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We describe a technique for measuring heat capacities(Cmin<1 mJ/K at 0.1 K) of small solid
samples at low temperaturess0.03 K,T,6 Kd and in high magnetic fieldssB,12 Td. In this
compensated heat-pulse technique the thermal losses are compensated through a background
heating. A detailed analysis of the heat flow takes the heat input and losses into account. Test
measurements on tin and YbRh2sSi0.95Ge0.05d2 showed that the heat capacity can be determined with
high precision in a fast and accurate way. This technique provides a versatile calorimeter for a wide
range of heat capacities which achieves its main performance if several sample platforms are
mounted and one sample is measured while the other may cool down. ©2004 American Institute
of Physics.[DOI: 10.1063/1.1771486]

I. INTRODUCTION

The measurement of the temperature dependence of the
heat capacity of a material is an often used means to achieve
a first step into the understanding of its physical properties.
Besides the adiabatic technique several nonadiabatic tech-
niques, like the relaxation-time method,1 the continuous-
warming principle2 or the ac-calorimetry3 are used. For more
details the reader is referred to review articles covering low-
temperature calorimetry.4–7 The demand of a fast, versatile,
and sensitive low-temperature calorimeter for small solid
sampless1 mg,m,50 mgd in magnetic fieldssB,12 Td
has led to the realization of the compensated heat-pulse tech-
nique.

We would like to emphasize that the setup described
here is based on the semiadiabatic heat-pulse method used by
the Phillips group at Berkeley. A first description of the
method was given in the article by Fisher and co-workers.8

The calorimeter described in the following can be used for
much lower temperaturessT<30 mKd than that used so
far.9,10 The actual setup compensates the inevitable heat
losses during the measurement with an adjustable back-
ground heating. This compensation makes a rapid data acqui-
sition possible. It is much faster than a relaxation-time tech-
nique since the time consuming tracking and stabilization of
the calorimeter temperature is not needed. This benefit is not
obtained on the expense of accuracy and sensitivity: The
precision of the heat capacity data is as high as those of the
relaxation-time technique.

II. METHOD

The definition of the heat capacity,

C = lim
DT→0

DQ

DT
, s1d

implies that an increase of the sample temperature byDT,
caused by a supplied heatDQ, was achieved adiabatically. A
low-temperature calorimetersT,4 Kd must have a thermal

link between sample and surrounding to cool the sample.
One possibility is to install a heat switch. Mechanical or
superconducting switches are often cumbersome or not suit-
able in high magnetic fields. In the present calorimeter the
thermal conductance of the mounting threads and electrical
leads for heater and thermometer was a compromise between
the time necessary to cool the sample to<30 mK and the
capability to compensate the heat losses during the measure-
ment. The thermal conductance of the selected threads al-
lows the heat capacity of the sample on the platform to be
measured up to 6 K while the heat sink remains at the base
temperature of the cryostat.

Figure 1(a) shows the heat-flow scheme of the sample/
platform assembly. A weak thermal link, with thermal con-
ductanceK1, establishes the connection between platform
and the thermal bath. The model takes the thermal conduc-
tanceK2 sK2@K1d between platform and sample explicitly
into account. In the steady state and at a constant heat sink
temperaturesTbd an appropriately chosen background heat-
ing power supplies the constant electrical powerPb into the
heater. It compensates the heat loss through the thermal link
and ensures a constant temperature of samplesTSd and plat-
form sTPd, i.e., TP=TS;T0 [see. Fig. 1(b)]. A heat pulsePh

of durationDth adds the heatDQh=PhDth to the platform and
TP increases. After the heat-pulse power is switched off, the
sample temperature relaxes towards the steady-state tempera-
ture T0+DT, if the new background heating power was cor-
rectly adjusted.11 For a measuring cycle(of durationDt) the
average heat capacityCS of the sample(at the mean tempera-
ture T0+ 1

2DT) is given by the ratio of theeffectivelydepos-
ited heatDQ=DQh−DPbDt to the achieved temperature in-
creaseDT. This qualitative description of the compensated
heat-pulse technique can be set into a mathematical model.
In the following it is shown that the measured heat capacity
is correct up to the order ofK1/K2!1.

The total power,PPstd, deposited on the platform is
given by the heat-flow scheme of Fig. 1(a),
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PPstd = Ph − K1sTP − T0d − K2sTP − TSd. s2d

As a consequence, the platform temperature increases from
its initial valueTPst= t1d=T0: =TP,0 to

TPstd = TP,0 +E
t1

t2 PP

CP
dt, s3d

with CP the heat capacity of the platform. Similarly, the
sample temperature increases fromTSst= t1d=T0: =TS,0 to

TSstd = TS,0 +E
t1

t2 PS

CS
dt, s4d

with CS the heat capacity of the sample and

PSstd = K2sTP − TSd, s5d

the power arriving at the sample. These equations yield the
time dependence ofTPstd described by

CSCP

K1K2
T̈ + SCS+ CP

K1
+

CS

K2
DṪ + T =

Ph

K1
+ T0. s6d

The general solution forTPstd is

TPstd = A1e
−t/t1 + A2e

−t/t2 +
Ph

K1
+ T0. s7d

A similar differential equation forTSstd leads to

TSstd = B1e
−t/t1 + B2e

−t/t2 +
Ph

K1
+ T0. s8d

In Eqs.(7) and (8) the time constantst1 andt2 refer to the
positive and negative signs, respectively, in the expression

t1,2=
1

2K1K2
fsCS+ CPdK2

+ CSK1 ± ÎfsCS+ CPdK2 + CSK1g2 − 4CSCPK1K2g.

s9d

The coefficientsA1, A2, B1, andB2 are given by the starting
conditions att=0,

A1,2=
1

t1,2− t2,1
HCS

K1
sTS,0 − TP,0d + FCS

K2
− t1,2GFPh

K1
+ Tb

− TP,0GJ , s10d

B1,2= H1 +
K1

K2
−

CP

K2t1,2
JA1,2. s11d

The aim of the present setup is to maintain the increase
of sample and platform temperature byDT. To achieve this,
the heat losses have to be compensated by an additional
background heatingPh. A constantDT implies thatTPstd and
TSstd are independent oft1 since the heat losses occur
through the weak link(described byK1 andt1). This requires
that A1=0 in Eq. (7). Using this boundary condition in Eq.
(10) and defining

DT = TPst @ t2d − TPst1d, s12d

the temperature of the platform and sample has increased by

DT =
DP

K1
s1 − e−Dth/t1d, s13d

where DP: =Ph−Pb is the effectively added power to the
platform. For a weak thermal link between platform and tem-
perature reservoir, the conditiont1@Dth is fulfilled and Eq.
(13) simplifies to

DP

DT
Dth = K1t1. s14d

The right-hand side of Eq.(14) follows from Eqs.(7)–(9) for
t=0 and can be written as

K1t1 < sCS+ CPdS1 +
K1

K2

CS

CS+ CP
D . s15d

In the limit K1/K2!1 the total heat capacityC=CS+CP of
the sample/platform assembly according to Eq.(15) is then
determined by the measured quantities of Eq.(14). In the
present setupK1/K2!1 is fulfilled over a wide temperature
range. An exact number, however, is difficult to state since
K2 strongly depends on the shape and the internal thermal
conductivity of the sample. Further details about the deter-
mination of the heat capacity, the adjustment of the back-
ground heating, and the calculation of the heat pulses for a
measuring cycle are given in the Appendix.

III. EXPERIMENT DETAILS

A sketch of the sample platform is shown in Fig. 2. The
platform is a thin silver plates43330.4 mm3d, with a
RuO2-chip temperature sensor(m=0.8 mg, R0<2kV at
room temperature) and a resistive heater(10 kV film resis-

FIG. 1. (a) Heat-flow scheme of the compensated heat-pulse technique. The
thermal conductancesK1 between thermal bathsTbd and platformsPd andK2

between samplesSd and platform are explicitly taken into account. The
thermal bath remains atTbø30 mK while the supplied heating powerP
increases the temperature of samplesTSd and platformsTPd up to 6 K. CP

andCS denote the heat capacities of platform and sample, respectively.(b)
Time dependence ofTS and TP (Ref. 11). A heat pulse duringDth= t2− t1
delivers the heatDQh to the platform and yields a temperature increase by
DT. An adjustable background heating compensates the heat losses through
the thermal link and maintains a constantDT for t. t2. Without additional
background heating the temperature would exponentially approachT0

(dashed line).
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tor, m=2.4 mg). To realize a low thermal conduction be-
tween sample platform and environment the platform is
mounted with two thin nylon threadssf=80 mmd on a silver
ring sf=25 mmd. Furthermore, manganin leads(f=30 mm,
length<10 cm) are used to connect the heater and thermom-
eter to a plug placed on the ring. For this configuration the
thermal conductanceK1 varies between 1310−9 W/K at
0.1 K and 1310−7 W/K at 4.2 K. The minimum tempera-
ture is limited byK1 and the residual thermal leak. It com-
prises the heat input caused by mechanical vibrations of the
cryostat, but other sources for energy dissipation, like high
frequency noise cannot be ruled out. The residual power is
much less than 10 pW and limits the platform temperature to
about 30 mK. An additional heat input of the same order of
magnitude is produced at the highest magnetic fields and
prevents the platform temperature to be less than<50 mK.

The RuO2-chip temperature sensor was calibrated in the
temperature range 15 mK,T,200 mK against a fixed point
device (SRM 768 of the former National Bureau of Stan-
dards, USA) and against a commercially calibrated RuO2

thermometer12 in the temperature range 50 mK,T,6 K.
The resistance values of the RuO2-chip sensor,R, were con-
verted to temperature using logT=on=0

4 anflogsR−R0dgn, with
the fitting parametersan. Any strong deviation from a
straight line in a logsTd vs logsR−R0d plot immediately re-
veals self-heating of the sensor during calibration.13 Tem-
perature sweeps were performed in various(constant) mag-
netic fields to obtain a sensor calibration at these particular
fields. The RuO2 chip was fixed on the platform(which was
thermally anchored to the silver ring) while a calibrated
thermometer12 mounted in the field compensated region of
the cryostat was used as a reference. For each field, aTsRd
function as given above was used to describe the data. The
entire set ofTsR,Bd data can be used to calculate a calibra-
tion for any field value needed during the experiment. In this
procedure, particular attention was payed to magnetic field
effects on R. The resistance of the RuO2 sensor isR
<30 kV at 30 mK and its sensitivity, i.e.,]ln R/]ln T, in-
creases almost linearly from −0.4 at 0.9 K to −0.54 at
30 mK. At the lowest temperatures such an order of magni-
tude ofR is well suited for an ac bridge technique.

In order to determine the addenda of the platform, i.e.,
the specific heat of the heater, thermometer, wires and grease
(Apiezon N), the heat capacity of silver(m=92.6 mg, purity:
99.99+%) was measured in zero field and several fields up to
10 T. The addenda in zero field is less than 0.2mJ/K at
0.1 K and below 0.4mJ/K at 1 K. No influence of the mag-
netic field on the addenda could be resolved.

The experimental setup for the calorimetric measure-
ments consists of a dilution refrigeratorsTmin.15 mKd with

a superconducting magnetsBmax.12 Td. Standard digital dc
sources and multimeters were used to supply the heating
current and to read the voltage drop across the heater. An ac
resistance bridge measures the resistance of the RuO2-chip
sensor. As soon as the starting parameters are entered the
necessary values like heat-pulse and background-heating cur-
rent are calculated(see Appendix). Typical values for the
applied power are above 10 nW in order to achieve a tem-
perature increaseDT/T0 of up to 3%. The duration of the
heat pulses are less than 10 s and one measuring cycle can
last up to 1000 s. Effects related tot2, i.e., a weak coupling
of the sample to the platform or a low thermal conductivity
of the sample can be detected during the experiment. Then
the sample temperature has a characteristic time dependence
as depicted in Fig. 1(b). A careful examination of the data
clarifies whether the so-calledt2 effect is negligible or the
criterion K1/K2!1 is violated. In the latter case, the correc-
tion term in Eq.(15) has to explicitly taken into account.
Since the determination ofK2 is not straightforward, the con-
cerned data are discarded.

IV. APPLICATIONS

A. Tin

A first test of the setup was done with the measurement
of the heat capacity of tin. A tin sample(m=165 mg, purity:
99.999%) was attached with Apiezon N to the platform and
data were recorded from 0.5 K to 6 K. The coefficient of the
phonon contribution,bT3, to the heat capacity is calculated
to b=0.28s1d mJ mol−1 K−4. The heat capacity in the super-
conducting phasesTc=3.72 Kd can be described byCsc

=agTc exps−bTc/Td with a=6.0s1d, b=1.8s1d, and g
=1.94s1d mJ mol−1 K−2. These values are in good agreement
with literature data.14

This test measurement revealed one drawback related to
the weak thermal coupling. The mounting of the platform
with the thin nylon threads is not suited for samples with
masses larger than<50 mg. In this case the platform cap-
tures vibrations of the cryostat and the performance of the
technique is considerably limited forT,0.3 K. A better
mounting, i.e., thicker threads or even a rigid connection of
the platform to the silver ring increase the thermal link.
Then, the background heating is not able to compensate the
heat losses at high temperature and the method can be used
only in a small temperature range. If the sample has an ad-
equate mass andK1/K2!1 is fulfilled, then a minimum heat
capacity of about 1mJ/K at 0.1 K can be measured.

B. YbRh 2„Si0.95Ge0.05…2

In order to test the performance of the compensated
heat-pulse method in high magnetic fields the system
YbRh2sSi0.95Ge0.05d2 was chosen. YbRh2sSi0.95Ge0.05d2 is a
strongly correlated electron system which orders antiferro-
magnetically atTN=20 mK.15 This low ordering temperature
indicates that the material is very close to a
magnetic/nonmagnetic phase transition. The application of
an external magnetic field tunes YbRh2sSi0.95Ge0.05d2 through
a quantum critical point into a Landau–Fermi liquid state at
high field.15 The heat capacity was carefully measured with a

FIG. 2. Schematic view of the platform.P, silver platform; N, nylon
threacd;S, sample;T, RuO2-chip temperature sensor;H, heater.
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relaxation technique in magnetic fields up to 6 T(Ref. 15)
while the present setup allowed the field range to be ex-
tended up to 11.5 T. Furthermore, the absolute value of the
heat capacity can be directly compared with the data reported
in Ref. 15 since they were obtained on thesamesamplesm
=21 mgd.

Figure 3 shows a comparison of the specific heat capac-
ity sC−Cnd /T vs temperature of YbRh2sSi0.95Ge0.05d2 ob-
tained with the two techniques. Here,Cn denotes the nuclear
contributions to the specific heat(see below). The zero field
values below 0.1 K and above 0.2 K agree within 2%, be-
tween 0.1 K and 0.2 K the deviation is less than 5%. The
slight deviations close to a maximum atT0sBd at 0.2 K sB
=0.2 Td and at 1 KsB=1 Td are not related to the measuring
technique. It presumably results from a small difference in
the applied magnetic fields since the maximum is very sen-
sitive to an external magnetic field. This comparison cor-
roborates that the compensated heat-pulse method can be
used to measure the heat capacity in a wide temperature
range in magnetic fields up to 12 T.

Several raw data sets,CsTd, are depicted in the inset to
Fig. 3. The nuclear contributionsCQ and Chf to the heat
capacity lead to an increase ofCsTd at low temperatures. The
field-independent quadrupolar contributionCQ=aQ/T2 has
to be subtracted from the raw data below about 0.1 K.aQ/T2

represents the high-temperature part of the nuclear-Schottky
anomaly and aQ was estimated to aQ=5.68
310−6 J K mol−1 by Mössbauer experiments on the electri-
cal quadrupole splitting16 of the nuclear spinI =5/2 of 173Yb
(natural abundandance of 0.162). The field-induced part to
the heat capacity, i.e., the nuclear-Zeeman contributionChf

=asBd /T2, was deduced from plottingCT2 vs T3. This yields

asBd and the Sommerfeld coefficientgsBd. The latter value
is plotted in Fig. 4 together with the data of Ref. 15 vsB
−Bc. Here,Bc=0.027 T is a critical field, deduced from the
occurrence of a shallow maximum insC−Cnd /T at a charac-
teristic temperatureT0sBd. The latter depends linearly on the
field.15 The reliability of the graphical determination ofasBd
can be checked by calculating the field dependence of the
magnetization,MsBd. It can be calculated viasBhf−Bd /AYb,
with AYb the hyperfine coupling constant and the hyperfine
field Bhf=ÎsasBd−aQd /adip. The gyromagnetic ratioadip

=0.076310−6 J K mol−1 T−2 is known from nuclear mag-
netic resonance data.17 The magnetization estimated from the
heat capacity can be matched to the measuredMsBd curve if
AYb=20 T/mB is assumed(see inset to Fig. 4). This value is
of the same order as the value found in Yb4As3.

18

The divergingg value on approaching small magnetic
fields was one strong argument for the conclusion in Ref. 15
that the most critical scattering is local. In the present con-
text, however, thegsBd dependence at high fields is of inter-
est. The data reported in Ref. 15(open symbols in Fig. 4)
aboveB−Bc=0.3 T were described byg=a lnfb/ sB−Bcdg,
with a=0.126s4d J mol−1 K−2 and b=59s7d T, as predicted
in a two-dimensional (2D) spin-density-wave scenario
(dashed line in Fig. 4). The data from the present experiment
show a deviation from such a field dependence above<8 T.
At a field valueB* <8.5 T theMsBd curve(solid line in inset
to Fig. 4) starts to change slope. A similar anomaly inMsBd
of YbRh2Si2 (Ref. 19) has been interpreted as a signature of
the complete localization of the 4f electrons. In this case the
renormalization of the heavy-electron density of states, mea-
sured byg, should be reduced aboveB* . This is seen in Fig.
4, where the 2D spin-density-wave scenario is extrapolated
to high fields. The deviation ofgsBd from this extrapolation
shows that the 4f electrons are completely localized and the

FIG. 3. Temperature dependence of the specific heat divided by temperature
sC−Cnd /T, of YbRh2sSi0.95Ge0.05d2 in various magnetic fieldsB applied per-
pendicular to the crystallographicc axis. The nuclear contributions to the
specific heat,Cn, has been subtracted from the raw data. Filled and open
symbols represent data obtained with the compensated heat-pulse and relax-
ation (Ref. 15) method, respectively. Inset, low temperature part of the raw
data,C vs T. The strong upturn at low temperature is due to the nuclear-
Zeeman contribution to the total specific heat.

FIG. 4. Magnetic field dependence ofg=sC−Cnd /T for T→0 of
YbRh2sSi0.95Ge0.05d2. Bc=0.027 T is a critical field. Data depicted as open
symbols are taken from Ref. 15. Inset, field dependence of calculated[open
symbols (Ref. 15)] and measured magnetization[solid-line (Ref. 15)] at
40 mK. The slope ofMsBd changes atB* <8.5 T.
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heavy-fermion state is suppressed at magnetic fields above
B* , like in YbRh2Si2.

19
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APPENDIX: MEASURING PROCEDURE
The computer-controlled measuring routine performs for

each cyclek the determination of the heat capacityCk, the
adjustment of the background heatingPb

k+1, and the estima-
tion of the new heat-pulse powerPh

k+1. In order to clarify the
procedure, the time variation of the sample temperature and
the supplied power to the platform is sketched in Fig. 5. In
the course of time the background heating as well as the
power of the heat pulse increase to compensate the tempera-
ture dependent heat leak and to achieve the desired increase
of the sample’s temperature, respectively. The heat capacity
of the sample,CsTS

kd, during the measuring cyclek at the
mean sample temperature

TS
k = 1

2sTlo
k + Thi

k d sA1d

is given by

Ck: = CsTS
kd . P

Dt

DT
= sPin

k − Pout
k d

Dth
Thi

k − Tlo
k . sA2d

The incoming powerPin
k is equal toPh

k whereas the heat flow
Pout

k to the temperature bath is taken as the average of the out
flowing heatPout,lo

k immediately before the heat pulse

Pout,lo
k = Pb

k−1 − Clo
k Ṫlo

k sA3d

and immediately after the heat pulse

Pout,hi
k = Pb

k − Chi
k Ṫhi

k . sA4d

Here, Ṫhi
k and Ṫlo

k are the temperature drifts atThi
k and Tlo

k ,
respectively(see Fig. 5).

In order to eliminateClo
k andChi

k in Eqs.(A3) and(A4),
respectively, a linear temperature dependence ofCk is as-
sumed. Then, using Eq.(A2) the heat capacityCk is deter-
mined by

Ck <
2Ph

k − sPb
k−1 + Pb

kd + fs1 − f lo
k dṪlo

k + s1 − fhi
k dṪhi

k gCk−1

2sThi
k − Tlo

k d/Dth − sf lo
k Ṫlo

k + fhi
k Ṫhi

k d

sA5d

with the coefficientsf lo
k and fhi

k defined as

f lo
k =

Tlo
k − TS

k−1

TS
k − TS

k−1

and

fhi
k =

Thi
k − TS

k−1

TS
k − TS

k−1 .

Due to the temperature dependence of the thermal con-
ductancesK1 andK2 the heat losses increase with increasing
temperature. This requires to adjust the background heating
after each heat pulse. Such an adjustment will never be ideal

and results in a temperature driftṪhi
k Þ0 during the measur-

ing cyclek. Thus, the chosen background heatingPb
k must be

corrected by

Pcorr
k = − Chi

k Ṫhi
k < − ffhi

k Ck + s1 − fhi
k dCk−1gṪhi

k . sA6d

This can be extrapolated to obtain an optimized background
heating for the next step,

Pb
k+1 < Pb

k−1 + Pcorr
k−1 +

Thi
k+1 − Thi

k−1

Thi
k − Thi

k−1

3fsPb
k + Pcorr

k d − sPb
k−1 + Pcorr

k−1dg. sA7d

The heat capacity of the sample in the next cycle might
be different and therefore, the power of the heat pulse has to
be re-estimated. It has to ensure that the desired temperature
increaseDT=Thi

k+1−Tlo
k+1 is achieved. Thus, the power for the

new heat pulse is according to Eq.(A2) approximated by

Ph
k+1 = Pin

k+1 < Ck+1Thi
k+1 − Tlo

k+1

Dth
+ Pout

k+1. sA8d

This approximation depends on an estimate of the expected
heat capacity and heat loss in the following measuring cycle.
An estimation ofCk+1 can be obtained by a linear extrapola-
tion of the two preceding heat capacities:

Ck+1 < fS
k+1Ck + s1 − fS

k+1dCk−1. sA9d

The heat flowPout
k+1 to the bath is according to Eq.(A7), with

the requirementṪhi
k+1;0, given by

Pout
k+1 < sPb

k+1 + Pb
kd/2 − fglo

k+1Ck + s1 − glo
k+1dCk−1gṪlo

k+1/2,

sA10d

using the coefficient

FIG. 5. Time dependence of the sample temperatureTS, the power of the
heat pulsePh, and the background heatingPb for several measuring cycles.
In cycle k a heat pulse supplies the electrical powerPh

k to the platform. It
increases the sample temperature byDT=Thi

k −Tlo
k . The determination of the

heat capacityCk at TS
k takes the temperature driftsṪlo

k+1 andṪhi
k+1 into account

(see text). The background heatingPb
k is adjusted for each cycle.
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glo
k+1 =

Tlo
k+1 − TS

k−1

TS
k − TS

k−1 .

With Eqs.(A9) and(A10) the new heat pulsePh
k+1 eventually

results to

Ph
k+1 < sPb

k+1 + Pb
kd/2 +F fS

k+1Thi
k+1 − Tlo

k+1

Dth
−

glo
k+1

2
Ṫlo

k+1GCk

+ Fs1 − fS
k+1d

Thi
k+1 − Tlo

k+1

Dth
−

1 − glo
k+1

2
Ṫlo

k+1GCk−1,

sA11d

using the definition

fS
k+1 =

TS
k+1 − TS

k−1

TS
k − TS

k−1 .

The computer controlled routine needs as input param-
eter the desired temperature increaseDT and the temperature
range. The measurement runs automatically as long as no
sharp feature inCsTd occurs. Even in the case of a first order
phase transition the extrapolations in Eqs.(A9)–(A11) yield
a good estimate and the computer-controlled sequence runs
without problems.
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