measurements taken while
cooling.
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5 The AC Susceptibility of Cerium Magnesium Nitrate

In Section 4 it was witnessed that the excitation frequency had a noticeable effect on the temperature
of the sample. Further, it is expected that even for the lowest excitation frequency, the sample
temperature differs from the temperature (Ty,c2) recorded by the thermometer positioned on the
cold finger due to imperfect thermalization. Finally, it is known that the thermometer Ty, o begins
to deviate from the true temperature at higher temperatures. Fig. 69 shows a measurement initiated
prior to the dilution refrigeration. It records Ty = 0.9K, at which point the system remains
at T ~ 4K. Therefore, this section investigates the difference between the recorded cold finger
temperature and the actual sample temperature and proposes a model which converts between the
former and the latter. In addition, it utilizes the same model to obtain the point of deviation for
the cold finger thermometer and corrects for this. The correction utilizes the paramagnetic salt
cerium magnesium nitrate (CMN) which, due to its paramagnetic behavior way into the mK range,
is widely used within thermometry, especially at dilution temperatures [7, 16, 60-62].

5.1 Cerium Magnesium Nitrate

Cerium magnesium nitrate (CeaMgs(NO3)12 - 24H20) remains one of — the among many — param-
agnetic hydrated salts suitable for magnetic cooling and thermometry as it sustains a paramagnetic
behaviour down to temperatures of fcw < 0.002 K, which makes it the paramagnetic salt with the
lowest ordering temperature [16, 61, 62|. A disadvantage is that dehydration may occur if exposed
to dry environments and partial vacuum, which is observed by Butterworth et al [60] who reports
an increase of the Curie constant due to dehydration. This would presumably result in an increase
of the ordering temperature as well. Although, the latter was not witnessed, possibly due to the
experiment being conducted at high temperatures i.e. T &~ 2 K. Regarding ordering in CMN, there
is still confusion about whether the compound orders antiferromagnetically or ferromagnetically,
however, various articles present measurements which suggest an antiferromagnetic ordering [63,

64]. An additional disadvantage, as various other insulating materials: CMN has a poor thermal
w
cm-K
the sample at low temperatures [16]. The compound is arranged in a structure which can be de-

conductivity (1074

), meaning that it may be difficult to achieve thermal equilibrium inside

scribed by a rhombohedral primitive unit cell of the space group R3 with lattice unit vectors of
a=0b=c=13.165(6) A and lattice angles of « = § = v = 49.37° containing 1 formula unit of
CeaMg3(NO3)12 - 24H20. Commonly to ease the mathematical description, a non-primitive hexag-
onal unit cell is used to express such a primitive unit cell which in this case contains 3 formula units
of CeaMg3(NO3)1s - 24H,0 and yields the following lattice unit vectors: a = b = 11.004(6) A &
¢ = 34.592(12) A and the following lattice angles: o = 8 = 90° & ~ = 120° [65]. The paramagnetic
behaviour of CMN arises from the Ce?* ions in which the interactions between these are particularly
weak due to the large amount of water, which assures a large distance (~ 1nm), hence, lowering the
ordering temperature significantly and causing it to obey the Curie law quite accurately close to ab-
solute zero [16, 60-62]. The electron configuration of an Ce3* ion is [Xe]4f! meaning that it contains

a single electron in the outer shell. Thus, given a total spin of S = % and a total angular moment

2
with a splitting of AE ~ 0.3eV due to spin-orbit coupling, which corresponds to a temperature of

of L = 3, the energy level is split into two energy levels with terms 2F5 (J = 5) and 2F7 (J = I)
2 2

~ 3000K [7]. Given the large splitting, the latter (*Fz) remains unpopulated. Due to the presence
2
of a weak crystal field, the ground state (*Fs) is split into 3 Kramers doublets characterized by the
2

magnetic quantum number mj = i%, i%, i% with an effective spin—%. The ground state doublet
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corresponds to my = :t%,

AE ~ 5meV (~ 50K ), meaning at the temperature of interest (T < 4 K), the two highest doublets
are essentially unoccupied [7, 60, 62].

which is separated to the 1st excited doublet mj = :t% by an energy of

5.2 The Sample and The Positioning

An elongated piece of CMN (see Fig. 66 (middle) Appendix B) with the approximate length-height-
width dimensions of 5.3 mm x 1.7mm X 2.4mm from the collection of CMN which presumably was
used in the previous Master Thesis project of Mathias Mikkelsen [57] was the largest piece that
would fit in the sample space. This piece of CMN was chosen in order to achieve the largest signal.
Given the length of 5.3 mm, the sample extends further than a length of the detection coil (~ 4 mm).
Therefore, it was positioned such that it would fill the entire detection coil and the remaining of the
sample would extend towards the opposite end of the empty detection coil to avoid coupling between
the sample and both of the detection coils. The thermal contact was established with 5 insulating
copper wires of 200 micron diameter, which were thermally connected to the cold finger (see Fig. 19
(left)). The connection between the copper wires and the sample were established using GE-vanish
specified to have a thermal conductivity of 0.034 %= at temperatures of 7' < 1K [66].

5.3 Sampling of Data

The lock-in amplifier was set with a time constant of 7 = 100ms and the script was modified
such that for each temperature measurement it would return the average of 5 measurements of
the voltage each separated by 1 second, along with the statistical uncertainty on the mean \/Lﬁ
assuming Gaussian fluctuations. The method of measuring assumes that the temperature of the
sample remains close to constant within the time of measuring, which is reasonable as the heating
of the sample was performed with caution and each measurement was conducted over several hours,

which will be presented in Section 5.4.

5.4 Overview and Temperature Control

For the measurements in the entirety of Section 5, the excitation field was lowered to a field strength
of Hyce ~ 17Am™! to minimize the produced heat. Measurements were conducted for various
excitation frequencies while heating and cooling the sample. However, only the measurements for the
heating series will be presented here (Section 5.6) as the temperature is varied with caution, whereas
for the cooling series, the heat is turned off, causing a large change in temperature with respect to
time which can be problematic given the low thermal conductivity of CMN. The measurements for
the cooling series are shown in Appendix J.1 for the curious reader. The progress of the temperature
during the measurements for the heating series is shown in Fig. 33, where the cold finger temperature
begins at T =~ 13mK and ends at T2 &~ 240mK across a time window of ~ 6 hr. Initially, at
time = 0s, the heat on the still is turned off, meaning the temperature in the mixing chamber
and for the sample increases slowly up to a finite temperature. At time ~ 4000s, heat is applied
in the mixing chamber, however, this is varied slowly, in hope of achieving a stable temperature
connection between the cold finger and the sample. Ideally, the curves in Fig. 33 should lie on top of
one another, however, given the heat supply is done manually, it remains difficult to conduct every
experiment under identical heat conditions, and it quickly becomes very time consuming.

Finally, a single measurement while adding helium to the system is shown in Section 5.7 and used

to estimate the temperature outside the thermometers reliable range.
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Figure 33: Cold finger temperature Ty,.2 as a function of time during the AC susceptibility measurements
for a field strength of Hac ~ 17 Am~! and excitation frequencies of v = 333 Hz (@), 663 Hz (A), 982 Hz (M),
and 1433 Hz (V). The heating begins at time ~ 4000s.

5.5 Conversion from Raw Data to Susceptibility

The voltage across the detection coils was measured without any phase adjustments. Thus, the
voltage was measured in terms of X; and Y; (see Fig. 87 Appenndix J) by the lock-in amplifier.
The raw data has initially been rotated in the complex plane using Eq. (86) with the phase (©) for
each frequency presented in Table 2 (heating) in order to separate the voltage in terms of an in-phase
component (£X) and an out-of-phase component (£3). Subsequently, the separated voltages have
been scaled in accordance with Eq. (85), using the utilized excitation frequencies and the calibration
constants (Cs) from Table 2. The excitation fields (Hac) used in the conversion to susceptibility
are reported in Table 4. It should be noted that these fields are measured using an additional
lock-in amplifier as the oscilloscope used for the titanium measurements in Section 4 captured a lot

of noise for a field of Hyc ~ 17 Am™".

Thus, the circuit configuration remains the one shown in
Fig. 20 (left), where the oscilloscope has been replaced with a lock-in amplifier. The susceptibility
is reported in arbitrary units, due to the fact that the calibration constants from Table 2 remain
geometry dependent. Hence, it does not convert to SI units accurately for a sample with a geometry
that differs from the geometry used to determine the constant initially. In addition, the CMN sample
is larger causing it to extend outside the detection coil which further causes a deviation.

The demagnetization has not been accounted for due to the arbitrary shape of the sample, and given

a paramagnetic behaviour it can, in practice, be neglected.

5.6 Measurements at Cold Finger Temperature Regime of T,,.2 ~ 13-250 mK

The in-phase component (x’) as a function of Ty, for various excitation frequencies is shown in Fig.
34 along with the reciprocal of the in-phase component (x’ _1) (insert). The susceptibility appears
to increase in a Curie-like manner as temperature decreases. At low temperatures (Tie2 ~ 17 mK),
the data reveals a strange bump (see Fig. 88 Appendix J), which is most likely connected to an
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instability of the sample temperature as a consequence of its low thermal conductivity. As mentioned
in Section 5.1, CMN obeys the Curie law accurately in this temperature regime, meaning that
one would expect a straight line when plotting the reciprocal susceptibility (y/ _1) as a function of
temperature. Although, as seen in Fig. 34 (insert), x’ ! shows a curved line across all the excitation
frequencies. The curvature does seem to decrease as frequency increases.

The insert for the excitation frequency of v = 333 Hz shows a discontinuity, which is caused by the
fact that the in-phase component (x’) crosses the zero. Such curvature in the reciprocal in-phase
component (x’ 71) is, commonly, caused by the presence of a temperature independent contribution
(x0), which can easily go undetected in a x’ vs temperature plot. This temperature independent
contribution can have various origins such as: core diamagnetism (from the sample or the environ-
ment) and van Vleck paramagnetism (Section 2.4), a background contribution from the fact that
the signal of the coils alone is not completely eliminated, or a background contribution solely from
the instrument [16, 25]. Either way, it remains unavoidable experimentally and this has to be ac-
counted for when performing a fit using the Curie (Weiss) law. One additional feature that has to be
accounted for is the temperature difference between the measured temperature by the thermometer
and the sample. If the temperature difference is large, this will further contribute to a deviation in

the Curie law, and, therefore, a deviation from a straight line in a ' v8 Tine2 plot.
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Figure 34: The in-phase component (x’) of the AC susceptibility as a function of Tj,co for Hac ~ 17 Am~!
and for excitation frequencies of v = 333Hz (@), 663Hz (A), 982Hz (M), and 1433 Hz (V). Insert shows

1

X

In order to account for the temperature difference between the cold finger and the sample, an
approximate model from Pobell [16] utilized in a previous Master’s thesis [57] is applied. If the
experiment is carried out in a slow manner with small temperature variations, we can assume that
during each measurement the sample remains close to a steady state. In the steady state, the heat
leak from the warmer components to the sample remains equivalent to the heat transfer from the
sample to the mixing chamber through the type of thermalization which in this case is the copper
wires [16, 57]. The heat carried by these wires is:

Tsample
Q= 4 / r(T)dT, (90)

L Tmc2
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where A is their cross-sectional area, L is the length, and « is the conductivity coefficient [16, 25,
57]. For copper, the conduction electrons yield the largest contribution to the thermal conductivity,
and the thermal conductivity for the electrons relates — to a good approximation — linearly to the
temperature at low temperatures (7' < 10 K). Therefore, one has:

He(T) = IQ[)T, (91)
which results in a heat transfer of:
. AHO
Q = E (TSQample - TI%lCQ) = 2A= Ts2ample - T1%1027 (92)

where A = j—l?o is a fit parameter to be determined and ALFLO represents the thermal resistance [16].
Thus, the final fit function becomes:

X(Tine2) = (93)

. +Xo = S + Xo
fp— JTZ,r2a
which does not diverge for Ty, — 0K as one would expect. Physically, as Ti,co — 0K, one
would expect the temperature of the sample to plateau at a finite temperature value, meaning the
susceptibility vs Tico would saturate.

The fit function from Eq. (93) was applied to x’ vs T2 data across the entire temperature range
as shown in Fig. 35 by minimizing x*> = Y, (i — yst,;)?/07 [67], and the fit parameters for each
excitation frequency are collected in Table 4.

According to Ref. [25], a Curie (Weiss) fit should ideally be applied to the reciprocal susceptibility vs
temperature data. However, due to the discontinuity shown in the insert in Fig. 34 for an excitation
frequency v = 333 Hz, it becomes difficult. Therefore, to be consistent, the fit function from Eq.
(93) was applied on non-reciprocal data. Fitting to the reciprocal data yielded fit parameters that
were not statistically different from the non-reciprocal fit (Table 4).

Visually, the fit appears reasonable for all the excitation frequencies as seen in Fig. 35. This is further
strengthened by the low residuals as a function of temperature (see Fig. 89 Appendix. J) and the
distribution of residuals, which resemble a Gaussian-like distribution centered around zero (see Fig.
90). The residuals as a function of temperature (see Fig. 89) do show that the fit begins to slightly
deviate at low temperatures where the strange bump occurred (see Fig. 88), however this deviation
is minor. Subtracting the fit parameter xo and plotting the reciprocal susceptibility (x’ — x0) ™! vs
Tine2 yields a curve which nearly resembles a straight line as seen in Fig. 35 (insert). Although, there
is a slight curvature at low temperature which reflects a saturation in the susceptibility, presumably
as a consequence of a plateau in the temperature of sample. At the minimum sample temperature
the cooling power mediated by the copper wires is equivalent to the heat transfer to the sample
from the surroundings. This can be accounted for using the approximate relation between the cold
finger temperature (Tye2) and the sample temperature given by Eq. (92) which uses the estimated
fit parameter A.
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v [Hz| 333 663 982 1433
Hac [Am™!] 17.36196(4) 17.01191(6) 17.05851(3) 17.11135(5)
C lau] 1.6769(15) x 1073 | 1.6204(10) x 1073 | 1.5649(6) x 1072 | 1.4908(3) x 10~3
A [K2] 2.733(6) x 10~* 2.841(4) x 107* | 3.110(3) x 10~* | 3.5688(17) x 1074
Yo [a.u] —8.874(17) x 1073 | —5.341(11) x 1073 | —3.329(7) x 1073 | —1.04(4) x 10~*
Tsample,min [MK] 26.95(2) 27.366(15) 28.371(9) 29.883(6)
Tsample(Tme2 = 0) [mK] 23.38(2) 23.838(17) 24.941(11) 26.716(6)

Table 4: A table containing the excitation fields of each excitation frequency measurement, fit parameters
from applying the modified Curie fit in Eq. (93) on x’ vs Tince data from Fig. 35, the estimated minimum
sample temperature (Tsample,min), and the estimated sample temperature when the cold finger reaches absolute
zero (Tsample(Tmez = 0)).
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Figure 35: The in-phase component (x’) of the AC susceptibility as a function of Tyeo for Hac ~ 17 Am~1!
and for excitation frequencies of v = 333 Hz (@), 663 Hz (A), 982 Hz (M) and 1433 Hz (V¥), where the modified
Curie fit function from Eq. (93) has been applied. The insert shows the (X’ — xo) ™! as a function of T2,
with an overlay of the reciprocal of the modified Curie fit function from Eq. (93).
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The in-phase component (') of the AC susceptibility as a function of the Tgample estimated using
Eq. (92), is shown in Fig. 36 with an overlay of Eq. (93) (LHS) which contains Tyample-
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Figure 36: The in-phase component (x') of the AC susceptibility as a function of Tyampie for Hac & 17 Am ™!
and for excitation frequencies of v = 333 Hz (@), 663 Hz (A), 982 Hz (M), and 1433 Hz (V¥), where the Curie
function from Eq. (93) (LHS) is included as an overlay. The insert shows the (x’ — xo)~! as a function of
Tsample, With an overlay of the reciprocal of the Curie function from Eq. (93) (LHS).

Further, the sample temperature (Tyample) has been plotted in Fig. 37 (left) as a function of the cold
finger temperature (Tmc2) for each excitation frequency using Eq. (92), where Tsample & Tmc2 for
T2 ., > 2A. The insert highlights the behavior at low temperatures, where the relation between the
cold finger temperature (Tinc2) and the sample temperature (Tyample) differs from the linear behavior.
Further, it reveals that the final sample temperature (Tyample) and Tsample(Tme2 = 0), also reported
in table 4 (row 6), depends on the excitation frequency, which presumably is due to generated heat
by induced eddy currents in metallic parts. The temperature (Tyample(Tme2 = 0)) has been plotted
as a function of the excitation frequency in Fig. 37 (right). By using the heat transfer from Eq.
(92) (LHS) and assuming that in case of eddy currents Qedqy o< ¥>H3 [16] one can construct a fit
function, which relates Tsample(Tmc2 = 0) to the excitation frequency as follows:

_ Aro

Q 2L (Ts2ample - Tr%c?) = /3 + a(27rl/)2 = Tsample (1/, T2 = 0) - B +a (27ﬂ/)2 (94)
where 8 = j—,foﬁ and & = j—,foa are fit parameters. As seen in Fig. 37 (right), the fit function

from Eq. (94) is applied and yields the following fit parameters: & = 2.206(10) x 10712 K2s? and
B = 535.3(6) x 10-9K?2, such that for v — 0Hz, one has that Tiample (Tmez = 0) — 23.1(8) mK
according to the fit. Visually, the fit seems reasonable, meaning heating caused by induced eddy
currents could very well be the case. However, the statistical uncertainties remain small. These
originate from the uncertainty on A alone, since we do not have the uncertainty on Tyco. It is,
therefore, difficult to obtain a statistical parameter which would indicate a good fit.
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Figure 37: Left: The sample temperature (Tgample) @s a function of cold finger temperature Ti,co for
excitation frequencies of v = 333 Hz (@), 663 Hz (A), 982 Hz (M), and 1433 Hz (V). The black dashed lines
represent extrapolations to Tiee = 0K. Right: Tsampie(Tmez = 0) vs v along with an applied fit from Eq.
(94) (RHS). Tsample(Tmcz = 0) has been extracted from the extrapolations from Fig. 37 (left).

Further, using the model earlier used to derive Eq. (94), one can in addition obtain the following fit
function for the fit parameter A:

A(v) b+ a(27v)?) (95)

where a = %d and b = %B, where & and § correspond to the fit parameters in Eq. (94). Apply-

ing the fit from Eq. (95), which is shown in Fig. 38 (right), yields the following fit parameters:
a = 1.103(5) x 10712 K?s? and b = 267.6(3) x 1075K2. The fit in Fig. 38 (right) appears to be
reasonable and the fit parameter behaves as expected, by increasing for increasing frequency. This
is nothing new compared to the fit in Fig. 37, but rather to show that one may extrapolate the

parameter A to higher frequencies.

The fit parameter yo shows a negative background and has a trend of decreasing magnitude for
increasing frequency (see Table 4). This decreasing trend is visualized in the inserts of Fig. 34,
where the degree of curvature is suppressed as the frequency increased. This fit parameter presum-
ably relates to the background from imperfect coils, instrumentation, and the scaling factor (Cg) at
which point it would indeed contain a frequency dependence.

The fit parameter C' (see table 4) shows a decrease as frequency increases. This parameter corre-
sponds to the Curie constant and, in theory, this should not contain a frequency-dependence, at
least not for a paramagnetic sample. This parameter is sensitive to the scaling factor (Cg), such
that a small change in (Cg) leads to a small change in C. The fact that the parameter remains
frequency-dependent, could suggest that the frequency dependence of the scaling factor (Cg) has
changed upon swapping the sample from titanium to CMN. The possibility of this was discussed
briefly in the end of Section 4.6.2. The changes in the two fit parameters cause the in-phase compo-
nent (') curves to be separated. However, by subtracting x( they become closely stacked as shown
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in Fig. 38 (left).
Although, the important and promising feature is that the parameter A remains insensitive to
changes in (Cg). This is crucial for the model in Eq. (92) to uphold.
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Figure 38: Left: The in-phase component (x' — Xxo) as a function of sample temperature Tgample Hac =~
17 Am~! and for excitation frequencies of v = 333 Hz (@), 663 Hz (A), 982 Hz (M), and 1433 Hz (V). The
background term (o) from table 4 has been subtracted, causing the curves to be closely stacked. Right:
The fit parameter A from table 4 as a function of v. The fit corresponds to Eq. (95).

5.6.1 The out-of-phase component (x”)

The out-of-phase component (x”) remains temperature independent as shown in Fig. 39, which is
expected. As mentioned in Section 2.9.2, the spin-spin relaxation for paramagnetic materials is on
the order of ~ 107%-1071%s, meaning that the system responds effectively instantaneously — at least
in the frequency regime accessible to AC susceptibility (~ 10kHz) [17, 18, 35]. Thus, in the absence
of a DC field, the imaginary component should remain zero. Due to background of the apparatus
and the imperfect coils, the measured value will unavoidably differ from zero, however, it should
not reveal a temperature dependence. The fact that no temperature dependence is witnessed in
Fig. 39 strengthens the indication that the proper phase has been used to separate the data. The
out-of-phase component (x”) takes on negative values, which indicates a negative background. It
will be seen in Section 6 that this background depends on the configuration used (see Fig. 19).

However, for illustrative purposes, the lock-in amplifier which measures the voltage drop across the
resistor (R = 100 ), measures the voltage drop in terms of an amplitude and a phase with respect to
the reference. Theoretically, the voltage drop across the resistor should be in phase with the current,
which is proportional to the excitation field. Furthermore, the voltage induced in the secondary coils
will be § out of phase with the excitation field due to Faraday’s law. Thus, theoretically, one will
have to rotate the raw data with a phase corresponding to © = & + 0res, Where 0yes corresponds to
the phase between voltage drop across the resistor and the reference voltage. Therefore, a common
way to determine the phase needed to rotate the raw data, is to utilize a lock-in amplifier measuring
across a resistor [39, 57]. In practise, the phase will change slightly across the circuit and it may
further be altered by instrumentation background signals, temperature changes, frequency changes,
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etc. [18]. Therefore, as mentioned in Section 3.3.2 it is advised to utilize a superconductor to
determine the phase which was done in Section 4 and, indeed works. Anyhow, the phase determined
using the lock-in amplifier to measure across the resistor (Ores cmn) is shown in Table 5. This phase
clearly differs from the phase © also shown in Table 5. Anyhow, utilizing the phase Oycs,cvn for
each frequency yields a temperature-dependent out-of-phase component (x”) as shown in Fig. 40,
which indicates that the in-phase component (') and the out-of-phase component x” have not been
separated properly.

v [Hz] 333 663 982 1433
© [radians]| 1.70541(5) | 1.81142(2) | 1.90707(1) | 2.033416(7)
Ores,cMN [radians| | 1.68940(9) | 1.78264(9) | 1.86681(5) | 1.97909(4)
AO© [radians| | 0.01600(10) | 0.02878(9) | 0.04026(5) | 0.05433(8)

Table 5: Table comparing the phase © from table 2 (heating) and the phase (Ores,cMN = § 4 Ores,cMN)-
The difference in phase is computed as AO = © — Opes,cMN-
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Figure 39: The out-of-phase component (x”) of the AC susceptibility as a function of Ty,ce for Hayc ~
17Am~! and for excitation frequencies of v = 333 Hz (@), 663 Hz (A), 982 Hz (M), and 1433 Hz (V¥), using
the phase © from table 5
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Figure 40: The out-of-phase component (x”) of the AC susceptibility as a function of Ty,co for Hyc ~
17Am~! and for excitation frequencies of v = 333 Hz (@), 663 Hz (A), 982 Hz (M), and 1433 Hz (V) where
the phase O;cs,cmn from table 5 has been used. Notice the temperature-dependence, which is typically an
indicator that the in-phase component (x’) and the out-of-phase component (x”') have not been separated
properly.

5.7 Temperature Correction in the High Temperature Regime

The thermometer located on the cold finger denoted Ti,.o deviates at high temperatures, such that
it records T ~ 0.9 K prior to beginning of the dilution process. However, the temperature of the
entire system, at this point, should ideally be stable at approximately T' ~ 4 K, and the temperature
of the cold finger should lie thereabout. Therefore, the goal of this Section is to determine the point
of deviation for the thermometer (Tinc2) and obtain an approximate correction.

Similar to the measurement of titanium shown in Fig. 69, a measurement of the AC susceptibility
as a function of Ty,co for CMN has been conducted while adding helium to the system, such that the
measurement has been taken while cooling down. This measurement is shown in Fig. 41. The in-
phase component (x’) shows a Curie-like increase as the temperature decreases. The insert in Fig. 41
(left), shows an unexpected behavior in the low temperature regime, where the susceptibility appears
to show a peak. This feature is believed to be an effect of a variation in the sample temperature,
while the temperature of the cold finger continues to decrease. This was not reproducible. The
out-of-phase component (x”) remains approximately constant across the entire temperature range,
which is expected.

The thermometer Ty, co shows that the measurement begins at a temperature of T' ~ 1 K, however,
the measurement was initiated when the helium at room temperature was added, at which point the
temperature presumably is 7' ~ 6 K. If one assumes that the fit function in Eq. (93) accounts for an
imperfect thermalization and remains reliable across a larger temperature regime, which it should,
a deviation in the recorded temperature and the true temperature would be reflected in a deviation
between the data points and the fit.
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Figure 41: The AC susceptibility as a function of Tieo for Hac ~ 17Am™! at v = 982 Hz while adding
helium to the system. Left: The in-phase component (x’). The insert shows an anomaly, which was not
reproducible. Right: The out-of-phase component (x”).

The fit function from Eq. (93) has been applied across a temperature range where, based on Section
5.6, Tiez is reliable. The fit is shown in Fig. 42 (left) and represented by the dashed black line.
It yields the following fit parameters: C' = 1.5952(7) x 10~ 3a.u., xo = —3.557(4) x 103 a.u., and
A = 233.9(5) x 1075 K2. The blue lines delimit the fitting interval, for which insert 1 highlights the
low-temperature part, showing that the strange peak is neglected in the fit. Insert 2 highlights the
other end of the fit where the data begins to deviate from the actual fit, which presumably is a result
of the thermometer deviating from the true temperature. As temperature increases, the deviation
becomes larger, as one would expect. The corresponding reciprocal susceptibility (X’ — xo)~! has
been plotted in Fig. 42 (right) in which the deviation becomes significantly more clear. The point
of deviation is chosen to be at the end of the fitting interval (T2 =~ 0.285K). From this point,
the data points remain above the fit overlay and deviate further as temperature increases (see insert
Fig. 42 (right)). Therefore, assuming the data should follow the modified Curie fit function from
Eq. (93) as a function of the true cold finger temperature, one can determine the corrected cold

finger temperature (Tmc2,corrected) in a point-to-point correction using:

C 2
Tmc2,corrected = \/( 7 > —2A. (96)
X —Xo

The result of the temperature correction is shown in Fig. 43 where the corrected data points (blue

points) lie on the line of the fit. Equivalently, (x' —xo0) ™! vs Tne2,corrected 18 shown in Fig. 43 (right).
The errors on Te2 corrected have been determined using the law of propagation of errors [67] with
Eq. (96), which yields a large uncertainty due to the fact it goes as:

2 2
V9% T %% (97)
1 -1 = (7.
A Ok
Given the whole measurement was conducted while cooling the sample, it has to be emphasized

I(

that it remains an approximate correction. Although, the corrected temperature does lie within the
expected range (~ 5K) when the dilution process is initiated, which surely is promising.
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Right: The reciprocal in-phase component with yq subtracted (x’ —x0) ™! vs Tinea to highlight the deviation

from the fit-overlay. The insert shows the beginning of the deviation.
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Figure 43: The AC susceptibility as a function of Ti,c2 corrected With the original data points and the

corrected data points using Eq. (96). Left: The in-phase component (x’). Right: The reciprocal in-phase
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Moving forward, Fig. 44 shows Tinc2 corrected VS Tme2 Where the blue points remain the corrected

data points. The following fit function:

Tch,corrected (TmCZ) = CLTIEI)IC2 + bTéCQ + CT;%Q + dTr?lCQ + €Tme2

(98)

was found to be the best candidate to describe the relation between Ti,c2 corrected and Tinc2 in the
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relevant temperature regime and it yields the following fit parameters: a = 7.75(19) K, b =
0.172(6) K=3, ¢ = —9.06(14) K=2, d = 6.37(8) K~ and e = —0.81(3). Do note that the fit function
does not describe the temperature regime where the thermometer T2 is reliable due to the fact
that the transition from the regime of deviation (blue points) to the accurate regime (red points)
does not have a continuous slope as shown in the insert of Fig. 44.
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Figure 44: The corrected mixing chamber temperature (Tinc2, corrected) VS Tmez along with the fit function
from Eq. (98)). The insert shows that the fit function does not describe the temperature regime where the
Theo is reliable. The fit yields a p-value of ~ 6e — 7.
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6 The AC & DC Susceptibility of Herbertsmithite

Herbertsmithite (ZnCuz(OH)gCls) is one of most promising candidates of hosting the ground state of
a true quantum spin liquid due to its perfect kagomé layers of frustrated spin—% Cu?T ions separated
by diamagnetic Zn?t ions. Up to this date, it remains a widely studied material and displays
experimental signatures of a quantum spin liquid at low temperatures since no magnetic order or
spin freezing has been witnessed down to approximately 50 mK [13, 14, 68]. In order to investigate
this material ourselves, low temperature (~ 0.03-6 K) AC susceptibility measurements for various
excitation frequencies and DC fields have been conducted on a powder sample of herbertsmithite. In
addition, high temperature (2-350 K) DC susceptibility measurements have been conducted by E. Y.
Leander (PhD student in physics at NBI) at EPFL in Lausanne. The sample has been synthesized
by M. S. Pedersen (PhD student in chemistry at SDU).

6.1 Herbertsmithite

Herbertsmithite belongs to the paratacamite family (Zny,Cus_x(OH)gCly) with the base material (x
= 0) being of the formula Cuy(OH)gCly which exists in four polymorphs referred to as botallackite,
atacamite, clinoatacamite, and claringbullite. These show antiferromagnetic long-range order at
approximately 7.2K, 9K, 6.5 K, and 17K, respectively. However, clinoatacamte remains the most
stable polymorph and is the parent compound which leads to herbertsmithite [13, 15]|. Besides having
a Néel ordering temperature of 6.5 K, a transition is observed at 18 K which presumably is a valence
bond solid state. This is shown in the proposed phase diagram in Fig. 47 (right) [13, 15]. It contains
three different crystallographic copper sites, referred to Cul, Cu2 and Cu3 in Fig. 45 (right), where
Cul and Cu2, produce distorted kagomé layers and are both associated with octahedra consisting of
Cu(OH)4Cly. The remaining copper site (Cu3) takes part in octahedra of Cu(OH)g and is located
in a distorted triangular layer, which connects the distorted kagomé layers and gives rise to an ABC
stacking of these [15]. The crystal structure of clinoatacamite is shown in Fig. 45 (left) along the
c-axis, where the the blue, cyan and teal colored atoms represent Cul, Cu2, and Cu3, respectively.
As seen in Fig. 45 (left), Cul and Cu2 span the corner sharing triangles giving rise to distorted
kagomeé layers, and Cu3 remains the bridge between these, which, in addition, is the placeholder for
the Zn ion in the case of herbertsmithite [15].
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eO/O

Figure 45: Left: Crystal structure of clinoatacamite along the c-axis. The large atoms correspond to the
copper atoms, where the blue, cyan and teal atoms represent Cul, Cu2, and Cu3 from the proposed magnetic
structure in Fig. 45 (right). The Cu3 atom remains the placeholder for the Zn-ion site in herbertsmithite.
Right: Proposed magnetic structure showing a monoclinic crystal structure. From [15].

As the doping percentage of the Zn ions increases, the structure begins to alter. When the doping
exceeds approximately x = 0.33, the monoclinic (P21/n) structure as seen in Fig. 45 (right) transi-
tions to a thombohedral (R3m) structure containing undistorted kagomé layers in the a-b plane [13,
15]. At this point, a partial ordering still occurs at approximately the same temperature (~ 5K).
As the doping percentage of Zn?T increases further, the magnetic bridge between the kagomé layers
is suppressed since more of the Cu?T ions corresponding to the Cu3, shown in Fig. 45, is replaced
by the Zn ions [13, 15]. At x ~ 0.6 the partial ordering begins to disappear. The proposed phase
diagram in Fig. 47 (right) suggests a spin glass state for x > 0.6 and the RVB state as * — 1.
Reference [69] have seen signs of the spin glass state at z = 0.66, but above this percentage nothing
has been observed experimentally [13, 15].

The final structure of pure herbertsmithite (z = 1) is shown in Fig. 47 (left), where the top lattice
structure shows the undistorted kagomé configuration viewed along the c-axis, which gives rise to
the large frustration. Cu?* occupies the sites in the kagomé layers and is the main contribution to
the magnetic properties. Such ions possess an electron configuration of [Ar]3d?, yielding 1 unpaired
electron (S = 2 & L = 2) in the outer shell resulting in a ground state term of QDg J =9
[7]. However, due to orbital quenching the angular moment becomes zero (L = 0) which leads to
J=5= % The lattice structure in Fig. 47 (bottom left) shows the ABC stacking of the layers
viewed along the [110] direction, which are well separated by the Zn?*t ions. Zn?* has an electron
configuration of [Ar]3d'Y showing a filled outer shell (S = 0 & L = 0) and, therefore, has a ground
state term of 1D, (J = 0). Given Zn?* has a filled outer shell it behaves diamagnetically, in accor-
dance to the Larmor diamagnetism presented in Section 2.3.1, causing this contribution to be both
small and temperature-independent.

Given the symmetry in the structure, there is believed to be a single nearest-neighbour superexchange
interaction between the frustrated Cu?*t ions which are separated by ~ 3.414 A in the kagomé plane
as shown in Fig. 46. The exchange parameter (J) is illustrated with a black line between the
triangular arrangement of 3 Cu?* ions. The superexchange is mediated via the oxygen atoms with
the dg2_,2 orbitals from the Cu?* ions symmetrically arranged along the threefold axis as shown in

the insert of Fig. 46 [4, 70].
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Magnetic susceptibility measurements show a
deviation from a true Curie Weiss to a Curie
Weiss-like behaviour at ~ 200K. And by fit-
ting a Curie Weiss relation above a tempera-
ture of ~ 200K, the Curie Weiss temperature
for herbertsmithite is estimated to take a vari-
ety of values. References [4, 71| (same author
for both) report  ~ —300 K which — according
to the Refs. [4, 71] — corresponds to an antifer-
romagnetic superexchange of J ~ 17 meV using

a series expansion correction for the kagomé lat-

tice. Reference [70] reports a Curie Weiss tem-
perature of  ~ —241 K, although they estimate
Figure 46: The crystal structure of herbertsmithite

a superexchange of J ~ 17meV using a high
P & J & & with the superexchange interaction shown with Cu be-

expansion fit. To me, this indicates that Refs. ing the red atoms, Cl being the orccn atoms and oxy-

[4, 71] and [70] determine the superexchange in- gen being the cyan colored atoms. The Zn atoms are

teraction energy differently. Obtaining a simi- not shown. Insert: A zoom-in of the triangular ar-
lar superexchange interaction while estimating rangement of the Cu ions, showing the d,2_,2 orbitals
a difference in ~ 60K in terms of the Curie overlapping with the oxygen atoms giving rise to the
Weiss temperature seems odd. Tabular values Superexchange. From [70]

from Ref. [6] and [5] report § ~ —314K and

0 ~ —241K, respectively. Anyhow, these sus-

ceptibility measurements share the feature of revealing no long-range magnetic order or spin freez-
ing down to ~ 50mK, showing a large Curie tail at low temperatures and for some studies ob-
serve a sudden upturn in the susceptibility at low temperatures [3]. It has been recognized that
Dzyaloshinsky-Moriya (DM) interactions (anisotropic exchange interactions) may yield a sudden
deviation [3]. However, invoking this interaction as an explanation alone would require a too large
DM-interaction in magnitude which would presumably induce some ordering [13|. The large Curie
tail and even the sudden upturn in the Curie tail at low temperatures are believed to be governed
by the presence of magnetic impurities 3, 71]. And with that in mind, herbertmithite is prone to
magnetic defects including: a kagomé site may be occupied by a Zn ion or a Cu ion may occupy
an interlayer Zn-site. The former defect is believed to induce a dimer freezing in the two adjacent
triangles, and, further, induce a staggered magnetization on nearby sites [3, 13, 15|. The latter defect
is said to be highly critical for the proposed quantum spin liquid case as the sole Cu ion is believed
to cause a weak ferromagnetic interaction between the kagomé layers. This defect is presumably

saturated easily by small applied fields |3, 13, 14].
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Figure 47: Left: Crystal structure of herbertsmithite Top: Structure viewed along the c-axis showing the
kagomé arrangement. Bottom: Structure viewed along the [110] direction, showing the ABC stacking of the
kagomé layers. From [14]. Right: Proposed phase diagram by the Ref. [69] for the Zn-paratacamite, where
"Neel’ represents the antiferromagnetic long range order, "VBS’ denotes a valence bond solid phase, "VBL’ is
a valence bond liquid phase, ’SG’ indicates a spin glass phase and 'RVB’ is the quantum spin liquid phase.
From [15, 69].

6.2 High Temperature DC Molar Susceptibility Measurements

The powder sample was synthesized using deuterium (*H) making it suited for neutron scattering.
Based on Nuclear Magnetic Resonance (NMR) measurements conducted by M. S. Pedersen, the
sample appears to be of minimal defects and the doping level of Zn ions is determined to be x = 0.98 -
1. However, some uncertainty remains regarding the precise doping level and the specific type of
defect. The magnetic molar susceptibility as a function of temperature is shown in Fig. 48 (left),
which reveals a Curie Weiss-like behaviour by increasing as temperature decreases. The inverse
magnetic molar susceptibility as a function of temperature is shown in Fig. 48 (right), which
additionally reveals a linear behaviour in the high temperature regime (> 200K). It begins to
slowly deviate around ~ 200 K at the point in temperature where the nearest-neighbour interaction
begins to be of significance compared to the thermal fluctuations, meaning that the frustration
begins take an appearance. The measured data reveal no magnetic ordering down to the lowest
measured temperature (2K). The uncertainties remain quite large and are not in the slightest a
representation of the fluctuations of the data points. I do not know how these uncertainties are
determined, but, they have been overestimated. This becomes quite noticeable in Fig. 48 (right),
where the uncertainty o, -1 relates to o by:

= —0y. (99)
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Figure 48: Left: DC molar susceptibility as a function of temperature. Right: Inverse DC molar suscep-
tibility as a function of temperature. Measurements conducted by E. Y. Leander at EPFL in Lausanne.

Moving on, Fig. 49 shows the inverse susceptibility with 3 different fits applied above 200 K. Fit 1

is an inverse Curie-Weiss fit with a background term xg which takes the form:

C+ xo(T — bcw)’

X (100)

with the estimated fit parameters being shown in Table 6 (row 2). Fit 2 takes the same form as
Eq. (100), however, where the Curie Weiss temperature fit parameter (fcw) has been fixed to
fcw = 300K to match [4, 71] and show the behaviour of the background term (xp). Fit 3 remains
a traditional inverse Curie Weiss with xg = 0.

Visually, all the fits appear reasonable, as seen in Fig. 49 and the good p values reported in Table
6 (column 5) would suggest a good fit quality. However, such a p-values are indicative of large
uncertainties, which indeed is the case.

The overestimated uncertainties visualized in Fig. 48 (right) yield overestimated fit parameter
uncertainties. The uncertainties for fit 1 are, however, significantly larger compared to fit 2 and fit
3 (see Table 6). By applying fit 2, one may notice that the uncertainty on the background term
goes down by a factor of 6 and, further, by applying fit 3, it is shown that the uncertainty on
fcw decreases by approximately the same factor. This would suggest that the fit parameters are
correlated in fit 1, which the off-diagonal terms in the covariance matrix do show. This might be an
indication that the trend is indeed linear with only a tiny background term (o), if any, since fitting
a linear behavior with 3 fit parameters never goes well.

If one considers the distribution of residuals across the fitting interval shown in Fig. 50, one may
notice that fit 3 remains centered around zero, whereas the two remaining fits (fit 1 & fit 2) show a
poor centering — they seem biased. Thus, eliminating the background term (xg) in case of fit 3 yields
the most promising fit for the given temperature interval. The estimated Curie Weiss temperature
(Ocw = —248(56) K) from fit 3, lies close to Ref. [70] and the tabular value from Ref. |5] who report
0 = —241 K.

In accordance with Ref. [25], one obtains an effective moment of peg = v8Cug = 1.91(10)up
in the case of cgs units, which using pea = gs/J(J + 1)up yields g = 2.20(12). This value, in
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addition, lies close to Ref. [70]. However, at the end of the day, the uncertainties are quite large
and the estimation of the Curie Weiss temperature appears to be sensitive to the method of fitting.
References [4, 70, 71| do not report whether they utilized a background term (xp) in their fitting.
Based on these estimated quantities, it remains difficult to conclude rather our sample differs from
the sample of Refs. [4, 70, 71]. A common feature, which can be concluded with certainty is the
absence of long-range magnetic order down to 2 K.

Fit # | C [emu- K - molg'Oe™!] | xo [emu - moly'Oe™] | fcw [K]| | p-value
Fit 1 0.5(7) —0.05(60) x 10-3 | —275(387) | 1
Fit 2 0.55(6) —0.09(10) x 1073 —300 1
Fit 3 0.45(5) 0 —248(57) 1

Table 6: Table of estimated and fixed parameters for the fits shown in Fig. 49.
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Figure 49: Inverse DC molar susceptibility as a function of temperature along with inverse Curie Weiss
fits applied above 200K. Left: Fit 1 (y~! =

T—6
C+xo0(T—0cw)

) yielding C' = 0.5(7) emu - K - moly'Oe ™,

0 = —280(387) K and xo = 0.05(60) x 1073 emu - moly'Oe~'. Middle: Fit 2 (y~! = %) yielding
C = 0.55(60) emu - K - moly'Oe ™! and yo = —0.09(10) x 1073 emu - moly'Oe~!. Right: Fit 3 (y~! = £=%)

yielding C' = 0.45(5) emu - K - moly'Oe™! and 6 = —248(57) K.
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Figure 50: Distribution of residuals for temperatures above 200 K (30 data points) between the data and
the fits from Fig. 49. Left: Fit 1. Middle: Fit 2. Right: Fit 3.
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6.3 The Preparation and The Positioning for AC Susceptibility Measurements

A portion of the herbertsmithite powder (108.6 mg) was cast in an epoxy (Stycast 1266 Epoxy) with
the help of E. Y. Leander. Stycast is commonly used to encapsulate powder samples for cryogenic
experiments and further recommended by Ivica Zivkovic [55, 72]. In order to form the mixture of
stycast such that it would be suitable for our equipment, a plate of the material teflon was cut,
and holes matching the dimensions of the sample space were drilled by the NBI Mechanical and
Electronic Workshop. The mixture was poured into one of the matching holes and 4 insulating
copper wires of 200 micron diameter were fastened along the sides of the hole. The mixture would
cure over a span of 24 hours. Unfortunately, a copper wire broke after the mixture was cured, leaving
3 copper wires serving as thermalization. The final result of the procedure is shown in Fig. 66 (right)
in Appendix B. It should be noted that one cannot be certain of the mass of the herbertsmithite
powder encapsulated in the stycast, due to the fact that some remains of the mixture were left.
Therefore, it is without doubt less than the initial mass of 108.6 mg.

The encapsulated sample was positioned in one of the detection coils. Further, the insulating copper
wires were fastened to the cold finger ensuring a thermal link, similar to the procedure of titanium
and CMN mentioned in Section 4 and 5.

6.4 Sampling of Data

The AC susceptibility measurements were performed using configuration 1 and 2 (see Fig. 19). The
measurements with configuration 1 utilized the same data sampling script which was previously used
for the CMN sample (Section 5).

The measurements conducted with configuration 2 utilized a similar script, however, it was slightly
modified, such that for each temperature measurement it would report the average of 20 measure-
ments of the voltage — each separated by 0.6 seconds. The purpose of this was to obtain more
statistics and for the outcome to be less noisy as herbertsmithite does produce a small signal com-

pared to titanium and CMN, causing noise to play a larger role.

6.5 Overview

Section 6.7 contains a temperature-dependent AC susceptibility measurement while heating up from
base temperature. During this measurement it was necessary to retrieve most of the helium in the
process in order to reach the temperature of ~ 0.6 K.

Section 6.9 contains temperature-dependent AC susceptibility measurements for a single frequency
while cooling from a temperature of ~ 4 K to base temperature and heating from base temperature
to ~ 0.230K for reproducible purposes. Further, Section 6.9 contains AC susceptibility measure-
ments as a function of temperature for various excitation frequencies taken while heating. Finally,
it contains AC susceptibility measurements as a function of temperature for various strengths of DC
field.

The temperature control was managed in a similar way as the CMN sample, however, it was at a
slightly faster pace, due to the CMN measurement being time consuming.

The electrical circuit shown in Fig. 20 (right) was utilized for all the AC susceptibility measurements
regarding herbertsmithite. The change of signal generator — going from the circuit shown in Fig. 20
(left) to the circuit shown in Fig. 20 (right) — potentially modifies the phase in the circuit slightly,
which will be discussed in the upcoming sections.
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The measurement in Section 6.7 utilized configuration 1 shown in Fig. 19 (left), however, the metal
screws were replaced with nylon screws for the purpose of reducing the heat. The measurements in
Section 6.9 utilized configuration 2 shown in Fig. 19 (right), such that the applied DC field would
be parallel to the AC field.

6.6 Conversion from Raw Data to Susceptibility

For both configurations (1 & 2), the raw data was measured without any phase adjustment. These
are shown in Appendix K. The measured voltage drop was initially rotated with the phase reported
in Table 2 (heating) for the utilized excitation frequency in order to separate the components. Sub-
sequently, the voltage was converted to susceptibility using Eq. (85) with the calibration constant
(Cg) from Table 3 (heating). However, as further discussed in Section 6.7, the out-of-phase compo-
nent (x”) gives an indication that the voltage has not been separated properly using the previous
phase. Therefore, the phase ©, obtained by measuring the excitation field using a lock-in amplifier
was utilized to separate the voltage components in order to compare. This was previously done in
Section 5.6.1 for CMN. The effect of demagnetization has been neglected for simplification purposes,
which is justified by the fact that herbertsmithite has a significantly smaller susceptibility than CMN
from Section 5 at for which it was also ignored.

6.7 AC Susceptibility Measurement (Configuration 1)

The AC susceptibility for herbertsmithite as a function of the corrected cold finger temperature
(Tne2,corrected) is shown in Fig. 51 for an excitation frequency of v = 982Hz and a field of Hac ~
17Am~!. The cold finger temperature for Tjeo > 0.285K has been corrected using the fit model
from Eq. (98) from Section 5.7. The raw data of the measurement and X’ vs T2 are shown in
Fig 95 and 96, respectively in Appendix K. The in-phase component (') in Fig. 51 (left) shows a
Curie Weiss-like behaviour in the high end of the temperature range, such that the susceptibility
increases with decreasing temperature. At Tinco corrected ~ 0.116 K it begins to deviate from the Curie
Weiss-like behaviour and become more linear. At approximately Tic2 corrected = 0.05 K it appears to
show a peak and decrease slightly as temperature decreases. Furthermore, the insert shows a linear
trend in the high end of the temperature range, and it begins to bend at Tnc2 corrected =~ 0.116 K.
The out-of-phase component (x”) shows a negative background which, previously, has been seen in
Fig. 39 (Section 5.6.1) for CMN. In addition, it appears significantly more noisy. Therefore, the
data shown in Fig. 51 has been binned in terms of temperature, with a binwidth of 2mK. The
temperature has been converted to sample temperature using Eq. (92) and the parameter A from
Table 4 (row 4 column 4). The final result is shown in Fig. 52 as a function of the binned sample

temperature (Tsample)-
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Figure 51: The AC susceptibility of herbertsmithite as a function of Tiyc2 corrected Where the components
have been separated using © from Table 2 (heating). The measurement is taken at a frequency of v = 982 Hz
and a field of Hyc ~ 17Am~!. Left: The in-phase component (). The insert shows Y. Right: The
out-of-phase component (x”).

The behaviour of the in-phase component (x’) in Fig. 52 (left) remains the same, however, it has
become more smooth around the peak if one compares to the data presented in Fig. 51 (left). The
temperature of the peak is estimated to Tpeax = 48.8(3) mK using a Gaussian fit in an appropriate
temperature interval around the peak where T} corresponds to the centering of the fit. The
out-of-phase component (x”) has become less noisy and, visually, the decreasing behaviour for
decreasing temperature is more clear and at low temperatures it seems to form a negative broad
peak. The decreasing behaviour across almost the entire temperature regime would indicate that the
components have not been separated properly using the phase determined from titanium (see Table
2). Given the in-phase component (x’) behaves somewhat Curie Weiss-like in the high temperature
regime one would expect the out-of-phase component (x”) to remain temperature-independent, as
seen in case of CMN (see Section 5.6.1). Therefore, the phase could potentially have been modified,
presumably due to the change of the signal generator — going from the circuit in Fig. 20 (left) to
the circuit in Fig. 20 (right). Thus, a recalibration of the phase utilizing a new titanium sample
is needed in order to obtain the correct phase. This was attempted, however, during the cooldown
a leak in the cone-seal of the mixing chamber occurred, meaning helium would enter the IVC and
prevent the helium to condense. The leak in the cone-seal is easily repaired by opening the seal and
applying vacuum grease, although the entire process is time consuming. However, it is known that
the proper phase lies close to Oy¢s s determined by measuring the voltage drop across the resistor
as seen in Table 5, meaning we are not left completely clueless regarding the phase. A solution for
this will be discussed in the upcoming section and will be utilized for the remaining measurements.
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Figure 52: The AC susceptibility of herbertsmithite as a function of Tyample,bin Where the components have
been separated using © from Table 2 (heating). The measurement is taken at a frequency of v = 982Hz
and a field of Hac ~ 17 Am~!. Left: The in-phase component (x’). The insert shows the reciprocal of the
in-phase component (x’ 71). Right: The out-of-phase component (x”).

6.8 Readjustment of the Phase

The phase determined by measuring the voltage drop across the resistor for herbertsmithite (Oyes ns)
is reported in Table 7 (row 1). By comparing this phase (©yes 1s) with the phase Oes cvn reported in
Table 4 (row 1), one may notice a difference which would suggest that the phase required to separate
the components has changed upon switching the signal generator. However, assuming the difference
A®© in Table 4 has not changed, it is possible to estimate the new proper phase ©new = Ores s +AO.
The new estimated phase (Opew) along with ©,es 1 and AO are shown in Table 7.

v [Hz] 333 663 982 1433
Ores.is [radians| | 1.6447815(9) | 1.71667044(9) | 1.7834691(8) | 1.865933(2)
A®O [radians] | 0.01600(10) | 0.02878(9) | 0.04026(5) | 0.05433(4)
Onew [radians| | 1.66078(10) | 1.74545(9) | 1.82373(5) | 1.92026(4)

Table 7: Table containing the phase obtained by measuring the voltage across the resistor (Ores,ns = 5 +
Ores,1is), the phase difference A® = ©—0, cmn from Table 5 and the new proper phase Onew = Ores ns+AO,
assuming the difference has not changed upon replacing the signal generator.

6.8.1 AC Susceptibility Measurement With Readjusted Phase Oy (Configuration 1)

The AC susceptibility for herbertsmithite as a function of binned sample temperature (Tsample bin) iS
shown in Fig. 53 where the phase (Oyew) has been utilized to separate the in-phase component (x’)
and the out-of-phase component (x”). The in-phase component (x’) shows the same temperature-
dependence by increasing in magnitude as temperature decreases. Further, it shows a peak at the
temperature Tpeax = 48.8(3) mK estimated using a Gaussian fit around the peak. However, it appears
that a temperature-independent background for the in-phase component (') might have increased
as a consequence of using O instead of © if one compares Fig. 53 (left) with Fig. 52 (left).
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Further, the increase of a background term is reflected in the increased negative curvature of the
reciprocal susceptibility (x/ _1) in the insert of Fig. 53 (left) compared to the insert of Fig. 52 (left).
The out-of-phase component (x”) in Fig. 53 (right) shows a temperature-independent behaviour at
the high end of the temperature regime. At T~ 0.2 K the out-of-phase component (x”) begins to
increase as temperature decreases and appears to continue as the temperature approaches the base
temperature.

The peak in the in-phase component (x’) resembles a peak one would often associate with a spin
freezing (spin glass) or some sort of magnetic ordering. Such phenomena are typically complimented
by dissipation processes, reflected by a non-zero out-of-phase component (x” # 0) at temperatures
near and during the transition. The out-of-phase component (x”) in Fig. 53 does show a sudden
change near T' ~ 0.2 K which could indicate an onset of dissipation processes, which presumably
would be related to the peak at Tpeax = 48.8(3) mK in the in-phase component (/).

In case of a spin glass, the mentioned features would posses a frequency-dependence such that the
peak and the onset in ¥’ and x”, respectively would be shifted towards higher temperatures for
increasing frequency (see Fig. 109 (bottom) Appendix L). In addition, there would be a non-zero
third harmonic susceptibility (x3) associated with the spin freezing as discussed in Section 2.10.
Such frequency-dependence is investigated in Section 6.9.2.

However, the peak in the in-phase component (') could, in addition, promote the intriguing possi-
bility of the herbertsmithite sample hosting a ground state of a true quantum spin liquid. In such
a case, the AFM Heisenberg dimer model or the uniform AFM spin—% chain presented in Section
2.6.2 could potentially serve as a simplified picture, meaning that the susceptibility would either

go exponentially to zero or approach a finite value as T' — 0K in the gapped or the gapless case,

respectively.
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Figure 53: The AC susceptibility for herbertsmithite as a function of Tyample,bin Obtained using the phase
Opew from Table 7 (row 3). The measurement is taken at a frequency of v = 982Hz and a field of Hac =~
17Am~!. Left: The in-phase component (x’) which shows a peak at the estimated temperature Theax =
48.8(3) mK estimated using a Gaussian fit. Insert: The reciprocal susceptibility (x’ - ). Right: The out-of-
phase component (x”) which remains temperature-independent in the high end of the recorded temperature
regime, whereas at T' ~ 0.2 K it begins to increase as temperature decreases.

It is possible to fit a Curie Weiss relation with a background term (xp) in a smaller temperature
interval and obtain a fit which does appear reasonable. This has been done in Fig. 54 both for



6 THE AC & DC SUSCEPTIBILITY OF HERBERTSMITHITE 83

the in-phase component (x’) and the reciprocal in-phase component (X’_l). The insert in both
the left and right plot of Fig. 54 highlights the low-temperature regime with the blue dashed line
(Tsample,bin ~ 0.116 K) delimiting the fitting interval. It is clear, visually, that the data begins to
deviate from the fit in both cases.

The fit for x" vs Tsamplebin shown in Fig. 54 (left) yields the following fit parameters: C' =
442(6) x 10~ %a.u., xg = 0.683(11) x 10 3a.u. and fcw = —0.0369(18) K. Whereas the fit for
XFI V8 Tsample,bin Shown in Fig. 54 (right) yields the parameters: C' = 442(6) x 10 a.u., xo =
0.685(11) x 1073 a.u. and fcw = —0.0367(18) K, which show no statistical difference in the two
cases. The two fits show a Curie Weiss temperature (Ocw) which is significantly lower compared to
the high temperature regime (> 200K) that yields Ocw = —248(57) K as seen in Section 6.2. This

would indicate that a much weaker antiferromagnetic interaction gives rise to the observed peak.
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Figure 54: Fitting of (/) and (X' ). The measurement is taken at a frequency of v = 982 Hz and a field of
Hac ~ 17Am~!. Left: The in-phase component (X’) vS Tiample bin With a fit on the form y = % + X0
applied. Right: The reciprocal of the in-phase component (x’ _1) VS Tyample,bin With a fit on the form

-1 __ T—0cw

X = TFxe(T—bow) applied.

For illustrative purposes, a high-temperature expansion of the the 1-dimensional AFM spin-% chain
(Bonner-Fisher model [73]) has been applied to the in-phase component (x’) vs Tyample,bin- The fit

function takes the following form:

_C (0254 iz + co2?)
B kBT (1 + c3x + 041’2 + 05.%'3)

x(T) + X0 (101)

where x = IlBLC‘F [74-76]. The fit is shown in Fig. 55 and yields the following fit parameters: C' =
187.09340759(9) x 10~3%a.u., J = 183(3) x 10724 J, ¢; = 7.653354083(4) x 10°, co = 79.17739993(3) x 103,
c3 = 486.6203854(2) x 103, ¢y = —1.1409076129(18) x 103, c5 = 31.581821676(9), and

Yo = 972.58534734(5) x 10~%a.u.. The fit does appear promising, and it yields an exchange — in
temperature units — of % ~ 13 K. However, due to the fact that this model hardly describes the
system of herbertsmithite and it remains a high-temperature expansion, it should be noted that

the fit and the estimated parameters do not necessarily yield any information about the physics in
herbertsmithite. Further, the fit parameters are quite sensitive towards the initial guesses. However,

it serves as an illustrative visualization of how the temperature-dependent susceptibility potentially

could behave in case of a gapless QSL.
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6.9 AC Susceptibility Measurements (Configuration 2)

The remaining measurements have been conducted using
configuration 2 shown in Fig. 19 (right). Figure 56 shows
the AC susceptibility as a function of Tiamplebin for two
samples: the stycast encapsulating herbertsmithite and
pure stycast, where the latter serves as a realization of the
background. It should, however, be noted that it is not the
"true" background but rather a temperature-dependence
of the background. Recall, upon changing the sample, the
coil system has to be reattached, causing the coil wires
not to be in an identical position for every measurement.
This is reflected by a small shift in the measured voltage
on the order of (~ 1 x 1077V) compared to a previous

measuring session.
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Anyhow, the measurements in Fig. 56 contain a cooling

Figure 55: The in-phase component

series conducted while filling the system with helium and
(x') of herbertsmithite as a function of

a heating series for both samples. In Fig. 56, the measure- Tomptonin at a frequency of v — 982z

and a field of Hac ~ 17Am~!'. A Bonner-
Fisher high-temperature expansion fit (see
Eq. (101)) has been applied. The insert
highlights the peak. Measurement taken us-

ments for the pure stycast have been shifted by adding a
constant term for an easier temperature-dependent com-
parison with the herbertsmithite measurmeents. The ex-
act value of the X cas is shown in Fig. 57.

The in-phase component (x’) of herbertsmithite behaves ing configuration 1.

as we have previously seen, by increasing for decreasing

temperatures in a Curie Weiss-like manner. It peaks at Tpeax ~ 49mK highlighted by the insert.
The out-of-phase component (x”) of herbertsmithite has been plotted in a more narrow temperature
interval for visual purposes, however, the full temperature regime is shown in Fig. 99 in Appendix K.
Anyhow, x” shows a temperature-independent behaviour at high temperatures down to T ~ 200 mK
at which point it shows an onset and proceed to increase as temperature decreases.

For this configuration, the sign for both the in-phase (x’) and out-of phase (x”) has changed com-
pared to the measurement of hebertsmithite using configuration 1 (see Fig. 53). This change in sign
is believed to be caused by the bottom of the IVC can, which in configuration 2 remains close to
one of the detection coils, therefore, causing a voltage imbalance. Given the circumstances, both the
in-phase component (x’) and the out-of-phase component (y”) for the pure stycast show only a tiny
temperature-dependence compared to the in-phase component (x’) and the out-of-phase component
(x") of herbertsmithite, meaning the IVC yields only a minor temperature-dependent contribution,
if any. Although, this temperature-dependence, from the measurements of pure stycast, has to be
subtracted from the measurements of herbertsmithite. This is done in the upcoming section.
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Figure 56: The AC susceptibility for herbertsmithite (blue & red) and pure stycast (cyan & orange)
as a function of Tgumplebin- The pure stycast measurements have been shifted with a constant term for
easier comparison with the herbertsmithite measurements. The measurements are taken at a frequency of
v =982 Hz and a field of Hyc ~ 17 Am~!. Left: The in-phase component (y’). The data points at T > 6 K
is due to the fact that the cooling measurement was initiated at the same time helium was added to the
system causing the temperature to rise quite a lot in the beginning. In terms of Ti,¢2, these lie at Tico > 1K
(see Fig. 98 Appendix K), and small deviations in this range result in a large change in the corrected
temperature (Tie2 corrected) (see Fig. 44). Right: The out-of-phase component (x). The temperature range
has been limited to a maximum of Tsample,bin = 1 K for visual purposes. The measurement across the entire
temperature range may be seen in Fig. 99 in Appendix K.

6.9.1 Subtraction of background

The AC susceptibility for the pure stycast is shown in Fig. 57 as a function of Ty,c2. The in-phase
component (Xgiycast) appears to behave linearly as a function of Tinc2, whereas the out-of-phase
component (X&ycast) Shows less of a temperature-dependence. The behaviour of both components
have been estimated utilizing a linear fit as shown in Fig. 57 and the fit parameters are shown
in Table 8. The estimated fit parameters are statistically the same, for instance the slope (a)
between Xgycast (CO0ling) and Xiiyease (heating) yield a Z value of ~ 1.60 using Eq. (89) which is
not statistically significant [67]. Although, the uncertainties o4 for Xgycast (heating) and Xgiycast
(heating) are quite large, which is presumably due to the fact that there are fewer points. In the

case of Xgycast (heating) one could argue that a constant fit function would be a well estimation for
describing the trend.

Type thycast (COOhng) thycast (heating) X;/tycast (COOhng) X;/tycast (heating)
a [a.u —0.075(2) x 1073 —0.056(12) x 1073 | —0.008(2) x 1073 | 0.003(12) x 1073
blau] | —25.57011(27) x 1073 | —25.5764(13) x 1073 | 2.38838(27) x 1073 | 2.3851(13) x 1073

Table 8: Fit parameters obtained from the linear fits (aTyc2 + b) shown in Fig. 57.

Thus, the herbertsmithite susceptibility data has been adjusted by subtracting the fit value for the
corresponding series from each data point at the same temperature for consistency. Subsequently,
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the temperature has been converted to Tsamplebin @and the final result is shown in Fig. 58, where
the temperature has been plotted on a log-scale to emphasize the low-temperature region. The
in-phase component (') takes positive values after the subtraction and the out-of-phase component
(x") remains positive, which in both cases is promising. The in-phase component (X' — X¢tycast)
has been fitted using a Curie Weiss fit with a background term (xp), yielding the following fit
parameters: C' = 549(3) x 107 %a.u., xo = 3.619(5) x 1073 a.u., and fcw = —0.0561(9) K. Fit-
ting (X' — Xityeast) - VS Tsample,bin With an inverse Curie Weiss fit yields: C' = 550(3) x 10 a.u.,
Xo = 3.620(5) x 1073 a.u. and fcw = —0.0561(10) K, which show no statistical difference given the
uncertainties. This deviates from the earlier estimated Ocw = —0.0369(18) K (see Section 6.8.1),
because of the difference in fitting range. Regardless, it relates a much weaker antiferromagnetic

interaction, presumably, associated with the peak in x’.
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Figure 57: The AC susceptibility of the the pure stycast as a function of Ty,.o at a frequency of v =
982 Hz and a field of Hac =~ 17 Am~! while cooling and heating. Linear fits have been applied for all the
measurements to estimate the trend. The fit parameters are shown in Table 8. Left: The in-phase component
(Xétycast)- Right: The out-of-phase component (Xgtycast)-
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Figure 58: The AC susceptibility of herbertsmithite as a function of Tsample bin after the subtraction the AC
susceptibility from pure stycast. The temperature axis is on a log-scale visual purposes. Left: The in-phase
component (x' — Xétycast) with a Curie Weiss fit (x' = T_SCW + Xo) applied. The insert highlights the peak
on a normal temperature scale. Right: The out-of-phase component (x” — X%iycast)- The insert highlights

the beginning of an onset on a normal temperature scale.

6.9.2 AC Susceptibility Measurements for Various Frequencies

In this section, it is investigated whether the peak (Tpeak ~ 0.05K) in the in-phase component (x’) as
well as the onset (T' ~ 0.2K) in the out-of-phase component (x”) possess a frequency-dependence,
which is a common signature for a spin glass state. Figure 59 shows y' — thycast as a function
of Tine2,bin and Tgamplebin Where the Tj,co-dependence of pure stycast has been subtracted. The
temperature-dependent behavior for pure stycast has been estimated using a linear fit for each fre-
quency (similar to Section 6.9.1) and the measurements along with the fits are shown in Fig. 102
and 103 for Xgycast @A Xgtycasts respectively. Figure 59 shows that the subtraction of the stycast
is unable to position the curves on top of one another. This presumably relates to the fact that
the stycast is not the "true background" but more a temperature-dependence of the background.
Further, one could imagine that the scaling factor (Cyg) could be affected by reattaching the coil
system as discussed in Section 4 and 5. Focusing on the temperature-dependence, visually it is not
clear if the peak in y/ — thycast shows any frequency-dependence in terms of Tinco bin and Tsample,bin-
Therefore, the peak temperatures (Tme2 bin,peak & Tsample,bin,peak) have been estimated using a Gaus-
sian fit function in an appropriate temperature interval around the peak (see Fig. 104 along with fit
parameters in Table 14 and 15). The estimated peak temperatures (Tmc2 binpeak & Tsample,bin,peak)
are reported in Table 9 (row 6 and 7) and further shown in Fig. 60 as a function of frequency (v).

The estimated Tie2,peak does not show any frequency-dependence given the uncertainties as seen
in Fig. 60 (left). Although, one could imagine that this would be the case in terms of Tic2 bin
if the sample of interest was indeed a spin glass. If increasing heat due to increasing frequency
pushes the spin glass transition towards lower temperatures in terms of T1,c2 bin, but at the same
time, the spin glass transition occurs at higher sample temperatures for increasing frequency (see
Fig. 109 (bottom) Appendix L), one could imagine that these two effects would cancel out, and
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hence, reveal close to no frequency-dependence as a function of Tiyeo pin. Therefore, if this was the
case the frequency-dependence would show in terms of Tyample bin- Figure. 60 (right) does show an
increasing trend in terms of the data points, and, given the small uncertainties, the increasing trend
is statistically significant to argue for a tiny frequency-dependence. However, the model converting
from Tine2,bin 10 Tiample,bin Temains an approximation and is based off the thermalization for the
CMN sample specifically as well as the probe environment. Recall that the metal screws shown in
Fig. 19 (left) were replaced with nylon screws shown in Fig. 19 (right) which would presumably
reduce the effect of the heat due to induced eddy currents. With this in mind, the model might
overestimate Tgample,bin Which would show even less of an increasing trend for the data in Fig. 60
(right) if corrected for. This could lead to the outcome of no observed frequency-dependence in the
in-phase component (x').

The uncertainties for both the cases (Tinc2,bin,peak & Tsample bin,peak) decrease as the frequency in-
creases, which presumably is due to the measurements tend to become more noisy for low frequencies
causing the uncertainty of each data point to be larger.

Figure 61 shows the out-of-phase components (x’

" — Xetycast & X" — Xaw.) as a function of Tie2 bin
and Tsample,bin- From the measurements of i thycast VS Tine2,bin and Tiample,bin it is clear that the
subtraction of the pure stycast is, yet again, unable to position the curves on top of one another.
This makes a comparison difficult. Therefore, an arbitrary constant term (x7 ,, ) has been subtracted
such that the curves are stacked (see Fig. 61 (bottom)).

dependence in X" — x4, vs Tine2,bin and Tgample,bin. For a spin glass we would expect the onset to

Visually, there is not a clear frequency-

shift towards higher temperatures along with an increase in the magnitude for increasing frequency,
which we do not observe.

Based on the measurements in Fig. 61 it remains difficult to discard a potential minor frequency-
dependence as this could easily be hidden due to the already small and noisy signal of the out-of-phase
component. Further, it is difficult to reject a potential minor frequency-dependence in the in-phase
component (x'). Although, the 3rd harmonic susceptibility (x,—3) has been measured as a function
of temperature, and, this reveals no appearance of any peak or onset. Hence, there is no sign of spin

freezing.
v [Hz] 333 663 982 1433
Hac [Am™| 17.16964(3) 17.243310(42) 17.29307(12) 17.24694(6)
HAC stycast [Am ™| | 17.120185(12) | 17.246443 4 x 10716 | 17.246443 £2 x 10716 | 17.280865(7)
Opew [radians| 1.66078(10) 1.74545(9) 1.82373(5) 1.92026(4)
Onew,stycast [radians] | 1.66073(10) 1.74534(9) 1.82396(5) 1.92380(4)
Tne2,bin,peak [K] 0.0425(10) 0.0426(3) 0.0433(3) 0.0431(2)
Tsample bin,peak K] 0.0493(4) 0.04927(15) 0.05024(10) 0.05127(7)

Table 9: Table containing the estimated AC fields (Hac) and (HAc stycast) for each measurement of herbert-
smithite and stycast, respectively. The statistical uncertainties for some values of Hac stycast are unusually
small due to very small fluctuations. This cannot be correct, however, due to lack of time I have chosen not
to look into it. The estimated quantity Onew,stycast represents the phase while measuring on stycast, and is
reported in order to check whether the phase had changed compared to © ey from Table 7 (row 3) also shown
in this Table (row 4). The estimated quantities Tinc2 bin,peak a0d Tsample bin,peak irom the data presented in
Fig. 59 (left) and (right), respectively.
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(X, - Xétycast) VS Tmc2,bin- nght (X/ - Xétycast) VS Tsamplc,bin~

0.052 0.052
® v=333Hz @® v=333Hz
A v=663Hz A Vv=663Hz -
W v=982Hz W v=0982Hz
VY v=1433Hz VY v=1433Hz s
0.050- L 0.050 L
I T
0.048 L 0.048] -
< X
= %
3 8
20.046 I 90.046 -
o~ Qo
g €
= W
0.044- L 0.044 L
0.042- L 0.042- L
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
v [Hz] v [Hz]

Figure 60: The peak temperatures from Table 9 (row 6 & 7) as a function of frequency. Data points at
excitation frequencies of v = 333Hz (@), 663Hz (A), 982Hz (M), and 1433Hz (V). Left: Tye2bin- Right:

Tsample,bin .
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Figure 61: The out-of-phase components (X" — X{iycast) @0d (X" — X4 ,,.) for the excitation frequencies of v =
333Hz (@), 663 Hz (A), 982 Hz (M), and 1433 Hz (V). Xycase 15 shown in Fig. 103 for the various excitation
frequencies. xj , corresponds to an arbitrary offset added for an easy comparison. Left: (X" — X{iycast) and

(X” - Xg.u.) \E Tmc2,bin- Right (X// - X/s/tycast) and (X// - Xg.u.> e Tsample,bin

6.9.3 AC Susceptibility Measurements in DC field

In this section it is investigated how the the temperature-dependent AC susceptibility responds to
various applied DC fields. Similar to the previous sections, measurements for pure stycast have been
conducted as a function of temperature for various DC fields. These measurements are shown in
Fig. 107 and 108 where the trends for both the in-phase component (Xqycast) and the out-of-phase
component (Xiyeast) have been estimated using linear fits. The fit parameters are shown in Table
16 and 17 for Xstycast’ and Xstycast”, respectively.

The in-phase component (y’) of the temperature-dependent AC susceptibility for herbertsmithite in
the presence of various DC fields is shown in Fig. 62. Upon subtracting Xgiycast, the curves differ
a lot from one another, and the curves for B = 0.5T and 1T remain at negative values. Thus, an
arbitrary value x/, , have been subtracted in order to position the curves within in a more narrow
susceptibility scale for easier comparison. In addition, the cooling measurement from Fig. 58 has
been included. The outcome shows sign of saturation effects caused by increasing the DC field. This
agrees with the behaviour Refs. [3, 4] observe. Reference [4] measures the temperature-dependent
in-phase component (x’) down to T' = 2K in the DC field range from 0-14T. They do observe
the saturation effects, but it requires greater DC field at such temperature. Reference [3] measures
the temperature-dependent DC susceptibility down to T' =~ 100 mK in the DC range of 0.05-0.7T,
observing saturation effects at similar DC fields comparing to Fig. 62.

The out-of-phase component (x”) of the temperature-dependent AC susceptibility for herbert-
smithite is shown in Fig. 63. Similarly, the subtraction of x{tycast is unable to position the curves to
one another (Fig. 63 (left)). Thus, an arbitrary x%, has been subtracted for an easier comparison
(see Fig. 63 (right)). The curve for B = 1T has been positioned above the remaining curves for
visualization purposes, as this seems more noisy. The onset observed at Tiample bin ~ 200 mK for
Bpc = 0T appears to slowly vanish as the DC field is increased. Perhaps, this would be indicative
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of the DC field breaking a state related to the peak in the in-phase component (x’). The curve for
Bpc = 1T shows an interesting, but odd, anomaly at Tiample,bin &~ 200 mK which might resemble
a peak. It remains unknown if this resemblance of a peak is caused by instrumentation effects or a
physical dissipation process.

Why the curves in Fig. 62 and 63 (left) are positioned this far from one another after subtraction of
Xstycast 1 still unknown. By comparing Fig. 105 and Fig. 106 in Appendix K, one can observe that
there is an opposite responsive manner to increasing DC field. X and Y for herbertsmithite appear
to increase for increasing DC field (see. Fig 105), whereas Xgycast and Yiiycast appear to decrease
for increasing DC field. The cause of this feature remains unknown, but it might relate to some
instrumentation effect or change that occurred upon switching the sample from herbertsmithite to
stycast. Even the effect, that X and Y for herbertsmithite appear to increase for increasing DC fields
is unexpected. This could potentially be related to ground loop effects in the circuit. In addition, it
was checked whether the field and the phase had changed upon going from herbertsmithite to pure
stycast. Table 10 shows that there are some statistical differences, however, these are not believed
to cause the observed effect.

Nevertheless, both the susceptibility measured for stycast in terms of the in-phase component
(Xttycast) and the out-of-phase component (Xgiycast) sShown in Fig. 62 and 63, respectively show
almost no temperature-dependence, which is promising. This is indeed indicative that the satura-
tion effects observed in Fig. 62 originates from the herbertsmithite sample.

Bpc [T 0.1 0.2 0.5 1
Hjc [Am™] 17.25094(8) 17.25639(2) 17.25784(2) 17.24313(2)
HAC stycast [Am™!] 17.234944(5) | 17.24644344 x 10716 | 17.246443+2 x 10716 | 17.2365(2)
Opew.DCfield [radians] 1.824113(53) 1.82416(5) 1.82423(5) 1.82416(5)
Onew stycast,DCfield [radians| | 1.82387(6) 1.82406(5) 1.82406(5) 1.82415(5)

Table 10: Table containing the estimated AC fields (Hac) and (Hac stycast) for each DC field measurement
of herbertsmithite and stycast, respectively. The statistical uncertainties for some values of Hac stycast are
unusually small, due to very small fluctuations. This cannot be correct, however, due to lack of time I have
chosen not to look into it. The estimated quantity ©Onew,stycast,DCficld Tepresents the phase while measuring
on stycast, and is reported in order to check whether the phase had changed compared to Opew,DCfield-
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7 Conclusion

In this thesis, we have managed to resolve a leak in the cone-seal of the mixing chamber causing
the dilution refrigerator to be able to operate within its capabilities yet again, since the Master’s
thesis of Mathias Mikkelsen [57] back in the year 2019. The dilution refrigerator has been brought
to temperatures of < 25 mK consistently, according to the ruthenium oxide (RuO3) thermometers
located in the mixing chamber and on the cold finger. In addition, a new set of detection coils have
been produced, consisting of 460 turns each. These accomplishments have allowed us to conduct
experiments measuring the AC susceptibility close to absolute zero.

The temperature-dependent fundamental (n = 1) AC susceptibility was measured at various excita-
tion frequencies and magnetic DC fields for a titanium sample provided by the NBI Mechanical and
Electronic Workshop. These measurements served as a purpose of determining the phase © required
to separate the in-phase (x’) and the out-of-phase (x”) component of the AC susceptibility.

The measurements of titanium for various frequencies showed a large separation of the susceptibility
curves in terms of temperature using an excitation field of Hac ~ 36 Am™' ~ 0.450e. This
separation was substantially decreased as a result of lowering the field to Hac ~ 21 Am~! ~ 0.27 Oe,
which lead to the explanation that the separation originates from heating the sample presumably
due to induced eddy currents in metallic parts of the equipment. The critical temperature was
estimated to be T¢ onset ~ 74.3mK and Tt onset = 77 mK for v = 333 Hz while heating and cooling,
respectively. The difference in the former and the latter suggested an imperfect thermal link to the
sample. The estimation of such critical temperature deviates by a significant amount from Ref. [2]
and the literature value of T, ~ 450 mK [1|, which is presumed to originate from the sample being
greatly impure.

The measurements for various DC fields showed a suppression of the estimated critical temperature
and lead to an estimated critical field of B.(7" = 0) = 0.013454(2) T. This value is noticeably greater
than the literature value (B. ~ 0.01T) [1], which is unexpected, considering the strongly reduced
critical onset temperature. The cause for this remains unknown.

Further, taking a detour from the goal of the thesis, the temperature-dependence of the non-linear
3rd harmonic contribution to the AC susceptibility was measured for various excitation frequencies.
These were presented as 3 different representations, with the in-phase (x4) and the out-of-phase
(x%) component being separated by O3 = 0, ©, and 30. The representations were compared with
Refs. (38, 41, 42] who have published studies of 3rd harmonic AC susceptibilities for various type-II
superconducting compounds. These studies are found to show some similar features, compared to
our measurements of titanium, in terms of the temperature-dependent behaviour and its response

to a change in excitation frequency.

In the subsequent part of the thesis, the temperature-dependent AC susceptibility of cerium mag-
nesium nitrate was measured for various frequencies with the purpose of converting the cold finger
temperature to sample temperature. From a model which assumes the sample remains in a steady
state in terms of temperature upon measuring, the cold finger temperature (Tj,c2) was related to the
sample temperature (Tsample) Via. Tsample = \/Jm such that Teample & Tme2 for T2, > 2A
with A being a fit parameter, relating to the type of thermalization. The sample temperature was,
at Tme2 ~ 13mK, estimated to be Tyample = 26.95(2) mK and Tsample = 29.883(6) mK for v = 333 Hz
and 1433 Hz, respectively.

In addition, the thermometer Ty,.o was found to deviate at temperatures above ~ 285 mK. This was
corrected for using the same model. The relation between T1,c2 corrected and Tine2 Was estimated using
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a bth. order polynomial fit function outside of the thermometer’s (Tine2) reliable range (> 285 mK).

In the final part of this thesis, herbertsmithite (a well-known quantum spin liquid candidate) was
investigated through high-temperature-dependent (2-350K) DC susceptibility measurements and
low-temperature-dependent (~ 0.03-6 K) AC susceptibility measurements for various frequencies
and DC fields.

The DC susceptibility measurements showed a deviation from a true Curie Weiss relation at T ~
200 K, but no magnetic ordering down to T' = 2 K. A Curie Weiss fit applied above 200 K yielded a
Curie constant of 0.45(5) emu - K - moly'Oe™! resulting in an effective moment of preg = 1.91(10)up
and a g-factor of g = 2.20(12). Further, it yielded a Curie Weiss temperature of §cw = —248(57) K.
The AC susceptibility measurements, in the absence of a DC field, showed a clear peak in the in-
phase component (y’) at ~ 50mK and an onset in the out-of-phase component in (x”). Further,
a Curie Weiss fit with a background term (xo) applied in the approximate range (~ 0.12-6 K)
yielded a Curie Weiss temperature of fcw = —0.0561(10) K, a factor of ~ 5000 lower in value than
Ocw = —248(57) K.

We could not statistically reject a tiny frequency-dependence in the peak or onset in the in-phase
(x') and out-of-phase component (x”), respectively. However, it is possible that the frequency-
dependence of the conversion from T1,c2 bin t0 Tsample,bin for herbertsmithite was overestimated due
to the fact that metallic screws were replaced with nylon screws upon switching from CMN to
herbertsmithite. With that being said, a measurement of the 3rd harmonic susceptibility yielded no
sign of any non-linear response. Hence, no sign of spin glass freezing was observed.

The signal was, however, altered by the application of a DC field which was believed to be caused by
instrumentation effects. Therefore, arbitrary values x/,,, and x/ , were required to be subtracted
from the in-phase (x’) and the out-of-phase component ("), respectively, in order to position the
curves on a comparative scale. Nevertheless, the in-phase component (x’) was found to show signs
of saturation effects for increasing DC field which agrees with observations by Refs. [3, 4]. The onset
at ~ 200mK in the out-of-phase component (x”) was found to be suppressed for increasing fields.
This could potentially correspond to the DC field breaking a state of matter, associated with the
peak in X" at ~ 50 mK. The measurement with Bpc = 1 T showed an anomaly in resembling a peak
in ¥ at ~ 200mK. Whether this phenomenon corresponds to the occurrence of some dissipation

process or instrumentation effects remains unknown.

8 Outlook

Considering the initial state of the project, and the accomplishments during the past year, we
have indeed gone far in understanding the workings of AC susceptometry as well as operating the
dilution refrigerator consistently. Further, we have obtained various intriguing measurements for
herbertsmithite, which promotes the excitement of studying the system with neutron scattering in
the future.

With that being said, there are multiple ways to improve the equipment used. During the last few
months, a ruthenium oxide (RuO2) thermometer calibrated in the range ~ 0.015-4 K, as well as a
high purity titanium piece were purchased. Installing the thermometer would yield the availability
to conduct measurements in this temperature regime without the use of a cold finger temperature
correction. Performing DC field measurements on the titanium piece of high purity could potentially
yield some insight as to why the titanium piece in this thesis yielded the reported value of H..

As for the aspect of AC susceptometry, a more stable coil setup, with the coil wires being soldered
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to a fixed point, hence, avoiding a reattachment of the coil system upon the change of sample, would
be ideal. An investigation of the electrical circuit, eliminating possible unwanted effects such as a
potential ground loop, could reduce noise, which plays a major factor pursuing weak susceptibility
signals such as frustrated magnetism. The construction of a primary coil using superconducting wire
would eliminate heating effects originating from resistive parts. And last, but not least, a new set of
detection coils — each with the number of turns (800-1200) as recommended by Ivica Zivkovic [55] —
would enhance the measured signal without causing disturbance. The implementation of the above
mentioned improvements could be the first step towards extracting relaxation times of materials,
well matched with the accessible frequency domain (0.1-10* Hz), thus, utilizing the full spectrum of

available features within AC susceptometry.
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Figure 64: The drawing of the housing for the coils. Made by NBI Mechanical and Electronic Workshop.
This is also shown in Master’s thesis by Mathias Mikkelsen [57].
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Figure 65: The drawing of the coilform for the detector coils. Drawn by NBI Mechanical and Electronic

Workshop.
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Figure 66: Left: Titanium. Middle: Cerium magnesium nitrate Right Herbertsmithite.
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Figure 67: Raw data of the measured voltage across the detection coils as a function of Ti,co for Hac
36.2(1) Am~! and v = 982 Hz while heating (®) and cooling (A). Top: The Y; component of the voltage.

Bottom: The X; component of the voltage.
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Figure 68: Raw data of the measured voltage across the detection coils as a function of Ty,.o for Hac =
36 Am~! and for excitation frequencies of v = 73Hz (@), 333Hz (©), 663Hz (A), 982Hz (M) and 1433 Hz
(V). Top: The out-of-phase component (x7). Bottom: The in-phase component (x}). Left: Measurement

taken while heating. Right: Measurement taken while cooling.
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Figure 69: AC susceptibility as a function of Tineo for Hac ~ 36 Am~! and v = 982 Hz while adding helium
to the system such that the sample is cooling down. For high temperatures the thermometer on the cold
finger T2 records a lower temperature than what we would expect the system to be at. This is further dealt
with in section 5. Top: The out-of-phase component (x}). Bottom: The in-phase component (x}).
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Figure 70: Raw data of the measured voltage across the detection coils as a function of Ty,co for Hac =

21.9(2) Am~! and v = 982 Hz while heating (®) and cooling (A). Top: The Y; component of the voltage.
Bottom: The X; component of the voltage.
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Figure 71: Raw data of the measured voltage across the detection coils as a function of T,co for Hac =
21 Am~! and for excitation frequencies of v =333 Hz (@), 663 Hz (A), 982 Hz (B) and 1433 Hz (V). Top:

The out-of-phase component x}. Bottom: The in-phase component xj. Left: Measurement taken while
heating. Right: Measurement taken while cooling.
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Figure 72: Raw data of the measured voltage across the detection coils as a function of Ty,co for Hac =
21.9(2) Am~! and for DC background fields of Hpc = 0 Am~! (@), 1977.80 Am~! (A), 3211.02 Am~! (H)
and 6142.82 Am~! (V). Top: The Y; component of the voltage. Bottom: The X; component of the voltage.
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Figure 73: 3rd harmonic raw data of the measured voltage across the detection coils as a function of Ty,
for Hyc =~ 21 Am~! and for excitation frequencies of v =333 Hz (@), 663 Hz (A), 982 Hz (M) and 1433 Hz (V).
Top: The Y3 component of the voltage. Bottom: The X3 component of the voltage. Left: Measurement
taken while heating. Right: Measurement taken while cooling.
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Figure 74: Cole-Cole plots as a function of Tyeo for Hac ~ 21 Am~!
v =333Hz (@), 663Hz (A), 982Hz (M) and 1433 Hz (V).

and for excitation frequencies of
This figure corresponds to the susceptibilities

plotted in Fig. 26. Left: Measurement taken while heating. Right: Measurement taken while cooling.
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Figure 75: 3rd harmonic (O3 0) Cole-Cole plots as a function of Tj,eo for Hac ~ 21 Am~! and for
excitation frequencies of v =333 Hz (@), 663 Hz (A), 982 Hz (M) and 1433 Hz (V). This figure corresponds to
the susceptibilities plotted in Fig. 30. Left: Measurement taken while heating. Right: Measurement taken

while cooling.
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Figure 76: 3rd harmonic (O3 = ©,,—1) Cole-Cole plots as a function of Ty,eo for Hac ~ 21 Am~! and for
excitation frequencies of v =333 Hz (@), 663 Hz (A), 982 Hz (M) and 1433 Hz (V). This figure corresponds to
the susceptibilities plotted in Fig. 31. Left: Measurement taken while heating. Right: Measurement taken
while cooling.
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Figure 77: 3rd harmonic (03 = 3-60,,—;) Cole-Cole plots as a function of Tje2 for Hac ~ 21 Am~! and for
excitation frequencies of v =333 Hz (@), 663 Hz (A), 982 Hz (M) and 1433 Hz (V). This figure corresponds to
the susceptibilities plotted in Fig. 32. Left: Measurement taken while heating. Right: Measurement taken
while cooling.
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Figure 78: AC susceptibility of titanium at 1kHz while cooling and warming from [2]. Top: In-phase
susceptibility. Bottom: Out-of-phase susceptibility.
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Figure 79: AC susceptibility of titanium for various excitation frequencies from [2]. Top: In-phase suscep-
tibility. Bottom: Out-of-phase susceptibility.
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Figure 80: AC susceptibility of titanium for various DC fields from [2]. Top: In-phase susceptibility.
Bottom: DC field vs the estimated onset critical temperatures. The slope of the dashed line is reported to
be - 443 22
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Figure 81: 1st and 3rd harmonic AC susceptibility of the superconductor FeSegs5Tegs as a function of
temperature for various excitation frequencies from [38]. This is used for comparison in section 4.7.1. Top:
1st harmonic susceptibility, where the main plot is the in-phase component vs temperature and the insert
is the out-of-phase component vs temperature. Bottom: 3rd harmonic susceptibility for different frequen-
cies, where the main plot is the in-phase component vs temperature and the insert shows the out-of-phase

component vs temperature.
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Figure 82: Cole-Cole plots for 1st and 3rd harmonic AC susceptibility of FeSeg 5Teqg. 5 as a function of
temperature for various excitation frequencies from [38]. Top: 1st harmonic susceptibility. Bottom: 3rd

harmonic susceptibility.
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Figure 83: 3rd harmonic (for the phase adjustment of © = 0,,—1) AC susceptibility of Y;BayCuzO7_x as
a function of temperature for various excitation frequencies from [42]. This is used for comparison in section
4.7.2. Top: The in-phase component (x5) Bottom: The out-of-phase component (x5 )
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Figure 84: 3rd harmonic AC susceptibility of NdO;_g.14Fg.14FeAs as a function of temperature for various
excitation frequencies from [41]. It is used for comparison in section 4.7.3. Left: The in-phase component

(x4). Right: The out-of-phase component (x4%).
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Figure 85: 3rd harmonic (O3 = 7 + 3 - (6n:1 — g)) AC susceptibility as a function of Ty,co for Hac =
21 Am~! and for excitation frequencies of v = 333 Hz (@), 663 Hz (A), 982Hz (H) and 1433 Hz (V). The
linear spline connecting the data points is simply to guide the eye. Top: Shows the out-of-phase component
(x4). Bottom: Shows the in-phase component (x%). Left: Measurements taken while heating. Right:
Measurements taken while cooling.
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Figure 86: 3rd harmonic (03 = 5 +3- (anl - g)) Cole-Cole plots as a function of Tyeo for Hac =~ 21 Am~!
and for excitation frequencies of v =333Hz (@), 663Hz (A), 982Hz (M) and 1433Hz (V). This figure
corresponds to the susceptibilities plotted in figure 32. Left: Measurement taken while heating. Right:
Measurement taken while cooling.
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Figure 87: Raw data of the measured voltage across the detection coils as a function of Ty,co for Hac =
17Am~! and for excitation frequencies of v =333 Hz (@), 663 Hz (A), 982 Hz (M) and 1433Hz (V). Top:
The Y7 component of the voltage. Bottom: The X; component of the voltage.
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Figure 88: AC susceptibility as a function of Ty,co for Hac = 17Am~! and for excitation frequencies of
v =333Hz (@), 663Hz (A), 982 Hz (M) and 1433Hz (V). A zoom in of Fig. 34 at low temperatures to show
the slight unstable signal, presumably caused the poor thermal conductivity of the CMN sample.
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Figure 89: Residuals between the data and the fit from Fig. 35 as a function of Ty for Hac ~ 17 Am~!

and for excitation {requencies of v =333 Hz (@), 663Hz (A), 982 Hz (M), and 1433 Hz (V). Shows that the
data deviates slightly at lower temperatures. Further, there is a small deviation at ~ 100 mK in the case of

1433 Hz (V).
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Figure 90: Distribution of residuals between the data and the fit from Fig. 35 for Hac ~ 17 Am~! and for

excitation frequencies of v =333 Hz (@), 663 Hz (A), 982 Hz (M), and 1433 Hz (V). A Gaussian fit has been
applied to each frequency to illustrate the Gaussian-like behaviour.
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v [Hz| 333 663 982 1433
N 496(23) 518(23) 488(22) 479(22)
u —0.022(12) x 1073 | 28(8) x 1075 | 9(5) x 1076 | 6(4) x 10~¢
o 0.234(15) x 1073 | 178(7) x 1075 | 94(5) x 1076 | 94(4) x 106

Table 11: Fit parameters on the Gaussian fits in Fig. 90

J.1 Procedure From Section 5 For Cooling Measurements
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Figure 91: Raw data of the measured voltage across the detection coils as a function of Ty, for Hac =
17Am~! and for excitation frequencies of v =333 Hz (@), 663 Hz (A), 982 Hz (M), and 1433 Hz (V). Top:
The Y7 component of the voltage. Bottom: The X; component of the voltage.
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Figure 92: Cold finger temperature Ty,co as a function of time during the AC susceptibility measurements
for a field strength of Hac ~ 17 Am~! and excitation frequencies of v = 333 Hz (@), 663 Hz (A), 982 Hz (W),
and 1433 Hz (V).
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Figure 93: This figure is the analogue to Fig. 34 but where they have been conducted while cooling.
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Figure 94: This Figure is the analogue to Fig. 35. It is meant to show that the fit from Eq. 93 is poor for
cooling measurements of the pace shown in Fig. 92.
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K.1 Setup Configuration 1
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Figure 95: Raw data of herbertsmithite as a function of Tieo for Hac ~ 17Am™! and at an excitation
frequency of ¥ = 982 Hz using configuration 1. This measurement relates to the measurement discussed in
Section 6.7. Top: The Y component of the voltage. Bottom: The X component of the voltage.
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Figure 96: The AC susceptibility of herbertsmithite as a function of Tineo for Hac ~ 17Am™! and at an
excitation frequency of v = 982 Hz using configuration 1. The components have been separated using © from
Table 2. This measurement relates to the measurement shown in Fig. 51 and 52. Top: The out-of-phase
component (x”) Bottom: The in-phase component.
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K.2 Setup Configuration 2
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Figure 97: Raw data of herbertsmithite as a function of Tieo for Hac ~ 17Am™! and at an excitation
frequency of v = 982 Hz using configuration 2. This measurement relates to Fig. 56 and 58. Top: The Y
component of the voltage. Bottom: The X component of the voltage.
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Figure 98: The AC susceptibility of herbertsmithite as a function of Ty for Hac ~ 17Am~! and at an
excitation frequency of ¥ = 982 Hz using configuration 2. The components have been separated using O e
from Table 7 and 9. This measurement relates to the measurement shown in Fig. 51 and 52. Top: The
out-of-phase component (x”) Bottom: The in-phase component.
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Figure 99: The AC susceptibility of herbertsmithite as a function of Tsample,bin for Hac ~ 17 Am~! and
at an excitation frequency of v = 982 Hz using configuration 2. The components have been separated using
Onew from Table 7 and 9. This measurement relates to the measurement shown in Fig. 51 and 52 but shows
the full temperature range with no log-scale. The large temperature uncertainties are propagated through
Eq. (92). Top: The out-of-phase component (x”). Bottom: The in-phase component.

K.3 Various Frequencies Configuration 2
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Figure 100: Raw data of herbertsmithite as a function of Ty for Hac ~ 17Am~! and at an excitation
frequency of v = 333 Hz (@), 663 Hz (A), 982 Hz (M) and 1433 Hz (V) using configuration 2. These measure-

ments relates to Fig. 59 and 61. Top: The Y component of the voltage. Bottom: The X component of the
voltage.
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Figure 101: Raw data of pure stycast as a function of Ty for Hac ~ 17Am~! and at an excitation

frequency of v = 333 Hz (@), 663 Hz (A), 982 Hz (M) and 1433 Hz (V) using configuration 2. These measure-
ment relates to Fig. 102 and 103. Top: The Y component of the voltage. Bottom: The X component of

the voltage.
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Figure 102: The in-phase component for pure stycast (Xgpycasi) @ @ function of Tinep for Hac =~ 17 Am~!
and at an excitation frequencies of v = 333 Hz (@), 663 Hz (A), 982 Hz (M) and 1433 Hz (V) along with linear
fits applied. The fit parameters are shown in Table 12. These measurements relate to Fig. 59.
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v [He| 333 663 982 1433
alau] | 0.02(5) x 1073 —0.02(2) x 1073 —0.056(12) x 1073 —49(7) x 1076
blau] | —27.368(6) x 1073 | —26.5603(24) x 1073 | —25.5764(13) x 1073 | —22.2393(9) x 1073

Table 12: Fit parameters obtained from the linear fits (aTyc2 + b) shown in Fig. 102. The uncertainty
on the slope (a) for v = 333Hz and v = 663 Hz remains quite large considering the fit value which is an
indication of the data trend being flat. Thus, one could argue that a weighted mean here would be sufficient.
However, for v = 982Hz and v = 1433 Hz the uncertainty is larger due to the fact that the temperature
dependent behavior of X(;ycas; behaves in a linear manner.
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Figure 103: The out-of-phase component for pure stycast (x/iycast) as a function of Teo for Hac =~ 17 Am™!
and at an excitation frequencies of v = 333 Hz (@), 663 Hz (A), 982 Hz (M) and 1433 Hz (V) along with linear
fits applied. The fit parameters are shown in Table 13. These measurements relate to Fig. 61.

v [Hz| 333 663 982 1433
a [au] | —0.07(5) x 1072 | 0.031(19) x 1073 | 0.003(12) x 1073 5(7) x 1076
blaw] | 938(6) x 1076 | 1.868(2) x 10~3 | 2.3851(13) x 1073 | 3.7062(9) x 1073

Table 13: Fit parameters obtained from the linear fits (aTmc2 + b) shown in Fig. 103. The uncertainty on
the slope (a) for all excitation frequencies remains quite large considering the fit value which is an indication
of the data trend being flat. Thus, one could argue that a weighted mean here would be sufficient.
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Figure 104: The in-phase component (X’ — Xggycast) for the excitation frequencies of v = 333 Hz (®), 663 Hz
(A), 982Hz (M) and 1433Hz (V) along with applied Gaussian fits estimating the peak temperature. Fit
parameters are shown in Table 14 and 15. These measurements relate to Fig. 59. Left: (X' — Xqtycast) VS
Trne2,bin- Right: (X/ - Xétycast) V8 Tsample,bin-

v [Hz| 333 663 982 1433
N | 241(16) x 1073 | 2.48(6) x 1073 | 2.49(5) x 1073 | 2.166(27) x 1073
o | 42.5(10) x 1073 | 42.6(3) x 1073 | 43.3(3) x 1073 | 43.1(2) x 1073
o 0.120(8) 0.128(3) 0.133(2) 0.1308(17)

Table 14: Table containing the fit parameters from the Gaussian fits applied on to (X’ — Xgtycast) VS Tme2,bin

in Fig. 104 (left).

v [Hz] 333 663 982 1433
N | 1.96(8) x 1073 | 1.962(90) x 1073 | 1.94(2) x 1073 | 1.664(11) x 1073
w 49.1(4) x 1073 | 49.27(14) x 1072 | 50.24(10) x 1073 | 51.27(7) x 1073
o 0.097(4) 0.1013(16) 0.1037(11) 0.1004(7)

Table 15: Table containing the fit parameters from the Gaussian fits applied on to (X’ —X{tycast) VS Tsample,bin

in Fig. 104 (right).
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K.4 Various Fields Configuration 2
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Figure 105: Raw data of HS as a function of T for Hac ~ 17Am™' at an excitation frequency of
v = 982Hz and using a DC field of Bpc = 0T (®), 0.1T (A), 02T (M), 05T (¥) and 1T (@) using
configuration 2.
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Figure 106: Raw data of HS as a function of T for Hac ~ 17Am™' at an excitation frequency of

v = 982Hz and using a DC field of Bpc = 0T (@), 0.1 T (A), 0.2T (W), 0.5T (V) and 1T (@) using

configuration 2. These measurements relate to Fig. 107 and 108. Top: The Y component of the voltage.
Bottom: The X component of the voltage.
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Figure 107: The in-phase component for pure stycast (xgycast) 88 a function of Tieo for Hac ~ 17 Am™! at
an excitation frequency of v = 982 Hz and using a DC field of Bpc =0T (@), 0.1 T (A), 02T (W), 0.5T (V)
and 1T (@) along with linear fits applied. The fit parameters are shown in table 16. These measurements
relate to Fig. 62.

Bpc |T] 0.1 0.2 0.5 1
alaw] | —0.012(14) x 1073 0.008(16) x 1073 0.04(3) x 1073 0.28(4) x 1073
blau] | —25.6239(17) x 1073 | —25.5301(21) x 1073 | —24.8460(31) x 1073 | —22.396(4) x 1073

Table 16: Fit parameters obtained from the linear fits (T2 + b) shown in Fig. 107. The uncertainty
on the slope (a) of the majority of fits remain large compared to the value, which is an indication of the
data trend being flat. Thus, one could argue that a weighted mean here would be sufficient. However, for

Bpc = 1T the uncertainty is large due to the fact that the temperature dependent behavior of X{yc.s; 13 nOt

flat.
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Figure 108: The out-of-phase component for pure stycast (x/iycast) s a function of Theo for Hac =~ 17 Am™!
at an excitation frequency of v = 982 Hz and using a DC field of Bpc =0T (@), 0.1T (A), 0.2T (M), 0.5T
(¥)and 1T (@) along with linear fits applied. The fit parameters are shown in Table 17. These measurements
relate to Fig. 63.

Bpc [T] 0.1 0.2 0.5 1
a [au] | —0.034(13) x 1073 | —0.028(16) x 1073 | —0.017(24) x 1073 | —0.32(4) x 1073
blaw] | 2.4112(17) x 1073 | 2.3923(20) x 1073 | 2.2568(29) x 1073 | 2.026(4) x 1073

Table 17: Fit parameters obtained from the linear fits (T2 + b) shown in Fig. 108. The uncertainty
on the slope (a) of the majority of fits remain large compared to the value, which is an indication of the

data trend being flat. Thus, one could argue that a weighted mean here would be sufficient. However, for

"

stycast is not

Bpc = 1T the uncertainty is large due to the fact that the temperature dependent behavior of x
flat.
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L Spin Glass Signatures
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Figure 109: The magnetic Susceptibility of a spin glass. Top: The temperature-dependent magnetic DC

susceptibility for CuMn spin glass at two different doping percentages of Mn. (a) and (c) show the Field-
Cooling susceptibility, whereas (b) and (d) show the Zero-Field-Cooling. A ZFC-FC splitting refers to the
splitting in the magnetization between the two scenarios. From [77] Bottom: The temperature-dependent

AC susceptibility for various excitation frequencies of ProNiSiz spin glass. From [78§].
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M Derivation - Curie Law

The Hamiltonian of the paramagnetic term is given by:

H =B - (L+gS)=gyusB-J (102)

where g; represents the Landé g-factor and is given by:

1 1 S(S+1)—L(L+1)
=- )+ -(g—1 103

Assuming a applied magnetic field along the z axis, the energy becomes:
E = ppgsBm; (104)
where the quantum number m; can take the following values mj; = —-J,—-J 4+ 1,-J +2..J —1,J

resulting in the partition function. The partition function is defined as:

E;
Z=> e BT (105)
7

where the sum is over each energy level in the system. In this case the amount of energy levels are
given by the number of values m; can take. Thus, the partition function becomes:

m‘]:J Bm gy
Z= > "V (106)
my=—J

By performing the following substitution mj; — p — J, the partition function becomes:

BJ p=2J Bp BJ p=2J B \P
:ellBngBiT § :e—MBngBiT :ellBngBiT § : <6_NBngBT> (107)
p:O p=0
. . _nl .. . )
Using the series 1 + z + 22..2" = =2 the partition function can be reduced to the followin
11—z
expression:
2J+1
—UBYIJ =7
1— (e kT B(2J+1) _ B(2J+1) . 1 B(2J+1)
1BYT 2% /"B T2kpT T _ T HBI TorpT sinh MBI "RT
= e ‘B — —
_ B B _ _B )
1 —e HBYJ kgT euBgJQk,BT —e MBgJQk:BT Slnh (%)LLBngBLT)

(108)
The Helmtholtz free energy per n spins per unit volume is given by F' = —nkgT In(Z). Thus, the
free energy for the given partition function is:

B . (1 B@J+1) /1 B
F = —nkgT [ln <smh <2MBngBT>> —In (smh <2MBngBT>>] (109)

which results in the following expression for the magnetization:

B ory 1 1 B(2J +1) 1 B
M= — <GB>T = 5"HBYI [(2J + 1) coth (2HBng‘BT> coth <2MB9JB>} (110)

for small magnetic fields we can make the approximation coth(z) ~ o + § for # < 1, meaning the

magnetization becomes:
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coth(z) &~ L + £ for z < 1 the susceptibility becomes:
1 7B(2J +1)? B nudgiBJ(J + 1
~ Ly |19 ( )* _ mBgsB| _ nuggiBJ( ) (111)
2 6kpgT 6kgT 3kgT
at which point the susceptibility becomes:

X=Hogp — kT

which is known as the Curie Law for any value of J provided J # 0
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