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A compensated heat-pulse calorimeter for low temperatures
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We describe a technique for measuring heat capadigs,~1 wJ/K at 0.1 K) of small solid

samples at low temperatur¢8.03 K<T<6 K) and in high magnetic fieldéB<<12 T). 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 YbRSBIi, o:Ge&y o5, 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 dof0® American Institute

of Physics.[DOI: 10.1063/1.1771486

I. INTRODUCTION link between sample and surrounding to cool the sample.

The measurement of the temperature dependence of tgne possibilit.y is tq install a heat switch. Mechanical or.
heat capacity of a material is an often used means to achiey!Perconducting switches are often cumbersome or not suit-
a first step into the understanding of its physical propertiesable in high magnetic fields. In the present calorimeter the
Besides the adiabatic technique several nonadiabatic tecHermal conductance of the mounting threads and electrical
niques, like the relaxation-time methddthe continuous- leads for heater and thermometer was a compromise between
warming principlé or the ac-calorimetﬁ/are used. For more the time necessary to cool the samplext80 mK and the
details the reader is referred to review articles covering low-capability to compensate the heat losses during the measure-
temperature calorimetiy.’ The demand of a fast, versatile, ment. The thermal conductance of the selected threads al-
and sensitive low-temperature calorimeter for small solidgys the heat capacity of the sample on the platform to be

samples(1 mg<m<50 mg in magnetic fieldSB<12T)  measured up to 6 K while the heat sink remains at the base
has led to the realization of the compensated heat-pulse tecpe'mperature of the cryostat.

nique. i .
We would like to emphasize that the setup described Figure 1a) shows the heat-flow scheme of the sample/

here is based on the semiadiabatic heat-pulse method used glgatform ?(ssembl)k/).l_AhweaE thermal I|r_1k, V:;'th thermall cfon-
the Phillips group at Berkeley. A first description of the ctancek,, establishes the connection between platform

method was given in the article by Fisher and co-worﬁers.a”d the thermal bath. The model takes the thermal c_0|_’1duc—
The calorimeter described in the following can be used fofanceKs (K;>K,) between platform and sample explicitly
much lower temperatureéT~30 mK) than that used so into account. In the steady state and at a constant heat sink
far®!° The actual setup compensates the inevitable hedemperaturgT,) an appropriately chosen background heat-
losses during the measurement with an adjustable backng power supplies the constant electrical powgrinto the
ground heating. This compensation makes a rapid data acquieater. It compensates the heat loss through the thermal link
sition possible. It is much faster than a relaxation-time techand ensures a constant temperature of sarfig)eand plat-
nique since the time consuming tracking and stabilization oform (Tp), i.e., To=Ts=T, [see. Fig. {b)]. A heat pulseP;,
the calorimeter temperature is not needed. This benefit is Ngjf qurationAt,, adds the heakQ,=P,,At;, to the platform and
obtained on the expense of accuracy and sensitivity: Thg  increases. After the heat-pulse power is switched off, the
precision OT the heat _capaC|ty data is as high as those of tI”@ample temperature relaxes towards the steady-state tempera-
relaxation-time technique. ture To+AT, if the new background heating power was cor-
rectly adjusted’ For a measuring cycléof durationAt) the
average heat capaci@s of the sampléat the mean tempera-

Il. METHOD ture TO+§AT) is given by the ratio of theffectivelydepos-
The definition of the heat capacity, ited heatAQ=AQ,,—APAt to the achieved temperature in-
creaseAT. This qualitative description of the compensated
C= lim ﬁ (1) heat-pulse technique can be set into a mathematical model.
AT-0AT In the following it is shown that the measured heat capacity
implies that an increase of the sample temperaturé\by IS correct up to the order df;/K,<1.
caused by a supplied heA®, was achieved adiabatically. A The total power,Pp(t), deposited on the platform is

low-temperature calorimetdl <4 K) must have a thermal given by the heat-flow scheme of Fig.al,

0034-6748/2004/75(8)/2700/6/$20.00 2700 © 2004 American Institute of Physics

Downloaded 17 Aug 2004 to 129.82.78.109. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp


http://dx.doi.org/10.1063/1.1771486

Rev. Sci. Instrum., Vol. 75, No. 8, August 2004

7(')..

th 4 t
FIG. 1. (a) Heat-flow scheme of the compensated heat-pulse technique. Thgf sample and platform temperature bff. To achieve this,
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thermal conductances,; between thermal batfT,) and platform(P) andK,
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=—[(Cs+ Cp)K
7,2 2K1Kz[( S pIK>

+CeKy 2 \[(Cs+ Cp)Ky + CKq]? - 4CsCpK;Ky].
(9)

The coefficientsA;, A,, B;, andB, are given by the starting
conditions att=0,

1 C C P
—{_S(Tso‘ Tpo + [_S - 7'1,2] {_h +Tp
7127721 Ky K, Ky

)

Bip={1+2- A
L2 Ky Kur L

The aim of the present setup is to maintain the increase

A=

(10

(11

the heat losses have to be compensated by an additional

between sampl¢S) and platform are explicitly taken into account. The packground heating,. A constantAT implies thatTp(t) and

thermal bath remains &f, <30 mK while the supplied heating powér
increases the temperature of samlg) and platform(Tp) up to 6 K. Cp
and Cs denote the heat capacities of platform and sample, respectibgly.
Time dependence ofs and Tp (Ref. 11). A heat pulse during\t,=t,—t;

T4(t) are independent ofr; since the heat losses occur
through the weak linkdescribed byK; and7;). This requires
that A;=0 in Eq. (7). Using this boundary condition in Eq.

delivers the heaQ,, to the platform and yields a temperature increase by (10) and defining
AT. An adjustable background heating compensates the heat losses through

the thermal link and maintains a constaXif for t>t,. Without additional
background heating the temperature would exponentially apprdach
(dashed ling

Pp(t) = P = Ky(Tp = To) —Kx(Tp = Ty). (2

AT=Tp(t>ty) - Tp(ty), (12)
the temperature of the platform and sample has increased by

AP
AT=——(1-e’Wm),

K. (13

As a consequence, the platform temperature increases froff’e€re AP:=P,—Py is the effectively added power to the

its initial value Tp(t=ty)=Ty: =Tp tO
tp

TP(t):TP,O+f P_dtv ®3)

P
, Cr

with Cp the heat capacity of the platform. Similarly, the

sample temperature increases frogit=t;)=Ty: =Tg t0

Tgt) = T30+ f _dt, (4)
y Cs
with Cgthe heat capacity of the sample and

Ps(t) =Kx(Tp - Ty, (5

platform. For a weak thermal link between platform and tem-
perature reservoir, the conditian> At,, is fulfilled and Eq.
(13) simplifies to
AP
AT
The right-hand side of Eq14) follows from Eqs.(7)—9) for
t=0 and can be written as

Ath = KlTl' (14)

Ky =~ (Cg+ cp)(1+ﬁ&>. (15)

K,Cs+Cp

In the limit K;/K,<1 the total heat capacit§=Cg+Cp of
the sample/platform assembly according to Ekp) is then

the power arriving at the sample. These equations yield thgetermined by the measured quantities of Eqgl). In the

time dependence dfs(t) described by

CLCp- CstCp Cg): P
S F’T+< £ P+—S)T+T:—h+TO. (6)
KiKz K1 Kz K1
The general solution fofp(t) is
~t/ ~t/ Pn
Te(t) = A" 1+ A "2+ K. + To. (7)
1
A similar differential equation foif(t) leads to
-t/ ~t/ Pn
Tgt) =B "1+ Be "2+ K. + To. (8)

1
In Egs.(7) and(8) the time constants;, and 7, refer to the

present setuf,/K,<1 is fulfilled over a wide temperature
range. An exact number, however, is difficult to state since
K, 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.

lll. EXPERIMENT DETAILS

A sketch of the sample platform is shown in Fig. 2. The
platform is a thin silver plateg4 X 3x 0.4 mn?), with a
RuO,-chip temperature sensam=0.8 mg, Ry=~2k() at

positive and negative signs, respectively, in the expressionroom temperatupeand a resistive heat€l0 k() film resis-
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d I a superconducting magn@.,= 12 T). Standard digital dc
. ) A sources and multimeters were used to supply the heating
1 H Al S i T :t": current and to read the voltage drop across the heater. An ac
Y—'-‘T’ ‘fl-’-'il:" resistance bridge measures the resistance of the,Rbip
_'“1."‘. """"""" .*"i.*' N sensor. As soon as the starting parameters are entered the
I I

necessary values like heat-pulse and background-heating cur-

FIG. 2. Schematic view of _the platforn®, silver platform; N, nylon rent are calculatedsee Appendix Typical values for the

threacd;S, sample.T, RuO;-chip temperature sensd, heater. applied power are above 10 nW in order to achieve a tem-
perature increasAT/T, of up to 3%. The duration of the

tor, m=2.4 mg. To realize a low thermal conduction be- Neat pulses are less than 10 s and one measuring cycle can

tween sample platform and environment the platform isl2St up to 1000 s. Effects related 1g i.e., a weak coupling

mounted with two thin nylon threadgh=80 um) on a silver ~ Of the sample to the platform or a low thermal conductivity

fing (¢=25 mm. Furthermore, manganin leadg=30 xum, Of the sample can be detected during the experiment. Then

length~10 cm are used to connect the heater and thermomthe Sample temperature has a characteristic time dependence

eter to a plug placed on the ring. For this configuration the?S depicted in Fig. (b). A careful examination of the data

thermal conductanc&, varies between X 10°W/K at clarifies whether the so-called, effect is negligible or the

0.1 K and 1x 107 W/K at 4.2 K. The minimum tempera- CfiterionK;/K;<1 is violated. In the latter case, the correc-

ture is limited byK; and the residual thermal leak. It com- tion term in Eq.(15 has to explicitly taken into account.

prises the heat input caused by mechanical vibrations of theince the determination &; is not straightforward, the con-

cryostat, but other sources for energy dissipation, like higrfémed data are discarded.

frequency noise cannot be ruled out. The residual power is

much less than 10 pW and limits the platform temperature tdV- APPLICATIONS

about 30 mK. An additional heat input of the same order ofa_Tin

i i he high ic fiel i .
magnitude is produced at the highest magnetic fields and A first test of the setup was done with the measurement

prevents the platform temperature to be less th&® mK. f the heat itV of tin. A i 165 it
The RuQ-chip temperature sensor was calibrated in the>t 1€ oea capacity ot tin. m_samp(en— mg, purily:
temperature range 15 mKT< 200 mK against a fixed point 99.999% was attached with Apiezon N to the platform and

device (SRM 768 of the former National Bureau of Stan- data were recorded from 0.5 K to 6 K. The coefficient of the

o 3 S
dards, USA and against a commercially calibrated RBuO |tohon_oonzc£;>1n)tr|b;JtlonI_BlTK,_EoTtEe Eea: capac!:y 1S tchalculated
thermomete? in the temperature range 50 MKT <6 K. 0 f=0. mJ mo . The heat capacity in the super-

The resistance values of the Ru€hip sensorR, were con- Eonc#ucung_g_rll_«':}%re(TC:_fJZ }i) 6ca; bi_dle SC{'bed t:f:“
verted to temperature using ldg==_a.[log(R-Ry)]", with :?79 Cpr(J Crl)K‘VZVITh a= OI( ) - & ),dan Y ;
the fitting parametersa,. Any strong deviation from a 41) mJ mo - 1NEse valles are in good agreemen

. 2" : . ith literature datd?
straight line in a log¢T) vs logR- lot immediately re- wit )
vealg self-heating gf)the sglsorR(()j)uFr)ing calibrafi?)ﬁ')ém— This test measurement revealed one drawback related to
perature sweeps were performed in varigcsnstant mag- th_e weak t_hermal coupling. _The mou_nting of the platfor_m
netic fields to obtain a sensor calibration at these particuIaWIth the thin nylon threads is not suited for samples with
fields. The Ru@ chip was fixed on the platforrfwhich was masses Iarger tham50 mg. In this case the platform cap-
thermally anchored to the silver ringvhile a calibrated tures vibrations of the cryostat and the performance of the

thermomete?? mounted in the field compensated region oftechnlque s con_snderably limited f0T<023.K' A bettgr
the cryostat was used as a reference. For each fieldRR mounting, i.e., thicker threads or even a rigid connection of

function as given above was used to describe the data. T e platform to the silver 'ring. increase the thermal link.
entire set ofT(R,B) data can be used to calculate a calibra- en, the background heating is not able to compensate the

tion for any field value needed during the experiment. In thisheat _Iosses at high temperature and the method can be used
nly in a small temperature range. If the sample has an ad-

r r rticular ntion w magnetic fiel . , T
Effoe(i:et:uoi, ga.f.ﬁg aregit;fartlcc:)e ofsth%ayReletSens?)? Iestlg © @quate mass artd;/K,<1 is fulfilled, then a minimum heat

~30 k) at 30 mK and its sensitivity, i.edin R/dIn T, in- capacity of about J.J/K at 0.1 K can be measured.
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—B' YBRN 5(Sip 95Ge0.05)2
tude ofR is well suited for an ac bridge technique. In order to test the performance of the compensated
In order to determine the addenda of the platform, i.e.heat-pulse method in high magnetic fields the system
the specific heat of the heater, thermometer, wires and grea¥®dRhy(Sij 9=G&y 05> Was chosen. YbRISiy oGy g5, iS a
(Apiezon N, the heat capacity of silvém=92.6 mg, purity:  strongly correlated electron system which orders antiferro-
99.99+9% was measured in zero field and several fields up tanagnetically affy=20 mK!® This low ordering temperature
10 T. The addenda in zero field is less than Q2K at indicates that the material is very close to a
0.1 K and below 0.44J/K at 1 K. No influence of the mag- magnetic/nonmagnetic phase transition. The application of
netic field on the addenda could be resolved. an external magnetic field tunes YbR8iy o=G&y o5, through
The experimental setup for the calorimetric measurea quantum critical point into a Landau—Fermi liquid state at
ments consists of a dilution refrigeratOr,,;,= 15 mK) with high field® The heat capacity was carefully measured with a
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FIG. 3. Temperature dependence of the specific heat divided by temperature
(C-C,)/T, of YbRhy(Siy ¢sG& g5, in various magnetic fieldB applied per- FIG. 4. Magnetic field dependence of=(C-C,)/T for T—O0 of
pendicular to the crystallographiz axis. The nuclear contributions to the YbRhy(Siy 9sG&) 5o B.=0.027 T is a critical field. Data depicted as open
specific heatC,,, has been subtracted from the raw data. Filled and opensymbols are taken from Ref. 15. Inset, field dependence of calcijlapet
symbols represent data obtained with the compensated heat-pulse and relaymbols (Ref. 15] and measured magnetizati¢solid-line (Ref. 15] at
ation (Ref. 15 method, respectively. Inset, low temperature part of the raw40 mK. The slope oM(B) changes aB"~8.5 T.
data,C vs T. The strong upturn at low temperature is due to the nuclear-
Zeeman contribution to the total specific heat.

a(B) and the Sommerfeld coefficiensdB). The latter value

is plotted in Fig. 4 together with the data of Ref. 15 Bs

relaxation technique in magnetic fields up to Ref. 15  —B,. Here,B.=0.027 T is a critical field, deduced from the
while the present setup allowed the field range to be exoccurrence of a shallow maximum {€-C,)/T at a charac-
tended up to 11.5 T. Furthermore, the absolute value of theeristic temperatur&y(B). The latter depends linearly on the
heat capacity can be directly compared with the data reporteﬁield.15 The reliability of the graphical determination afB)
in Ref. 15 since they were obtained on ttemesample(m  can be checked by calculating the field dependence of the
=21 mg. magnetizationM(B). It can be calculated viéBy;—B)/Ayp,

Figure 3 shows a comparison of the specific heat capacwith Ay, the hyperfine coupling constant and the hyperfine
ity (C-C,)/T vs temperature of YbRSIiyosGey o5, Ob-  field By=+/(a(B)—ag)/ agpp. The gyromagnetic ratiowg,
tained with the two techniques. Hel@, denotes the nuclear =0.076x 106 J K mol* T2 is known from nuclear mag-
contributions to the specific he@dee below The zero field netic resonance dataThe magnetization estimated from the
values below 0.1 K and above 0.2 K agree within 2%, be-heat capacity can be matched to the measté8) curve if
tween 0.1 K and 0.2 K the deviation is less than 5%. TheAy,=20 T/ug is assumedsee inset to Fig. ¥ This value is
slight deviations close to a maximum &(B) at 0.2 K(B  of the same order as the value found in,%k;.*®
=0.2 T)and at 1 K(B=1 T) are not related to the measuring The divergingy value on approaching small magnetic
technique. It presumably results from a small difference irfields was one strong argument for the conclusion in Ref. 15
the applied magnetic fields since the maximum is very senthat the most critical scattering is local. In the present con-
sitive to an external magnetic field. This comparison cor-text, however, they(B) dependence at high fields is of inter-
roborates that the compensated heat-pulse method can bst. The data reported in Ref. 18pen symbols in Fig. @
used to measure the heat capacity in a wide temperatuaboveB-B.=0.3 T were described by=a In[b/(B-B,)],
range in magnetic fields up to 12 T. with a=0.1264) J mol't K2 and b=597) T, as predicted

Several raw data set§(T), are depicted in the inset to in a two-dimensional (2D) spin-density-wave scenario
Fig. 3. The nuclear contribution€y and Cy; to the heat (dashed line in Fig. ¥ The data from the present experiment
capacity lead to an increase ©fT) at low temperatures. The show a deviation from such a field dependence alze8eT.
field-independent quadrupolar contributi@b:anTz has Ata field valueB" ~8.5 T theM(B) curve(solid line in inset
to be subtracted from the raw data below about 0./ T?>  to Fig. 4) starts to change slope. A similar anomalyNt{B)
represents the high-temperature part of the nuclear-Schottlgf YbRh,Si, (Ref. 19 has been interpreted as a signature of
anomaly and a5 was estimated to ap=5.68 the complete localization of thef £lectrons. In this case the
% 10°% J K mol'* by Méssbauer experiments on the electri- renormalization of the heavy-electron density of states, mea-
cal quadrupole splitting® of the nuclear spih=5/2 of 1’3%yb  sured byy, should be reduced abo®. This is seen in Fig.
(natural abundandance of 0.36Zhe field-induced part to 4, where the 2D spin-density-wave scenario is extrapolated
the heat capacity, i.e., the nuclear-Zeeman contribufign  to high fields. The deviation of(B) from this extrapolation
=a(B)/T?, was deduced from plottingT? vs T2. This yields  shows that the #electrons are completely localized and the
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K _pk_ ~kk
Pouthi= Po = ChiThi- (A4)

Here, TK, and T are the temperature drifts at; and T,
respectively(see Fig. 5.

In order to eliminateCt andCk; in Egs.(A3) and(A4),
respectively, a linear temperature dependence&'ofs as-
PA sumed. Then, using EGA2) the heat capacitZ is deter-

.Y

k+1 H
o7 - P mined by
h

2 k k-1 pk KTk kT 7~k-1
T TP"" T TPR F',,k 1 Ck _ 2Ph - (Pb + Pb) + [(1 - f|O)T|0 + (1 - fhi)Thi]C
> Kk _ Tk kk gk Tk
t 2(Th = Ty Aty = (fio Tio + i Tiy)
FIG. 5. Time dependence of the sample temperalyrehe power of the (A5)
heat pulseP;,, and the background heatiriy, for several measuring cycles.
In cycle k a heat pulse supplies the electrical pov&lﬁrto the platform. It with the coefficienta‘k and fk_ defined as
increases the sample temperaturmm':Tﬁi—T};. The determination of the lo hi
heat capacitZ* at T takes the temperature driff§* and TS into account ‘ T:‘o - T‘é‘l
(see text The background heatir@ﬁ is adjusted for each cycle. =

o7 T
heavy-fermion state is suppressed at magnetic fields abo@nd
TP .19
B', like in YbRh,Si,. LT T
fhi = et
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APPENDIX: MEASURING PROCEDURE F,I[§+1z Plé_1+ pk-1 _hi hi
The computer-controlled measuring routine performs for R S

each cyclek the determination of the heat capaci, the K, ok \_ (pk-1, pk-1
adjustment of the background heatiRf*, and the estima- [Py PICO”) (Pp PCO”).]' (A7) .
tion of the new heat-pulse pow®t*™. In order to clarify the The heat capacity of the sample in the next cycle might

procedure, the time variation of the sample temperature anéle different and therefore, the power of the heat pulse has to
the supplied power to the platform is sketched in Fig. 5. Inbe re-estimated. It has to ensure that the desired temperature

the course of time the background heating as well as th@CfeaSGAT:TﬁTl_—ngl is achieved. Thus, the power for the
power of the heat pulse increase to compensate the temper2eWw heat pulse is according to Eé\2) approximated by

ture dependent heat leak and to achieve the desired increase Tl _ kel
hi

of the sample’s temperature, respectively. The heat capacity Pﬁ”: p:ﬂl ~ Cktlhi "o P'g;} (A8)
of the sample,C(T'g), during the measuring cyclk at the Aty
mean sample temperature This approximation depends on an estimate of the expected
Tk = %(T}ﬁ) + Tﬁi) (A1) heat cgpacjty andktlleat loss in the; following 'measuring cycle.
o An estimation ofC*"* can be obtained by a linear extrapola-
is given by tion of the two preceding heat capacities:
At At k k -
Ch=C(TY = P— = (P}~ Phu) (A2) Cit~ 5+ (1 - g™ (A9)
AT Thi—Tio

) ) . ‘ The heat flowPX'! to the bath is according to EA7), with
The incoming powePj, is equal toP, whereas the heat flow the requiremenT<"*=0, given by

Pk . to the temperature bath is taken as the average of the out

flowing heatPyg,, , immediately before the heat pulse PRl (P4 PYY/2 — [l Ik + (1 - g TR Y2,
Poutio=P5 -~ CloTio (A3) (A10)
and immediately after the heat pulse using the coefficient
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k+1 k-1
k+1 _ T —Ts

lo — Tlé— Tlé_l ’
With Egs.(A9) and(A10) the new heat puIsEﬁ+1 eventually
results to
kel _ okl k+1

Pk = (P + PE)/2 + {f'g*l—T’“ o - g'L'Tk”} ck

At, 2
kal_Tk+l 1_gk+l_
+ 1_fk+1 hi lo  _ lo Tk+1 Ck_l.
[( s”) At, 2 P

(A11)
using the definition
ks k-
fgl _ TS+1 - T 1
k k-1 *
Ts—Ts '

The computer controlled routine needs as input param-
eter the desired temperature increAJeand the temperature
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UT,t) in Fig. 1(b) was calculated using the following quantitie®;
=70 mK, Cg=Cp=1 uJ/K, K,=100 nW/K, K,/K;=100, At,=7s,
AT/Ty=3%, P,=0.7 nW, P,=42 pW.

2The RuQ thermometer, RX-102-AA-M, was calibrated by the manufac-
turer, Lake Shore Cryotronics, Inc., using the ITS-90 temperature scale.

BThe temperature dependence of the resistance of the-Bhif sensor has

been analyzed in terms of a charge transport due to variable-range hopping

between localized states close to the Fermi level. The data can be de-

scribed byR(T) «exd (Ty/T)*] with @=0.47 anda=0.21 forT>1 K and

0.2 K<T< 2K, respectively. Nevertheless, the polynomial calibration

function was used since it is a continuous and smooth function.
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