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ABSTRACT

We report an experimental setup for simultaneously measuring specific heat and thermal conductivity in feedback-controlled pulsed magnetic
fields of 50 ms duration at cryogenic temperatures. A stabilized magnetic field pulse obtained by the feedback control, which dramatically
improves the thermal stability of the setup and sample, is used in combination with the flash method to obtain absolute values of thermal
properties up to 37.2 T in the 22-16 K temperature range. We describe the experimental setup and demonstrate the performance of the present
method with measurements on single-crystal samples of the geometrically frustrated quantum spin-dimer system SrCu;(BO3),. Our proof-
of-principle results show excellent agreement with data taken using a standard steady-state method, confirming the validity and convenience
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of the present approach.
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I. INTRODUCTION

Thermal properties, such as specific heat and thermal conduc-
tivity, are of fundamental importance in understanding physical
phenomena of matter,"” as well as in applications utilizing thermal
devices.”" The specific heat is a sensitive probe both for itinerant
and localized excitations, whereas thermal conductivity is a selective
probe for itinerant-type excitations and their scattering mecha-
nisms. A comparison between specific heat and thermal conductivity
can be used to identify the type of thermal excitations and provides
a clear understanding of how the excited quasi-particles contribute
to the physical properties. Thus, the simultaneous measurement
of specific heat and thermal conductivity is a highly demanded
capability in the toolbox to study physical phenomena such as
charge-neutral fermions,” unconventional superconductivity,“"" and

the elusive quantum spin liquid state.”'' However, most of the
traditional measurement techniques used at low temperatures and
magnetic fields can only provide one of these thermal properties.
Although specific heat and thermal conductivity measurements can
be performed separately, in practice, it is hard to replicate exact val-
ues for the control parameters, such as cooling/heating rate, sample
orientation in the magnetic field, and quality of the samples, leading
to some ambiguity in the interpretation of results. Then, the simul-
taneous measurement of thermal conductivity and specific heat is a
highly desired experimental approach.

Among many measurement techniques in the literature, the
technique called flash method (or laser flash method) is commonly
used to obtain thermal properties at about room temperature.'” This
technique can provide absolute values of thermal conductivity (x)
and volumetric specific heat (cy) via the measurement of thermal
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diffusivity, « = «/cy. In a traditional setup for the flash method, the
heat is applied with a pulsed laser on one side of the sample, and the
resultant transient temperature change is monitored with an optical
method on the opposite side of the sample. However, monitoring the
temperature with an optical technique is rather challenging at cryo-
genic temperatures. Thus, the modified version of the flash method
was developed to investigate thermal transport properties at very
low temperatures down to ~0.5 K."*'* This method was used to
investigate the diffusive heat propagation phenomenon as well as the
ballistic heat transport, where the measurement of ballistic phonon
was performed within a timescale of a few microseconds. The mea-
surement of quantum oscillation was also achieved in the past by a
similar version of the flash method.'” The wide applicability and the
short measurement timescale of this method motivated us to apply
it for the simultaneous measurements of specific heat and thermal
conductivity under pulsed high magnetic fields.

The measurement of ¢y (T) and x(T) in pulsed magnetic fields
is a challenging task due to the millisecond timescale of pulsed mag-
netic fields and the need for magnetic field stabilization to avoid
undesired sample temperature changes due to Eddy-current heating,
vortex motion in superconductors, and/or the magnetocaloric effect.
Earlier work at the National High Magnetic Fields Laboratory'*'’
demonstrated cv (T) measurements up to 60 T, carried out in a sta-
bilized magnetic field plateau that was ~100 ms long. This work
was followed by various important technique advances'®'” and the
adoption of different measurement approaches with the feedback-
controlled field stabilization technique for widening the measurable
conditions.”’ ** On the other hand, measurements of thermal con-
ductivity in pulsed magnetic fields have yet to be demonstrated.
With the recent improvement of the field stabilization technique
that fully removes the risk of the temperature instability induced by
the coupling between magnetic fields and sample temperature,”*°
it likely becomes possible to measure thermal conductivity under
pulsed magnetic fields.

In this paper, we demonstrate that the flash method can be
operated in highly stabilized pulsed magnetic fields for the simul-
taneous measurements of specific heat and thermal conductivity. To
perform the experiment within the short timescale of the stabilized
field region, we used thin-film thermometers and heaters, similar
to a ballistic phonon experiment in a steady field. This enables us
to measure the dynamic response of the sample temperature with
a timescale of a few to hundred milliseconds, where the minimum
and maximum measurable timescales are limited by the electronic
devices and the duration of the stabilized magnetic fields used in
this research. The heat pulse data obtained from the test sample,
SrCu,(BO3),, were analyzed based on the half-time and curve fit-
ting methods,””** which are compared with the reported data taken
by the steady-state method. The obtained specific heat and thermal
conductivity show good agreement with the data reported in previ-
ous studies, which proves the validity of the present method for the
investigations of thermal properties in high magnetic fields.

Il. MEASUREMENT SETUP
A. Construction of the probe

A simplified schematic of our probe is shown in Fig. 1. A bar-
shaped single crystal of SrCu,(BO3); grown by the traveling solvent
floating zone method” was used as a test sample for this research.
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FIG. 1. Schematic illustration of the measurement probe. The bar-shaped sample
is on the bottom end of the probe.

Radio frequency sputtering was used to deposit an Au-Ge film ther-
mometer on the sample plane perpendicular to its long axis, and a
Ni-Cr film heater was sputtered on the opposite end. In this con-
figuration, heat flows along the long axis of the bar-shaped sample
as indicated by the red arrow in the inset of Fig. 1. The sample was
then mounted on a second piece of SrCu,(BO3)2, which was used as
a thermal bath. We note that an insulating substrate such as quartz
can be used for a thermal bath when the sample does not show a
large magnetocaloric effect. In this work, the thermal bath made
of SrCuz(BO3), minimizes the temperature difference between the
sample and the thermal bath induced by the large magnetocaloric
effect in this material.”’ In our experimental setup, heat flows parallel
to the a-axis of the crystal, and magnetic fields were applied parallel
to the c-axis. To confirm the validity of our setup, we measured two
different SrCu,(BO3), single crystals with different setups, setups 1
and 2. The length of the long axis, L, and the sample weight, W, of
the bar-shaped samples were L = 1.44 mm and W = 602 ug (setup 1)
and L = 1.25 mm and W = 583 ug (setup 2). The Au-Ge ther-
mometers were calibrated using the RuO, reference thermometer,
which was placed near the sample. To obtain the correct tempera-
ture of the sample and its time dependence under magnetic fields,
the magnetoresistance of the Au-Ge thermometer was calibrated by
measuring the isothermal magnetoresistance of the thermometer in
helium exchange gas or liquid helium using pulsed magnetic fields
with a pulse duration of ~1.2 s. The pick-up coil, which was used to
measure an induced voltage proportional to the time derivative of
magnetic fields (dB/dt), was placed near the sample. The sample was
cooled by liquid *He stored in the bottom of a G10 tube via a weak
thermal link of electrical wires made of 100 ym diameter copper and
30 ym constantan. Except during the calibration process, the sample
space was evacuated to maintain the quasi-adiabatic condition.

B. Setup of electronics

A block diagram of the electronics used in this research is
shown in Fig. 2. A PXIe-6368 multifunction data acquisition board
(National Instruments) was used both as a digitizer and a generator
of excitation voltage. The PXIe-6368 board can collect low-voltage
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FIG. 2. Block diagram for the electronics used in the flash method under pulsed
magnetic fields.

signals at a 2 MHz sampling rate, which is fast enough for the ther-
modynamic measurements under pulsed magnetic fields of short
duration. SR560 preamplifiers (Stanford Research) were used to
amplify and filter the voltage signals on the thermometer and heater.
The film thermometer and film heater on the sample were con-
nected by a quasi-four-terminal arrangement. A rectangular profile
voltage, Vexi, in the heater circuit was generated to apply a heat
pulse to the sample. The voltage, Vi, between the two leads of the
quasi-four-terminals and the current, Ip,, through the shunt resistor,
Rg1 (= 100, 500, or 1000 ), was observed. The I, was calcu-
lated by dividing the voltage across the shunt resistor, Vi, by Ra
(In = Viha/Ra1). The total applied energy, AQ, was calculated by
AQ = I}, x Vi1 x Ty, where 1y, is the duration time of pulse heating.
The temperature signals, i.e., amplitudes and phases of the sinusoidal
voltage between two terminals of the thermometer, Vi (t) = Vo
x sin(wt), and the current flow through the shunt resistor (Rs2), I:(¢)
= Iy x sin(wt), were determined by a digital Lock-In. Here, I;(t) was
obtained from the voltage across the shunt resistor, Vi,. Since the
phase shift was negligibly small at the measurement frequency of
10 kHz, the thermometer resistance, Ry, was calculated by the ratio of
those amplitudes (R; = V/Io). From R(t), we obtained in this way
the time dependence of sample temperature in magnetic fields.

C. Generation of flat-top magnetic fields

To stabilize measurement temperature and improve its accu-
racy, we generated a so-called flat-top pulse where the magnetic
field was stabilized within 0.005 T for several tens to a few hun-
dred milliseconds. The field stabilization was performed by a
proportional-integral-derivative (PID) feedback controller.”’ The
feedback-controlled flat-top pulse has enabled us to measure a
variety of physical quantities under high magnetic fields such as
specific heat,”"*>*° nuclear magnetic resonance (NMR),ZM1 and
current-voltage characteristics’® . The field feedback system con-
sists of the main magnet and the auxiliary homemade mini magnet,
which compensates for the time dependence of the magnetic field
originating from the main magnet. The main magnet used for this
research generates a magnetic field of up to ~40 T for 1.2 s, which
is driven by 51.3 MW DC flywheel generator installed at the Inter-
national MegaGauss Science Laboratory, Institute for Solid State
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Physics (ISSP), the University of Tokyo. The mini magnet is ener-
gized by four or six 12 V lead-acid batteries connected in series.
The current flow in the mini magnet is controlled by an insulated
gate bipolar transistor (IGBT, 1MB3600VD-170E-50, Fuji Electric)
and a field-programmable gate array (FPGA) module (National
Instruments USB-7856R). We note that control experiments in zero
magnetic field were performed in a physical properties measurement
system (PPMS) by Quantum Design.

Ill. METHOD USED FOR DATA ANALYSIS
A. Half-time method

The half-time method is one of the sophisticated approaches
to extracting the thermal conductivity of solids from the dynamical
and diffusive heat transfer processes.'’' Let us now consider a tran-
sient heat transfer phenomenon along a rectangular bar of the length
L [see Fig. 3(a)]. When a heat pulse is applied to one end of the rect-
angular bar (x = 0) at = 0, the time dependence of the temperature
at the opposite end (x = L), T(¢, L), is given as’’

T(61) = T+ Tose| 1232 (-1)" exp(—nztz):l, 1)

12

o= —>, (2)

an
where « is the thermal diffusivity, Ty is the base temperature, and
Tmax is the maximum temperature rise. In actual measurements,
Ty is determined by the initial temperature at ¢ = 0. The temper-
ature change, AT = T(t, L)-To, normalized by Tmax is plotted in
Fig. 3(b) as a function of t/t,. In the adiabatic condition, Tmax can be
described as
AQ

Tmaxzi) 3
C 3

@ ; T(t, L)

4
0

X
L

(b)

[1/2

O‘OAAIIIIIII TP P WP SR S SR SR S
01234567891 0001234567 80910
tit, tit,

FIG. 3. (a) Simplified one-dimensional heat transfer model. (b) A time profile of
temperature rise AT calculated by Eq. (1). (c) Time profiles of AT calculated by
Eq. (8) with different Biot numbers Y. The values of AT are normalized by the
maximum temperature rise Tmax.
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where AQ is the applied heat, and C is the heat capacity of the whole
rectangular bar. C can be described by using the volumetric specific
heat, cy, as follows:
c= e, @)
p

where W is the sample weight, and p is the density of the sample.

The thermal diffusivity and thermal conductivity can be simul-
taneously obtained by analyzing the process of temperature increase
shown in Fig. 3(b). The half time, #1/,, is the time required for AT to
increase the temperature up to one-half of Tmay; i.€., AT/ Tmax = 0.5,
which is calculated as

1.370L2
tyjp=—>— (5)
[0 %1%

Therefore, the thermal diffusivity is written as

0.1388L>
a=—-":

6
s (6)

Using the thermal diffusivity and the volumetric specific heat,
the thermal conductivity, , is obtained as follows:

aCp
=acy = 2£ 7
k=acy = =0 (7)

Using Egs. (5)-(7), « and x can be determined with a sepa-
rate estimation of C by Eq. (3). In the above discussion, an adiabatic
condition, where no heat exchange between sample and surround-
ings, is assumed. When the heat exchange is not negligible, AT
decays proportionally to exp(—t/r) after showing a temperature
peak. Here, 7 is the relaxation time constant for reaching thermal
equilibrium between the sample and surroundings. The thermal
relaxation leads to a systematic error in the thermal conductiv-
ity measurement.””>"> To minimize the error in the half-time
method, the time scale of the measurement, #measure, is required to
be sufficiently shorter than 7, typically 7 > tmeasure-

B. Curve fitting method

When the adiabatic condition is not satisfied, e.g., T ~ tmeasure»
one can use the curve fitting method that takes into account the heat
leak to the surroundings. Cape and Lehman provided the following
equations””* to account for the influence of the heat leak on Eq. (1):

2X,2 —Xo> t
€X] —
X2 +2Y +Y? i

T(t,L) = TO + Tmax[

>, 2X,.2 -X2 t
+ -1)" z ex A I N 8
2 ( )X,,2+2Y+Y2 p( 7t ®)

2Y NG 16 2 3

Koo+ (nm)" (nm)’ +((n7r)5 - [3(nm)’] )Y
+ ( (;:(;7 + 7[3(:1761)5] )Y4 + O(YS), 9)
Xo ~ (2y)°~5(1 - 1—2 + igo + o(Y3)), (10)
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tO = 2 (11)

where Y is the Biot number expressing the influence of the heat
leak into the surroundings. Figure 3(c) shows the time dependence
of AT/Tmax for several kinds of Biot numbers. If Y # 0, AT/Tmax
reaches its peak at fmax and then decreases exponentially. In this
model, « is estimated by fitting Eq. (8) to the experimental data using
o and Y as free parameters. For the calculation of C, Eq. (3) cannot
be used because Tmax in quasi-adiabatic conditions is smaller than
AQ/C. To obtain the accurate value of C, the extrapolated maximum
temperature change at t = 0, Ty, is calculated by an exponential fit
to AT(t) and its extrapolation at ¢t = 0. Note that the fit should be
completed after the peak temperature (f > tmax), where AT shows an
exponential decay. The heat capacity of the sample can be calculated
as follows:

c- AQ

= i
Tmax

(12)

After a is extracted by Eqgs. (8)-(11), « and C can be converted
to x and cv, respectively, by using Egs. (4) and (7).

IV. RESULTS AND DISCUSSION
A. Experimental results at zero field

Figure 4 displays the time profile of the heat-pulse measure-
ment in our setup (setup 1) under zero magnetic field. The red
shadowed line denotes the applied power for heating. The starting
time (¢ = 0) is defined as the midpoint of the heat pulse to avoid
the heating pulse-duration effect.”* After the application of the heat
pulse on one end of the sample, the temperature on the backside
of the sample rapidly increases from the base temperature, Ty, with
the timescale of millisecond and then gradually decreases. From the
T(t, L) profile, the half-time is evaluated as t/, = 5.53 ms, which
yields the thermal diffusivity of @ = 52.0 mm’s™" using Eq. (6) with
L of 1.44 mm. The heat capacity of C = 6.59 JK™' mol™ is also
obtained using Eq. (12) with Tj,, of 0.235 K and the applied heat of

8.3 T T T T T T 4
Setup 1

8.2

g 8.1
~
, Fitting Q
i To=7.99K P
8.0 [ ) A R o_..
Half time: Cape's Fit: 1
79+t ti =5.53 ms o =51.8 mm2s’

a=520mm?%" Y=0.0658

1 1 1 1 1 1 O
-0.01 0.00 0.01 002 0.03 004 0.05 0.06
t(s)

FIG. 4. Example of the time-temperature profile for SrCu,(BO3), with the setup 1
under zero magnetic field. The red solid line represents the fitting curve by Eq. (8).
After the pulse heating at t = 0, the temperature of the back side rapidly increases
from the base temperature, Ty, and then gradually decreases exponentially.
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AQ = [ P(t)dt = 2.89 pJ. Then, the thermal conductivity is extracted
ask=4.04 WK™ m™" using Eq. (7). As shown as a red curve in Fig. 4,
the time profile can be fitted well by Eq. (8) with the fitting para-
meters of & = 51.8 mm”® s™' and Y = 0.0658. The value of a obtained
by the curve fitting method agrees well with that of the half-time
method, indicating that both methods can be applied in our setup
when the adiabatic condition is satisfied. The small Y also confirms
that the experiment is close to the adiabatic limit.

Figure 5(a) shows the temperature dependence of t;/; and « in
SrCu,(BO3), obtained in setups 1 and 2. Here, setup 2 has a dif-
ferent thermometer sensitivity, the resistance of heater, the thermal
coupling between the sample and the thermal bath, and the length
of the sample compared with those of setup 1. Although the ¢/, in
setup 2 is shorter than that of setup 1 due to the different length of
the sample, we confirm that the estimated values of « based on the
half-time method [Eq. (6)] show good consistency between the two
setups. The thermal diffusivity under a zero magnetic field decreases
gradually from high temperatures and increases exponentially below
8 K. The increase in « can be attributed to the suppression of spin-
phonon scattering due to the spin-gap formation.” We note that
the measurable range of t1/, was limited to ~1 ms in this experiment,
which restricts the available data region of thermal diffusivity down
to 6 K. This is because the duration of the heat pulse, 75, which was
chosen to be 0.2-1 ms for this time, should be several times shorter
than ti/2 (f12 > 7). This restriction can be removed by measur-
ing a long sample or applying an intense and short pulse current to
the heater. Using Eq. (12), the temperature dependence of C is eval-
uated, as seen in Fig. 5(b). The zero-field data show a broadening
peak structure around 8 K. The peak structure, which is caused by
the spin-gap formation, is quantitatively consistent with the previous
study as shown by the blue dashed curve in Fig. 5(b).”® Figure 5(c)
shows the temperature dependence of x calculated from the heat
capacity and the thermal diffusivity using Eq. (7). The x decreases
monotonically from high temperature and turns to increase below
8 K. Such a temperature dependence is widely observed in inorganic
spin-gap systems.””® The temperature dependence and absolute
value of x are also consistent with the reported data as shown by
the dark yellow dashed curve.”” These consistencies demonstrate
the validity of the present method. Importantly, these measure-
ments were performed within the timescale several times longer than
ti2 [Fig. 5(a)], which is still shorter than the timescale used for a
standard steady-state method.

B. Experimental results in pulsed magnetic fields

Figure 6(a) shows the overall time profiles of the sample
temperature (brown), magnetic field (blue), and applied power
(red shadow) obtained in setup 1. Figure 6(b) shows these enlarged
views around the flat-top field region, where the time profile of tem-
perature rise, AT, with respect to Ty is plotted. In the measurement
shown in Fig. 6(a), a constant power of 0.063 mW was applied before
reaching the maximum field to control the measurement tempera-
ture. The application of the constant power leads to a temperature
rise in the low-field region. Then, the rapid increase in magnetic
fields at t = —0.45 s induces the drop of the sample temperature up to
~25 T even with the application of constant power and, in turn, leads
to the gradual increase in temperature above 25 T, which is caused

ARTICLE scitation.orgljournal/rsi
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a(setup 1)
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FIG. 5. (a) Temperature dependence of the half time (t1,) and the thermal dif-
fusivity () under zero magnetic field. (b) Temperature dependence of the heat
capacity under several magnetic field magnitudes as C/T vs T plot. The litera-
ture values of SrCu,(BO;), from Ref. 36 are also plotted as the blue dashed line.
(c) Temperature dependence of the thermal conductivity under zero magnetic field.
The literature values of SrCu,(BOs), from Ref. 39 are also plotted as the dark
yellow dashed line.

by the strong magnetocaloric effect inherent to SrCu,(BO3),.”" Sub-
sequently, the magnetic field was stabilized to 37.22 T by the mini
magnet over the measurement time scale of 50 ms, resulting in the
stabilization of the sample temperature, as seen in Figs. 6(a) and
6(b). It is important to note that the magnetic-field fluctuation in
the flat-top region is +£0.005 T, which would only cause a small tem-
perature fluctuation of +0.002 K even in a material with a large

Rev. Sci. Instrum. 94, 054901 (2023); doi: 10.1063/5.0143875
Published under an exclusive license by AIP Publishing

94, 054901-5

8€:60:Gl Y20z Atenuer Lg


https://scitation.org/journal/rsi

Review of

Scientific Instruments

45.00 10 — 3.0
@ 40001 o[ Setup 1
35.00 8r
30.00} r
—~ 6
Ezsolg ‘
T = r
2 20.00+ ~ 4 _/
15.00 al
1000F  ,f
5.00 1L
0.00- 0 L
2 -1
37.30 0.6 T
(b) Setup 1
0.5F
37.25+
04+f
£ < 30g
T 3720} = 03} E
£ < Cape's fit: o =27.9 [s/mm? |5 o
0.2+ Half-time : o = 29.0 [s / mm?]
37.48¢ 01 — uH AT 410
T —— Fitting
y P
37.10t 0.0 L L . L 0.0
0.00 0.02 0.04
t(s)
21.24 0.10 : T 1.0
© 0.09 | Setup 2 T,=273K
oo8f ______ ———
21.23 ¢
0.07} s .
Sonatpt
~ 006} - =
= < - 2
T 21.22f Zoosf TRLL05E
K4 < o
= 0.04 Cape's fit : . = 22.0 [s / mm?] a
0.03 Half-time : o = 24.1 [s / mm?]
2121+
0.02} —uH e AT
0.01L —— Fitting
¥ P
21.20t 0.00 b 9e%.% L L L L L 1 ! L 0.0
0.00 0.02 0.04

t(s)

FIG. 6. (a) Example of the time-temperature profile for SrCu,(BO3), with setup
1. The flat-top field was 37.2 T and maintained for ~50 ms (purple region). The
blue solid curve and the red shadowed area denote the time dependence of the
applied magnetic fields and the applied power, respectively. (b) The enlarged figure
of the flat-top field region in (a). The red solid line is the fitting curve by Eq. (8).
(c) Another example of the time profile with setup 2.

magnetocaloric effect of ~0.4 K/T such as a magnetic refrigerant
material,"’ indicating that the field stability is good enough for the
present method.

On the flat-top region [Fig. 6(b)], the pulse power was applied
at t = 0. The temperature on the backside increases rapidly, which
shows the local peak around f = 0.03 s, and then gradually decreases.
The half-time t1/, is estimated to be 0.009 94 s, yielding o = 29.0
mm? s using Eq. (6) with L of 1.44 mm. We also fit the time pro-
file using Eq. (8) shown as the red solid curve in Fig. 6(b), which
yields the values of & = 27.9 mm? s™' and Y = 0.182. The fair agree-
ment between both methods suggests that the half-time method also
gives a reliable estimation of . Strictly speaking, because of the
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non-negligible Y, the « obtained by the latter fit should be
more accurate. The measurement was also performed in setup 2.
Figure 6(c) shows the time dependence of the temperature rise mea-
sured in setup 2 at 21.23 + 0.005 T. The value of @ = 22.0 mm? s™*
obtained by the half-time method is again in good agreement with
the value of @ = 24.1 mm? s™' obtained by the curve fitting method,
which suggests that ideal measurement conditions are satisfied
regardless of the magnetic field, temperature, and sample size. From
the data shown in Figs. 6(b) and 6(c), the heat capacity under mag-
netic fields can be calculated. For example, the analysis of the data
shown in Fig. 6(b) yields C = 1.48 and 1.30 JK™! mol ™ using Egs. (3)
and (12), respectively. These values allow us to evaluate the absolute
values of the thermal conductivity of « = 0.513 and 0.445 WK™' m™
at 3.26 K and 37.2 T, respectively, using Eq. (7). Although there is
an ambiguity originating from the choice of the analysis methods,
thermal diffusivity, heat capacity, and thermal conductivity can be
obtained from single time-temperature curve taken in pulsed mag-
netic fields. Since the heat capacity obtained using Eq. (3) does not
include the effect of heat losses to the outside, the value of thermal
conductivity obtained by the curve fitting method is considered to
be more accurate.

In Fig. 7, the analyzed temperature dependences of a, C/T, and
« taken in setup 1 (circles) and setup 2 (squares) are shown together
with previous reports (dashed curve).””””*"** The reduction of
o that is equivalent for the long #1/, is observed above 24 T, whereas «
shows a strong increase below 12 T. Because of the timescales of the
flat-top region and the heat pulse, the measurable timescale of ¢y
is roughly from 0.2 to 20 ms in this experiment, which restricts the
measurable temperature range of « down to 2 K; & = 1000 mm?* s™*
for the setups 1 and 2 corresponds to ¢, = 0.288 and 0.217 ms,
respectively, and & = 20 mm?* s~ for the setups 1 and 2 corre-
sponds to 14.4 and 10.8 ms, respectively. The low-temperature shift
of the broad peak and the upturn structure are observed in C/T
with increasing magnetic fields [Fig. 7(b)]. These field dependen-
cies in C/T are likely caused by the suppression of the spin gap and
the subsequent emergence of the first-order phase transition. In the
present case, the increase in C with dropping temperature might
be caused by the tail structure of the field-induced first-order phase
transition located outside our measurement window.”*’ Except for
the high-temperature structure at 24.8 T, the C/T curves in zero
and finite magnetic fields are in good agreement with the reported
data,”®"” both in absolute value and the relative temperature depen-
dence. The deviation of the high-temperature data at 24.8 T from
the reported data at 24 T is probably due to a small sample mis-
alignment, accumulated errors in the temperature calibration, or
intrinsic field dependence in C/T. A peak structure observed in
xat 0 T is suppressed by the application of magnetic fields [Fig. 7(c)].
The field and temperature dependences in « also show fair agree-
ments with earlier reports.*’ The broad zero-field peak in x and its
shift to a lower field are caused by the emergence and suppression of
the spin gap.*! The suppression of the spin gap is expected to reduce
the mean free path of phonons and suppress the zero-field peak
structure in . The weak field dependence in x above 20 T is simi-
lar to another spin gap system, BiCu,POg,** where « decreases with
increasing magnetic field in the field region below the critical mag-
netic field required for spin-gap closure, and subsequently saturates
to a constant value above the critical field. This scenario should also
be realized in SrCu,(BOj3),, consistent with the observed weak field
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FIG. 7. (a) Temperature dependence of the thermal diffusivity under different mag-
netic fields. (b) Temperature dependence of the heat capacity under different
magnetic fields as C/T vs T plot. (c) Temperature dependence of the thermal con-
ductivity under different magnetic fields. The literature values of SrCu,(BOs3), are
also plotted as dashed curves.

dependence of . These agreements demonstrate that the present
method can, indeed, be used to investigate the thermal conductivity
in pulsed high magnetic fields.

In summary, we demonstrate that the flash method can be
used for the simultaneous measurement of specific heat and ther-
mal conductivity in highly stabilized pulsed magnetic fields of up
to ~37.2 T. The present method is not limited by magnetic field
strength but by the duration of magnetic field pulses available.
As a general rule, the measurement timescale is inversely propor-
tional to the thermal diffusivity and proportional to the square of
the sample length [Eq. (5)], which needs to be considered when
selecting the magnetic field profile. The so-called mid-pulse mag-
nets driven by capacitor-bank (200 ms long), long-pulse magnets
energized by motor generators (500 ms to 3 sec long), and resistive

ARTICLE scitation.orgljournal/rsi

magnets driven by power supplies (minutes to hours long) are avail-
able for research purposes at various high field facilities in addition
to the International MegaGauss Science Laboratory at ISSP. These
user facilities are the Laboratoire National des Champs Magnétiques
Intenses (LNCMI), France;* the National High Magnetic Field Lab-
oratory, USA;* Dresden High Magnetic Field Laboratory (HLD),
Germany;"” and the Wuhan National High Magnetic Field Center
(WHMEFC), China.*®

There are many electronic and magnetic phases leading to
anomalous heat conduction in low magnetic fields, such as magnon
Bose-Einstein condensation (BEC) states’”” and charge-neutral
fermions in Kondo insulators.”’ Thermal conductivity measure-
ment at low temperatures (e.g., below 0.3 K) is a powerful tool
to better understand these phenomena. In the present setup, the
short timescale of the measurement limits the accessible tempera-
ture range, especially for zero magnetic field. However, if a sample is
setto L = 3 mm, t1/; is estimated to be about 4 x 10> s at 0.3 K based
on literature values of specific heat and thermal conductivity,%“’39
with which an accurate measurement can be performed. Consid-
ering a material with extremely high thermal conductivity, such as
copper, an extremely short 1, of 9x 1077 s is estimated for the
sample of L = 1 mm using the reported values of specific heat
and thermal conductivity.”"”* In this case, electronics with higher
time resolution, similar to the electronics for the ballistic phonon
experiment,'® is helpful in addition to a long sample. In the case of
high-T. superconductor, YBa;CuszO7_s, t12 with L = 1 mm is esti-
mated to be 9 x 1072 s at 0.3 K,”*** which is longer than that of
SrCu,(BO3)s. In this case, by using a short sample of L = 0.3 mm,
f1/2 can be reduced to 8 x 107 s at 0.3 K, which is in the adequate
timescale for the present method. By extending the thermal con-
ductivity measurement of these materials to higher magnetic fields
and lower temperatures using the present technique with long-pulse
magnets,”””>" it will be possible to study novel and anomalous heat
transport phenomena in more detail.

V. CONCLUSION

We performed simultaneous measurements of thermal diffu-
sivity, heat capacity, and thermal conductivity based on the flash
method under pulsed high magnetic fields up to ~37 T. We have
obtained the thermal properties on the test single-crystal sam-
ple of SrCu;(BO3),. The temperature changes in the sample after
the pulse heating can be fitted to the theoretical curve proposed by
Cape and Lehman, and the extracted values of thermal properties are
in agreement with previous reports, which supports the validity of
the present method. Our method is a strong tool for comprehensive
studies of heat transport and thermodynamic phenomena in pulsed
magnetic fields as well as in static fields owing to the convenience of
fast measurement time.
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