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We have established the magnetic-field independence up to 20 T of a capacitance thermometer
based on the incommensurate crysely 4s5n, 55),P,Se; in the temperature range from 25 mK to

0.5 K. The sensitivity of the thermometer)n C/d In T, is 510 2 at low temperatures and is about

an order of magnitude larger than for any other previously reported capacitance thermometer. The
most sensitive temperature range of the thermometer can be tuned by varying the measuring ac
frequency and voltage. The reproducibility of the thermometer upon cyclingvtdeldis better than

1 mK. © 1996 American Institute of Physidss0034-67486)03807-5

I. INTRODUCTION ferroelectrics.”® However, most of these materials are not
very useful in low-temperature thermometry due the instabil-
Thermometry at low temperaturéselow 1 K) and high ity of the ferromagnetic domain structure which causes sig-
magnetic fieldgup to 30 or 35 J is still a developing area nificant drift.
since the majority of all thermometers used at low tempera- A noticeable exception is a capacitance thermometer
tures are influenced by the application of a magnetic fieldbased on crystallin€Ply 45Sm, s9,P,Ses; @ (Ph,Sn _,),P,Ses
On the other hand, dilution refrigeration in Bitter and so- mixed crystal belonging to the family of §»,Se; ferroelec-
called hybrid magnets has made much progress in receftic materials, which has proven to be a good and sensitive
years and the need for relatively easy-to-use, field-capacitance thermometer for temperatures above’1 K.
independent thermometers in these physical extremes has in- The (Ph,Sn, _,),P,Se; solid solutions withy>0.4 un-
creased proportionally. dergo a phase transition at intermediate temperafiatsesut
Negligible coupling to a magnetic field is expected for 100 K) from the paraelectric state to the incommensurate
nonmagnetic dielectric materials. For this reason capacitangshase, which extends down to very low temperattifézor
thermometers based on dielectric materials have proven to ey =0.45 compound the paraelectric incommensurate tran-
suitable for low-temperature thermométiy moderate mag-  sition temperature is approximately 120 K. The loss of trans-
netic fields® In particular, the low-temperature dielectric be- |ational symmetry along thg vector of the incommensurate
havior of amorphous materials is used as a thermometrimodulation and structural disorder caused by the substitution
property. On the basis of certain glasses a number of lowef Sn atoms by Pb atoms should render the dielectric prop-
temperature capacitance sensors have been develbpederties of the mixed crystaih, Sn, _, ),P,Se; close to those
However, most of the known glass capacitance thermometetsf amorphous materials.
suffer from relatively low sensitivity due to their low dielec- For this reason, the low-temperature dielectric constant
tric polarizability. An attempt to improve the sensitivity of of (Ph, ,5SM, 55,P,S6; is expected to behave similarly to that
capacitance sensors in the millikelvin temperature region hasf amorphous materials. Therefore, we can hope to develop a
been made by using a glass-ceramic dielectric material whichighly sensitivé and magnetic-field-independent capacitance
has much larger dielectric susceptibiltyUnfortunately,  thermometer for temperatures beld K on thebasis of this
these capacitance sensors show drift, which is undesirablaaterial.
for accurate temperature measurements. In the following we report on the low-temperature be-
The temperature dependence of the dielectric constant ¢favior of two capacitance thermometers based on
amorphous materials exhibits a minimum in the millikelvin (Ph, ,5Sm, 55,P,Se; in magnetic fields up to 20 T, and show
region® It is well known that even high-quality ferroelectric that they can serve us as excellent, highly sensitive field-
single crystals possess this feature. The so-called glasslikedependent thermometers.
properties of ferroelectric materials are even more pro-
nounced in the disordered crystals(relaxational Il. EXPERIMENT

dpresent address: High Magnetic Field Laboratory, Max-Planck Institut fu The (Phy 455 592P,S€ was grown using a Bridgeman

Festkaperforschung—Centre National de la Recherche Scientifique, B.pt€ChNique. The crystdtypical _size 10 mm m diameter_ and
166, F-38042 Grenoble Cedex 9, France. 25 mm long was cut and polished to obtain platelésize
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5x5x0.8 mn?) perpendicular to thg100] direction. The L e
samples had gold sputtered electrodes and were connected to
stainless-steel coaxial wiring with silver paint and a small
amount of epoxy.

Two sampleg| and Il) were mounted in different runs
inside the mixing chamber of an adapted commercial dilu-
tion refrigerator, placed in a 20 T Bitter magri&fThe origi-
nal metal mixing chamber had been replaced by a home-
made, Kapton foil mixing chamber. To avoid eddy current
heating, only plastic components for the dilution refrigerator
were used inside the bore of the magnet. The silver sintered
heat exchangers were located abbun above the field cen-
ter, where the magnetic field is reduced by a factor of about .

100 relative to the value at the field center. 0 10 100 0

For thermometry we used three types of thermometers in
the mixing chamber: calibrated Speer 1@@arbon resistors,

a Ce.num .magnesmm hitrat€MN) thermonjetgr, and a vi- FIG. 1. Capacitance and loss factor @ns temperature in zero field of
brating wire thermometéef: In zero magnetic field we have sample | measured at 0.25 V and 1 kHz.
used the carbon resistors and the CMN thermometer.

.TO establish the magnetic-field mdependgnce_: of the Caf:%)r measurements at different frequencies we have used a
pacitance thermometers we have to use a f'eld'mdependegeneral—Radio-type 1615A capacitance bridge

temperature reference. For this purpose we chose the
temperature-dependent, but magnetic-field indeperident,

viscosity of the saturatedHe—*He mixture in the mixing Ill. RESULTS AND DISCUSSION
chamber, which was measured by the vibrating wire ther-

mometer. Of course this method is somewhat cumbersome igf
practice, but it was in our case the easiest and a readiI%
available method.
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To demonstrate the pronounced temperature dependence
the dielectric constant of th@hy 4sSM 55),P.Se; material,
e have plotted in Fig. 1 the capacitan€eand loss factor
tan é of sample 1 in zero field at an excitation voltageof

The .V|bra.t|ng wire thermometer was a 1m'd'am, . 0.25 V and a frequency of 1 kHz. The straight parts of the
manganine wire, shaped as a somewhat elongated semicir firve to the left- and to the right-hand side of the minimum

with a radius of about 2 mm. This device had a mechanicaf . <ensitivitiesd In C/d In T=5x10"3 and X102, re-

resonance at 5.3 kHz, Whi_ch was excited by a small altema_‘tépectively. Figure 1 shows théPh, St =0,P,S6, exhibits

Ing current th_rough the wire in the presence of a magneli¢ye gielectric behavior characteristic of amorphous dielectric
field perpendicular to _the wire. There are two Cont”buuonsmaterialsf: but with much steeper slopes on either side of the
to the measured quality fact@pme,sOf the resonance. The C(T) minimum. We have verified that a pure crystal of

fn('js(; Is the '”:””S'Cddf"““.p'é‘g of ;he tvwrfe tdue to fr:;:éoln and Sn,P,Se; produces no appreciable capacitance variation as a
eddy currents and is independent of temperatate low function of temperature in this temperature range, which

enough temperaturksThis magnetic-field-dependent quality confirms our conjecture about the origin of the dielectric
factorin vacuo Q.. was measured at 4.2 K. behavior of this material

The second contribution tQe,sStems from the viscos- An important consideration for thermometry is self-

ity of the surrounding medium and was calculated at an341eating of the thermometer. As can be seen from Fig. 1, the

field according to capacitance curve starts to bend downward below about 12
mK. This saturation behavior is probably caused by selfheat-
Q '=Qneas Quac(B). (1) ing of the sample, which can be calculated using the formula
Q=mCfU?tan . Taking tand from Fig. 1, we estimate a
The thus obtained quality fact@@(T) is a measure of the temperature rise due to self-heating for this

viscosity and therefore of the temperature of the mixture(ph, ,.Sn, -o),P,Se thermometer of about 1 mK af=10
The viscosity of a saturatetHe—"He mixture is knowf? to mK, which will decrease approximately 53 for higher

obey the following relation between 7 and 60 mK: temperatures. Since tieln C/d In T for (Phy 455 50),P>S6
is quite large(almost one order of magnitude larger than for
p(T)=7.6x10"8T"18 (2)  dlassey the excitation voltage can be reduced to below 100
mV without major loss of accuracy.
Using this, theQ(T) for a saturated mixture below 100 mK The magnetic-field independence of the dielectric con-

is approximately proportional to the temperature and a mostant of(Ph, 4sSn, 55),P»,S€; is demonstrated in Fig. 2, where
notonously rising function of the temperature up to at least Wwe have plotted the capacitance of sample Il for four differ-
K.*? ent magnetic field$1, 5, 10, and 20 Jas a function ofQ,
The measurements of the capacitance at various excitéhe (vacuun) corrected quality factor of the resonance of the
tion voltages at a frequency of 1 kHz were performed usingvibrating wire thermometer, which is a field-independent
an Andeen—Hagerling 2500 automatic capacitance bridgeneasure of the temperature. In Fig. 2 the low@sheasured
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FIG. 2. Capacitance V@ of sample Il at various magnetic field€d) 1 T;
(O)5T; (V)10 T; and(®) 20 T. The lowesQ corresponds to 25 mK and
the highesQ to about 500 mK.

FIG. 4. Capacitance vs temperature in zero field of sample Il at different
excitation voltages and at 1 kHz. From top to bottom: 1.5 V; 0.75 V; 0.25 V;
100 mV; 50 mV; and 30 mV.

corresponds to about 25 mK, whereas the higli@siata To investigate the close relationship between the ferro-
were taken at around 500 mK. One observes that the data fetectric material(Ph, 455, 55,P>S€ and amorphous dielec-
the different magnetic fields lie on the same curve. Furthertrics further, we have also measured the frequency and volt-
more, we have observed that the value of the capacitance atje dependence of the capacitance thermometers.
the minimum does not change from 0 to 20 T. Thus, the The temperature dependence of the capacitance for
capacitance thermometers are shown to be field independesample 11 at various frequencies at zero field is shown in Fig.
for magnetic fields ranging from 0 to 20 T and at least down3, where with increasing frequency the minimum is seen to
to temperatures of 25 mK. shift gradually to higher temperatures. As is clear from Fig.
The reprOdUCibility of the studied thermometers Up0n3, the dielectric dispersio(‘frequency dependence m') oc-
temperature cycling below 1 Kvarming and cooling bagk  cyrs in the whole temperature region studied. However, the
is better than our measurement resolution. We have, upogispersion at temperatures below the temperature where the
cycling betweep room temperature and _10 mK, observe%inimum occurs(T,y,) is much smaller than abovE,,.
slight changes in the value of the capacitance and even ithe measurements df.. at different frequencies show the
dIinC/dInT below T,,. However, when the capacitance g5me power-law behavidr'® as in the case of amorphous
thermometer is slowly cooled down from temperatures above,aierials and for our second sampllg,, depends on fre-

120 K (the temperature at which the incommensurate phas&uency approximately ag®3°
sets i) good reproducibility is obtained.
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FIG. 3. Capacitance vs temperature in zero field of sample Il at different
frequencies with an excitation voltage of 20 mi#) 1 kHz; (@) 10 kHz;

(V) 30 kHz; and(J) 50 kHz.
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In Fig. 4 the zero fieldC(T) dependences at various
excitation voltages for sample Il are shown. We observe that
the temperature of the minimum ®&(T), T,,,, depends also
on the excitation voltager ,;, shifts toward higher tempera-
tures with increasing voltage. In fact, this behavior can also
be described by a power law ads,, is observed to be pro-
portional toU°2°down to the lowest voltages. The excitation
voltage variations produce the largest capacitance variations
at temperatures beloW,,,. The power-law dependence of
Tmin ON U has never been shown before, although qualita-
tively a voltage dependence of the capacitance of glass ther-
mometers at very low temperatures has been observed
previously® Note that the frequency and voltage affect dif-
ferent parts of theC(T) curve, but are described by an al-
most identical power law shift i .,;,. At this moment we
have no explanation for this behavior.

The frequency and excitation voltage dependences
shown in Figs. 3 and 4 provide a useful property, namely, the
tunability of the most sensitive range of the thermometers to
specific temperature ranges. On the other hand it implies that
the calibration of these thermometers must be specified for a

Capacitance thermometer
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given excitation frequency and voltage, on both sides of the®see, for example, S. Hunklinger and M. von Schickfus Aimorphous

minimum. Solids: Low Temperature Propertiesdited by W. A. Phillips(Springer,
Berlin, 1981.
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