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SUMMARY

The electronic specific heats of metals and metal-hydrogen

systems can in many cases be evaluated from the measured specific

heats at constant pressure, C , in the temperature(range 1 to 10 K.

For the simplest case, C = yT + 3T3, where yT represents the

specific heat contribution associated with the conduction electrons,

and 3T3 represents lattice specific heat contribution. The

electronic specific heat coefficient, y, is important because

it is proportional to electron density of states at the Fermi

surface. A short description of. a low temperature calorimetric

3 4cryostat employing a He/ He dilution refrxgeratxon is gzven.

Various considerations and complications encountered in the

evaluation of y from specific heat data are discussed. Finally,

the experimental values of y for the V-Cr-H system and for the

Lu-H system are summarized and the variations of y as function of

alloy composition are discussed.
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INTRODUCTION

The electronic specific heats of metals, alloys, metal-

hydrides, and substances which have conduction electrons can

in many favorable cases be deduced from specific heat measure-

ments at low temperatures, usually below 10 K. Since the

property which is actually measured in specific heat experiments

is C , the specific heat at constant pressure, it is necessary

to derive the electronic specific heat, C ,, from the C results.

At low temperatures C can be equated to C v, the specific heat

at constant volume. For the simplest case we write

C = yT + BT3 , (1)

where yT is the electronic specific heat and 3T is the lattice

specific heat in the low temperature approximation. This equation

is valid within about ± 0.5% for some metals at low temperature,

2

for example, copper. Figure 1 shows a plot of C /T vs T for

pure copper as reported by Oslr.orne, Flotow, and Schreiner. As

can be see), a straight line can be drawn through the data points
-2 -1

and an extrapolation to T = 0 gives y - 0.694 in mJ K g-atom

The slope of the line gives the coefficient £ in eq. (1) and

this corresponds to a Debye temeprature, 8 D, of 344.5 K. At

higher temperatures (above 7 K) a significant deviation from the

straight line behavior in Fig. 1 is evident, and higher order

terms in T are required to adequately fit the data.

The free-electron model relates the electronic specific heat

coefficient, Y, to density of states at the Fermi surface by the
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well-known equation*

Y = | TT2k2N(Ep) , (2)

where N(Ep) is the density of states at the Fermi surface and k

is the Boltzmann constant. Of course, eq. (2) is only approximate

for metallic conductors and the determination of y from specific

heat measurements will not allow reliable values of N(E_) to be

calculated. In the case of superconducting metals and alloys the

——•" 2
e.Tcetron-phonon coupling constant, X, has been evaluated by McMillan

who derived the following relationship in accordance with the

strong-coupling theory:

In this equation T is the superconducting transition temperature,

0_ is the Debye temperature, and M* is the Coulomb coupling constant.

McMillan found M* to be about 0.13 for most transition metals and

A varied from about 0.2 to 1. The electronic heat capacity co-

efficient, Y/ is then related to the "band-structure" density of

states, N. (O), by the following equation:

Y = | Tr2k2(l+X)Nbs(O) . (4)

Thus a measured value of y and e calculated value of A can be used

to calculate N. (0) for a superconducting metal or alloy. Unfortunately,

for most nonsuperconducting substances values of X ars unknown and

electronic specific heat data cannot be used to calculate the

"band-st*".?.cture" density of states.
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It should be noted that a magnetic contribution to the

electronic specific heat coefficient has been shown for certain

alloys of ferromagnetic with antiferromagnetic or non-magnetic

metals. Some alloy systems which exhibit this magnetic contribution,

Y , are Mn-Ni alloys, Fe-Al alloys, and Cu-Ni alloys. ' Such

alloys will not be discussed here.

This paper gives a brief, general description of the methods

and equipment used for the determination of low temperature (below

20 K) specific heats, presents a discussion relating to the

evaluation of y from specific heat data which contain one or more

contributions to C in addition _o the two given in eq. (1), and

finally examines the significance of y for two selected metal-

hydrogen systems.

LOW TEMPERATURE SPECIFIC HEAT MEASUREMENTS

Low temperature specific heat measurements are like many

other types of scientific experimentation, quite simple in

principle, but somewhat complex when all the details of precision

calorimetry are considered. An excellent general reference book

for the design of calorimeti-ic cryostats and related equipment,

as well as for temperature and energy input measurements, is

"Experimental Thermodynamics, Volume I."

It is generally correct that the temperature range from 1 to

10 K is the most useful range for the evaluation of y, although

it is sometimes desirable to go as low as 0.1 K and as high as
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about 20 K. Some of the reasons why the 1 to 10 K range turns

out to be useful are: (1) the simple relation given by eq. (1)

can frequently be used as the basis for the determination of y,

(2) the calorimetric equipment and techniques needed are not

overly demanding, and (3) the necessary extrapolation of the data

from 1 to 0 K can usually be made with reasonable reliability.

Below 3 or 4 K, other specific heat contributions sometime

become very significant and interfere with the evaluation of y;

two examples of such contributions can arise due to effects of

sample impurities, especially magnetic impurities or hydrogen

dissolved in metals, or in certain cases can result from splitting

of nuclear levels by the internal fields in magnetic substances

o

as found for holmium. Specific heat data above 10 K is usually

not too helpful for the evaluation of y because of the increasing

importance of the lattice contribution relative to the electronic

contribution; however, such data can be helpful for identifying

the highest temperature at which eq. (1) can be used.

A schematic drawing of a low temperature calorimetric

apparatus currently in use at Argonne National Laboratory for

the temperature range 0.1 to 25 K is presented in Fig. 2. Only

the bottom section of the apparatus which is immersed in liquid

helium at its boiling temperature is shown. The outer jacket is

evacuated to attain the adiabatic condition necessary for
calorimetric measurements. The main parts associated with the

3 4He /He dilution refrigerator are the condenser, flow controlli

impedance, still, heat exchangers, and the mixer where the
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refrigeration process occurs. The mixer is thermally coupled to

the mechanical heat switch jaws which in turn receive the heat

from the calorimeter through a gold wire clamped between the

jaws. After the calorimeter is cooled to die desired temperature

the heat switch jaws are opened and the calorimeter is thermally

isolated from the mixer. The theoretical and practical aspects

of He /He dilution refrigerators have been treated in a number

9-11 3 4

of excellent published papers. The chief advantages of He /He

dilution refrigerators are that continuous refrigeration can be

provided indefinitely, the actual operation only requires circulation

of the He /He^ gas mixture by an external conventional pumping

system, no magnetic fields are required, and as shown in Fig. 2

the entire system provides convenient conditions for precision

calorimetric measurements from about 0.1 to 25 K.

The temperature sensors for the calorimetric measurements

are calibrated germanium resistors which are mounted in the heater-

germanium thermometer assembly as shown schematically in Pig. 2;

only one thermometer is shown, but up to three thermometers can

be accomrodated. In practice v;e use one thermometer from 1 to 25 K

and a second thermometer for temperatures below 1 K, The heater-

germanium thermometer assembly is coupled to the calorimeter by

mating threads which are coated with a thin layer of grease. The

calorimeter is usually designed to be used with a particular

sample so as to provide conditions for rapid attainment of thermal

equilibrium within the actual sample and also between the sample

and the calorimeter. The calorimeter is surpended near its top
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and bottom by fine threads attached to three threaded rods which

are rigidly attached to the mixer.

It is highly recommended that all calorimetric systems be

tested for reproducibility and for absolute accuracy by measuring

the specific heat of high purity copper over the temperature range

of interest. Such a test with the calorimetric system shown in

Fig. 2 indicated a precision of ±0.1% between 1 and 22 K. A probable

error of ±0.2% was estimated mostly by comparison with other copper

specific heat data.1'12"14

EVALUATION OF y FROM SPECIFIC HEAT DATA

The specific heat of most substances can be represented by

a sum of contributions as given by the equation:

C
P
 = Cel + Clat + Cmag + Cnucl + Cexcess ' {5)

where C is the specific heat at constant pressure, C , = yT

is the contribution from the conduction electrons, C. is the

lattice contribution, C is the magnetic contribution, C .
mag nucl

is a nuclear specific heat contribution, and C represents

any contribution not covered by the other terms. The effectiveness

of eq. (5) for analysis of specific heat data depends in the

first instance that temperature dependences of the individual

contributions for a particular material ara known and that they

are different from one another. A second requirement is that

data be precise enough and be known over a sufficiently long

temperature range. A third requirement is that one large
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contribution, such as C , must not be too large compared to

C and C, . over the temperature range required for the data

analysis.

It is instructive to look at some specific examples of metal-

hydrogen systems. The specific heat of LaH_ fron 1.3 to 20 K

has been measured by Bieganski at nl. and the results are shown
2

in Fig. 3 where C /T versus T is plotted. The authors fitted

their values of C between 5.5 and 10.5 K with terms linear and

-2 —1

cubic in T as given in eq. (1), and found y = 8.54 mJ K mole

and a Debye theta, 6 = 243 K. One notes that the values of C /T

below 5.5 K do not fit the equation of the line shown in Fig. 3,
-2 -1

and increase from 12.2 to 13.3 mJ K mole in the temperature

range 5.5 to 1.3 K. Bieganski et at. give no explanation for

this result. Possible reasons for this anomalous result are

sample impurities (no chemical analysis given), experimental errors,

or some unknown intrinsic property of LaH^. In any event, this

leaves the values of y and 9_ for LaH- somewhat in doubt. More

specific heat measurements of LaH-, especially below 5.5 K, are

needed to help establish y-

The specific heats of HoH, and ErH.. g g as a function of

T are shown in Fig. 4 and Fig. 5, respectively. The specific heat

of LaH? is also shown for comparison. For the case of HoH- the

c peak at 5.2 K is attributed to an antiferromagnetic transition
m d for ErH, QQ the C peak at 2.1 K is also suggested to be the

I . y y p
16 "i 8result of anti ferromagnetic orderir-}. ' In both cases, it is

obviously impossible to extract reliable experimental values of
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Y and e_ and one must resort to estimated values of these parameters

deduced from other measurements.

An example of a ferromagnetic hydride which has a Curie

temperature near 170 K and only a small residual magnetic specific

19heat below 5 K is 3-UH3. The results of Flotow and Osborne

are presented in Fig. 6. The top line represents a least squares

fit of the C data between 1.4 and 4 K to the relation C /T = y +

BT2 and the value of y = (29.53 + 0.02) mJ K~2 mole"1 is obtained.

Since this straight line fits the data quite well it was not

possible to establish the true value of (!__„ by analysis of the
iUciy

data alone. According to Dyson, C , for an ideal ferromagnet of

cubic symmetry is:

Cmag = 5- 0 2 9 R

where 0 = T/(2TTT ) and T is the Curie temperature; higher orderc c
K/2 7/2

terms (6 ' , 6 ' ...) are neglected here. For 6-UH3 this reduces to:

C m a = 1.19 T 3 / 2 mJ K"1 mole"1 . (7)

The bottom line in Fig. 6 represents a least squares fit of the

data between 1.4 and 4 K to the equation:

(C - 1.19 T3/2)/T = Y + 3T2 , (8)

and in this case the value of y = (26.14 ± 0.04) mJ K mole" is

obtained. Both of the above fits are within the experimental

accuracy of the data, and one is reduced to giving a value of y

— 2 —1
for £-UH3 of (29 ± 1) mJ K mole . One final comment on the
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results in Fig. 6 is that the C data above 4 K, if used to
P

derive y, would give values of y which were much too low.

The case of a superconducting hydride is illustrated in

y
2

Fig. 7 where C /T versus T for ThD_ 7t. obtained by Miller, Caton,

and Satterthwaite. The results for ThH_ _5 were nearly identical

21 21

to those of ThD_ 75; also shown are data reported by Miller for

ThH_ which does not exhibit superconducting properties down to

2.3 K. The solid line in Fig. 7 labeled H = 0 shows the effects

of the enhanced electronic specific heat, C , of ThD- _,. in the

superconducting state (transition temperature = 8.0 K). The dashed

line labeled H = 40 kOj represents the normal specific heat of

ThD. _5 and extrapolates to T = 0 from the lowest measured values

at 1.4 K to give y - 7.8 mJ K (mole Th) . it was shown that

C for ThH, 7r and ThD, 7C. do not deviate appreciably from predic-

tior.s of the BCS theory. The electron-phonon coupling constant X

(see eq. 3) was found to be 0.84 for ThH, _5 and 0.83 for ThD- _5.

Y IN THE V C r M ., V Cr , .H AND VKV SYSTEMS

The low temperature specific heat for quite a number of

compositions of V-Cr alloys, V-Cr-H alloys, and for the V-H

system have been measured. A tabulation of the available values

of y for these systems is given in Table I together with the y's

for pure vanadium, for pure, antiferromagnetic chromium, and for

"paramagnetic chromium" ("Cr") as reported by Heiniger et al.

based on extrapolations of y for Cr-Mo and Cr-W oysteiits. This
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table also lists values of e/a = the number of conduction

electrons per metal atom (e = 5 for V, e - 6 for Cr, and e = 1

for K) and cites the appropriate references. Tha excellent

25research of Rohy and Cotts was the first to clearly show that

the decrease in the value of y as vanadium was alloyed with

chromium, chromium and hydrogen, or hydrogen depended very

strongly on the total amounts of alloying elements added and

not primarily upon the relative amounts of chromium and hydrogen.

25Rohy and Cotts regarded this as strong evidence that e hydrogen

atom contributes its electron to the host transitional-iretal

conduction band. Figure 8 is a plot of values of y given in

Table I as a function of e/a. Note that the y's for VH determined
24 y

by Ohlendorf and Wicke fall nicely among the other results for
V cr,, * and V Cr,, ,H , and strongly support the conclusionx \x*~xj x ^ i.— x̂  y

25 25

of Rohy and Cotts. Also, Rohy and Cotts suggested that their

results indicated that the rigid-band model would be useful as

an approximating device for interpreting the effects of hydriding
28on the transition metals. However, more recently Switendick

concluded on the basis of his density of states calculations for

body centered cubic vanadium and for VH that the variation of

Y with hydrogen and chromium content cannot be interpreted by

strict rigid band considerations. It is apparent that we have

arrived at a point where the simjr le proton model (the hydrogen

electrons fill states of host metal) is not at all adequate, and

where a more sophisticated and predictive model has not been

fully developed.
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Y IN THE Lu-H SYSTEM

Lutetium is the last member of the rare earth series and thus

14 +3

has a completed 4f level (4f ) as a neutral atom or the Lu cation.

Lutetium also has one of the highest capacities of all metals to

dissolve hydrogen at room temperature, about 21 atomic %. Lutetium

has a density of about 9.84 g cm" at 298 K compared with that of

lanthanum, the first rare earth, which is only 6.18 g cm" . In a
29

recent paper by Thome, Gschneidner, Mowry, and Smith, the electronic

specific heat of lutetium, based on specific heat measurements from

1 to 20 K, was shown to vary in an anomalous manner as a function of

the amount of hydrogen dissolved in the iietal. Some of their results

for y and 0D together with other data of Stevens et al., Tonnies
31 32

et, al., and Lounasmaa are presented in Table II together with

the hydrogen, nitrogen and oxygen content of the samples. A plot of

Y versus atomic percent hydrogen is shown in Fig. 9. It appears that

from about 0.1 to 1.5 atomic percent hydrogen there is an unusual

increase of Y with increasing hydrogen concentration and then a more

gradual decrease of Y from 3.0 to 15.5 atomic percent hydrogen.
2

Figure 10 is a plot of C /T versus T for two Lu-H alloys as given
29

by Thome et al. The solid straight line represents their results

for LuH QQOTfi anc* t^e S ( 3 u a r e s represent their results for LuH QO57*

The value of Y for LuH 0 0 c 7 given in Table II was obtained by

drawing a straight line through the squares above T = 7 K as shown

29

by the upper dashed line in Fig. 10. Thome et al. also found for

hydrogen concentrations of 1.5 atomic percent or lower and for

temperatures below about 2.5 K that the values of C/T as a function
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of T were above the straight line through the results between 2.5

and 5 K. For hydrogen concentrations of 3.0 atomic percent or

higher the C/T versus T plots were linear from the lowest tempera-

tures measured to T = 5 K. The three possible explanations suggested by

Thome rl al.2^ for this anomalous behavior were itinerant ferromagnetism,

superconductivity and hydrogen tunneling. The first two possibilities

were eliminated by the results of ac mutual induction measurements

on 0.22, 0.57 and 1.4 atomic percent hydrogen samples which showed

a constant (±1%) susceptibility between 1.35 and 4.2 K. Thus

hydrogen tunneling is still a possibility which is not inconsistent

with the results. Sellers, Anderson, and Birnbaum have found

anomalous heat capacities of niobium and tantalum below 1 K which

they showed were associated with hydrogen or deuterium dissolved in

the metals. They concluded that a tunneling motion of the H or D

in the '*-phase of these metals would be consistent with the data

available. Also, one should note that the result of Lounasmaa

(see Table II and Pig. 9) for lutetium containing 5.2 atomic percent

hydrogen was obtained from specific heat measurements from 0.38 to

4 K, and that C varied as T below about 1.5 K. Lounasmaa

attributed this T behavior as possibly due to a nuclear specific

heat contribution, or caused by long-range exchange-type coupling

between the electronic moments of rare-earth impurities in the

lutetium sample. Since a hydrogen tunneling contribution would also

show a T~ temperature dependence below 1.5 K, one cannot eliminate

the possibility of a hydrogen tunneling contribution based or.

Lounasmaa's result. The high levels of nitrogen and oxygen in
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Lounasmaa's lutetium (see Table II) further add to the uncertainty

of the T behavior. One obvious way to help establish whether or

not hydrogen tunneling occurs in u-LuH is to extend the specific

heat measurements of the Lu-H alloys well below 1 K and to make a

comparable set of measurements with Lu-D alloys.

The excellent investigation of Thome, Gschneidner, Mowry,

and Smith on the Lu-H system is a fine example of significant

research which should eventually lead to a more fundamental

understanding of the behavior of hydrogen in metals.
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TABLE I. Summary of the Electronic Specific Heat Coefficient, y,

as a Function of e/a, the Number of Conduction Electrons

per Metal Atom in Various Alloys of V, Cr, and H.

Substance

V

V

V

V

V
«

VF

V

V
•

V
•

V

V
•

V
•

VH

VH

V

V

VH

V
•

VH

V
•

VH

, 9 C r

8 C r

8 C r.

'.26

8 C r.

6Cr.

6Cr.

5 C r.

5 C r.

8 C r.

.5

.56

4 C r.

26 C r

.76

2 C r .

.83

l C r.

.9

.1

.2

.2

,2H.l

4

4

5

5

2H.3

6

'.74

8

9

e/a

5.00

5.00

5.10

5.20

5.20

5.26

5.30

5.40

5.40

5.50

5.50

5.50

5.50

5.56

5.60

5.74

5.76

5.80

5.83

5.90

5.90

(mJ K"2 mole"1)

9.25

9.47

8.15

7.34

7.15

6.90

6.80

5.20

5.40

4.85

4.85

4.15

4.55

4.22

4.00

2.22

2.50

2.15

2.09

2.16

2.17

Refere

23

24

2 a

25

2 a

24

25

25

2 a

26

2 a

25

25

24

2 a

26

24

26

24

26

24

Cont'd
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S tab stance e/a (mJ K~2 mole"1) Reference

V Cr
.05 .95

VH.95

Crb

"Cr"b

VH1.02

VH1.10

5.95

5.95

6.00

6.00

6.02

6.10

2.32

2.44

1.40

2.90

2.74

3.13

26

24

27

23

24

24

Taken from Table IV of reference 2.

See text for explanation.
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TABLE II. Electronic Specific Heat Coefficient and Debye Temperature

Values for Lutetium Containing Hydrogen, Nitrogen and

Oxygen.

Concentrations
(atomic %)

H N 0

< 0.018

0.035

0.035

0.105

0.12

0.14

0.22

0.57

1.4

1.5

3.0

5.2

6.1

11.0

15. 5b

0.0013

0.0130

0.0130

0.0013

0.31

0.021

0.0013

0.0054

none

0.0008

0.0031

0.26

0.0021

0.0100

0.015

0.0008

0.063

0.060

0.061

0.61

0.24

0.064

0.103

0.078

0.074

0.15

1.85

0.14

0.19

0.20

Y

(mJ K~2 g-atm"1)

8.19

8.21

8.35

8.68

8.94

-

9.23

10.73

11.13

11.34

10.35

11.27

9.10

7.86

6.96

8D

(K)

183

182

184

185

196

184a

191

204

195

199

191

210

191

197

205

Reference

29

29

29

29

30

31

29

29

29

29

2S

32

29

29

29

Elastic constant measurement.

"'Thome et al. (reference 29) believe all hydrogen is in solution

in a-Lu at low temperatures for samples containing 15.5 at. % H

or lower.
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FIGURE CAPTIONS

Figure 1. The specific heat of the 1965 U. S. Calorimetry Conference

Copper Standard (data from reference 1).

Figure 2. A low temperature calorimetric apparatus at Argonne

National Laboratory for the temperature range 0.1 to 25 K.

Figure 3. The specific heat of LaH2 Q 3 reported in reference 15.

The solid line represents experimental data down to 1.3 K

4 3
and the dashed line is given by C = 8.54 T + 12/5 IT 10 -

(T/243)3 mJ K"1 mole"1.

Figure 4. The specific heat of Holl_ showing the magnetic contribution,

C . The C of LaIIn is shown for comparison (data frommag p 2 *

reference 16).

Figure 5. The specific heat of ErH, ^g showing a A-type anomaly

with a peak at 2.12 K. The C of LaH_ is for comparison

(data from reference 16).

Figure 6. A plot of C /T and (C - C m )/T versus T2 for 3-UH.j.

C is the magnetic contribution estimated from spin-

wave theory. The equations are represented by the solid

lines.

Figure 7. The specific heats of ThH- and ThD, 7 5 below 13 K. The

solid line for ThH_ represents the data of Miller et at.

from reference 21; above T = 100, the open squares are
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from Miller et al. and the open circles are from Flotow

and Osborne (reference 22). The solid line labeled H = 0

is the specific heat of ThD_ _5 in the superconducting

state; the line labeled FI = 40 kOe is the specific heat of

ThD_ 7t. measured in a magnetic field (both sets of data

are from reference 21). The solid squares are from

reference 21 and the solid circles from reference 22.

See text for additional comments.

Figure 8. A plot of y versus e/a for various v
x

C r n _ x )
H

v alloys

as indicated on the figure.

Figure 9. A plot of y versus atomic percent hydrogen for LuH

compositions as listed in Table II.

Figure 10. The heat capacity of LuH 0n018
 a n d L u H 0057 a s rePortec3

by Thome et al. in reference 29. The data for LuH nftft,o
.UUuXo

are adequately represented by the solid straight line.

The dashed straight line for the LuH QQcy (open squares

are data points) is drawn through the data from about

2.5 to 5 K.
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