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Critical Field for Superconductivity and Low-

Nonnal-State Heat Capacity of fungsten®

B. B. Triplett,T N. E. Phillips, T. L. Thorp?
D. A. Shirley, and W. D. Brewer™

Lawrence Berkeley Laboratory
and Department of Chemistry,
University of California

Berkeley, California 94720

ABSTRACT

We have measured the critical magnetic field for superconductivity
in tungsten from 5.5 to 15 mK using a y-ray anisotropy thermometer, and
we have measured the heat capacity between 0.35 and 25 K. Analysis of
the data gives H, = 1.237 Oe for the 0 K critical field, T. = 16.0 nK
for the critical temperature, y = 1.008 mJ/mole K* for the coefficient
of the electronic heat capacity, and ©, = 383 K for the 0 K Debye tem-
peraturce. The measured values of the critical field H. are consistently
higher than those reported by Black, Johnson and Wheatley (BJW) on the
CMN temperature scale, but the temperature dependence is similar. This
discrepancy and the temperature dependence of H. suggest that both sets
of H: data are affected by magnetic impuritics. Usc of the calorimetric
vy value permits an improved test of the CMN temperature scale with the

very low temperature H. data obtained by BJW.



I. INTRODUCTION

Superconductivity in tungsten was discovered by Gibson and Hein.1
Experimental problems prevented an accurate determination of the critical
temperature T. but, by comparison with the magnetic susceptibility of
chromium potassium alum, they estimated upper and lower limits of 11 and
5 mK. Johnson et al.2 confirmed the existence of a superconductivity
transition at T. =~ 12 nK and measured the critical field H.. Their
measurements were referrcd to the magnetic temperature scale T*# (propor-
tional to the reciprocal of the magnetic susceptibility) for a right
circular cylinder with height equal to diameter of (MN [Ce,Mg, (NO;),,-
24 H,0]. A third, more extensive series of measurements of the tempera-
ture dependence of H. has been described by Black3 and by Black, Johnson
and Wheatley,4 hereafter referred to as BJW. They used the same CMN
temperature scale, but improved the thermal contact between the tungsten
sample and the CMN, and found T. = 15.4 mK.

The CMN temperature scale (we use this term to designate the magnetic
temperature measured with powdered CMN and the geometry described above)
is of considerable interest because it is the basis for a number of
measurements> of the properties of liquidlaHe and dilute solutions of
*He in *He. The observed temperature dependence of H. for tungsten has
been discusseds’4 as a test of the accuracy with which this scale re-
produces the thermodynamic temperature scale. The test is based on the

thermodynamic relation

di ?/dT? = - (4n/VT)[S(T) - Sg(T)] @)



where SS and SN are the superconducting- and normal-state molar entropies
and V 1s the molar volumec, and on the BCS expression6 for HCCT). Eq. (1)
was used in the low-temperature limit in which SN(T)—SS(T) ~ T, where

y 1s the cocificient of the electronic heat capacity. With that approxi-
mation (reglect of all contributions to SS—SN except the normal-state

electronic entropy) Eq.(1) can be integrated to give

ch = HOZ - (4ny/V) T? . (2)

Possible discrepancies between T* and T are usually represented by
A = T -T*% . (3)

With A = 0, BJW found a linear relation between HC2 and T* for 3 < T <
4.5 mK. The slope of HC2 vs. T2 corresponded to y = 0.90 mJ/mole K2,
in reasonable agreement with some recent heat capacity measurements ’
which give vy values of 0.84 and 0.95 mJ/mole K?. Above 4.5 mK where,
according to the BCS theory, Eq.(2) is not accurate, BJW analysed their
data using different constant values of A. The choice A =0 * 0.2 mK
gave significantly better fits to the BCS theory than did other constant
values of A. It was concludeds’4 that large values of A (of the order

of 1 mK) which have been suggested by other work9 Were inconsistent with
the HC measurements and that for T > 3 mK, A = - 0.01 mK if the criterion
of best fit to the BCS theory is accepted. At temperaturcs below 3 mK,

deviations from a linear dependence of ch on T*? were observed and were

attributed to discrepancies betwecen T* and T.



The tungsten critical field measurements reported here were originally
undertaken to test apparatus that was used for a searchlo for super-
conductivity in lithium and magnesium. }% was measured as a function
of the temperaturc indicated by y-ray anisotropy thermometers. The
importance of the valuc of y as a test of the thermodynamic consistency
of the P% data and the discrepancies bectween previously reported y values
suggested that a new heat capacity measurement would be useful. The
heat capacity was therefore measured between 0.35 and 25 K. The results
give a new sect of values for the parameters characterising the lattice
and electronic heat capacities and the superconducting transition in
tungsten. TFurthermore, comparison with the earlier Pk measurements”’
gives an indirect but still interesting comparison of the (MN and y-ray

anisotropy tcmperature scales.

II. SAMPLES

The tungsten samples used in this work and by BJW werc all pur-

1 They all had the same nominal purity,

chased from Scmi-Elements Inc.
99.999%, but the residual resisitivities of the various samples differed
considerably. Table I shows the measured resistivity ratios as well as
ratios corrected for the effects of current and size dependence. Since
the samples used in this work were polycrystalline and had higher

resistance ratios than the single crystal used by BJW, they can be

assumed to have Jower levels of impuritics.



III. HEAT CAPACITY MEASUREMENTS

A. Apparatus and Experimental Techniques

The tungsten sample used in the heat capacity measurements weighed
80 g. 1t was attached to the mounting thread at the bottom of the
sample holder-thermometer-heater assembly shown in Fig. 1 by a threaded
copper bushing. The sample itself was not threaded but was slightly
tapercd on the mounting end and jammed into the bushing. The differen-
tial themmnal contraction produced good thermal contact. (No thermal
bonding agent was necessary, and none was used.) Thermal equilibrium
in the sample-sample holder system was always attained more rapidly than
the time constant of the measuring instruments, approximately 0.3 sec.
The thermometer was not superheated perceptibly above the final sample
temperature with any heater power used in the measurements. The heat
capacities of the samplc holder and copper bushing were determined in
separate cxperiments.

Thermal contact between the sample holder and the 3He pot of a 3He
evaporation refrigerator was made by a mechanical heat switch. The
jaws of the switch were attached to the pot by flexible copper wires
and closcd on the hcat switch wire of thc sample holder. The pot could
be regulated at any temperature between 0.3 K and 25 K. At temperatures
below 1 K the heat of vaporization of the *lle was balanced by the heat
leak from the "He bath at 1 K and an automatically regulated electrical
heat input. At temperatures above 1 K the electrical heat input balanced
the heat leaking out to the bath. No exchange gas was used in cooling

the samplc below 77 K, and no lle exchange gas was used at any time.



A superconducting solenoid (not shown in Fig. 1) was located in
the “*He bath and could produce ficlds up to 38 kOe on the sample. The
stray magnetic fiecld on the germaniwn thermometer with 38 kOc at the
sample was rcduced to approximately 1 Oc by a mumetal shield surrounding
the thermomcter (also not shown in Fig. 1). Wlthout this shield the
stray field would have been approximately 100 Oe.

The germanium resistance thermometer was calibrated in a different
cryostat that was designed for the purpose. The calibration was based
on Ty, the 1958 “lle vapor pressure scale,13 between 1.2 and 4.2 K and
the magnetic temperature of a spherical single crystal of VN below
12. K. Above 4.2 K, the thermometer was compared with a constant-volume
gas thermometer, which was referred (at 20 X) tc a platinum thermometer
calibrated on the NBS (1955) scale.14 The gas thermomecter gave tempera-

tures 4 mK lower than T,, at 4.2 K, but the discrepancy was within the

uncertainty associated with the virial coefficient corrections. (To
obtain good precision, a rather high filling pressure had been used.)
The heaf capacity data are reported on a scale that agrees with T, at
4.2 K and with the NBS (1955) scale at 14 K. In the intervening region
the scale was interpolated using both the gas thermometer data and a
thermometer calibrated on the NBS acoustic scale15 (which 1s 10 mK
higher than T, at 4.2 K) as guides.

The hcat capacities of various copper samples have been measured
with the same sample holder-thermometer-hecater assembly16 and the re-
17,18

sults are generally in good agreement with other recent measurements.

For purc copper y was estimated to be 0.693 mJ/mole K?. (For the purest



sample actually studied, which contained approximately 2 at ppn of
iron, y was 0.695 mJ/mole K?.) Between 1 and 22 K, the total heat
capacity of copper determined in these measurements agreed to within
0.5% with the reference equation17 found to represent several other
independent measurements. That equafion is also in good agreement with
two more recent sets of data that were not considered in its deriva-

tion.lg’20

B. Results and Comparison with Other Measurements

The heat capacity was measured in zero magnetic field and in 38 kOe.
The high field mcasurcments were made to test for a possible contribu-
tion to the heat capacity associated with magnetic impurities. As shcwn in Figs,
2 and 3, any differcnce between the zero-field and 38 kOe heat capacities is not
large compared with the scatter of the data. This shows that the heat capacity
is not affected by magnetic impurities that have Kondo temperatures or
spin-spin ordering temperatures of the order of a few X or lower. For
impurities for which these characteristic temperatures are high, the
heat capacity contribution per impurity is small at low temperatures.
A significant contribution to the heat capacity by impurities of this
type 1s precluded by the known low total impurity concentration.

With the usual assumptions, the low-temperature heat capacity of
a normal metal 1s the sum of the electronic heat capacity, CE = yT,

and the lattice heat capacity, C = AT? + A,T® + --- . Thercfore,

gt 0 o= Yre AT + AT + --- (4)



and the separation of Cp; and CL depends on fitting the data with Eq.(4).
Both graphical methods, illustrated in Figs. 2 and 3, and least-squares
ncthods of analysis have been used. The values obtained for the various
parameters in [q. (4) depend on the temperature interval included in the
analysis and thcir accuracy appears to bc limited by temperature scale
crrors. Least squarcs Tits of the data to a number of expressions of

the form of lq.(4) have shown that the omission of the T® term does not
significantly reduce the rms deviation. The data can be fitted with an
ms deviation of 0.51% with only the T, T?, and T’ terms. The deviations
are systematic and, at some temperatures, up to 1% magnitude, as illus-
trated in Fig. 3. However, they are similar in temperature dependence and
magnitude to the deviations of the heat capacity of copper from an expres-
sion that included T, T?, T>, and T’ terms. For this rcason we believe
that the deviations of C from the three-term fit are largely a reflection
of errors in the temperature scale, and that the best estimate of A,

is obtained from a fit of this type or from a graphical analysis of the
type illustrated in Fig. 3. The rms deviation is reduced to 0.45% by
inclusion of 1° and T!'! terms, and the deviations are more necarly random,
but the corresponding values of A,, Ay, and A,;, probably have no relation
to the properties of tungsten. The coefficients determined by these

fits are given in Table 1I. For the last fit given in Table II,

only eleven points, ninc of them below 1 K, deviate from the equation

by 0.5% or morc. The values of y obtained by various least-squares

fits to Ig.(4) arc very similar to the value, 1.008 mJ/mole K2,

given by the graphical analysis of the below-4 K data shown inA

Fig. 2. The values of A, given by the least-squares fits and



by the graphical analysis in Fig. 2 are all higher than that given by
the graphical analysis of Fig. 3, in which more weight is given to
higher temperature data. This discrepancy is apparently associated
with an inconsistency between Tsy and the scalc used at higher tempera-
tures. Suggested values of the various paramecters are: y = 1.008+0.010
mJ/mole K* (from Fig. 2); A, = 0.0346+0.0006 mJ/mole K* (an average of
values from Figs. 2 and 3 and from least-squarcs fits); A, = 0+2x10°°
mJ/mole K® {(from plots of CL/T3 vs. T? and least-squares fits); A, =
2.8+0.5x107% mJ/mole K® (from Fig. 3). The indicated uncertainties
are essentially guesses as to the possible magnitudes of systematic
errors, but they are intended to be generous. The value of A, cor-
responds to a 0 K Debye characteristic temperature O, = 383.0+2.2 K.
Several other measurements of the low temperature heat capacity
of tungsten have been reported recently. Maita7 found vy = 0.84 mJ/
mole K? and Bucher, Heiniger and Muller8 report y = 0.95£0.05 and
0, = 396210. Our measurements are in reasonable agreement with the
latter, in view of the estimated uncertainties, but therc appears to
be a substantial disagreement with the former (the data have not been
roported in detail so there is no basis for estimating the probable
error). Our measurements are also in good agrecement with measurements
between 4 and 15 K by Waite, Craig and hhllace21 who found y = 1.120.1
and 0, = 378+7 K. Ordinarily, mecasurements in that temperature range
would not give rcliable values of y or 0. However, for tungsten @,
is relatively high (the electronic hecat capacity is 60% of the total

at 4 K) and the T? approximation for the lattice heat capacity is



valid to above 10 K. For these reasons it is quite possible to obtain

accurate values of y and O, from measurements above 4 K.

IV. CRITICAL TIELD MEASURIMENTS

A. Apparatus and Experimental Techniques

The tungsten sample used in the critical field measurcments was
a 1/8 in. diameter rod 1.3 in. long. The sample was placed in thermal
contact with a slurry ol powdered OMN through a bundle of approximately
5000 #40 AWG Heavy Formex insulated copper wires that were potted 1n
Epibond 100 A to form a rigid stalk. Contact between the stalk and the
sample was made by grinding the end of the stalk to form a large flat
area at a.sharp angle to its axis. One end of a strip of copper foil
that was divided into narrower strips at both ends was tied to the flat
on the stalk with fine copper wires and a heavy copper layer was electro-
plated over the narrow strips and the intervening exposcd arcas of the
flat. The other end of the strip was attached in a similar way to a gold
layer bonded to the tungsten sample. The gold layer was produced by
evaporating a laycr of gold 0.4 in. long at onec cnd of the sample and
partially diffusing the gold into the tungsten by heating at 1200°C for
approximately 1/2 hr. It is estimated that the gold penetrated to a
depth of the order of 0.1 mm.

Temperaturcs were measured with a single crystal °°Co Co nuclear
oricntation thermomecter that was attached by clectroplating to a lower

flat on the stalk. The sample was cooled by simultaneous demagnetization
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of the CMN and a chromium potassium alum guard salt from 46 kOe and 1 K.
The magnetizing field was produced by a superconducting sclenoid in the
1 X bath that was raised above the liquid helium after completion of the
demagnetization. The solenoid became normal within approximately 15 min
of the time it was raised, and was also a considerable distance from the
sample after this operation. No other materials that would have become
superconducting at their working temperatures were used in the apparatus.
The superconducting-normal transition was detected by mutual inductance
coils coupled to the sample. A 17 Hz, 3 mOe rms primary field was used
and the detection system gave a signal to noise ratio of 50 (time con-
stant 3 sec). The transitions were observed at approximately constant
temperature by sweeping an axial DC field produced by a separate winding
on the mutual inductance coil assembly. Low noise current for the wind-
ing was provided by a voltage progfammable current supply. The experi-
mental arrangement 1is described in more detail in Reference 10.

Several indications of the adequacy of the thermal contact between
the sample and thermometer were obtained. The most direct is that
increasing the primary field to 21 m0e rms had no observable effect on
the measured critical fields even though it doubled the upwardvtempera-
ture drift of the thermometer-sample assembly. The rate at which the
transitions occurred also demonstrates good thermal contact to the
sample, The transitions required a maximum of 5 sec to go to completion.
This behavior can be contrasted with that in the experiment by BIW in
which the rate of the transition was limited by the Kapitza resistance

between the sample and the surrounding *He bath, and the time required
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for the transition was several minutes. The self heating in the y-ray
thermometer was approximately 4 erg/min. For experiments limited by a
Kapitza resistance between sample and thermometer this would be a
relatively high power level, but it should produce a temperature dif-
ference across a clean metallic contact of no more than 107* niK.
Although no direct measure of the thermal resistance betwecen the thermo-
meter and the stalk was obtained in this particular experiment, our
experience shows that y-ray thermometers mounted in the same way but
with twenty times the self heating indicated the same temperature.

Stray ficlds at the sample were compensated with three pairs of
Helmholz coils. 1In the absence of the sample but with the apparatus
at actual operating tempceratures, flux-gate magnetometer and rotating
coll gaussmeter probes could be placed at the sample position in a
moveable superinsulated hot finger. The field was adjusted to 02 m0e
and the field gradients to 0+1 mOe/cm. During critical field measure-
ments the probe was placed 2 in. above the sample and usced to mor
changes in field. It had been hoped that the stray field would be
sufficiently constant that it could be nulled by constant currents in
the Helnholz coils that were adjusted before an experiment. However,
an unforescen problem interfered -- operaiion of the 46 kOe solenoid
changed the laboratory stray field. Inmediately after demagnetization
the axial ficld at the sample site was 35 m0e greater than it had been
before the solenoid was turned on. The stray field decayed to 2 mOe

during the period required for a secries of measurements, but the decay



-12-

was not precisely regular. During the measurements the axial field
2 in. above the sample was compared at intervals with the value deduced
by measuring the critical field with opposite polarities of the applied
field. The accuracy of the latter method of determining the stray
axial field was limited primarily by the temperature drift between
measurements. The.two methods of measuring the axial stray field dif-
fered by as much as 20%, even when it was greater than 10 mOe. In cor-
recting for the stray axial field grcater weight was given to the values
estimated by observing the transition with applied fields of opposite
polarities, but values measured with the probe were uscd for inter-
polating in time. The uncompensated stray field after a dcmagnetization
also had a horizontal component but it was considerably smaller -- a
maximum of 7 m0e. It was not possible to monitor this component during
the measurements and no correction has been made for it. The estimated
overall accuracy of the critical field measurcments is 10 mOe at the
lowest temperatures and 2 mOe near T..

An additional complication in the critical field measurements was
.the appearance at the lowest temperatures of a second transition. It
occurred at lower critical fields and produced a change in mutual
inductance about 1/3 as great as that associated with the main transi-
tion. We have been unable to devise a complctely satisfactory explana-
tion for the occurrence of the second transition, but we suspect it was
associated with the end of the sample to which the gold diffusion bond
was made and which was just outside the sccondary coils. Both trunsi-

tions were very sharp and apparently completely independent. The second
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transition, when it occurred, seemed to have no affect on the main
transition. The data reported here were obtained in a single run that
extended to 5.2 mK. The points taken below 5.5 mK were complicated by

superheating effects as well as by the second transition and have been

omitted.

B. Results and Comparison with Other Measurements

The results of the critical field measurements are shown in Fig. 4
as H_ vs.‘Tz, and the data below 9 mK are also shown as ch vs. T? in
Fig. 5. We have used two different procedures to extrapolate Hc to
0 K to obtain HO. The first method was based on the BCS expression for
H., and the sccond on Eq.(2).

Tungsten certainly corresponds to the weak-coupling limit treated
in the BCS thecory, and the deviations of the HC data from a parabolic
temperature dependence, HC = Ho[l—(T/TC)Z], are in qualitative agree-
ment with those predicted by the BCS theory (see Fig. 4). It therefore
seems reasonable to base the extrapolation of Hc to 0 K on the BCS
éxpression. As shown in Figs. 4, 5 and 6a, the HC data do fit the BCS
theory to within the precision of the measurerents. The quantity
plotted in Fig. 6 is the deviation, D(t) = h-(1-t?), of the reduced
critical field, h = IE/I%, from a parabolic dependence on reduced
temperature, t = T/TC. The value of T. was found by the procedure
used by BJW: an approximate value for HO and a high temperature
expansion22 based on BCS theory for HC(T) were used to find a prelimi-

nary value of TC. That value of T. and numerical tables23 of the BCS
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{functions were then uscd to adjust HO to give better agreement with
the theoretical D(t) at low temperatures. Finally, the new HO value
was used to recalculate Tc’ The numerical values are HO = 1.224 Oe,
and TC = 15.98 mK.

Although the critical field data can be fitted with the BCS theory,
an inconsistency becomes apparent when the calorimetric data are included
in the comparison. The y value that corresponds to the representation
of the critical field data by BCS theory 1s given by

_Z%Egi = 1.057 , (5)
and is vy = 0.94 mJ/mole K?. (We have used V = 9.508 cm®/mole, as cal-
culated from the lattice parameterz4 and thermal expansion.zs) This
value differs significantly from that determined calorimetrically. The
calorimetric value requirés larger (negative) slopes of D(t) vs. t?
and.}kz vs. T? in the 0 X limit. For example, Eq.(2) requires that
[dD(t)/dtZ]t=0 = -[(ZNYTCZ/VHOZ)-l]; the calorimetric y value gives an
initial slope -0.113, whereas the BCS theory gives -0.057.

The BCS expression for HC and Eq.(2) agree to within 0.2% for
t < 0.3 (but diverge rapidly at higher temperatures). If lkz is
extrapolated to 0 K from our lowest-temperature data with the slope
required by Eq.(2) and y = 1.008 mJ/mole K?, the value of i, is in-
creased to 1.237 Oe. The values of D(t) are then considerably more

negative than predicted by the BCS theory. This interpretation of the
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critical field data is also represented in Figs. 5 and 06b. It cor-
responds to a supcrconducting-state entropy that increcascs more rapidly
with increasing temperature than BCS theory predicts for the values of
Y and TC. If it is assumed that HCZ follows the BCS curve in Fig. 5
to a lower temperature and the slope changes to the value required by
Eq.(2) only at a temperature well below the lowcst temperature critical
field data, the affect on Ho and D(t) 1s smaller, but the implication
for the temperature dependence of the superconducting-state entropy is
similar. In fact, Since HC depends only on SN—SS, the BCS extrapolation of
HC2 to 0 K indicated in Fig. 5 would be consistcnt with the calorimetric vy
value if there were a linear term in the superconducting-state entropy.
The critical {ield data reported by BIW are also represented in
Figs. 4-6. (We have corrected their data, according to the formula
they suggest, for the effect of the field produced by the CMN on the
tungsten sample, and we have taken their reported valucs of HO and T.
in which this correction is included.) Their H. data are consistently
lower tﬁan ours, and their values for HO and TC, 1.15 0e and 15.4 K,
arc lower by 6% and 4% respectively. On the other hand, the relation
between their data, BCS theory, and the calorimetric y value 1s
strikingly similar to that found in this work. BJW's data extend bclow
4.5 mK, the temperature at which BCS theory predicts that lq.(2) becomes
accurate to 0.2%. Between that temperature and 3 mK their data give a
straight line when plotted as H.* vs. T? but deviations occur below

3 mK. They attributed the deviations to a Nonzero A (Eq.(3)) below
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3 mK and extrapolated the straight line to 0 K to obtain HO. TC was
obtained by the extrapolation procedure based on BCS theory described
above. As shown in Fig. 6a the values of D(t) found by BJW are similar
to those found in this work by using BCS expressions to extrapolate to
0 K, and are in good agrecment with BCS theory. llowever, the value of

v calculated from the HC2 vs. T? straight line and Eq.(2) is 0.90 mJ/

mole K , also in disagrcement with the calorimetric y value.

V. DISCUSS1ON

A. Critical Field

“~

Experimental errors -- either in the measurement of the critical
ficld or in thc temperature scales -- may contribute to the difference
between our critical field measurements and those by BJW, but there is
reason to think that a large part of the difference is a reflection of
a real differcnce in the properties of the two samples. When analyzed
in similar ways, both sets of data give similar values for D(t) and for
Y. (The agreement between the y values is not as good as might be
expected from critical field measurements made under ideal conditions,
but it is very good in view if the special experimental problems associ-
ated with the low value of T..) As described below, this can easily be
understood as a conscqucnce of different impurity levels in the samples,
but an understanding on any other basis would requirc implausible experi-
mental crrors. Tigure 4 shows that the required crror is an approxi-
mately constant additive error in critical field or in the squarc of

the temperature (or some equivalent combination of the two). In both
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scts of mecasurcments the stray axial field was checked by measuring
critical fields with opposite polarities of the applied field and any
undected perpendicular field would add vectorially. The apparent dif-
ference in T¢ values is not large compared with the combined estimated
uncertainties in temperature at that temperaturc, but the discrepancy
in temperature at the lowest temperatures is well outside reasonable
error limits. Furthermore, it is difficult to see how a constant error
in the squarc of the temperature, over the range of tempcrature involved,
could occur in cither measurement.

Concentrations of impurities too low to have a perceptible effect
on equllibrium normal-state properties, in particular y, can have a
substantial effect on superconducting-state properties and, therefore,
on parameters related to the transition. Experimental evidence suggests
that low concentrations of nonmagnétic impurities geﬁerally lower TC.26

The effect is produced by a reduction in the encrgy of condensation to

the superconducting state associated with the energy gap anisotropy in

27,28

the clean sample and the reduction in electron mcan free path. At

very low concentrations the reduction in T. is proportional to the con-
centration of impurities, but there is a maximum to the reduction,
observed for electron mean free paths short compared with the coherence

27,28 If we assume a typical value for the energy gap anisotropy

distance.
of tungsten, of the order of a few percent, it appears that this effect
cannot account for the difference between our sample and that used by

BJW.29 Impurities with localized magnetic moments, however, can have a
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greater effect on T, through their reduction of the lifetime of the
Cooper pairs, and they also affect the temperaturc dependence of the
superconducting state entropy in the way suggested by our critical field
measurements when they are analyzed in conformity with Eq.(2). Values
of dT./dc, where ¢ is the concentration of magnetic impurities, of the
order of 1 to 10 mK/at ppm have been reported.30 A magnetic impurity
concentration of the order of 1 at ppm is not inconsistent with the
heat capacity data, and seems entirely possible for both samples. Since
both sémples were obtained from the same supplier and that used by BJW
had a higher residual resistivity, it 1s recasonable to consider that the
difference in T. is assoclated with a higher concentration of magnetic
impurities in BJW's sample. |

In the presence of magnetic impurities the superconducting-state
entropy increases more rapidly as the temperaturc increases from zero,
and D(t) is shifted to more negative values than given by BCS theory,
particularly at low reduced temperatures. Decker and Finnemoresl have
calculated D(t) for various values of TC/TCp, where TCp is the value of
Tc in the absence of magnetic impurities, using an extension32 of the
Abri]gosov—Gorkov33 (AG) theory. The calculated D(t) curves are in good

agreement with experiment for ThGd alloys.31

For TC/Tcp = 0.8 and 0.6
they are rcproduced in Fig. Ob and it is apparcnt that they arc in
qualitative agrcement with the critical field data when those data are
extrapolated to 0 K in accord with Eq.(2). [For TC/TCp in the region 0.6

[o]

to 0.8 the superconductor is gapless only near T SS(T) varies cxponcntially

]

The presence of plausible concentrations of magnetic impurities would

C’

with T for T << Tc’ and Lq.(2) is still vulid.32’33

thus account in a straightforward way for a large part of the
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discrepancy between our critical field mecasurements and thosc by BJW.

It would also account for the discrepancy between the calorimetric y

valuc and the value obtained by an analysis of the critical field measure-
ments based on BCS theory. Altough not supported by conclusive evidence,
such an interpretation is rcasonable, and suggests that the superconducting-
state propertics of all samples of tungsten studied so far are signifi-
cantly influenced by magnetic impuritics. Detailed information on the
impurities in our sample and iﬁ BJW's might permit an estimate of TCp
from the two observed values of T, but it 1s not available and would be
extremely difficult to obtain for such low impurity concentrations. An
approximate upper limit to Tep is suggested by Fig. 6b, however. Recall-
ing that the points in that figure represent a probable upper limit to
[D(t)|, we can say that TCp might be as high as 20 mK. The general
shape of D(t) defined by the experimental points suggests that this

value may be approximately correct, but the precision of the data do not

permit a firm estimate.

B. Electronic Heat Capacity

The measured value of y corresponds to a density of electronic
states at the Fermi energy N(0) = 0.43 states of both spins/eV atom.
Bard structure calculations give the "bare'" or ‘''band-structure' density
of states NbS(O) = N(0)/ (1+)X) where A is the elcctron-phonen interaction
paramecter. Mdﬁillan'534 formula for TC and his suggested approximate

valuc of 0.13 for the coulomb repulsion term p* permit an estimate of i
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from the experimental T. and ©;. The result is A = 0.27 which gives
Nps(0) = 0.34 states of both spins/eV atom. Matthe15535 has calculated
two valucs of NbS(O), 0.56 and 0.32 states of both spins/eV atom,

using a nonvelativistic augmented-plane-wave (APW) method and two dif-
ferent potentials. Loucks has derived Ny (0) = 0.640 states of both
spins/eV atom from a nonrelativistic APW calculation36 and Npg(0) =

0.368 states of both spins/eV atom from a rclativistic APW calculation.37
The "experimental' value of Npc(0) is sensitive to the value of A and,
therefore, to the assuned value of p*. However, any error intvoduced into
the experimental value by the assumed value of u® is probably smaller

than the error in the theoretical values that is apparently associated

with uncertainty in the potential.

C. Llattice Heat Capacity

The lattice heat capacity of tungsten is shown in Fig. 7 as a plot
of the effective Debye temperature O as a function of temperature.
(0 is defincd by equating the expcrimental hcat capacity data to the
Debye heat capacity function of 0/T.) The valucs of O exhibit the
usual -decrease with increasing temperature. However, the curve is some-
what unusual in that O is constant up to 0,/T = 30, corrcsponding to
the small value of A . The solid square in Fig. 7 represents the value
of 0,, 384.3 K, calculated from sound velocity measurements.38 It
agrees with the calorimetric value, 383.0 K, to within the estimated

uncertainties.
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D. CMN Temperature Scalc

If the above interpretation of the critical field data is accepted,
the deviations {rom Eq. (2) of the low-temperature data obtained by BJW
can be used as a test of possible T(T#*) rclations for CMN. It is not
practical to derive the correct T(T#*) relation from such data alone be-
cause several different T(T*) relations may give satisfactory agrecment
with Eq.(2). 7This is illustrated in I'ig. 8 where 1t is shown that
A= -0.4 mK and T?A = 9 mK® both give reasonable agrecement between the
data and Eq.(Z). The latter relation is similar in temperature depen-
dence to that obtained by Webb et 31.39 with a Johnson noisc thermoncter,
but it gives considerably larger values of A (eg., at T* = 2.0 mK, A =
1.0 mK, comparcd with A = 0.4 mK from the nbise thermometer measurcments).
tlowever, the test of the T(1T*) relation based on the critical field data
is quite sensitive to the corrcction for the contribution to the field
applied to the tungsten sample from the magnetic moment of the CMN.

The T?A = 9 mK?® estimate was based on a correction proportional to 1/T*
and equal to 2% at 1 mK, but the estimated uncertainty in the correction
1s £50%, and use of the largest correction within this range would re-
duce the value of T?A obtained from the critical field data (to give
A=0.8mKat T* = 2.0 mK). Furthermore, it is clear that more compli-
cated expressions for A(T) could be found that would give rcasonable
consistency with Eq.(2) and also with the noise thermometer data. For
example, T?(A+0.3) = 3 mK® gives good agrcement with Iq.(2) and also

Sgives A = 0.4 mK at T# = 2.0 mK. However, this relation is certainly
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not unique in these respects. On the other hand, the critical field
data are clearly not consistent with a positive, temperature-independent
A.  As previously noted by Black3 such a valuc of A increases the curva-
ture of the low-temperature H.? vs. T2 plot, but it also tends to lower
the value of v deduced from the . data and therefore to increase the

discrepancy with the calorimetric value.

VI. SUMMARY

The heat capacity of tungsten has been mecasured betwcen 0.35 and
25 K. The value of v, 1.008 mJ/mole K%, is within the rather broad
range of previously rcported values and is believed to be accurate to
1%. The valuc of 0,, 383 K, is in good agreement with that calculated
from elastic constants. In this temperature region the accuracy of the
temperature scale limits the accuracy with which the various terms in
the latticc heat capacity can be determined, but within this limitation
the lattice heat capacity can be represented by a sum of T? and T’
terms.

‘The critical field for superconductivity in tungsten has been
measured between 5.5 and 15 mK using a y-ray anistropy thermometer.
Analysis of the data gave Hy = 1.237 Oe and Tc = 16.0 mK. The measurecd
values of l. are consistently higher than thosc reported by BJW. This
discrepancy and discrepancies between the calorimetric y value and the
T CUBATEON

R - - 2 2 ., 4 oy i Jh R N
mperaturce slopes of H.® vs. T® suggest that the superconducting-

statc properties of both samples are influenced by magnetic impurities.
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The critical field data obtained by BJW below 4.5 mK on the
powdered CMN T* scalc were reanalyzed using the calorimetric y value.
This analysis confirms that positive temperaturc independent values of
A = T-T* arc inconsistent with the critical field data but shows that
A # 0 at temperatures as high as 4.5 mK. The recent noise-thermometer
measurcments of A(1) are at least qualitatively consistent with the

critical field data.
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Table I. Properties

of tungsten samples.

. Mea d
Measurement sure

Resistivity Ratio

Intrinsic Physical Form
b

Resistivity Ratio of Sample

BJW, critical field 7,500
This work, heat capacity 57,000a
This work, critical field 17,000

111

; diam. single

crystal

11

67,000 ; diam. polycrystal

19,500 é” diam. polycrystal

a

of the rod. The two values differed by 20%.

b

This value is the average of potentiometric and eddy current measurements on different sections
g

Calculated from the measured ratio from the data in Ref. 12.

-82_



Table II. Coefficients in Eq.(4) obtained by least-squares fits.

Exponents of

ms Y A, A A, A Ay,
inciuded deviation
terms (%) (mJ/mole X2) (mJ/mole K*) (mJ/mole K®) (mJ/mole K®) (mJ/mole K!%) (mJ/mole K'?)

1,3,7 0.51 1.009 3.46x1072 2.66x1078

1,3,5,7 0.50 1.009 3.48x1072  -2.14x10°%  3.05x107°®

1,3,7,9 0.51 1.009 3.46x10"2 2.56x107° 1.88x107 12

1,3,5,7,9 0.47 1.008 3.51x10°2  -1.01x10°° 7.07x10°%  -5,14x10°1?

1,3,7,9,11 0.45 1.009 3.48x1072 -1.78x107°8 2.11x107'1  -2.45x10713
1,3,5,7,9,11 0.45 1.008 3.48x10°2  -4.58x10°7  -1.42x10"°® 2.01x10°%°%  -2.36x10°13

_GZ-



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

-30..
Figure Captions

The smmple holder-thermometer-heater assembly. -The
distance betwcen the samplc mounting thread and the

thermoincter 1s approximately 22 am.

The heat capacity of tungsten as C/1 vs. T? for T < 4 K.
The straight line represents a graphical fit to the data in

this temperature rcgion.

The lattice heat capacity of tungsten as CL/T3 vs., T* for
T > 4 K. The straight line represents a graphical fit to

the data in this temperature region.

The critical field of tungsten as H. vs. T?. The curves
represent BCS theory fitted to the data as described in

the text.

The critical field of tungsten as H.? vs. T?, for T < 9 mK.
The solid curves represent BCS theory fitted to the data as
described in the text. The dashed lines represent the

limiting slope required by Eq.(2) with y = 1.008 mJ/mole K2.

The critical field of tungsten plotted as deviations of the
reduced critical field from parabolic temperature dependence
vs. the squarc of the reduced temperaturc. In (a) the values

of H, were obtained by fitting to the BCS theory. In (b) the



Fig. 7

Fig. 8
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values of HO were obtained by extrapolating to 0 K accdrding
to Eq.(2) with y = 1.008 mJ/mole K (i.e. as shown by the
dashed linc in Fig. 6). The solid curves represent BCS theory

and the dashed curves AG theory.

The latticce heat capacity ol tungsten plotted as 0 vs. T.
The solid square represents 0, as calculated from elastic

constants. The curve represcnts the temperature dependence

of O corresponding to A, = 3.46%1072 mJ/molevK”, A, =

2.84x107° mJ/mole KB, and all other coefficients in CL equal

to zero.

Critical field of tungsten as determined by BJW, plotted as

HC2 vs. (I*+A)? for various A(I). The straight lines cor-

respond to Eq.(2) and y= 1.0038 mJ/molc k2.
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