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We have developed a differential scanning calorimeter capable of working under applied magnetic
fields of up to 5 T. The calorimeter is highly sensitive and operates over the temperature range
10-300 K. It is shown that, after a proper calibration, the system enables determination of the latent
heat and entropy changes in first-order solid—solid phase transitions. The system is particularly
useful for investigating materials that exhibit the giant magnetocaloric effect arising from a
magnetostructural phase transition. Data for; (&) ;Gey )4 are presented. @003 American
Institute of Physics.[DOI: 10.1063/1.1614857

I. INTRODUCTION perature changes associated with the application or removal

. . . '6 . _
Calorimetry has been used to study a number of physica(inc a _“.“"?‘gng_tljfc f|eI(_j(r|nar1]gnetolcanr|lc ?g?riﬁ danq a hr']ghh
properties of solids for more than a centtifgven now, it is sensitivity differential thermal analyst ) device whic

considered to be a well suited method to determine the na{gleasures the specific heat at the vortex lattice melt of high
ture of phase transitions. Currently, a wide variety of calo- ¢ superconductor§.Nevertheless, in many materials the

rimeters exist, which can be broadly classed into two groups:EranSItlon 1S f|rs_t or_der, with characf[erl_stlcs extremely sensi-
ve to the application of a magnetic field. In these cases, a

The first group includes those devices which measure th . ! .
group ESC is the ideal tool to obtain the latent heat and entropy

heat flux between the sample and a thermal block, while th h iated with th i it . DTA st
temperature of the calorimeter is continuously changeé; anges associated wi ese transitions since can Jus

(scanning calorimetersMost of them use a dummy sample prqvide an upper limit for the Iiatelnt hgat. In.the pres_ent
so that they work differentialljdifferential scanning calo- aruclg we des_crlbe a high-sensitivity differential scanning
rimeters (DSC9]. The second group includes the calorim- calgggnﬁter\(/jvmcg operates ?Vi.r ? dtemfperatturg _rl_ar]rghg frorr|1 10
eters which are based on the measurement of the temperatt}r?rerzmter and under magnetic Telds ot up to - [Tis calo-
of the sample after a small amount of heat is supplatia- provides agcurate values of the'l'atent heat and en-
batic calorimetry, relaxation calorimetry, and ac calorimetry t_ropy change at a flrst-o_rd_e r phase tranSIt_lon und_er magnetic
In these instruments, the temperature of the calorimeter iéeld' As a case study, it is used to obtain t_he field depen-
kept constant during the measurement. There are also cal ence O_f the latent h_eat and entropy ch_ange 183RAGEs 6,
rimeters which combine the two operating methods, as fo}Nh'Ch displays the giant magnetocaloric efféct.
instance in the case of the modulated differential scanning
calorimeters which have been recently develop&dntinu- |l EXPERIMENTAL DETAILS
ous efforts are devoted to designing calorimeters that are Figure 1 showsa) side and(b) top cross sections of the
better adapteAd to the new materials and with bettegyorimeter. The calorimeter can be adapted to any cryostat
performances: _ _ o equipped with a superconducting magnet. The apparatus de-
DSCs are particularly suited to studying first-order phasgycrined here has the appropriate size to be used with a Tes-
transitions since they measure the heat flux, and a propgkirone (Oxford Instrumentssystem as a host platform. A
integration of the calibrated signal yields the latent heat Otmagnetic field of up to 5 T is generated along the vertical
the transition. In contrast, ac, relaxation, and adiabatic caloy;g by a superconducting magnet included in the Teslatron
rimetry are suitable for determining the specific heat andsystem. The calorimeter is a copper spI° It is mechani-
therefore, are well adapted for studying continuous phasgy |y clamped to a long stainless steel tube. All wiring is
transitions. It should be noted that in a first-order transition,, taq through this rod and exits the system via an electrical
a heat input does not result in a modification of the temperafeedthrough at its far end. The two sensé@s which are
ture of the sample and, therefore, the latter techniques are nferentially connected, are placed on the flattened inner sur-
suitable for studying this kind of phase transition. faces of the spool. In order to ensure a good thermal contact,
A number of devices have been developed which argne sensors are coupled to the block with General Electrics
aimed at studying the effect of the magnetic field on thegysorq varnish. These sensors are batteries of thermocouples
thermal properties of phase transitions. Among them, PaMelcor FCO.45-32-05)1° made ofP-N junctions of B Te;
ticularly interesting are those which measure adiabatic tem(32 pairs of junctions on a 6:56.5 mn? surface. Sample(3)
and inert referencé4) are placed directly on top of each
3Electronic mail: lluis@ecm.ub.es sensor. They are held in plaé@ good thermal contact with
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FIG. 2. Sensitivity at zero field as a function of temperature. The solid line
is a fit to the data. Inset: example of a typical calibration thermograf at
=173 K.

FIG. 1. (a) Side and(b) top view cross sections of the calorimetél)  computer. Values of voltage and temperature are acquired at
Copper spool(2) sensors(3) sample,(4) reference(5) carbon-glass resis- typical rates of 0.25 Hz
tor, and(6) cover. The magnetic field, is along the symmetry axis of the ’ '

calorimeter;(c) detail showing the heat roQ for an exothermal transition. Since the thermOCOUpleS are made of semlconductlng el-

ements, the magnetic field is not expected to affect their
thermoelectric output. In contrast, the output voltage will
the sensorby winding a thin(less than 0.2 mm diamejer indeed significantly depend on temperature and therefore, a
nylon wire around the assembly. Electrical wires exit theproper calibration over the whole operating temperature
calorimeter through 2.5 mm diameter holes, and they ar¢ange is needed. To carry out such a calibration, the sample is
thermally coupled to the upper part of the spool before pass-eplaced by a manganin resistarig@ (2). A constant power
ing through the stainless steel rod. Such a coupling avoidéV) is dissipated by the Joule effect at the resistamgthout
the existence of thermal gradients on the wires which couldhe applied magnetic fielJdand the electrical output at the
give rise to spurious thermoelectric voltages. The temperasteady stateY, is measured. The sensitivitl, is then given
ture of the calorimeter is scanned by changing the temperdy: K=Y/W. A typical calorimetric curve foW=18 mW is
ture of the variable temperature inséviTl) of the Teslatron shown in the inset of Fig. ¥ The values obtained for the
cryostat. An accurate reading of the actual temperature of thgensitivity at different temperatures are plotted in Fig. 2.
calorimeter is achieved by monitoring the electrical resis-Data can be fitted by the curveK(mV/W)=1.4
tance of a carbon-glass resistbakeShore Cryotronics Inc. X108 T#-2.0<10 °>T3+5.1x 10 3T?+0.86 T, which is
CGR-1-500 (5) embedded inside the spool. In order to mini- also plotted in the figure. It is interesting to note that the
mize convection of the exchange gas inside the calorimeterpom temperature value is around 10 times larger than the
the whole assembly is covered by an external copper cylinsensitivity for a conventional DSE, and that at tempera-
der (1 mm thick (6), which is screwed to the upper part of tures as low as 10 K, a reasonably high value is still ob-
the spool. For an optimal operation, the pressure inside thtained.
calorimeter should be within the range 200—600 mbar. High
punty helium is required since impurities affect the sensmv-m_ RESULTS
ity of the calorimeter.

The heat releasetbr absorbeflby the sample is mea- To check the performances of the calorimeter, we have
sured by reading the voltage furnished by the thermobatterieselected a Cu—Zn—Al alloy undergoing a structyrabrten-
(electrical outpyt by using a nanovoltmeteiKeithley 182.  sitic) transition, as a standard system. This material is dia-
It is worth reminding that, since the two sensors are conmagnetic and hence the transition is not affected by a mag-
nected differentially, the drift in the calorimetric output as- netic field; this will provide a good test of the insensitivity of
sociated with changes in the temperature of the calorimetrithe sensors to a magnetic field. On the other hand, the values
block are minimized by the fact that the heat flow of thefor the latent heat and entropy change associated with the
reference is subtracted from that of the sample, and theranartensitic transition are very well established over a broad
fore, the major contribution to the calorimetric output is thetemperature range by the use of several experimental tech-
thermal power release@r absorbeflby the sample during niques (the transition temperature can be modified by
the first-order phase transitigtatent heat The resistance of slightly tuning the composition**®The calorimetric curves
the carbon glass is read by means of a lockin amplif&®  recorded during the reverse transition of a Cu—Zn—Al crystal
& G 7260).1 The whole systentincluding the electronics of are shown in Fig. 3, in the absence of a magnetic fietth-
the Teslatron measurement sysiemas controlled by a PC tinuous ling and for an applied field of 5 Tdiscontinuous
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FIG. 3. Calorimetric curves recorded at the martensitic transition of a 75+t 4T5r B(T)
Cu, 717ZNg 64\l 0,637 SiNgle crystal at zero fielcontinuous curveand atB R TR T S
=5 T (discontinuous curve The difference between these two cun/s 40 60 80 100 120 140 160

also shown.

T (K)

curve). Since the two curves are almost indistinguishable, weriG. 4. Calorimetric curves recorded in the forward and reverse transitions
have also plotted the difference between thénio signifi-  of a Gd(Siy.Gey94 sample for different applied magnetic fields. Insets
cant influence of the magnetic field is observed. show the entropy change as a function of magnetic field.

In order to obtain the latent heat and the entropy change
in a first-order phase transition, the calorimetric signal has tstructural transitiod* The thermal hysteresis amounts to 2—3
be corrected from the baselin@etails can be found, for K. The magnetic field dependence of the first-order phase
instance, in Ref. 16 The latent heat and the entropy changetransition is evident from the calorimetric curves. A linear

are then given by increase with the magnetic field is obtained for the transition
temperature, with a slope=4.1+0.1 K/T) which is in agree-
THdQ TH1dQ : . L
AH= —dT;, AS= — —dT, (1) ment with that derived from magnetization measureménts.
T dT T, TdT The entropy change at the transition has also been found to

WhereTH and TL are, respective|y, temperatures above andncrease W|th magnetiC f|e|d, as ShOWn in the insetS Of F|g 4.

below the starting and finishing transition temperatures. Th&0r B=0, AS=2.85J/molK while for B=5T, AS
values obtained for the latent hedtnH(B=0)=336 =3.96J/molK. Such an increase is a consequence of the

+3 J/mol, andAH(B=5 T)=335+3 J/mol] and for the en- Ccoupling between structural and magnetic degrees of free-
tropy change[AS(B=0)=1.40+0.01J/molK andAS(B  dom. Itis worth remarking that the entropy values derived

=5T)=1.39+0.01 J/mol K] at the martensitic transition of from isothermal magnetization curves using the Clausius—
Cu—Zn-Al are in excellent agreement with pub”shedCIapeyron equation coincide with the values measured calo-

valuest415 rimetrically. A thorough discussion of the measurements on a

The apparatus described in this article is particularlySeries of samples will be given elsewhéfe.
well adapted for measuring the entropy change at the mag- To conclude, a differential scanning calorimeter has been
netostructural phase transition undergone by alloys whicKl€veloped which features a high sensitivity down to 10 K,
exhibit the giant magnetocaloric effect. The determination oftnd Which operates under applied magnetic fields up to 5 T.
the entropy change associated with the magnetocaloric effed€ device has been used to study first-order solid—solid
in these materials has been an issue of controversi@hase transitions in the presence of magnetic fields. It has
debate®1"-2°Proper measurement of the entropy change asbeen shown that. it enables an accurate determinatioq .of the
sociated with the phase transition is expected to contribute t§Ntropy change in the magnetostructural phase transition of
a better understanding of this interesting phenomenon. Figalloys exhibiting the giant magnetocaloric effect.
ure 4 shows an example of the thermal curves recorded dur-
ing heating apd cooling pf a G€Siy 1Gey )4 Sample under ACKNOWLEDGMENTS
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