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ac susceptometer capable of measuring at frequencies up to 3.5 MHz and at
between 2 K and 300 K. Careful balancing of the detection coils afid ca’

We report on the implementation of an induction based, low temperat%equency
ibrati

nperatures
allow a

sample magnetic moment resolution of 5 x 1071 Am? at 1 MH iscuss the design
and characterization of the susceptometer, and explain the calil%l\ cess. We also
Sa

include some example measurements on the spin ice material

nanoparticles to illustrate functionality.

I. INTRODUCTION

In ac susceptibility measurements a sinusoidal ac mag-
netic field, H(¢), with a small field amplitude is applied
to the sample and the dynamic magnetization, M(¢), o
the sample is measured thus allowing the ac suscepti-

bility, x = OM(t)/0H(t), to be determined! 3. M(tx

given by p(t)/v or p(t)/m for volume or mass magneti-
zation respectively, where u(t) is the sample’s maghetic
moment, v is the sample volume and m is{the sa
ple mass. The ac susceptibility can be represented as

a frequency dependent complex magnetic §uscept
n

X(w) = x'(w) —ix"(w). x'(w) is in-phase wit
tion ac-field whilst the out-of-phase ¢ ent, ¥ (w),
(with a phase angle at 90° with respec iJ%hg@pplied
ac magnetic field) represents energy losses the ex-
citation field to the sample. Thioughqut this paper we
use mass magnetization and masssusceptibility which we
denote with the subscript an .

Ac susceptibility measufements based on the induc-
tion technique* have z;?(wed Wid(yvariety of physical
phenomena to be probed.«TIhis included the appli-
cation of the techni to thegmometry®, superconduc-
tivity®, magnetic Ilz%ticles ,'and magnetic glasses®.
Dynamical processes, such as magnetic relaxation can be
measured, where thecout-of-phase component of the sus-
ceptibility exhibits & relaxation peak at a frequency cor-
respondingfto & charagtéristic relaxation time. Magnetic
relaxation dependefit processes in magnetic nanoparticle

intrinsic Néel relaxation and extrin-
tion which can demonstrate magnetic
ion properties from a few Hz to the MHz range®.
aséd ac susceptometers capable of measur-
temperatures are generally limited to the kHz
hose ac susceptometers that allow measurement
into theMHz range are currently limited to room temper-
ature'?. Other techniques have been used to measure ac
susceptibility at low temperatures and high frequencies,
including the use of resonant circuits!! and the tunnel

a) giblinsr@cardiff.ac.uk

E;s d iron oxide based
~—

diode ‘gscillatof technique!?, which require long measure-
nt times for/multiple frequencies. Toroidal based sys-

%ﬂsﬁare cap

i

_—

le of measuring into the GHz range but are
d by low sensitivity and difficulties in mounting of
e sample!3 15, Micro-SQUID systems suitable for mi-
croseopic samples have also worked at high frequencies!®.
The gystem discussed in this paper is a versatile induction
based system allowing both the in-phase and out-of-phase
components of the susceptibility to be easily separated
up to the MHz regime for bulk samples; moreover the
system works in commercial cryostats allowing temper-
atures from 2-300 K and dc magnetic fields to be swept
from 0-9 T. This enables measurement of relaxation ef-
fects in samples across a varied range of phase space pre-
viously only accessible by central facility techniques such
as muon spin rotation which requires a particle acceler-
ator. This system will have useful applications in many
areas of physics including frustrated magnetism, super-
conductivity, as well as magnetic nanoparticles, which
can be used for biomedical applications.

Il. PRINCIPLES OF INDUCTION BASED AC
SUSCEPTOMETRY

Induction based ac susceptometers consist of two cir-
cuits: an excitation circuit and detection circuit. In a
first order gradiometer (such as our susceptometer) the
detection circuit consists of two in-series counter-wound
coils connected to a lock-in amplifier. The detection
coils are counter-wound to ensure a minimal response
to the application of any external field. More complex
second order coils can be designed, however for systems
at high frequency the inductive and capacitive response
is of more concern. During an ac susceptibility measure-
ment a sinusoidally oscillating magnetic field is applied
to the region of the detection coils by the excitation coil.
The sample is first placed in the center of one of the de-
tection coils, changing the magnetic flux through it and
therefore changing the voltage amplitude detected by the
lock-in amplifier. The sample is then moved to the center
of the second detection coil causing a voltage change of
the opposite sign. The frequency of the excitation field
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ot change during this process. The difference be-
een the measured voltage in the upper and lower coils

PUbI|§L |-[lu& be related to the susceptibility by

AV = powaN AiM,, o = powaN AHo(xo, +ixr,) (1)

where, AV =V —Vy, (Vi and V, are measured voltage
amplitudes when the sample is in the upper and lower
detection coil respectively), M,, ¢ is the amplitude of the
mass magnetization of the sample, N is the number of
turns in the detection coils, A is the cross sectional area
of the coils, i is the imaginary unit (i = —1), w is the
angular frequency being measured (w = 27f where f
is the excitation frequency), Hy is the amplitude of the
excitation field, « is a complex coupling factor that is
dependent on the coil geometry and sample properties,
X., and x.. are the in-phase and out-of-phase compo-
nents of the mass susceptibility respectively, and pg is
the permeability of free space. Finding a experimentally
is required to calibrate an instrument and the method for
this particular instrument is outlined in section IV using
a process that requires a sample that has a known in-
and out-of-phase component of its ac susceptibility; his-
torically Dy2O3 meets the requirement for the frequency
range of interest!”.

accessible frequency to 25 kHz. The SR830 can measure
well below the lower limit of our system, but limits the
maximum frequency to 102 kHz. The sample is moved
between the detection coils using an Accu-Glass 2”7 linear
actuator mounted at the top of the sample space. Sam-
ples are mounted in plastic drinking straws which fix to
the end of a long carbon fibre rod that attaches to the
actuator magnetically. Figure 1 shows an experimental

diagram of the hardware.
Our susceptometez{; similar to the Dynomag HF

(High Frequency) sy$tem!, which allows measurements
up to 10 MHz at rgomtemperature. The ac susceptome-
ter presented in 'sr;ﬁper consists of a NbTi excitation
coil with N= wound in a double layered helix

9.8K). The detection coils consist of
ries counter-wound copper coils of N=15 turns

ch.
he itation field was calibrated using a longitudi-
al Haﬂﬁ obe with a dc current applied to the coil, from
e field produced per unit applied current (B/I) can

th
A major difficulty in achieving high frequencies ingn- be calculated. B/I can then be used to measure the re-
duction based ac susceptometers is reducing the paras%\ se of the coil as a function of frequency for an ac

capacitance and inductance due to the windings of

sons. Firstly, the parasitic capacitance and i
give a resonance at a specific frequency
well above the measureable frequency ran
the field produced by the excitation coil is
portional to the current through it, so“
(due to coil reactance) increases then the

Our ac susceptometer is“designed for use in a Quan-
tum Design physica, pr“ﬂfrty asurement system (QD-
PPMS). Full auto ionof the ac susceptibility measure-
ment, includin

netic field pro
a Labview i

tion is requiged to e}z@ure no parasitic Joule heating effect;
red by knowing the temperature depen-

sponsedof known samples and careful monitoring
b of the system with thermometers in the

r and the neck of the variable temperature
insext (VFL) of the cryostat. The neck thermometer in
Il of the VTI also allows the ability to monitor
effectivereddy current heating in the wall of the variable
temperature insert from the excitation field. A Stan-
ford Research Systems DS345 signal generator is used to
drive the excitation coil and a Stanford Research Systems
SR844 or SR830 lock-in amplifiers (the SR830 with a 50
) terminator) are used for the phase sensitive detection.
The SR844 is capable of measuring well beyond the up-
per frequency limit of our system, but limits the lowest

,wlrrent. Figure 2a displays the result of these measure-

ments, resulting in a B/I value of (0.3584+0.008) mT/A.
The measured excitation field is in agreement with the
fit within measurement error at large currents. The fre-
quency characteristics of the current through the excita-
tion coil were measured using a custom made analogue
differential input amplifier and an oscilloscope. It is then
trivial to calculate how the field amplitude behaves with
frequency, the results of which are shown in figure 2b.
A 90.9 Q resistor is placed in series with the excitation
coil when it is in the superconducting phase in order to
achieve a known excitation field. It is also possible to re-
move this resistor to apply a much larger excitation field
if required but that will be limited by the 50 £ series
impedance of the signal generator.

. i. Vacuum jacket
i -l ii. Actuator
‘ iii. Helium bath

iii iv. VTI

v. Neck thermometer
vi. DC magnet coil

Vi vii. Straw

viii.Shim coils

ix. Detection coils

x. Excitation coils

xi. Sample

xii. Shielding

xiii. Former

xiv.Base thermometer

viii
ix
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Figure 1: Diagram of the experimental system including

the Helium bath cryostat and the VTI. The DC magnet

is in the Helium bath with the AC magnet and detection
coils in the VTL

To reduce the ringing of the detection coil due to the
coil’s LC-resonance, it is common practice to put damp-
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desistances in parallel with each counter-wound de-
Ection coil in the detection circuit. In the current setup
‘tion coil is connected directly to a lockin ampli-
fier and hence the damping can alternatively be achieved
by using a 50 € input impedance on the lock-in am-
plifier. Our system is capable of measuring up to 3.5
MHz, however the minimum detectable ac susceptibility
increases above 1.5 MHz due to the increasing excitation
coil impedance reducing the excitation current. The inset
of Figure 2b shows the resonance of the excitation and
detection coil for the circuit clearly demonstrating the
limits of the linear response of the system. This response
is temperature independent and the detection circuit has
a capacitance and inductance of 4.79 pH and 82 pF re-
spectively.
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Figure 2: Magngtic flux in the center of the coil set
as méasured ngitudinal hall probe against applied

dependence of the excitation field. The inset
s Wansmzssion measurements of the coil resonances
e excitation (green) and detection coil (blue).

IV. MEASUREMENT PROCESS & CALIBRATION

To perform any measurement with the susceptometer
it is first necessary to locate the sample relative to the
detection coils. This is performed by moving the sample

through the entire range available to the actuator and
continually recording on the lock-in amplifier. As the
sample moves the changing flux in the detection circuit is
measured by the lock-in as a voltage, therefore mapping
the oscillating dipole moment of the sample to voltage as
a function of distance along the coil axis, z. The induced
voltage amplitude, |V (z)|, can be represented by;

. Ay? Ay?
(A2 ( 2)3/2 A2 + (2 — 29)2)3/2

(2)
esen\%@ radius of each detection
le p sition along the coil axis, F' is a

ux amplitude (from the sample)
to the induced voltage ampli-

background voltage term. z; and zy are
i} e upper and lower coils respectively.
ce and fit are shown in figure 3 showing

V(2) =

where A; and Ao,
coil, z is the sa
constant relating t
cutting the gradi@met
tude and

s in the location scan represent the position of
ith respect to the first order gradiometer,

essential component in the calibration of the system
because the absolute magnitude of the measured suscep-
'litfdepends upon correct placement of the measure-

the sample is monitored by a linear remstor on the
sample actuator accurate to within 0.1mm, this level of
curacy is necessary because a sample position error of
0.5 mm in one coil can give a 1 % error in the recorded
voltage.

Mo

0.
(;OO 0.01 0.02 0.03 0.04 0.05

Figure 3: Magnitude of the raw voltage recorded on the

lock-in amplifier against the sample position in the coil

set. Blue crosses show the raw data and the red line is a

fit to equation 2. Vertical dashed lines indicate detection
coil centers z1 and zs.

Two further processes are required for the calibration.
The first involves a simple background measurement,
where an empty sample holder is moved between the de-
tection coils and the voltages are measured in the upper
and lower coils. The difference AV}, is subtracted from
the voltages recorded during a measurement. The second
is a gain and phase calibration that is used to determine
an appropriate scaling factor for the measured voltage
and to account for frequency dependent phase shifts in-
troduced by the complex impedance of the equipment.

+C
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¢mple with a well known and frequency independent
stsceptibility, Xcai, is required and then a complex cali-
U'l:l!ﬂg actor, GG, is chosen such that the observed AV
resuits 1 X.q at each frequency. Here we have used
mass susceptibility Xm,cqr but a similar process can be
done using volume susceptibility. In more detail, G can
be written as:

_ Xm,calmcalHQﬂ—f
O AV - AT ®)

where m.q; is the mass of the calibration sample, H is
the applied magnetic field, AV, is the voltage difference
measured from the calibration sample. An example of
the calibration factor in polar coordinates is shown in
Figure 4, where gain is the amplitude of G with units
Am?V~1s™!, When a sample is measured, the calibration
factor is used to convert the measured voltage difference
AV to a sample mass susceptibility xm,s:

G(AV, — AV})

Xms = o H2nf

3.0 - - -
where my is the sample mass. Alternatively, the sh\\

ceptibility of the sample can be expressed as a yolume

susceptibility, xv,s, by dividing with the sample vo e —"

instead of the sample mass. G is related to
tion 1 by: G = —ims/(poaNA).

A key consideration of the system is the on
the entire temperature range. We haye us
understood samples to cover a large t .

measurements across a br ten{perat e range. Exam-
ples of gain and phase ch%rati ar‘/shown in figures 4a
and b respectively acroSs a'sange ofitemperature and fre-
quency. Both calibratien samples produce similar phase
i ]:g)ce is expected because the ex-
ducting below 9.8 K) and near

@

as desgribed agf)ve (at 100 K) and the background volt-
itude was measured from 10K-266 K as shown in
mplitude of the excitation field is known

in figuré 5 by scaling the detected voltage appropriately.
As shown in figure 5, a linear least squares fit has found a
gradient of (—3.79+5.27) x 107! V/K indicating a very
weak to non existent relationship between temperature
and detected voltage, as any change is within the back-
ground noise. The voltages shown in figure 5 are two
orders of magnitude smaller than typical measurement
voltages.
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Figure 5: Magnitude of the measured complex voltage
against temperature, as detected by the lock-in for the
case of an empty sample holder at 1 MHz. Red line is a
linear fit to the data.

V. MEASUREMENTS

To ensure a reliable temperature accuracy and stabil-
ity it is essential to demonstrate that there is no heating
effect on the QD-PPMS by the high frequency excitation
coil. We have measured the superconductor MgBs, which
has a superconducting critical temperature of 39 K, at
100 kHz and 1 MHz. Figure 6a shows the in-phase
component of the diamagnetic susceptibility through the
critical temperature and the determined transition is in
agreement with literature for the extremes of the fre-
quency range of the system at 100 kHz and 3 MHz. No
imaginary part is observed because at the high frequen-
cies and low amplitude (Hp=0.045 mT) of our system
the peak is expected to be too narrow for the tempera-
ture step used!® (1 K). A demagnetization correction has
been applied such that x{ (Tmin) = —1, where xi,(T')
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in-phase component of the sample’s volume ac-
ceptibility at temperature 7. Clearly the data are

SUS
PUb“ﬁUm&[}& nent, demonstrating the acurracy and stability

ol the temperature with high frequency. Furthermore,
the frequency dependent properties are checked by con-
sidering a sample of the spin ice DysTisO7; the in- and
out-of-phase component shown in figure 6b and c respec-
tively were measured at 15 K using the ac susceptibility
option (QD-ACMS) of the QD-PPMS. We can check the
consistency of our system by overlaying the QD-ACMS
data taken at similar frequencies to data taken using the
coil set designed for this work and extending the data
to higher frequency. The data show a clear overlap and
demonstrate the accuracy of the equipment.

a) ; ; ;
0.0 | @ eSSBS TS AWUUW
! : : s

Xom,ac 1074(m3 /kg)
|
o

SN

Y. . .
‘102 1 104 10°
£ \f (Hz)
£

-

frequency set up and crosses indicate data taken by the
QD-ACMS susceptometer.

Data taken on two further samples are presented to
illustrate the performance of the system at low and high
temperatures. The first sample is CdEr,S,, which is a
dipolar spin ice material with a spinel structure. Spin

/e
r'éo

—-3.0} | “
-3.5¢ ‘ ‘ : ® & 100kHz -\\H’gure 7: Ezxample of mass ac-susceptibility data vs.
—40 —‘-——.—.—"'.. M 3M"\%\ frequency of CdErySy at low temperatures. a) the

) | | | 40\\—35

ices are materials in which geometric frustration on the
crystal lattice causes novel magnetic behavior, includ-
ing emergent quasi-particles and a residual entropy in
the ground state!?. High frequency susceptibility mea-
surements on CdEryS,; with the detailed in-phase and
out-of-phase components shown in figure 7a and b were
performed as part of a recent study into this material?®.
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in-phase component and b) the out-of-phase component.
Frequencies < 10*Hz were measured by the QD-ACMS,
frequencies > 10*Hz were measured by our system.

Magnetic nanoparticles can be used in biomedical ap-
plications such as magnetic particle imaging and mag-
netic fluid hyperthermia?'?2. We measured an iron ox-
ide based nanoparticle system produced by nanoPET
Pharma GmbH, FeraSpin XS, which have a hydrody-
namic particle diameter in the range 10-20 nm?3. The
peak in the imaginary part is expected to be broad??,
which allows us to illustrate the susceptometer measur-
ing over a large temperature range.

The suspension liquid was frozen by cooling to 250 K at
atmospheric pressure with zero applied field, then wait-
ing for an hour before purging the sample chamber and
cooling to measurement temperatures. The magnetic
nanoparticles were measured at frequencies (f=31 kHz,
106 kHz, 363 kHz, 674 kHz and 1.25 MHz) across the
temperature range 20-124 K and the result can be seen in
figure 8. The maximum in-phase and out-of-phase com-
ponents at a specific temperature, as shown in figure 8,
are because the Néel relaxation time becomes similar to
the measurement timescale.

An Arrhenius equation, which assumes coherent mag-
netization reversal in the magnetic core and non-
interacting cores subject to small magnetic fields, was
used to fit the determined peak temperatures at dif-
ferent relaxation times. For single core non-interacting
nanoparticles this is a reasonable assumption®. The fit-
ting equation is given by:

+(T) = 70 exp (IZ‘;) . (5)
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where, 7 is often referred to as the attempt frequency
and is usually in the range of 107 s and 107! s for iron
oxide based nanoparticles, K is the magnetic anisotropy
constant, V is the magnetic core volume and kp is the
Boltzmann constant. Figure 9 shows the inverse of
the peak locations in temperature of x”(7T") against the
corresponding intrinsic relaxation time associated with

the measurement frequency according to 7 = 1/2xf.
Peak locations and associated errors were estimated from
Lorentzian fits to the data. By using the magnetic
anisotropy constant suggested by Wetterskog et. al.?*
(K = 2.8 x 10.J/m3) for this nanoparticle system, we
find the mean core diameter to be (8.86 + 0.09) nm and
70 = (2.50 & 2.35) x 10713 5. Our Arrhenius analysis
has found that 7y is of the same order of magnitude as
estimated from the Arrhenius plot by Wetterskog et. al.
The mean core diam?? we find is slightly larger than re-
ported by Wetterskog: et.
microscopy analysi
blance of the Fe

[. using transmission electron
6 nm)put there is a good resem-
;).i.:)XS core diameter with recently
i -ray diffraction (XRD), neutron
nd small angle x-ray scatter-

edoudifferent size weightings using different
es?®. The slightly lower value of 79 can

I SUD\/IARY
L
l\\“N‘ have built an ac susceptometer capable of mea-
0

stwing the in-phase and out-of-phase ac susceptibilities
at frequencies up to 3.5 MHz, across the temperature
range 2-300 K, and in dc fields up to 9 T. This capabil-
ity allows easy measurement of bulk samples in a range
of temperatures, magnetic fields and frequencies previ-
ously very difficult to observe. Careful design of the
coil winding has allowed us to minimize parasitic capac-
itance and inductance which, along with the calibration
routines described, allow us to maintain stable precise
measurements to high frequency with good sensitivity.
We have reported on several example measurements per-
formed on samples with different magnetic properties us-
ing the high frequency ac susceptometer illustrating its
range and stability. Ac susceptibility measurements on
MgB; and Dy;TisO7 have shown that heating from the
coil set is negligible and that the sample temperature
is well known. Measurements performed on CdErsSy
have demonstrated almost the full frequency range avail-
able and measurements on an iron oxide based magnetic
nanoparticle system show functionality over a wide tem-
perature range.
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