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Cryogenicc and electronic equipment 

Chapterr 3 
Cryogenicc and electronic equipment 

3.1.. Specific-heat measurements: introduction 

Forr the measurements described in this thesis, three different specific-heat set-ups have 

beenn used. Firstly, we wil l describe the Amsterdam 17.5 T specific-heat equipment in some 

detail:: the calorimeter design is treated first, after that a description of the data-acquisition 

softwaree and the thermometry is given. Secondly, we wil l describe another set-up that can be 

usedd from 1.5 K up to room temperature. Finally, the modified heat-capacity insert of the 

Nijmegenn High Field Magnet Laboratory (NHFML) is described. 

Thee heat capacity. C. of matter is the amount of heat required for changing its 

temperaturee by a given amount and has the dimension of energy per degree. The heat capacity 

is,, therefore, an extensive variable since a larger quantity of matter wil l have a proportionally 

largerr specific heat. Experimentally, the specific heat is determined at constant pressure 

whereass the specific heat at constant volume, Cv, results from most theories. In solids at low 

temperaturess the difference between the two is small and is given by: 

c-cv=Mll  ,.,.„ 

withh a, = — 
V V 

the e 
(( d\ \ 1 (dV ) 
—— the coefficient of volume expansion, and K T = — 

(<nl(<nl  v l d p J. 
isothermall  compressibility. The mechanical stability of a substance requires KT > 0. Therefore. 

Cpp is always greater than Cv because at constant pressure the system is allowed to expand and 

thee energy for this expansion work must also be supplied to the system. At room temperature, 

thee difference between Cp and Cv is about 5 c/<  in most solids |3.1). 

Thee exact thermodynamic definition of the specific heat at constant pressure, Cp. can be 

writtenn as: 

CC = ' mm  ,3.2, 
dTT

wheree H is the enthalpy. For calorimetric experiment. Eq. 3.2 can be modified to: 
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MSI I 
wheree AQ is the amount of heat introduced into a calorimeter during a heat pulse. AT is the 

resultingg temperature rise of the calorimeter and the index p indicates that the measurements 

aree performed at constant pressure. In the SI system, the unit for the specific heat is J/mol,,u K. 

Itt should be noted that the definition of Cp is not modified, but the experiment allows only a 

measurementt of CP. 

3.2.. The Amsterdam 17.5 T superconducting magnet 

Inn this section, we wil l describe the specific-heat equipment installed in a new compact 

high-fieldd superconducting magnet with a nominal maximum field of 17.5 T and in a He 

cryostatt developed at the Van der Waals-Zeeman Instituut. In particular, detailed attention is 

givenn to the design of the specimen holder, to the developed mechanical heat switch and to the 

thermometry. . 

Calor imeterr design 

Forr measuring the specific heat in the 17.5 T set-up, we have chosen the semi-adiabatic 

method,, because of its reputation of reliability, ease and speed of operation. The small number 

off  methods for performing heat-capacity measurements differs primarily in the manner in 

whichh the heat is applied to investigate the sample. In the semi-adiabatic method, the sample 

iss attached to a holder, on which a thermometer is mounted. The holder with the sample is 

thermallyy isolated from the environment as much as possible. A known amount of heat is 

added,, usually by means of an electrical pulse of constant current through a resistor on the 

holder.. In this section, we wil l describe in detail the hardware we have used in the 17.5 T 

set-up. . 

Thee calorimeter hardware consists of the following major parts: 

1)) an insert which holds the calorimeter and includes a He cryostat which allows us to cool 

thee calorimeter to 300 mK. 

2)) a 17.5 T superconducting magnet (53.0 mm bore) manufactured by Cryogenic Consultants 

Ltd... London, England. 

3)) a mechanical heat switch to cool to the lowest temperatures. 

4)) a PC with an IEEE-488 interfacing card. 

5)) a thermometer bridge. 

6)) a heating controller unit. 
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Figuree 3.1. Schematic drawing of the 'He cryostat. its position in the superconducting 17.5 T magnet 

andd the position of the sample holder. 

AA = 'He gas inlet 
CC = 1.5 K reservoir 
EE = Sample holder frame 
GG = Capillary 
KK = Insert dewar for 4He bath 
MM = Magnet coils 
ZZ = Compensation coils 

BB = Cryopump 
DD = 'He chamber 
FF = 4He fillin g entry 
HH = H-profile 
LL = Lambda plate refrigerator 
NN = Vacuum can for 'He cryostat 

Coolingg of the specimen to low temperatures is carried out in a 'He cryostat. which is 

schematicallyy shown in Fig. 3.1. The cryostat is a closed cryopump-driven system [3.2. 3.3]. 

Thee cooling procedure starts with pumping on the 1.5 K pot (C). which is connected with the 
4Hee bath by a thin capillary (G). Cooling down the 1.5 K pot takes only a few minutes. 'He 

eas.. coming from the room-temperature storage vessel at the top of the cryostat by A. 

condensess in the pipe to the 3He chamber which is soldered to the 1.5 K pot. After about 30 

minutes,, all the 'He is present as a few cnr' liquid in the 'He chamber (D). At that moment, 

wee cool down the cryopump (B). which is kept at about 40 K during condensation, by 



3X X Chapterr 3 

switchingg off the heater of this pump. This pump is filled with activated Zeolite, enough to be 

ablee to adsorb all the 'He present in the system. Cooling the 3He chamber to 300 mK takes 

aboutt two hours. After a run. the cryopump can be heated again to 40 K and the procedure can 

bee repeated. 

AA high-field superconducting magnet has been bought from Cryogenic Ltd. [3.4]. The 

positionn of' the components with respect to the magnet coils, at M in Fig. 3.1. is roughly to 

scale.. The magnet bore amounts to 53 mm. The outer sections of the coil are made of NbTi 

andd its inner sections of Nb^Sn. which has a higher critical field. The magnet has been 

designedd to produce magnetic fields up to 15.25 T at 4.2 K and 17.5 T at 2.2 K and is suitable 

forr fast ramping, i.e. it is possible to load a magnetic field of 17.5 T in about 20 minutes. 

AA Cryogenic power supply is used to control the magnet. The power supply is designed to 

providee currents up to 130 A. Controlling the magnet by a computer may provide some 

securityy against undesired actions. Switching the power supply on would cause a change in the 

temperaturee reading. Therefore, the magnet always has to be in the persistent mode and the 

powerr supply is switched off during the specific-heat measurements. Included with the B-coil 

iss a superconducting switch, which enables the field to be maintained in persistent mode. The 

magnett specifications can be found in Ref. 3.4. All devices used in this set-up have a built-in 

interfacee and can be controlled easily by a computer. 

Thee sample holder, at E. is positioned at the centre of the main field coils (M) and is 

connectedd to the frame with 8 linen threads. The holder itself is. for the experiments described 

inn this thesis, made of cold-worked silver. Cooling of the holder is realized through a 0.8 mm 

Cuu wire connected to the heat switch: a simple wire-driven clamp, situated just above the 

holderr and connected to the 'He chamber by means of a copper H-profile (H). The "He 

chamberr is positioned in a compensated field region at about 200 mm above the field centre. 

Thee compensating coiis (Z) provide the compensation. 

Alsoo given in Fig 3.1 are: the lambda plate (Lj and the vacuum chamber (N) which 

purposee is to isolate the cold spots and the sample holder from the 4He in the insert dewar (K). 

Thiss insert dewar can be refilled separately by a tube (F). without disturbing the magnet bath. 

Forr measurements at the lowest temperatures, cooling by means of a mechanical or a 

superconductingg heat switch is preferred to the use of  4He-e.\change gas because of the heat of 

desorptionn effects of He gas. A superconducting heat switch, however, cannot be used in the 

samplee space because of the high magnetic fields present there. 

Takingg into account the above mentioned considerations, we have developed a 

mechanicall  heat switch of simple design, consisting of a small clamp, one side fixed to the 

frame,, one side movable and kept open by a small stainless-steel spring. An outline of the 

constructionn of the developed switch can be found in Ref. 3.5. The mechanical heat switch 

can.. however, introduce relatively large amounts of energy into the system when the 

mechanicall  contact is broken. To minimize this problem, the thin stainless-steel wire 

connectedd to a micrometer on the top flange of the cryostat that drives the clamp is thermally 

connectedd to the 4.2 K bath, as well as to two cold spots on the He insert. Releasing the 

switchh results in an initial heat up, so that a slow closing of the mechanical heat switch in 2 to 
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Figuree 3.2. Block diagram of the measuring system connected to the IEEE interface. 

33 minutes is required to keep the starting temperature below 500 mK. The lowest temperature 

thatt could be reached in the sample holder was 320 mK. whereas the 'He bath was at 290 mK. 

AA National Instruments IEEE-488 GPIB (General Purpose Interface Board) is used to connect 

alll  the devices used for measuring, collecting data and calculating the specific heat. After 

finishingg a measuring cycle, the heat-capacity data are immediately computed and displayed. 

Thee system is fully controlled by a PC operating under MS-DOS during the entire experiment. 

Al ll  controlling parameters are preset by the computer but can be changed anytime by the 

operator.. A block diagram of the measuring system is given in Fig. 3.2. 

Ann automatically balanced AVS-47 resistance bridge is used to accurately measure the 

resistancee of the thermometer sensor. This bridge is connected directly to the IEEE-488 bus 

andd has a separate IEEE module to avoid high-frequency noise. The AVS 47 has a4.5-digit 

readout,, but since the analogue output of the AVS 47 is accurate up to 5.5 digits, we can 

obtainn one more accurate digit by using a Keithley DMM 199. The DMM 199 is usually used 

too measure helium levels, temperature sensors, and voltages of the specific-heat controller and 

thee resistance bridge. 

Ass for a heating-controller unit, a home-made insulated can package based on a small 

referencee IC is used. The resistance heater for the sample should be electrically and 

mechanicallyy stable with respect to thermal cycling, it ought to be in good thermal contact 

withh the sample and its heat capacity should be small compared to that of the sample. It can 

providee currents from 0.4 uA to 12.8 mA. Heaters made as described here are very reliable: 

theyy consist of four 512 Q ruthenium-oxide chip resistors. 2x2 in series and parallel. They 

weree in good thermal contact with the sample and their resistance does not change with time 

orr heat treatment. 
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Inn order to reduce the pressure in the vacuum space to a level where the thermal 

insulationn is sufficiently good at liquid-helium temperatures, a mechanical rotary pump and an 

oill  diffusion pump are generally required. In addition, several rotation pumps are present in 

thee equipment: a helium-bath pumps (225 nr/nr) for pumping the 1.5 K reservoir, a ?i-pump 

(400 m /hr) for pumping the X-plate refrigerator and a multi-purpose flushing pump (8 nr/hr). 

Byy measuring current, voltage, duration of the pulse and subsequent temperature change, the 

heatt capacity of the sample plus the holder can be evaluated. The heat capacity of the holder 

cann be measured separately, and from the difference follows the heat capacity of the sample 

[3.5]. . 

Data-acquisitionn software 

Itt is well known that each measurement in a semi-adiabatic heat-pulse experiment 

includess four distinct intervals as shown in Fig. 3.3. The first, a pre-heating period (PrP) is the 

timee when the calorimeter heater is disabled, yet. just before the heat pulse and the 

temperaturee drifts due to the heat exchange with the surroundings. The second, the heat-pulse 

periodd (HP), starts when the calorimeter heater is activated, providing the energy AQ 

(Eq.. 3.2) and it is delineated by the vertical dashed lines in Fig. 3.3, i.e. the pulse starts at t(l 

(tt = 0 s) and ends at tp. In this period, the temperature rises rapidly in response to the added 

energy.. The third, the waiting period (WP), is the time during which the heat, AQ, is 

distributedd evenly inside the calorimeter. It starts when the heater is disabled after the heat 

pulsee at t = tP and extends to t, (Fig. 3.3). The fourth interval, the post-heating period (PoP). 

startss when the calorimeter has come to both internal and external dynamic thermal 

equilibriumm (time t, in Fig. 3.3) and it is again characterized by the temperature drifting due to 

heatt exchange with the surrounding. Typical values are PrP: 10s, HP: 20s. WP: 10s and PoP: 

50-90s. . 

Thee temperature and time measurements in the PrP and PoP permit an accurate 

extrapolationn of the temperature behaviour (the solid line in Fig. 3.3) to a median time. tm. 

providedd the curves are linear. The latter is civen as t =— ^ and is used to determine the 

2 2 

temperaturee before and after the pulse, corrected for the equilibrium drift before and after the 

pulsee (T| and T2, respectively). The resulting temperature rise: 

ATT = T : - T , (3.4) 

iss used in Eq. 3.2 to calculate Cp. The median temperature. Tm. i.e.. the temperature at which 

thee heat capacity has been measured, is defined as: 
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Figuree 3.3. Typical temperature-lime behaviour during a measurement in the semi-adiabatic 
calorimeter. . 

AA PC equipped with a software package controls the specific-heat measurement set-up. 

Thiss scientific software package has standard routines for graphics, analysis and a video 

graphicss adapter for controlling the equipment, collecting data and calculating specific-heat 

values.. In the output data file, the magnetic field applied is displayed then the mass of the 

measuredd sample, its molar mass and the mass of an extra piece of Cu is given. The extra 

piecee of Cu is used to clamp the sample to the sample holder. The output data fil e also 

containss the actual results of the heat-capacity measurements in the form of median 

temperatures,, specific heats (molar heat capacity of the sample, total and sample holder), the 

temperaturee step and the sample heater power. 

Thermomet ry y 

Wee have used a Lake Shore Cernox thermometer, type 1010. with a resistance of 100 Q 

att 300 K and about 1.5 kü. at 300 mK. The advantage of the Lake Shore Cernox thermometer 

abovee the commonly used RuO: chips is the fact that the sensitivity remains high at high 

temperatures.. It can be used in the whole temperature range, in the present from 0.3 K (He 

temperature)) up to 60 K. 

Thee thermometer is connected to a thermal anchor on the same plate as the heater. From 

thiss anchor, the four measuring leads (two currents and two voltages) are thermally anchored 

onn the frame, which is at about 300 mK. Connections to the anchors on the frame are made of 

normall  resistive wire. Superconducting wires cannot be used because of the high magnetic 
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fieldss used in the experiments. The substitution resistance of the eight wires together (four 

thermometerr and four heater) is of the order of 10 Q (between 60 and 90 U each). The 

electricall  leads are, as usual, thermally anchored at several places on the cryogenic parts of the 

cryostatt before they are connected to the room-temperature connections on the top plate. 

Inn the first calibrations and measurements, we have encountered some problems in using 

thee type of thermometer explained above. One of the main problems was the high negative 

magnetoresistancee at temperatures below 1 K. The strong dependence on the magnetic field 

resultedd in an appreciable loss of sensitivity in 16 T of about a factor of two. and made 

accuratee interpolations hardly possible for magnetic fields not equal to the fields at which the 

thermometerr had been calibrated (0, 4, 8, 12 and 16 T). Furthermore, the low values of the 

resistancee (of the order of 1 k Q at the lowest temperatures and in high magnetic fields) only 

allowedd for small excitations. 

Ass described above, the performance of the Cernox type of thermometer in magnetic 

fieldss was found to be disappointing. An alternative with a lower magnetoresistance at the 

temperaturess and the magnetic fields concerned was developed, consisting of two different 

resistorss in one parallel circuit. In the first subsection, we will deal with this new developed 

sensor,, followed by the results obtained with a sample holder made of cold-worked silver. 

Becausee of the extremely low magnetoresistance at low temperatures, a RuO: chip 

resistorr (6.2 kQ at 300 K and 20 k£l at 0.3 K) seemed to be a well-known alternative for the 

Cernoxx temperature sensor. Ruthenium-oxide temperature sensors have some unique 

advantagess over other temperature resistors. At lower temperatures, they have a reasonable 

sensitivity.. Sd, which is a dimensionless quantity defined by 

oo T ( dR ^ 
S , =—— — (3.6) 

RR [ dT / 

Att high temperatures, however, the sensitivity ol' the RuO: sensor drops dramatically, 

resultingg in a field dependence of the temperature readings, which even increases with 

increasingg temperature. An ideal sensor would be independent of magnetic field. The next 

bestt alternative would have field dependence that is small and correctable by a method that is 

independentt of the manufacturing process. Therefore, a new sensor was developed, consisting 

off  two different resistors in one parallel circuit. One resistor is a RuO: chip, and the other 

aa Cernox sensor, type 1070. Cernox thin-film-resistance temperature sensors have a negative 

temperaturee coefficient; a monotonie response over a wide temperature range, low magnetic-

field-inducedd errors and a high resistance to ionizing radiation [3.11. 
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o.oo  VA 

dlnR R Figuree 3.4. Sensitivity, S . -""  J a dlnT 
Cernoxx sensor, type 1070, parallel with a ruthenium-oxide resistor. 

versuss InT for the combination thermometer consisting of a 

Thee advantage of using one circuit instead of two separate sensors is that only one set of 

connectingg wires and one thermal anchor are needed. Moreover, switching between different 

thermometerr circuits often causes discontinuities in the resulting specific-heat curves. The 

resistancee values of these sensors at various temperatures are given in Table 3.1. 

Tablee 3.1. Nominal values of the resistance in kQ of the RuO? and Cernox resistors used in the 

combinationn sensor, and the resulting resistance in a parallel circuit, at various temperatures. 

T(K) ) 300 0 77 7 10 0 0.3 3 

Ru022 6.2 6.5 8 9 20 
Cernoxx (1070) 0.065 0.3 5 16 >500 
Combinationn 0.065 0.3 3 6 19 

Att high temperatures, the Cernox sensor determines the behaviour, resulting in a high 

sensitivityy (about -1). whereas at low temperatures the RuO: sensor is dominant, resulting in a 

loww magnetoresistance. If we define T(R,B) as the temperature corresponding to a value of R 

inn a field B. then, for 16 T, the value of 

ATT _T(R.0) -T(R,16) 

TT " T(R,0) 
(3.7) ) 
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neverr exceeds 10%. and rapidly decreases with increasing temperature. With these 

characteristicss it is easy to interpolate between the values calibrated at 0. 4. 8. 12. and 16 T. 

withoutt significant loss of accuracy. The interpolations are performed with a second-order 

(beloww 4 T and above 12 T) or third-order polynomial (between 4 T and 12 T) through the 

threee or four adjacent calibrated T (R,B) values. 

Figs.. 3.4 and 3.5 show the temperature dependence of the sensitivity Sti in 0 and 16 T and 

—— in 16T. respectively, for this new combination thermometer. As can be observed in 

Fig.. 3.4, the sensitivity is almost independent of the applied magnetic field. 

o o 
o o 

Figuree 3.5. Relative deviations of the temperature readings for the combination thermometer in a 

fieldd of 16 T from the readings at 0 T at the same resistance, as a function of temperature. 

Thee sample holder 

Inn the early days of this installation, we used an oxygen-free high-conductivity Cu body 

forr the holder material. This sample holder (SH) consists of two plates connected by a 

threadedd rod. The mass of this Cu body is 3 g. The mass of the addenda (heater and 

thermometer)) is negligible in comparison with the Cu body. To check the entire Cu material, 

wee have performed specific-heat measurements on the empty holder. At low temperatures, 

beloww 4 K. a rather big nuclear contribution to the specific heat in field was detected, which 

increasess with increasing field. The upturn in C/T is commonly explained as a Schottky 
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anomaly.. It is known that a Schottky anomaly can lead to an inverse quadratic dependence of 

thee specific heat on T and/or B CSch <*  yy  ̂ J ] in a certain range of temperatures and/or 
/j /j 

fieldss (see Chapter 2 for more details). At 500 mK and in 16 T, this contribution is one order 

off  magnitude larger than the normal specific heat. It is about 10 times larger than the 0T 

value. . 

o o 
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Figuree 3.6. Relative deviations of the raw data for a 11 g Cu sample. The oscillations are ascribed to 

thermometer-calibrationn errors. 

Althoughh the large low-temperature heat capacity of the Cu sample holder is not a serious 

problem,, since the low-temperature contribution to the heat capacity can be corrected for with 

highh precision, we have constructed a new holder made of cold-worked Ag. The main 

advantagee of using Ag as holder material is that, in the entire temperature range, the nuclear 

contributionn of Ag is much smaller than that of Cu. In the following Paragraphs, we wil l 

describee the Ag sample holder in more detail. 

Inn the test of the new Ag holder, the specific-heat results showed that the cold-worked Ag 

hass a much smaller nuclear contribution than Cu. The nuclear specific-heat contribution at 

5000 mK of 5 g of Ag in a magnetic field of 16 T amounts to about 2.5 c7c of the total observed 

heatt capacity, C0bS, whereas for Cu this was 5 %. 

Too check the entire apparatus, we have measured the specific heat of two Cu (4N5 purity) 

sampless of 3 and 11 g, an Fe (5N purity) sample of 3 g, a Pt (4N purity) sample of 8 g and a 

1.33 g sample of the intermetallic compound UPt. The specific heat of the pure materials is 

welll  known from literature [3.6, 3.7. 3.8]. The measurements reported here are not presented 

ass a new determination of the specific heat of Cu. Fe and Pt but just as a test of our apparatus. 
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Figuree 3.7. Relative deviations of the observed platinum specific heat from the literature values in 

00 T as a function of temperature after correction. 

High-purityy Cu is generally accepted as the best calorimetric standard in the temperature 

regionn of 3 to 300 K. since its heat capacity can be considered to be well established with an 

accuracyy better than 0.5 % [3.6J. At low temperatures, some oscillations are detectable. As an 

example,, we present in Fig 3.6 the difference between the raw data on the 11 g copper sample 

inn 0 T (two runs in two different ways) and the literature values. 

Becausee of the large nuclear specific-heat contribution of Cu. we did not use Cu to test 

thee high-field curves at low temperatures. For this purpose, we used pure Fe samples. Fe has a 

veryy small nuclear contribution [3.9], and the contribution from spin waves is also small at 

loww temperatures. 

Att all the test fields in the temperature range from 0.5 to 3 K we found oscillations in the 

observedd heat capacity of Fe, of the same order of magnitude as for Cu in 0 T. We found 

upturnss of unknown origin below 0.5 K, particularly in high magnetic fields. Hence, the range 

off  reliable results is limited to above 0.5 K in the highest magnetic fields. 

Ourr conclusion from the Cu and Fe test measurements is that, after correction for the 

oscillatoryy behaviour, we have: 

1)) For large heat capacities, i.e.. more than twice the empty-holder contribution, an accuracy 

off  1 c/c above 3 K and 2 % below 3 K. 
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2)) For small heat capacities, i.e.. of the order of half the empty-holder contribution, these 

numberss are 1 ck above 25 K, 2 ck between 3 and 25 K and 3 % between 0.5 and 3 K. 

3)) For still smaller samples the error bars increase considerably. The smallest difference in 

heatt capacity that significantly can be detected with this new holder at the lowest 

temperaturee amounts to about 0.3 |a\J/molK. 

Ptt test sample 

T ( K ) ) 

Figuree 3.8. Relative deviations of the observed platinum specific heat from the literature values in 
magneticc fields of 5, 10 and 15 T as a function of temperature after correction. The nuclear 
contribution,, derived from the nuclear data [3.8], is included in the literature values. The errors are 
shownn to be smaller than 2 %. 

Beloww 0.5 K. we have to be very cautious about the results in high fields because of less 

reliablee data for the thermometer and the empty holder, in combination with the unknown 

nuclearr contributions and the temperature drifts. 

Afterr implementing the correction procedure in the computer routines that control the 

measurement,, we did some test measurements on a sample of 8 g Pt (4N purity) in 0 T and in 

fieldss of 5, 10 and 15 T (see Figs. 3.7 and 3.8. respectively). The chosen fields are different 

fromm the calibration fields. The upturn at lower temperatures observed in the 0 T results is 

ascribedd to impurities. It is well known that the low-temperature heat capacity of Pt is very 

sensitivee to impurities [3.8, 3.10]. 
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Anotherr important test forms the results on the intermetallic compound UPt (see 
Chapterr 5 for more details). The low-temperature specific-heat coefficient of UPt has a value 
off  about 105 mJ/molLK~ (see Ref. 3.11 and references therein). The results in zero field and 
beloww 2 K clearly show that our calorimeter gives quite reliable values showing no significant 
systematicc deviations from the reported values [3.11J. 

Fromm the Pt measurements we conclude; 

1)) At 5 K, the contribution of the Pt sample amounts to not more than 1.5 times the sample-
holderr contribution. 

2)) In high fields, the impurity contribution is largely suppressed and independent of the 
appliedd field. 

3)) Our statements about the accuracy hold also in the case of interpolated field values. 

3.3.. The high-temperature set-up 

Specific-heatt measurements at higher temperatures are essential to detect phase 
transitionss and to determine the phonon contribution to the specific heat. The high-
temperaturee specific-heat set-up developed by KinvNgan [3.12] is designed to measure the 
heatt capacity in the temperature range from 1.4 to 300 K. The sample, with a flat surface, is 
mountedd on a sapphire plate and, for better thermal contact, fixed by N-type apiezon. The 
temperaturee of the sample is monitored by a RuO? resistor below 25 K and by a Pt resistor at 
higherr temperatures. Two shields are used to screen the sapphire plate with thermometer, 
heater,, sample, and addenda, from the surroundings. By means of a carbon-glass thermometer 
andd a temperature controller, the temperature of the inner shield is measured and kept at 
aa constant (the temperature at which the adiabatic measurement is started). Below 100 K, only 
thee inner shield is heated up. At higher temperatures, also the outer shield is heated: the 
temperaturee of the inner shield can then reach the setting value in a shorter time. The accuracy 
off  the measurement is better than 1 % in the whole temperature range. The high resolution and 
thee low contribution of the sapphire plate allow one to measure sample{s) as small as 60 mg. 

3.4.. The Nijmegen 24.5 T set-up 

Ann insert has been designed for heat-capacity measurements in the temperature range 
fromm 1.4 to about 25 K [3.13J. that can be operated in magnetic fields up to 24.5 T, to be used 
inn the Nijmegen High Field Magnet Laboratory (NHFML). The sample to be measured is 
mountedd on a sapphire plate holder, which is suspended semi-adiabaticaily in a frame. The 
temperaturee of this frame can be stabilized. A RuÔ  thick-film resistor measures the sample 
temperaturee and a strain gauge is used to supply heat to the sample. 

Thee design is such that different techniques to measure the heat capacity can be chosen. 
Thee choice depends on the value of the heat capacity. For the adiabatic method, applied to 
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largee samples, a mechanical heat switch is present for cooling. In the following, a description 

off  the apparatus is given. 

Thee insert consists of a central stainless steel tube (A in Fig 3.9) to which a vacuum can (B) is 

connected.. On both sides of the main tube, two small tubes are connected to the can space, 

onee of them (C), is used for evacuation and the other can be used in the future e.g. for a 3He 

facility.. Inside the central tube, a mechanical heat switch can be mounted. The heat switch 

consistss of a small stainless-steel tube (D) which can be moved vertically over a distance of a 

feww mm. Springs attached at both sides of the knob pass the force on to the heat-switch tube, a 

belloww inside tube A transmits the replacement into the vacuum space. 

T T 

:; ; 

Figuree 3.9. Schematic diagram of the specific-heat insert at the Nijmegen High-Field-Magnet 
Laboratorv(NHFML). . 

AA Cu rod of 6 mm diameter, which makes contact to liquid helium, is going through the 

flangeflange at the top of the vacuum can and acts as a heat sink for the heat-switch tube D and the 

lowerr part of the insert. To this rod, a Cu plate (Plate A) is connected in which the electrical 

connectionss are thermally anchored. From the flange, these stainless-steel rods are going down 

andd end in a small Cu disk (F) to which two plates (Plates B.I and B.II) are fixed on which the 

electricall  wiring is thermally anchored. Along the rods, a band of 20 Cu wires of 0.3 mm is 

mountedd to cool the lower part of the insert. The rod of the heat switch passes through the 
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centerr of the disk and can clamp a thin Cu wire (0.1 mm), which is directly connected to the 

samplee holder. One level lower, a Hysol disk (G) is mounted as a support for the frame (H). 

Thee objective of this set-up is that the temperature of the frame with the sample can be 

regulatedd and stabilized, so that a measurement can be performed relative to a chosen 

surroundingg temperature. To avoid heating by eddy currents, the frame is made of non-

conductingg Hysol and the Cu tube around it has a vertical slit. Around this screen, a heater of 

manganinn wire is {bifilarly ) wound. The tube acts as a radiation shield around the sample and 

thee sample holder. On the frame, the electrical wires are thermally anchored. 

Thee sample holder, a sapphire plate of dimensions 10x10x0.5 m m, is vertically 

suspendedd by thermally isolating linen threads. The only heat link from the sample holder to 

thee frame is due to the heat conduction of the eight, connecting the thermometer (a RuÔ  

thick-filmm resistor, ALPS 10 k£2 nominal resistance) and the heater (a strain gauge with a 

resistancee of 890 Q). Heat losses through radiation are avoided by stabilizing the temperature 

off  the frame at a value close to temperature of the sample. 
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