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The article reviews experimental results on the low temperature specific heat of the
transition metals and their alloys. Particularly discussed are the variations of the elec-
tronic part on the basis of a complete compilation of measurements given.

On résume les résultats expérimentaux concernant la chaleur spécifique & basse tempéra-
ture des métaux de transition et de leurs alliages. Particuliérement, les variations de la con-
tribution électronique sont discutées sur la base d’un recueil complet des mesures.

Die experimentellen Ergebnisse zur spezifischen Wirme der Ubergangsmetalle und ihrer
Legierungen bei tiefen Temperaturen sind tbersichtlich dargestellt. Die Diskussion betrifft’
vor allem die Variationen des elektronischen Anteils und stiitzt sich auf eine vollstindige
Zusammenstellung der MeBresultate.
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Introduction

Since 1956, when the review article of KEEsom and PrarLMAN [1] appeared,
the list of low temperature specific heat data of solids has increased impressively,
but no subsequent survey on this subject has been given. Most of the data has to
be sought in the vast literature of the last ten years. A good picture of the actual
knowledge of the electronic structure of transition metals and alloys is given in
a book edited by Brck (2], and in an article by MoTT [3], but neither contains a
complete compilation of known data.

At the time of the article of Kresom and PrartMax [I] the measurements in
the domain of calorimetry were mainly restricted to elements; since 1956 not only
have most of the elements been measured or remeasured, but also some hundreds
of binary and other alloys have been investigated. In view of the large amount of
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new data we have restricted the present survey to transition metals and to alloys
with a major fraction composed of these elements. We have also limited ourselves
to the discussion of properties in the normal state and have neglected those of
main interest in superconductivity theory. Several of our own hitherto unpublished
results appear in the tables given in the review.

A. Basie Results of Specific Heat Theory

In our treatment of theoretical aspects of the work we shall only mention the
main results of specific heat theory and those facets of it which are of direct
interest to the experimental results to be presented. For more detailed accounts
we suggest further reference to the literature (e. g. [4—8]).

The Lattice Specific Heat
The lattice specific heat of a solid is determined by the total vibrational
frequency distribution g (v):

. (hv/k T)gexp holkT)
0
Wl’ch v)dy = 1. The temperature range of interest in this article only requires a
Q g

knowledge of o (») for low frequencies. For » low enough the distribution function
must be that of an elastic continuum and has the form

1
o(¥) = w2 v? =47, <g>avv2, (2)

with the average taken over the longitudinal and transverse modes and over all
directions of the lattice wave velocities v. The coefficient oy is determined by the
elastic constants and the density of the crystal. In this way we can approximate
eg. (1), and at low temperatures we obtain the well-known 73 law:

0 =22 Nk(a )3 (3)

B¢, the Debye characteristic temperature at low temperatures, is defined by the
Debye-theory (see [4]) and is given by the expression
8/ 38 h/1N\"}
60=}/ 2k () - )
where v, is the atomic volume.

For a Debye spectrum (p(v) as given by (2) with cut-off at v = k@/h) the
error of the T'3 approximation is less than 19, for temperatures 7' << 612 and
for the discussion of most of the specific heat data of transition metals and alloys
below 20°K is of no importance. On the other hand deviations of g(») from a
Debye spectrum due to dispersion can be considerable even at low frequencies [4],
and these depend strongly on the crystal structure and on the forces responsible
for the cohesion of the lattice. An expansion of g(») including higher terms
(0(v) = wa¥® + aav* + ag¥8 + ---) leads to correspondingly higher terms in the
formula for the specific heat: C) = a3 + 75 + §T7 4 ---. Such deviations
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of the specific heat from a simple 73 Jaw have to be considered for the inter-
pretation of low temperature specific heat data for temperatures above approxima-
tely @o/100.

The Electronic Specific Heat

The contribution of a non-interacting, degenerate electron gas to the heat
capacity of a solid at low temperatures is linear in 7' and is proportional to the
density of electron states N (E'w) at the Fermi level:

Co=yT = > m2 k2N (By) T, (5)

where
1 as
N (Er) = 8?/ |grade E (k)| * (6)
7.8

These relations remain valid in a system of interacting electrons if the excitations
can be considered as a gas of independent quasi-particles with Z (k) being the
appropriate quasi-particle excitation spectrum. The great value in knowing the
Sommerfeld coefficient » arises from its importance in giving information about
this energy spectrum near the Fermi surface (F. S.).

More particularly in a simple Sommerfeld free-electron model N (Ey) is only a
function of the number of electrons per unit volume. For the calculation of energy
levels in a real metal, one must consider the periodic potential of the lattice con-
sisting of the ions with filled shells, as well as the interactions of the conduction
electrons with both each other and the phonons. Whilst in simple metals (as e. g.
the alkalis) these effects can be described by corrections applied to the free-
electron model [9—11], in transition metals none of them is small. For these
metals the calculation of electron bands is made difficult by the large number of
electrons in unfilled cores which have to be considered in a self-consistent manner
[12]. The results of such calculations give bands with high and strongly varying
densities of states (d-bands). These densities of states have to be corrected for
electron-phonon interactions which raise the heat capacity of the electron system
and seem to be especially important for metals with a high density of states at the
Fermi level. Estimations for transition metals with a high density of states lead
to enhancements by factors of 2 and more over the uncorrected value [13, 14].

Nuclear Specific Heats

Additional terms in the specific heat, considerable only over a restricted
temperature range, can oceur from the interactions of the nuclei with the electrons.
For the discussion of such specific heat contributions these interactions can be
described by effective magnetic or electric fields at the positions of the nuclei.
These act on the magnetic dipole moment g or the electric quadrupole moment @
of the nuclei and thereby remove the (27 + 1) fold degeneracy in the absence of
these effective fields (I : nuclear spin). The mentioned nuclear heat capacity is then
a consequence of the temperature dependence of the distribution of the spin
orientations among these Zeeman energy levels.
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The hyperfine heat capacity associated with N nuclei having a spin I and a
magnetic moment y and situated in an effective magnetic field He is equal to:

_ 1/141 \ (1@ 1
Cu=NEk 3\ T (HHe)Z/av(kT) ‘_30>< )
I+n)@I2L2r+1 1\
SYCELLEETEET PRI

for kT > pHe [7]. The average has to be taken over the different nuclei and the
inequivalent lattice positions. Additional quadrupole interactions would contribute
two further terms proportional to 72 and 74 and would also give rise to a 7'—3
term.

Specific Heat of Spin Wawes

The determination of the thermodynamic functions for a spin wave system
succeeds with certain approximations in simpler cases such as ferromagnets and
two-lattice antiferromagnets (see [8]). In a ferromagnet with a quadratic dispersion
law spin waves contribute a term proportional to 73/2 to the specific heat (e.g.
{75, 161). If the energy spectrum has a gap the contribution will have an exponential
behaviour. The theory of a two-lattice antiferromagnet leads to a 73 part in the
specific heat and the separation from the lattice specific heat will hardly be possible
by measuring C as a function of the temperature.

Other Specific Heat Contributions

The specific heat of a system of independent spins having possible energy

values E = nhwvy, with n a sufficiently large number, is equal to
exp(T&/T

Ca= B- [;Xp(;;/;fr; __) 1P (TE!T)z P (8)
where kT = hvg, and is temperature-independent for T > T. This situation is
probably realized in some alloy-systems of the 3d-period at the critical concen-
tration between paramagnetism and -ferromagnetism. In these circumstances
magnetic clusters can be formed which in a weak effective field H have energy
values B,y = Eg + 2mpBH, 0 < m = 2n, where n is the number of free magnetic
electrons in the cluster [17].

Specific heat contributions magnetic in origin and which are linear in the
temperature have been suggested by OVERHAUSER (18] and by Marsmarn [19].
In the model of OvErRHAUSER [18] this contribution is connected with an anti-
ferromagnetic ordering of a dilute paramagnetic solute ; in the model of MARSHALL
[19] it is the heat capacity of a sufficiently large number of spins of this solute in
small effective magnetic fields.

B. Experimental Results

The greater part of the work carried out in low temperature calorimetry on
transition metals and alloys has been done above all in order to determine the
electronic contribution to the specific heat. The coefficient y of the electronic heat
capacity offers a very direct information on the electronic structure of a metal.
The calorimetrically determined density of states is a valnable means of testing
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models and approximations in band theory and theories of many other properties
ag for instance magnetism and superconductivity.

Only to alesser extent has the main interest laid in the other specific heat terms
like the lattice heat capacity with its information on elastic properties and the
phonon spectrum, or the nuclear specific heat contribution in connection with
nucleus-lattice interactions.

Considering the reliability of results in low temperature calorimetry different
points such as temperature scale, quality of the specimens, precision of measure-
ments and interpretation of the determined heat capacity can be of importance:

The data compiled in the review article of KeErsom and PEARLMAN [1] are
based on the temperature scale of 1948 this can give inaccurate specific heat values
through the determination of A7 by several percent. For later work the scales of
1955 and 1958 had generally been accepted, and the differences between these two
scales are of little importance; even further refinements of the 1958 scale will be of
no consequence for the precision of the present low temperature specific heat data.

That the quality of a sample affects the thermal properties is best seen by
comparison of the results for the elements. The lattice specific heat of a very pure
element at low temperatures is generally raised by the solution of small amounts of
another element. How far internal strains, dislocations and ordering affect the
lattice specific heat is not still clear, but it could be that they are responsible for
the many differences observed for @-values even on very pure elements. It has
been demonstrated recently that impurities can also drastically affect the linear
term y I'. Kersom and RapEpavcH [20] published a y-value determined for very
pure V with a resistivity ratio of 150, which was considerably higher than previous
values on less pure V. On the other hand Rorer et al. [21] investigated Mo-
specimens of different impurity contents and arrived at the conclusion that earlier
measured yp-values on impurer specimens were 5—209, too high. In general
however, the great progress made in the purification of transition metals in the last
few years would appear to have contributed to the reduced scatter observed in the
specific heat data.

It has been the custom not to publish the whole specific heat function O(T),
but to divide it up into different parts with the aid of its temperature variation.
A restricted temperature range is sometimes the reason for some ambiguity in this
interpretation of the measured specific heat. In cases where C consists only of the
electronic and the lattice parts, a neglect of higher terms in the expansion of the
lattice specific heat can yield entirely incorrect results. If we describe such a
behaviour of the lattice heat capacity by a function @(7T) (defined by formula
(3) if B is replaced by & (T')) then this function decreases rather generally from
its value @ at the lowest temperatures towards a minimum (see e. g. Fig. 11). The
determination of y and @ by a least square fitting of C(T') as measured below the
O-minimum to 97" + « T8 means that both, y and @y, will be too low, whilst
O will be too low if obtained from results for C(7') in the range of the minimum,
and y will be too high for C(7') determined above the @-minimum. With respect
to these facts some data of MoriN and Marra [22] must be considered as doubtful;
they expressed C'(T') of their metals and alloys by y T + T3 (with the exception
of Re, where a T'5 term was included) up to 25°K. Also the careful analysis of
specific heat data for 7' > 10 °K by CLUSIUS et al. (see Sect. I) cannot yield very
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accurate values of  and @ at 0 °K. Below 10 °K and in a not too limited 7'-range
C(T) can often be fitted successfully to an expression with higher terms in 7', but
at least T'5 and 77 terms will be necessary above 3 to 5°K; these then permit
adequate extrapolation to 7' = 0°K. The most reliable method of determining
v and @y is to measure C(T) at sufficiently low temperatures where the ©-
variations are still negligible. This is only possible for non-superconductors and
superconductors with a low enough 7'¢. In metals with 7'¢’s up to 10 °K and incon-
veniently high critical fields to allow the suppression of superconductivity another
method is available. This has proved to be reliable in the case of Nb, and we have
applied it to Nb-Zr alloys. The extrapolation of C(T') in the superconducting state
to 0°K assuming an exponential behaviour of the electronic specific heat at the
lowest temperatures and an equal lattice specific heat in both states yields the
coefficient o of the cubic term and thus the Debye temperature @g. The other
three coefficients in the expansion C (T) =T + o134 15 4 6T7 can then

be obtained from the entropy S(7') / dT at a temperature Ty = 7, the

0
specific heat C(To) and the derlvatlve i 7 b To.

In the following sections we present a survey on the investigated elements and
alloys. For the elements we shall only quote data not already included in the article
of Kersom and PEARLMAN [7] and cite as representative results of the time before
1955 the best estimates given therein. For alloys with at least one transition metal
component we hope to give a rather complete compilation.

All data in the following lists are given for one g-atom for elements and for one
mole, defined by the formula 41, B, for binary alloys. The listed values y, & ete.
should be taken above all as the coefficients of the linear, the cubic or other terms
of the specific heat at constant pressure or (as U — Oy can be neglected at low
temperatures) at constant volume.

I. Elements

Table 1 represents as we believe the actually most probable values of y and
@y of the transition elements. For the choice of these values we considered the
purity of the investigated specimens, the temperature range of the measurements
and how the specific heats had been analysed to determine the coefficients y and
. We think these values to be more reliable than the averaged values given in an
article by GscENEIDNER [23]. In the following sections we list the data which we
considered for the values of Table 1.

1. Se, Y, La. The second value of 9 for Sc¢ in Table 2 originates from MonT-
cOoMERY and PELLs (private communication to ANDERSON et al. [25]). The mea-
surement of Lynam et al. [26] was done in order to test for the presence of a
hyperfine interaction in Sc. They found no clear evidence from the specific heat
for such a property.

The value of JENNINGS et al. [27] for Y is the result of an extrapolation of
C(T) from above 15°K assuming the @-variation to be similar to that in La and
Lu. The @g-value of MoRIN and MATTA [22] might be too low because the specific
heat was fitted to 0 = T 4 « T3 at elevated temperatures.
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Table 1. Debye temperature, @o(°K) (first number below symbol of element), and electronic
specific heat, y(mJ°K-2mole™!) (second number), for pure elemenis for phase stable at low
temperatures. Values are best estimates from available calorimetric data. Other data for
y(in mJ°K=2mole~1) : Or (paramagnetic) 2.9, p-Mn 9.7, y-Mn 9.2, 6-Mn 9.4, La (f.c.c.)11.5

Sc Ti v Cr Mn Fe Co Ni
450 425 399 630 385 470 460 470
11.0 3.32 9.9 141 12.4 4.8 44 7.1
Y Zr Nb Mo Te Ru Rh Pd
280 290 277 460 — 550 500 270
10.2 2.78 7.8 1.83 — 3.0 4.7 9.5
La Hf Ta w Re Os Ir Pt
150 252 258 390 415 500 420 235
9.4 2.16 6.0 0.90 2.3 2.3 3.2 6.5

The very low y-value of [] for La originates from an extrapolation from above
the superconducting critical temperature, and where the ©-variation was neglected.
BerMaN et al. [28] give values for y and 6 which are the average over the h.c.p.
and the f.c.c. phases of their sample. The samples reported in [779] are at
least 959, pure phase.

Table 2. Low temperature specific keat of Sc, ¥ and La

Element Range (°X) ¥ (MJ°K2mole~1) & (°K) Ref.
Se 1.7 — 4.2 11.3 470 [24]
1.1 - [25]

0.15— 3 10.9 344 (26]

0.15— 3 10.2 397 [26]

Y > 15 8.5 - [27]
17 — 4.2 10.2 300 [24]

15 —25 10.1 235 [22]

15 — 4 10.5 330 [30]

2 —40 9.4 232 [182]

La 6.7 132 [1]
1.6 — 65 10.1 142 [28]

15 — 9 10.0 142 [29]

15 — 4 10.0 142 [30]

L1 —10 9.4 152 [179]

La (f.e.c) L1 —10 11.5 140 [179]

2. Ti, Zr, Hf. With the exception of the @-value in [I] and y and @, of
Crustus and FRANZOSINT [33] the results of T contained in Table 3 are consistent.
The three recent results for Zr [34, 35, 37] agree within their limits of error.
The quite large differences in the y-values of Hf could be an effect of impurities.

3. V, Nb, Ta. The reason for the relatively large scatter in the specific heat
parameters of the group of metals given in Table 4 probably lies in the high
sensitivity to impurities, the deviations from a 73 law even at low temperatures
and the high transition temperatures of superconductivity making the determina-
tion of the normal state parameters more difficult. The most reliable value for ¥
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Table 3. Low temperature specific heat of T4, Zr and Hf

Element Range (°K) v (mJ°K-2mole~1) &g (°K) Ref.
Ti 3.34 278 n
4-15 3.38 421 [31]

1.2—20 3.56 430 [32]

>13 5.9 368 [33]

11— 45 3.346 497 [34]

11— 45 3.351 430 34

1.5—-16 3.3 415 [35]

12— 45 3.30 429 [36]

0.9-12 3.31 412 [37]

Zr 2.95 270 n
1.2-20 3.04 310 [32]

L1— 45 2.81 292 [34]

1.5-16 2.75 290 [35]

0.9—-12 2.77 290 [37]

Hf 1.2—20 2.64 261 [32]
11— 45 2.159 252.3 [34]

11— 4.5 2.167 251.5 [34]

Table 4. Low temperature specific heat of V, Nb and Ta

Element Range (°K) v (mJ°K-2mole~1) @ (°K) Ref.
Vv 8.83 273 1

1.2—-20 9.2 380 [38]

1.1- 5 9.26 338 [39]

> 10 6.70 425 [40]

27 8.88 315 [417

<6 9.92 399 [20]

9.64 400 [42

Nb 8.5 252 [1]

1.5—30 7.56 256 —320 [43]

> 10 8.59 250 [40]

1.1—12 7.53 238 [44]

14— 42 7.70 320 [45]

1.5—25 7.54 230 [22]

04— 4.2 7.79 275 [46]

7.80 (275) [47]

1.5 —18 7.80 — (48]

1.5 —18 7.80 278 [49]

0.35—25 7.79 277 [50]

0.35—25 7.85 277 [607

see text — [61]

Ta 5.44 231 1]

> 10 34 228 [62]

1.2—-20 5.87 245 [38]

1.3—25 5.70 255 [63]

1.5-25 6.28 240 [22]

6.02 258.2 [42]

seems to be that of Keesom and RapEBAUGH [20] whose sample had a resistance
ratio of 150 and a 7', of 5.37 °K. PHILLIPS and SHEN [42] report a resistance ratio
of 18, CHENG et al. [41] a critical temperature of superconductivity of only
4.59 °K.
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For Nb, the agreement between the most recent publications is very good.
The first specimen of SHEN et al. [50] had a resistance ratio of 24 and a 7', of
9.13 °K, for their second, purer specimen both the resistance ratio and 7', were
higher being 110 and 9.26 °K respectively. The specific heat of very pure Nb
(Te = 9.33°K) has been measured from 1.5 to 18°K by BucHER et al. [48]
without magnetic field. Using a careful analysis of the heat capacity in the normal
and the superconducting states (see introduction to Part B) we redetermined the
values of v and @ [49] as presented in Table 4. LevrpoLp and Boorsk [47] in-
vestigated a single crystal of Nb with a 7'¢ of about 9.19 °K and vax per Horven
and Kersom [46] a polycrystalline specimen down to 0.4 °K. The results reveal a
considerable deviation from a 7'3 behaviour even at 3 °K and explain why previous
measurements had given the erroneous result suggesting that the total specific
heat in the superconducting state is smaller than the lattice specific heat in the
normal state. McCoNVILLE and SERIN [51] report a 9 of 0.80 mJ/ecm3 °K2 but no
value for the density of their specimens for comparison.

Morin and Marra [22] found a sharp change in the slope of /T vs. T2 at
9.5 °K and explained it on the basis of a rapid variation in the density of states as
a function of 7'. They fitted the results to C = y T + « T3 both above and below
9.5°K and obtained approximate agreement with other authors for v (7' < 9.5 °K)
but a much lower @g. The temperature range in which this behaviour was seen
has been reinvestigated by BucHER et al. [48]. Besides observing that the slope of
the specific heat curve C/T vs. T2 was a smooth function of temperature they also
found no anomalous behaviour of the susceptibility at 9.5 °K, as would be expected
if there were such a sudden variation in the density of states.

Prriries and SHEN [42] report a residual resistivity ratio of 400 for their
Ta - sample investigated in a super-critical magnetic field. The superconducting
critical temperatures 7'c of the specimens of MORIN and MaiTa [22], and WHITE
et al. [63], were 4.4 and 4.39°K respectively. The latter took into account a
possible @-variation by using a numerical method for the extrapolation of
C(T) to 0°K.

4. Cr, Mo, W. The comparison of the y values with the purity of the investigated
substances seems to indicate that in this group of metals (see Table 5) the linear
term in the specific heat decreases with increasing purity.

The results for antiferromagnetic Cr are in reasonable agreement with each
other with the exception of that of reference [58]. In Table 5 we also give a value
for paramagnetic Cr which will be discussed further in the section on Cr-alloys.

The most recent measurements on 99.999%, pure Mo reported by HEINIGER
et al. [60] and RorEr et al. [2]] are in excellent agreement but are lower than
previous values of probably impure material. The first specimen of RORER et al.
[21], that with the highest resistance ratio of 2700, consisted of three crystals, the
other three were single crystals; the sample of HEINIGER et al. [60] was poly-
crystalline.

Very pure W with a resistance ratio of 20,000 investigated by Marra (see
GEBALLE [65]) had a lower p than most of the previously measured samples. The
temperature range responsible for providing this measurement and the limits of
error are lacking. A 99.999, pure W-specimen, melted and well annealed in a high
vacuum, has been investigated by BucHER et al. [48] and this also showed a
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Table 5. Low temperature specific heat of Cr, Mo and W

Element Range (°K) v (mI°K-2mole~}) O (°K) Ref,
Cr (antiferromagnetic) 1.54 402 [11
1.2—20 1.58 585 [38]
15— 4.2 1.40 630 (541
> 14 580 [55]
2—4 1.39 630 [56}
1.42 606 [57]
1.62 400 [581
145 (891
Cr (*“paramagnetic’) 2.9 [60, 61]
Mo 2.14 425 111
1.2—20 2.12 470 [38]
> 10 2.10 454 [621
1.0— 4.2 1.93 427 (631
1.0— 4.2 1.91 458 [63]
14— 42 2.20 470 [45]
1.5—25 2.01 470 (221
04— 4 1.83 423 [21}
04— 4 1.81 3382 [2n
04— 4 1.89 461 (211
04— 4 1.87 456 [2n
15— 4 1.83 430 [60]
W 148 379 13
1.2—20 1.21 405 [38]
4 —15 1.1 378 [64]
>10 1.13 380 [62)
15— 4.2 0.95 396 [48]
0.84 [65]

relatively low y. We believe that the impurity dependence of y originates from
magnetic contributions rather than from a change in the density of states.

5. Mn, Tc, Re. The most recent results for «-Mn, with the exception of that
of FRANZOSINT et al. [70] determined in the liquid hydrogen range and that of
StersENKO and AVESENT EV [§8], are in good agreement (Table 6). The weak
tendency towards higher values of y by GUTHRIE et al. [71] could partly be
explained by the error made in neglecting the hyperfine specific heat contribution.
From the T-2 term of the heat capacity, Zvom and HEERr [68] determined the
hyperfine field to 80—90 kOe and ScurLock and STEVENS [72] to 90 kOe; this
must be taken as a mean value over the different non-equivalent Mn-places.

For f-Mn the specific beat shows an anomaly below 15 °K (BootH et al. [661)
and an estimate of the y value was only possible from high temperature specific
heat data (Werss and TAUER [67], SHINOZAKI et al. [69]).

A careful investigation of the low temperature specific heat of y-Mn has been
made by Ho and Patrites [74]. From the 7'-2 part they determined the hyperfine
field to 65 kQe. ZmMERMAN and SaTo [73] arrived at their y-value by an extrap-
olation of its value in the f.c.c. alloy-system Mn-Cu to pure y-Mn, the extrap-
olation is not very well defined however. On the other hand the variation of y
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in the Mn rich Mn-Cu alloys shows that the correction of the measured specific

heat of Mn + 6 wt.-9, Cu to pure y-Mn with the y-value of pure Cu as made by
FrANzOSINI et al. [70] cannot be correct.

Table 6. Low temperature specific heat of Mn and Re

Element Range (°K) v (mJ°K-2mole~) O (°K) Ref.
«-Mn 13.8 [1]
11 —20 11.8 392 [66]

1.2—20 18.0 450 [38}

(10.6) (460) [671

03 — 2 11.9 - [68]

2 —2 12.6 380 1691

> 10 13.7 415 [70]

0.3 — 4.0 16 418 [58]

1.75— 4.2 12.8 — [71]

03 — 1.0 12.0 393 [72]

$-Mn 1120 — - [66]
(9.4) (422) [67]

(10.1) (365) [69]

> 14 — — [188]

»-Mn (4.7) (355) [67]
3—6 — [73]

2-20 8.4 370 [69]

> 10 10.4 373 [70]

0.066—4.2 9.20 328 [74]

6-Mn (9.4) (370) [67]
Re 1.2 —20 2.45 450 [38]
0.37— 4.2 2.31 417 [75]

1.5 —25 2.47 405 [22]

1.2 —24 2.26 407 [76]

> 10 — —_ 771

The values for §-Mn are estimates from high temperature specific heats.
As far as T'c is concerned no data for the pure metal exists.

For Re a good agreement has been found between the data of Kxesom and
BryaNT [75] and that of BLANPAIN [76], but a higher y-value is given by MORIN
and Marra [22]. The specific heat had been represented by the latter by ¢' = y I+
+ a1 4 B 15 which is apparently too rough for the strong @-variation of Re.
The contribution of the quadrupole interaction to the specific heat has been
separated and discussed in the work of Kersom and BryANT [75].

6. Fe, Ru, Os. In the ferromagnetic metals a possible contribution to the
specific heat from spin waves has to be considered. RAYNE and CHANDRASEKHAR
[80] reanalysed the data of CHENG et al. [79] for Fe using the expansion ¢' = y T -+
+ T3 + ¢T3/2 and obtained for v a slightly different value (Table 7). Likewise
the value of Dixon et al. [81] for y of Fe originates from the same expression for C.

7. Co, Rh, Ir. The most reliable values for y and 6 of Co seem to be those
obtained on spectral pure material by DIxoxN et al. [87] (see Table 8). From the
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Table 7. Low temperature specific heat of Fe, Ru and Os

Elernent Range (°K) v (mJ°K-2mole~1) 6 (°K) Ref.
Fe 5.0 467 [1]
0.356— 0.7 49 — [78]

14 — 4.2 4.98 445 [79]

4.9 477 [80]

1.2 — 4.2 4.755 473 [817

12 — 42 4.762 469 [

2 — 4 4.81 463 [178]

Ru 1.2 —20 3.35 600 [38]
> 10 2.6 505 [82]

2.98 — [83]

Os 1.2 -20 2.35 500 [38]

Table 8. Low temperature specific heat of Co, Rh and Ir

Element Range (°K) y (mJ°K-2mole~t) & (°K) Ref.
Co 5.0 445 1]
0.6 —3.3 4.74 443 [84, 851
19 —42 444 416 [861
0.35—0.7 5.6 - [78]
14 —4.2 4.7 469 [79]
1.2 —4.2 4.38 460 [81]
0.7 —2.5 4.51 —_ [67]
Rh > 10 4.85 450 [88]
1.2—20 4.90 478 [38]
1.8— 4.2 4.65 512 [891
Tr >10 3.18 430 (88]
1.2—-20 3.14 420 381
3.3 410 [65, 186]

Table 9. Low temperature specific heat of Ni, Pd and Pt

Element Range (°K) y (mJ°K-2mole-1) @, (°K) Ref.
Ni 74 456 [
1.5-—4.2 7.05 468 [54]

1.9—4.2 6.7 348 [86]

14—42 7.2 334 [90]

1.2—4.2 7.039 477 [81]

1.2—4.2 7.028 471 (813

1.5—-4.2 7.16 469 91

Pd 10.7 275 [
2 — 4.2 9.31 274 [92]

15— 4.2 9.87 299 [93]

1.5— 4.2 9.38 272 [94]

1.4—100 9.42 273.6 [95]

1.3— 30 9.57 267 (961

9.53 — [971

Pt 6.8 2929 [1]
> 10 6.6 221 [98]

1.2—4.2 6.68 240 1991

1.8—-4.2 6.41 235.3 (891

1.2—4.2 6.507 234.9 [81]



Low Temperature Specific Heat of Transition Metals and Alloys 255

specific heat term proportional to 72 they determined the Heg. at the nucleus to
be 223 kOe. The specimen of CHENG et al. [79] was of a purity of only 99.56%,
but their parameters agree reasonably well with those of Dixox et al. [81]. The
coefficients of ARP et al. [78] have been determined in a very restricted temperature
range below 1 °K. Their y value which is considerably higher than that of Dixow
et al. [81] may therefore be less reliable than their hyperfine term which agrees
well with that of the other authors.

8. Ni, Pd, Pt. Dixox et al. [81] fitted the specific heat function of Ni to the
expression O = y T + a7 - ¢ T'3/2, Their coefficient ¢ was not well defined and
is smaller than that calculated by RAYNE and KeuMP [§4] from magnetization data.
The latter determined y by first subtracting the spin wave term from the measured
heat capacity. Nevertheless the agreement between the results in y of these
authors is excellent because ¢ has little effect upon the value of y. The deviations
of the other authors cannot be explained by the neglect of the 7'8/2 term.

The most recent results of Pd are in good agreement. As both » and @y of
RaYNE [93] seem to be slightly too large, the difference could reflect an inaccurate
separation of the electronic and lattice parts of the specific heat.

For Pt all results agree reasonably well with each other.

II. Alloys of Two 3d-Transition Metals

The large amount of specific heat data on alloys of transition elements of the
first long period is collected in Table 10a (alloys between neighbouring elements in
the periodic system) and Table 10b. The coefficients  of the specific heats of the
alloys given in Table 10a are plotted as a function of the number of valence elec-
trons per atom in Fig. 1 together with those from Cr-Fe alloys.

The variation of the electronic specific heat 3 of Se-rich Se-Ti alloys, investi-
gated by MonTGOMERY and PELLS (see [25]), has been found to explain that of the
magnetic susceptibility as a function of concentration and temperature (ANDERSON
et al. [25]). The y value of h.c.p. Tig.96V0.04, compared with that of b.c.c. Ti-V
alloys, suggests that y varies smoothly through the phase change from h.c.p.
to b.c.c. alloys (Fig.1). The large series of b.c.c. and f.c.c. alloys mainly in-
vestigated by Brck and coworkers has been reviewed by Guera et al. [116].
Recent results on Cr-V alloys in the antiferromagnetic region appear in Table 10a;
y decreases steeply to the value for pure Cr [61]. For Mn-Fe and Ni-CuofTable 10a
and V-Fe and Mn-Ni of Table 10b a temperature-independent cluster contribution
had to be taken into account. The y-values of Ni-Cu by GuTHRIE et al. [105] and
those of V-Fe by CuENG et al. [79] have been subsequently reevaluated by con-
sidering this cluster specific heat (ScErGDER [17]); for Ni-Cu the new values are
given in brackets. Usually the @y-values are not very reliable in such cases where
C had to be separated into three or more different contributions. In order to con-
firm the theory of ScHROEDER [I7] for the specific heat of magnetic clusters
ScurLock and Wray [109] measured the specific heat of some V-Fe alloys between
0.4 and 4°K and found the expected deviations from temperature independent
contributions below 1 °K.

In Fe-Co and Co-Ni alloys the Co% isotope makes a considerable hyperfine
contribution to the specific heat (Table 19). The coefficients for Fe-Co alloys of
Azrp et al. [78] and of CHENG et al. [79] differ somewhat; as the former investigated
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Table 10a. Low temperature specific heat of alloys of two

3d-elements (neighbouring elements )

Cone. of the 2nd

Alloy-system  element (at.-%) Structure vy (mJ°K-2mole-1) & (°K) Ref.
Se-Ti 10 h.c.p. 9.3 — [25]
Ti-V 4 h.c.p. 4.6 365 [35]
20—100 b.c.c. Fig. 1 244—315 [41]
V-Cr 23—95 b.c.c. Fig. 1 314500 [79, 190]
95—99 b.c.c. Figs. 1 and 6 560—625 [61]
Cr-Mn 10 b.c.c. 2.23 467 [79]
20 b.c.c. < 6.7 — [79]
31 b.c.c. <121 — [79]
39 b.c.c. < 19.7 — [79]
50 b.c.c. < 234 — [79]
Mn-Fe 53 f.c.c 5.99 428 [90}
55 f.c.c. 6.11 482 [100]
66 fce 6.66 405 [901
76 f.e.c. 8.34 399 [901
84 f.e.c. 13.87 398 [901
89 f.c.e. 17.6 — [101]}
98—99.5 — — — [102, 178]
Fe-Co 0—-75 b.c.c Fig. 1 353-—476 [79]
0— 4 — — — [178]
93 f.e.c. 591 436 79
0—58.7 b.c.c. see text — [78]
91.5 f.c.c. see text — [78]
30 b.c.c. 1.76 465 (1101
Co-Ni 30—100 f.e.c. Fig. 1 337—416 [861
40 f.c.oc see text — [78]
Ni-Cu 1 f.e.e. 7.16 448 [91]
10—-55 f.ec.c. Fig. 1 321—389 [103]
18—178 f.c.c. Fig. 1 335—386 [104]
57 — — — [184]
58 f.c.o. 6.2 (5.24) — [105, 17]
63 f.c.c. 4.0 (3.56) — [105, 17]
69 f.c.c. 2.03 375 [106]
73 f.c.c. 2.03 385 [105]
89 f.c.c. 1.05 343 [105]

(elements with valence difference of 2 or more)

Table 10b. Low temperature specific heat of alloys of two 3d-elements

Alloy-system Congc. of the 2nd Structure y (mJ°K-2mole~t) @ (°K) Ref.
element (at.-%)
Ti-Cr 2.5 h.c.p. 4.1 370 [107]
Ti-Mn 0.17—1.7 h. c. p. — — [36]
2.0 h.c.p. — — [107]
14 b.c.c. 5.53 372 [36]
Ti-Fe 1.0 h.c.p. 3.3 380 [107]
1.5 h. . p. 3.4 370 [107]
8 b. c.c. 6.1 295 [107]
50 CsCl, ord. 0408 495 [108]
98—99.5 — — — [102, 178]
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Table 10b (continued)

Alloy-system  Cone. of the 2nd Structure v (mJ°K-2mole-1) 6o (°K) Ref.
element (at.-%)
Ti-Co 50 CsCl, ord. 105 325 [108]
V.Fe 44 b.c.c. — - [112]
13.8 b.c.c. — - [112]
8—67 b.c.c. Fig. 7 369—509 [79, 17]
22 b.c.c. 3.58 (390) [109]
26 b.c.c. 3.81 (390) [109]
31 b.c.c. 6.75 (390) [109]
67 b. c. c. 3.71 341 [110]
90 b.c.c. 3.38 404 [111]
98—99.5 — — — [102,178]
V-Ni 0—8 b.c.c. - - [190]
60 f.c.oc. 4.82 419 [90]
65 f.c.ec. 4.48 422 [90]
72 f.c.c. 4.27 388 [90]
82 f.c.c. 3.98 479 [90]
91 f.c. c. 8.09 398 [90]
Cr-Fe 2—100 b.c.c. Fig. 1 — [79]
55.9 b.c.c. 5.02 400 [113]
55.9 o (26.8) — [113]
98—99.5 - — - [102, 178]
Mn-Ni 25 f.c.c 6.66 307 [90]
40 f.c.c. 4.15 311 [907
60 f.c.c. 3.35 312 [90]
70 fe.c 7.00 356 [90]
75 f.c.c.ord. 4.9 — [114]
75 f.c.c. disord. 9.4 — [114]
75 f.c.c. 7.58—9.68 261—329 [90]
80 f.c.c. 9.25 373 [90]
Mn-Cu 3 fee 742 — [73]
5 f.c.c. 9.4 — [73]
9 f.c.c. 11.6 — [73]
18 f.c.c. 11.8 — [73]
27 f.c.e 11.4 — [73]
42 f.cc. 6.9 — [73]
57 f.e.c. 3.8 — [73]
76 f.c.c. (2.8) - [73]
87 — — — [184]
Fe-Ni 0—4 — - — [178]
28 f.coc. 13.2 309 [907
35.3 — 11.9 (341) [115]
37 f.c.c 5.28 323 [907
40 f.c.c. 7.12 326 [90]
45 f.c.c. 5.53 383 [90]
48 f.c.c 5.1 358 [104)
55 f.e.c. 4.32 418 [90]
68 f.c.o 4.15 425 [90]
80 f.c.c. 4.5 407 [104]
84 f.c.c. 4.9 409 [104]
95 f.c.e. 6.54 390 [90]
97 f.c.c. 6.95 391 190]
99 f.cc. 7.01 435 [91]

19 Phys. kondens. Materie, Bd. 5
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only the temperature range between 0.35 and 0.7 °K those y-values are probably
less reliable and the hyperfine specific heats more reliable than the data of CueNg
et al. [79] who measured above 1°K.

y (mJ mole™ °K2)

electrons /atom

Fig. 1. Specific heat coefficient ¥ vs. number of valence electrons per atom in 3d-alloys. V elements (from Table 1),
(® ANDERSON et al. [25], @ HEINIGER and MULLER [35], and HEINIGER {61], @ CHENG et al. [41], X GUPTA
et al. [116], O CHENG et al. [79], © WALLING and BUNN [86], © GUPTA et al. [103], @ KEESOM and KURREL-
MEYER [104], @ GUTHRIE et al. [105], (—.—.—.—) electronic specific heat in f. c. ¢. alloys (GUPTA et al. [90]),
(—————— ) electronic specific heat in f.c.c, Ni-Cu (GUPTA et al. [103])

The curve of Fig. 1 which shows the coefficients y as a function of the number
of electrons per atom outside the filled cores has been adjusted so that the points
for the pure elements correspond to the values in Table 1. Several authors have
already discussed the variations of y in b.c.c. alloys assuming a more or less rigid
3d-band where the position of the Fermi level and thus the density of states is
determined by the number of valence electrons (Guera et al. [116], SHEIMIZU and
Karsuki [117], Beraur [118]). Under these assumptions an unequivocal deter-
mination of the density of states is only possible for paramagnetic elements and
alloys, as are those of Fig. 1 with 4 to 5.95 electrons per atom. For antiferro-
magnetic or ferromagnetic metals the model must explain both the specific heat
and the magnetic properties at the same time. In the case of antiferromagnetic
Chromium and its alloys it now seems to be probable that a certain fraction of the
conduction electrons (in pure Cr about 509%,) are condensed in an antiferromagnetic
state and do not contribute to the specific heat at temperatures far below the
Néel temperature (HEnicER [61], see also Section VII).

The ferromagnetism in the Cr-Fe system is explained by Guera et al. [116]
assuming that  between about 5.8 and 8.2 electrons per atom represents the
density of states of a sub-band containing only electrons with one spin direction
and above 8.2 electrons per atom that of another sub-band with the other spin
direction. The magnetization of this model shows a linear increase with the number
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of valence electrons up to 8.2 electrons per atom and a linear decrease above 8.2
electrons per atom in good agreement with the experimental data of Farror [119]
for Fe-Cr and of Wri1ss and Forrer [120] for Fe-Co.

Another band model of ferromagnetism has been discussed by SHIMIZU and
Karsuxrr [117]. They used the above mentioned magnetization data for Fe-Cr
and Fe-Co and some of the y-values of CEENG et al. [79] of the b.c.c. 3d-alloys
neglecting those they believed to include other than electronic contributions to the
specific heat, as e. g. the data of Fe-Cr-alloys with less than 30 at.-%, Fe. With
the assumption of an exchange energy proportional to the square of the magneti-
zation: Hex. = — o« M? and with the condition that £ (M) must be a minimum
they arrived at a density of states curve which differed from that of Gupra
et al. [116] by a reduced peak above 6 electrons/atom and which was more suitable
in explaining the experimental results for Fe. To the neglect of some data of the
Fe-Cr system it might be objected that even at high temperatures a marked
maximum in the specific heat has been found by ScuroEDER [121] at 19 at.-%, Fe
in Cr, and that the high value of CrENG et al. [79] is probably not enhancement by
some hidden magnetic contribution.

Assuming an exchange energy — J between any two electrons of the same spin
orientation, BErGER [118] found in his model that the paramagnetic state is
unstable if N (Xy), the density of states at the Fermi surface, is larger than
Ny = 1/J and that the ferromagnetic state with different positions of the Fermi
energy for the two spin directions will have a lower energy. The experimental data
of magnetization and electronic specific heat can be obtained quite well by two
different band forms proposed by this author. The sharp decrease of the electronic
specific heat in the Cr-Fe system above the peak seen at about 6.3 el./atom is a
direct consequence of the onset of ferromagnetism. The case of TiCo in the ternary
system (TiFe)-(TiCo) (see Table 17 and Fig. 7), which is similarly disposed with
respect to the corresponding peak, has to be explained differently; in this case no
localized moments have been found [122].

Above about 7.5 electrons per atom where the f.c.c. structure becomes more
stable than the b.c.c. structure, y is correlated with the number of electrons only
In nonmagnetic and in strongly ferro- or antiferromagnetic alloys. Gupra et al. [90]
who discussed these alloys in detail believe that for many of these alloys the
measured linear specific heat is the electronic part enhanced by magnetic contri-
butions explained by the theory of MarsHaLL [19]. In Fig. 1 we reproduce only
their curve which they consider as the most probable function for the electronic
specific heat (chain-line in Fig. 1).

At the upper end of the 3d-band the magnetization and the linear term of the
specific heat are in contradiction if o is considered as pure electronic. GupTa et al.
[103] investigated the effect of a magnetic field on y of Ni-Cu alloys and found a
marked dependence indicating that a magnetic contribution to the specific heat
must be present. It is possible that the conditions for a contribution linear in 7T
as explained by MArsHALL [19] are fulfilled. The broken line in Fig. 1 shows the
electronic specific heat y they expect from a simple band model explaining at
the same time the saturation magnetization data.

Until now we have discussed the behaviour of the 3d-alloys with the model of
a rigid band, and Fig. 1 which contains only alloys between elements with a

19*
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valence difference of one or two is in this approximation a picture of the sum of the
3d- and the 4s-bands. Surprisingly enough this approximation even describes the
qualitative behaviour of some alloys between elements with a larger valence
difference as e. g. V-Fe (Fig. 7) and also that of ternary alloys such as (TiFe)-(TiCo)
and (TiCo)-(TiNi) (Table 17, Fig. 7). Nevertheless it must be kept in mind that for
a quantitative model with a thorough consideration of the electron-interactions
the rigid band picture cannot be very realistic.

II1. Alloys of Two 4d-Transition Metals

The number of investigated alloys between two 4d-elements (Table 11) is
smaller than for the 3d-alloys, but on the other hand there seems to be less
uncertainty in the inferpretation of the measured specific heat because any
magnetic contribution can probably be excluded. In the alloy-system Zr-Nb
(Table 11} we find large differences between our results [49] and those of MoRIN

Table 11. Low femperature specific heat of alloys of two 4d-elements

Alloy-system  Cone, of the 2nd Structure y (mI°K-2mole-1) & (°K) Ref.
element (at.-%)
Zr-Nb 40 b.c.c. 15.9 190 [22]
50 b.c.c. 8.3 1+ 04 23815 [49]
75 b.c.c. 8.9+ 04 246-4-7 [49]
75 b. c. c. 10.9 200 [123]
90 b.c.c. 9.2 220 (22}
Nb-Mo 0—100 b.c.c. Fig. 2 230—470 (22]
0—100 b.c.e. Fig. 2 320470 {45, 181)
15 b.c.c. 6.3 + 0.3 26514 [49)
Mo-Te 50 b. c. c. 4.6 300 (22]
Rh-Pd 0—100 f.c.c. Fig. 2 259—512 [89]
Pd-Ag 0—100 f.c.c Fig. 2 231—313 [92]
Zr-Rh 0—8 see text Fig. 2 192—290 [37]
Nb-Ru 10—38 b.c.c Fig. 7 305—405 [124]
Nb-Rh 40 o 3.52 329 [225]
Nb-Pd 40 o 2.66 203 [125]
Mo-Ru 5 b.c.c. 2.94 435 [e2]
30 b.c.c. 3.90 435 [22]
39 o 4.11 418 [125]
Mo-Pd 40 see text 3.56 330 [22]
50 see text 3.77 330 [22]
60 see text 3.27 330 122]

and Ma1ra [22], and BinDART and Lirvaxk [123], which were evaluated by different
procedures. The determination of y and @ by fitting the experimental specific
heat above the critical temperature 7T'¢ of superconductivity to the function
C = yT + a T3 as done by the latter authors [22, 123] yields values for y and o
which are not consistent with the condition that the entropy above 7 must be the
same whether determined from the normal or superconducting state specific heat
data. On the other hand we determined our values considering this condition by
the method described in the introduction to the experimental part of the present
article.
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In the system Nb-Mo where the superconducting critical temperatures are
lower the data of the different authors agree reasonably well. The Zr-Rh alloys
(Table 11) with less than 3 at.-9, Rh are probably heterogenous and only the
results of alloys with 3 and more at.-%, Rh with the b.c.c. structure are included
in Fig. 2. After a recent phase diagram of the alloy-system Mo-Pd, published by
Savrrzkii et al. [126], the solubility of Pd in b. c. c. Mo is much lower than 40 at.-9,,
and we wonder if the specimens of MorIN and MatTa [22] had consisted of one

phase. Otherwise their results have to be taken as an average for two alloys of
different concentrations.

In Fig. 2, we report primary y-values of alloys between neighbouring elements
in the periodic system. The heavy line which adopts the new values [49] for the
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Fig. 2. Specific heat coefficient ¥ vs. number of valence electrons per atom in 4d-alloys. A elements (from Table 1),
@ HEINIGER et al. [49], (

) MORIN and MAITA [22], x BINDARI and LITVAK [123], @ BLAUGHER
et al. [£5], @ BUDWORTH et al. [89), @ HOARE and YATES [92], (—.—.—.—)Zr-Rh by DUMMER [37]

Zr-Nb alloys now shows a very similar behaviour to the curve for the 3d-alloys in
Fig. 1. The criticized values of references [22] and [123] are given by a broken line.
We believe that the heavy curve of Fig. 2 gives at least a rough picture of the
4d-band. It is surprising that even the recent results for Zr-Rh alloys containing

very differing elements, and represented in Fig. 2 by a chain line, provide a
smooth continuation of this curve.

IV. Alloys of Two 5d-Transition Metals

In order to compare the 3d- and 4d-alloy series with alloys of 5d-metals we
investigated a large number of b.c.c. and h.c.p. alloys in the range of 4.7 to 7.7
electrons per atom [48] (Table 12). In addition some y-values can be found in a



262 F. HrmnigEeRr, E. BucHERr and J. MULLER:

figure in an article of GEBALLE [65] for f.c.c. Os-Ir alloys, and a series of values
for the f.c.c. Pt-Au system are given by a publication of BupwortH et al. [89].
The alloy Wo,09Pto.01 has been investigated by Ho and PrILLIPS [128] with regard
to the possible application to calorimetry below 0.1 °K.

Table 12. Low temperature specific heat of alloys of two 5d-elements

Alloy-system  Cone. of the 2nd Structure ¥ (mJ°K-2mole~!) 6 (°K) Ref.
element (at.-%)

Hf-Ta, 70 b. c. c. 8.30 209 48]
Ta-W 16100 b.c.c. Fig. 3 265 —396 (48]
W-Re 0—25 b.c.c. Fig. 3 306—351 48]
50 o 2.69 327 [125]
88 h.c.p. 3.76 332 [48]
Re-Os 30 h.c.p. 2.05 351 48]
70 h.c.p. 1.86 382 [48]
Os-Ir 65—100 feec Fig. 3 410 [65]
Ir-Pt 90100 f.c.c. Tig. 3 237—273 [127]
Pt-Au 0—4 f.o.c. Fig. 3 237252 [127]
0—100 f. c. c. Fig. 3 167—235 [89]
W-Ir 28 o 2.62 322 [125]
W-Pt 91 f.e.c 3.42 193 [128]

Fig. 3 represents the y-values for these alloys as a function of the number of
electrons per atom and shows, corregponding to Figs.1 and 2, an approximative
picture of the 5d-band.
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Fig. 3. Specific heat coefficient y vs, number of valence electrons per atom in 5d-alloys. & elements (from Table 1),
O BUCHER et al, [48], X GEBALLE [65], @ DIXoN et al. [127], @ BUDWORTH et al. [89]

V. Comparison of 3d-, 4d- and 5d-Alloys

Fig. 4 representing the reproduced curves of Figs. 1 —3 facilitates a comparison
of the y-variations in 3d-, 4d- and 5d-alloys. A very similar behaviour is found in
all three series of b.c.c. alloys with less than 5.95 valence electrons per atom, all
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of them being paramagnetic. A depression in the specific heat linear in 7' of the
3d-series above 5.95 electrons per atom, where antiferromagnetism sets in, is the
first marked difference between the behaviour of this series and the other alloys.

15 |
—~ I
¢\|l -
%‘lo-x\
'-'2 L
o -
£
- L
E L
~ 5L

01

3 4 5 6 7 8 9 10 I
electrons /atom

Fig. 4. Comparison of specific heat coefficient y vs. number of valence electrons per atom in 3d-, 4d- and 5d-alloys,
Light curve above 9 el./atom shows the probable density of states for both spin orientations (see text)

In the b.c.c. region above 6 electrons per atom the agreement between the 3
curves is only qualitative even for the paramagnetic 4d- and 5d-series. The
coefficient ¥ shows maxima at about the same electron number but the absolute
values of these maxima decrease strongly in the sequence of 3d-, 4d- and 5d-alloys.
The difference between the three series is most marked just above 6 electrons per
atom. The high maximum of the 3d-alloys differs from the corresponding maxima
in the 4d- and 5d-series by its height and sharpness. With the model of BEracER
[118] the latter property could be explained by a rounded density of states curve,
similar to those of the 4d- and 5d-alloys, but it would still be necessary to have a
high density of states.

In the region between 7 and 9 electrons per atom where the solid solubilities
are very restricted the lack of data prevents a comparison between the 3 series.
In the f.c.c. range from 9 to 11 electrons per atom we find similar maxima at
about 10 electrons per atom in all three seriest. In the case of this maximum it
seems clear that the y-values for the Ni-alloys originate mainly from one spin
direction. A density of states for both spin directions, as traced in Fig. 4, with a
light line, could explain the measured y-values as well as the magnetization data

1 In the light of recent work of BErr and ScHRIEFFER [189] it is questionable whether
these peaks even qualitatively reflect the band shapes. These authors consider the influence
of spin fluctuations in Pd and find a large enhancement of the electronic specific heats.



264 F. HeEiNigER, E. BucHER and J. MULLER:

of ARERX et al. [129]. The maxima to be compared then would again decrease in
the sequence of 3d-, 4d- and 5d-alloys. In the model of a rigid band for every one of
the three series this would mean that the 3d-, 4d- and 5d-bands are very similar
but that the width is smallest for the 3d- and largest for the 5d-band.

VI. Alloys of Two Isoelectronic Transition Elements

In the approximation of a rigid band model no drastic variation of the density
of states would be expected in paramagnetic alloys between elements with the
same number of valence electrons per atom. Nevertheless strong variations of the
linear term of the specific heat, v, are found in many of the investigated alloys

(Fig. 5).

y(mJ mole™ °K"2)

A 50

conc.(at%)

Fig. 5. Speeific heat coefficient y vs. concentration of the components in alloys of two isoelectronic transition
elements

In the alloy system Y-La y decreases from the high values of the elements
to those of the alloys [130]. Another marked variation has been found in the Ti-Zr
alloys (Table 13, Fig. 5) which also explains the maximum in the superconducting
critical temperature at about 50 at.-%, Zr (BUCHER et al. [133]). The coefficient
seems to vary almost linearly in Ti-Hf and to go through a minimum in the Zr-

Hf system.
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The decrease of y from the value of pure Nb to that of Vg 12Nbg gg is accom-
panied by a decrease in the critical temperature of superconductivity to 5.7 °K.

For V-Ta we believe that alloys with V of the same purity would lead to an almost

Table 13. Low temperature specific heat of binary alloys of isoelecironic transition elements

Alloy-system  Cone, of the 2nd Structure v (mJ°K—2mole-!) g (°K) Ref.
element (at.-%)
Y-La 15 h.c.p. 8.3 245 [130]
35 h.c.p. 7.1 205 [130]
48 Sm-h. ¢. p. 7.1 192 [130]
60 La-h. c. p. 5.8 175 [1307
75 La-h.c.p. 6.2 170 [130)
85 La-h. c. p- 6.6 162 [130]
Ti-Zr 25 h.c.p. 3.9+01 32315 [49]
50 h.c.p. 4.1-+0.1 204 13 [49]
50 h.c.p. 4.21 304 [36]
50 h.c.p. 4.16 295 [37]
75 h.c.p. 3.6--0.2 292 +5 [49]
Ti-Hf 50 h.c.p. 25402 25245 [49]
Zr-Hf 50 h.c.p. 2.0+0.1 2404-6 [49]
V-Nb 88 b.c.c. 7.05 + 0.10 268 +3 [49]
V-Ta 5 b. c. c. 9.20 357 [131]
25 b.c.c. 8.34+0.1 28514 [49]
a=31114
50 b.c.c. 7.540.1 26414 [49]
a=3182 A
75 b.c.c. 6.7+ 0.1 25044 [49]
a=3.254 &
Cr-Mo 0.8—100 b.c.c. Fig. 5 425—580 [61]
Cr-W 2—10 b.c.c. Fig. 5 495—560 [61]
Fe-Ru 50 h.c.p. 8.35-+0.1 430440 [49]
75 h.c.p. 5.6-10.1 460 4 50 [49]
Ru-0s 33—100 h.c.p. Fig. 5 — [65]
Ni-Pd 20—100 f.c.c. Fig. 5 272388 [94]
Ni-Pt 99.5 f.c.c. — — [132]

straight line for y as a function of concentration. We did not find any lattice
constants in the literature for these alloys and therefore added in Table 13 our
values for the lattice constant a. The superconducting eritical temperatures of the
same specimens were 2.80 °K, 2.35°K and 2.65 °K for the alloys with 25, 50 and
75 at.-%, of Ta respectively.

The Cr-Mo and Cr-W alloys will be discussed in the following section. An almost
linear variation of the electronic specific heat has been found in the Ru-Os system
(GEBALLE [65]). A strong dependence of ¥ upon concentration is seen in alloys
between the ferromagnetic Ni and the paramagnetic Pd, which has been discussed
by MackrLier and ScHINDLER [94]. They propose a band model which is in
agreement with both specific heat and magnetization data but does not explain for
example the y-values in Ni-Cu alloys. We do not believe that it is realistic to use
the same density of states curve of Pd and Ni. In order to decide if the marked
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maximum in the y-function is related with a maximum in the density of states
curve or if it is rather an effect of the transition from ferromagnetism to para-
magnetism it will be necessary to obtain more information about the specific heat
and the magnetization in the Pd-rich range of concentrations.

VII. Binary Chromium Alloys

On the basis of a series of low temperature specific heat results obtained from
Cr-based solid solutions with other transition metals, HEINIGER [61] estimated
the effect of antiferromagnetic ordering on the density of states of these alloys.
The experimental data in question is summarized in Table 14 and reported in
Figs. 5 (Cr-Mo, Cr-W) and 6 (Cr-Re, Cr-Ru, Cr-Os).

Table 14. Low temperature specific heat of alloys of Chromium with other transition metals

Alloy-system  Cone, of the 2nd Structure y (mJ°K-2mole~1} 65 (°K) Ref.
element (at.-%)

Cr-(Ti, V, Fe) see table 10

Cr-(Mo, W) see table 13

Cr-Ru 7—14 b. c. c. Fig. 6 505—530 [61]

Cr-Re 0--38 b.c.c. Fig. 6 410—630 [66]
60 ] 4.18 335 [125]

Cr-Os 5—20 b.c.c. Fig. 6 430510 [61]

Cr-Nb 0—2 b.c.c. — — [61]

Cr-Ta 0—1 b.c.c. — — [61]

For Cr-Mo alloys (Fig.5) y varies almost linearly in the paramagnetic
(> 24 at.-%, Mo) and antiferromagnetic regions (<24 at.-% Mo) but shows
sharp discontinuity in slope at the border between them. An even steeper rise than
in Cr-Mo alloys is found in Cr-rich Cr-W alloys (Fig. 5) which leads to a value of
2.55 mJ °K-2mole-1 for the concentration of 16 at.-%, W where the Néel tempe-
rature T'y reaches 0°K [134]. An investigation of paramagnetic Cr-W alloys was
prevented by a miscibility gap, but it is reasonable to expect again, as in Cr-Mo,
an almost linear variation of y between the values for pure W (Table 1) and for
Cro.54Wo.16 (dashed line in Fig. 5). For both alloy-systems, Cr-Mo and Cr-W, an
extrapolation of the electronic specific heats for paramagnetic alloys leads to a
yp-value of 2.9 mJ °K-2mole-1 for pure paramagnetic Chromium which should
exist at high enough pressure (see ref. [61]).

A yp-value of about 2.9 mJ °K—2mole-! is also obtained by a smooth inter-
polation of y for paramagnetic alloys of the systems V-Cr-Re and V-Cr-Os
(dashed line 1 in Fig. 6). By considering these interpolations as representative of
the specific heat of paramagnetic alloys, we notice that they look very similar to
those of the analogous systems Nb-Mo-Re and Ta-W-Re (Fig. 6, curves 2 and 3),
whilst any irregularities for Cr-alloys, as discussed in a recent article (BucHER
et al. [48]) have disappeared.

Heinicer [61] also determined the difference y” between y, for the para-
magnetic and vy, for the antiferromagnetic state as a function of the solute con-
centration, ¢’ was found to reach values corresponding to more than 509, of the
total paramagnetic density of states and to vary similarly as the Néel temperature
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Tx and the average magnetic moment u. The reduction of y in the antiferro-
magnetic state was explained assuming a truncation of the Fermi surface by
magnetic energy-gaps and the resulting diminution of N (E¥) in (6).

T T ¥ T T T

¥ {mJ mole™°K™2)
w D

N

O | 1 [ t 1 ¢ I
58 60 6.2 64

electrons/atom
Fig. 6. Specific heat coefficient y in V-Cr, C1-Re, Cr-Os and Cr-Ru alloys. Dashed line (1) smooth interpolation
of y for paramagnetic V-Cr and Cr-Re or Cr-Os alloys, chain-lines (2) and (3) y for the analogous systems Nb-Mo-Re

and Ta-W-Re respectively. @ V-Cr (CHENG et al, [79]), © V-Cr (HEINIGER [61]), @ Cr-Re (MUHEIM and MULLER
[56]), @ Cr-Os (HEINIGER [61]), @ Cr-Ru (HEINIGER [61))

VIIL. Other Alloys of Two Transition Elements

Table 15 contains in alphabetic order the remaining data on binary alloys
between two transition elements not yet mentioned in any of the preceding tables.

For Pd containing approximately 0.1 at.-%, Co BOERSTOEL et al. [96] found a
maximum in the specific heat at about 1.9°K and below 0.5°K a magnetic
contribution linear in 7'. The investigations of Ts10VKIN and VOLKENSHTEIN [132]
concerned the influence of 0.5 at.- %, solid solutions of Cr, Mn, Fe, Ni and Gd in Pt,
and they analysed the specific heat by the three-term formula ¢ = ¢ T - o T3 +
+ A T-2. They found no 72 contribution and only a slight increase of y in Pt-Ni.
For the solid solutions with Cr, Fe and Mn these authors report an almost constant
« and a large increase of . They explained this behaviour by an increase of the
density of states near the Fermi surface by additional impurity states. The analysis
seems somewhat uncertain and we suspect that the increase of the specific heat
may at the least be partly caused by an increase of «.

Effective hyperfine fields have been determined from the specific heat at very
low temperatures by Koaan et al. [135] in Fe alloyed with Ir and Re, by Ho and
PrILLIps [137] in Fe alloyed with Os and Pt and also in Fe-Re by Louxasmaa
et al. [136] (see also Table 19). The investigations of MorIN and Marra [22] and of
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Table 15. Low temperature specific heat of binary alloys of transition metals

Alloy-system  Cone. of the 2nd Structure ¥ (mI°K-2mole-?) & (°K) Ref.
element (at.-%)
Co-Pd 5—99.5 — — — [183]
99.9 f.e.c — - [96]
Co-Pt 96.5—99 — — — [183]
Cr-Pt 99.5 f.c.c. 10 — [132]
Fe-Ir 6.1—9.0 see text — [135]
95—99 — — [186]
Fe-Mo 0—2 — — [178]
Fe-Nb 0—1 — — [178]
Fe-Re 0.15 see text — [135]
10 b.c.c. 4.35 413 [136]
Fe-Os 0.75 4.76 — [137]
Fe-Pd 98.48—100 f.c.c - — [95]
Fe-Pt 3.21 4.98 — [137]
99.5 f. e c. 12 — [132]
Fe-Rh 99 — — [186]
Fe-W 0—1 — — [178]
Ir-Mo 75 B-W 3.35 325 [22]
Ir-Nb 63 o 2.78 330 [125]
Mn-Pt 99.5 f.c.c 11 — [132]
Mo-Os 38 o 3.32 371 [125]
Mo-Re 0—50 b.c.c. Fig. 7 320—470 [22]
58 o 3.31 351 [125]
77 o-Mn 3.80 272 [125]
Mo-Ti 914 b.c. c. 5.88 310 [138]
92.5 b.c.c. 5.56 337 [138]
93.5 b.c.c. 5.06 354 [138]
93.7 b.c.c. 4.90 364 [138]
97.5 h.c.p. 3.8 360 [107]
Nb-Os 40 o 2.70 310 [125]
Nb-Pt 38 o 3.40 336 [125]
Nb-Re 62 o-Mn 2.35 326 [125]
71 o-Mn 3.58 322 [125]
80 o-Mn 5.00 316 [125]
Nb-Ti 96 h.c.p. 4.3 340 [348]
Ni-Pt 99.5 f.c.c. see text — [132]
Re-V 8 h.c.p. 37401 — [49]
Ru.V 55 CsCl 740 4 0.1 413 + 20 [49]
65 CsCl 1.93 4- 0.1 460 -+ 20 [49]
75 b.c.c. 193 4+ 0.1 460 - 20 [49]
85 b.c.c. 3.954+0.1 351 420 [49]
Se-Zr 20 7.4 330 [139]
50 4.5 325 [139]
75 2.6 321 [139]
90 2.4 309 [139]
95 2.5 311 [139]

HAKE [138] on cubic alloys and those of BUCHER et al. [125] on complex structures
revealed not only a correlation of ¢ with the number of valence electrons per atom
but also with the critical temperature T'¢ of superconductivity.

We also present in Table 15 new results on Rep.02Vo.0s and on Ru-V alloys.
The increase of T up to 6.8 °K by alloying of Re with 8 at.-%, V is accompanied
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by an increase of y to (3.7 4 0.1) mJ °’K—2mole~1. The @-variation of Re-alloys
is still important below that T'¢, and the total entropy at 7 had to be considered
for the determination of p. A large variation of y has been found in Ru-V alloys

(TiFe)-(TiCo)

1 A(TiCo)-(TiNi} |

N
— \
8 Ly
& \
- \
K
Q
£
- I
E
~ 5L
N4
1
|
0 ) i 1
5 6 7

electrons/atom

Fig. 7. Specific heat coefficient y vs. number of electrons per atom for alloys of transition elements which have
5 to 7 electrons per atom. Light lines representing pure 3d-, 4d- and 5d-alloys are taken from TFig. 4

(Fig. 7 and 13). Only in the alloy with the highest ¥, Ruo.45Vo.55, could super-
conductivity be detected above 1.1 °K, and this had a 7', of 4.0 °K. The variations
of the density of states in Ru-V alloys are so large that we believe them to be
reflected in the behaviour of the Debye-temperatures (see Section XI). Other
hitherto unpublished works are the results on Sc-Zr alloys due to Marra and are
quoted in reference [139].

In addition to the y-values for the alloys Mo-Re, Nb-Re, V-Re and V-Ru of
Table 15 we also report in Fig. 7 the coefficient y for the ternary alloys (TiFe)-
(TiCo) and (TiCo)-(TiNi) and for binary alloys of the preceding sections which have
5—7 valence electrons per atom. A very similar feature for all of the different
alloys is the deep minimum in y slightly below 6 electrons per atom. In extreme
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cases y reaches minimum values corresponding to those of the monovalent noble
metals. Furthermore the height of the maxima in o between 6 and 7 electrons per
atom for different alloy-systems again seems to decrease with increasing average

atomic mass.

IX. Binary Alloys of Transition Metals with Non-Transition Elements

The major part of the data in Table 16a originates from BEck and coworkers
who investigated the influence of non-transition elements dissolved in 3d-metals

y(mdJ mole™! °K"2)

electrons /atom

Fig. 8. Specific heat coefficient y vs. number of

electrons per transition metal atom for 3d-metals

and alloys (broken line) and for the same alloys but

containing 10 at.-% Al (heavy line) and 20 at.-% Al

(chain line) respectively (fromPESSALL et al. [5§7]
and SRINIVASAN et al. [146])

and alloys. The results for b.c.c. alloys
are discussed in detail in an article by
Beck [144] and show that the thermal
and magnetic properties of these alloys
canhardly beunderstood in terms of filling
a rigid or semi-rigid band as proposed e.g.
by Summizu and WorLFaHRT [145] for
Fe-Al alloys. The comparison of the
behaviour of the calorimetric density of
states with the number of electrons per
atom for b.c.c. 3d-metals and alloys
with that for the same alloys containing
10 at.-9, Al (Fig. 8) shows no apparent
shift of the maxima or minima by alloying
and gives no justification for such simple
models.

The electronic specific heat p of V is
lowered by the solution of Al, Sn and Sb
(Fig. 9). For 10--30at.-%, Alin Cr (Fig. 9)
the variation of y seems to be similarly

related with the Néel temperature T (KousTER et al. [147]) as described in
Section VII for other Cr-alloys, but we do not know 7'y between 0 and 10 at.-%, Al
in Cr so cannot make a more thorough comparison. B.c.c. solid solutions of Fe

Table 16a

Low temperature specific heat of alloys of 3d-elements with non-transition metals

Alloy-system Cone. of the 2nd Structure y mJ°K-2mole~1) &0 (°K) Ref.
element (at.-%)

V-Au 25 p-W 9.6 — [140]

25 B-W 9.840.2 35020 [49]
V-Al 10—40 b.c.c. Fig. 9 323487 [57]
V-Ga 25 W 25.6 310 [22]
V-C 50 — — — [180]
V-8i 25 W 19.5 330 [22, 176]
V-Ge 25 8w 7.6 405 [22]
V-Sn 2—6 b.c.c. Fig. 9 315—393 571
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Alloy-system Cone. of the 2nd Structure y (mJ°K2mole-1) 6 (°K) Ref.
element (at.-%)
V-Sb 1-3 b.c.c. Fig. 9 319—352 [57]
Cr-Al 0—30 b.c.c. Tig. 9 425—606 [57]
Mn-Cu see Table 10b
Mn-Au 50 CsCl, tetr.  1.05 - [141]
Fe-Al 0—50 b.c.c. Fig. 9 240—540 [142]
1—2 — — [178]
Fe-Si 1—2 — — 1178]
4—95 b.c. c. Fig. 9 397450 [743)
Fe-Ge 412 b.c.c. Fig. 9 363—474 [143]
Fe-Sn 4—8 b.c.c. Fig. 9 344 —487 [143]
Fe-Sb 5.4 b.c.c. 5.45 411 [136]
Ni-Cu see Table 10a
Ni-Al 10 f.c.e. 6.83 338 [103]
Ni-Si 4—8 f.c.c. Fig. 9 345366 [103]
Ni-Sb 4—8 f.c.e. Fig. 9 287318 [103]
Ni-Zn 9—26 f.c.c Fig. 9 317—387 [103)]
T T T T
10
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Fig. 9. Specific heat coefficient y vs. solute conceniration for solid solutions of transition elemenis with non-

transition elements
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Table 16b
Low temperature specific heat of alloys of 4d- and 6d-elements with non-transition metals

Alloy-system  Cone. of the 2nd Structure y (mJ°K2mole-1) & (°K) Ref.
element (at.-%)

Y-Si 65.5 b. c. tetrag. 0.655 400 [30, 1301
Y-Ge 61.8 b. c. tetrag. 1.53 354 [30, 1307
Y-Gd 0— 6 — - {182}
Zr-Ag 0— 5.66 hoc.p. 2.814-0.01303x 291 —2.4922 [1481*
Zr-Cd 0— 815 h.c. p. 2.814-0.03778x 291—1.766x [148]*
Zr-In 0—11.26 h.c.p. 2.814-0.04882x 291—0.87952  [148]*
Zr-Sn 0—9.06 h.c.p. 2.814+0.068112z 291—1.881x [1487)*
Zr-Sb 0— 1.85 h.c.p. 2.81-4+0.1016x 291—4.0372 [1481*
Nb-Au 25 p-W 7.5 — [140]
25 B-W 10.0--0.3 2804-20 [49]
Nb-B 67 — — [180]
Nb-C 35—50 NaCl — — [149]
42.8 1.19 500 (1501
48.7 1.33 492 [150]
49.5 1.33 464 [156]
Nb-N 45.6 1.64 331 [1501
47.6 1.38 307 [150]
Nb-Sn 25 B-W 15.7 290 [22]
Nb-S 67 — — [180]
Nb-U 74.1 b.c.c. 16.0 138.8 [151]
Mo-S 66.7 — — — [152]
Mo-U 70.4 b.c.c 14.2 147.3 (161
74.7 b.c.c. 14.7 137.3 [151]
784 b.c.c. 14.9 134.5 [151]
82.2 b.c.c 15.1 127.5 [151]
86.3 b.c.c. 16.9 128.6 [151]
Ru-Th 33 cub. 6.40 — {1401
Pd-H 36—47 — — [185]
Pd-Ag see Table 11
Pd-Te 50 hex. 2.83 277 [1531
51 hex. 2.04 239 [153]
Pd-Th 1 f.c.c. 8.8 — [97]
2 f.c.c. 8.0 — 971
5 f.c.c. 5.8 — [97]
10 foc.c 2.2 — [971
Pd-Gd 0.36—0.85 — — [183]
La-Si 66.7 b. c. tetrag. 1.93 365 [30, 1307
La-Ge 66.7 b. c. tetrag. 2.03 222 (30, 1301
La-Gd 0—2 — — [182}
Re-B 33 2.1 405 [22]
Os-Th 33 cub. 1.34 — [140]
Ir-Th 3133 cub. 7.5—12.6 — [140]
Pt-Cu 50 rhombohedral:
-ordered 0.530 385 [154]
-disordered 0.825 357 [154]
Pt-Au see Table 12
Pt-Gd 0.5 fe.e. — — [232]

* z: concentration of the 2nd element in at.-%
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with Al Si, Ge and Sn exhibit maxima in y vs. concentration at low solute con-
centrations (Fig. 9). The large increase in y for more than 20 at.-%, Al in Fe is
interpreted by CHENG et al. [742] with the aid of a magnetic contribution to the
linear term of the specific heat. The interpretation of the data of f.c.c. solid solu-
tions of Ni with Al, Si and Sb is at present not clear (Fig. 9).

Very high y-values are found for the compounds V3Ga, V3Si, V3Au, NbsSn
and NbgAu and are given in Tables 16a and 16b per mole, defined by the formula
To.75 Bo.25. Calculating an average number of electrons per atom as for alloys of
two transition elements and taking into account 4 electrons per atom for Si and Ge,
3 for Ga and 1 for Au then y of V3Ga, V3Si, V3Ge and NbsSn would coincide with
the maximum of the density of states curve between 4 and 5 electrons per atom
but the high values observed in V3Au and NbsAu would correspond to the
minimum at 4 electrons per atom. A pronounced decrease of the heat capacity
of V3Si with stress has been found by KuNzLER et al. [176] at temperatures below
25°K.

Kxzzp et al. [148] found an increase of ¢ proportional to the concentration and
linear in the valence of the solute metal for solid solutions of Ag, Cd, In, Sn and Sb
in Zr (Table 16b). They discussed these y-variations in terms of a model with a
rigid d-band for Zr and a common s-band for Zr and the solute metal ; this included
both the cases with and without a concentration dependent shift of the two bands
relative to each other. The high density of states and residual resistivity found in
the b.c.c. alloys of U (Table 16b) suggest a band structure similar to that of
transition metals to be present. In reference [97] BaTEs and UNSTEAD compare
Mox~reomERY’s unpublished specific heat data on Pd-Th alloys (Table 16b) with
their magnetic susceptibilities.

X. Ternary Alloys

The addition of 10 at.-%, Alto Ti-V and V-rich V-Cr alloys causes a considerable
decrease in the electronic specific heat (Fig. 8) which could partly be explained by
a decrease in the number of states in the d-band. y of Cr-rich V-Cr alloys increases
on doing this, and in the ferromagnetic alloys with more than 6 electrons per atom
¥ remains essentially constant (Fig. 8). On the other hand a considerable shift of
the prominent features of the specific heat curve vs. electron concentration for
alloys containing 20 at.-%, Al is found above 6 electrons/atom [146] (Fig. 8). As
already mentioned in Section IX, this behaviour can hardly be explained by a
simple band model.

By contrast the ternary alloy systems (TiFe)-(TiCo) and (TiCo)-(TiNi), which
have an ordered CsCl-structure, have specific heats which behave similarly with
the electron number as do those of the binary 3d-alloys (Fig. 7).

If a rigid band model were applicable to the ternary system Ni-Cu-Zn then we
should expect no change in y for alloys with a constant number of electrons per
atom as in NizZn,Cuy-g4. In contradiction to this, the data of GuTHRIE [1 55] show

20 Phys. kondens, Materie, Bd, 5
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rather large variations of ¢ which can be explained by adding up the effects of
Zn and Ni on Cu separately (Table 17).

Table 17. Low temperature specific heat of ternary alloys

Alloy-system Conc. Structure 7 J°K—2mole1) @y (°K) Ref.
(3d-alloys)-Al 10 at.9% Al b.c.c. Fig. 8 — [67]
20 at.9, Al b.c.c. Fig. 8 — [146]
(TiFe)-(TiCo)1— ==0—1 CsCl, ord. Fig. 7 325—502 [108]
(TiCo)z-(TiNi)1—, 2 =0.75 CsCl, ord. 7.0 282 [108]
NigZngCuj -9z x =0 f.c.c. 0.691 349.1 [1565]
z=0.03 f.c.c. 0.850 349.6 [165]
x = 0.08 f.c.c. 0.993 344 [155]
Ti-Zr-Mn Ti0,499Zr0,499Mn0_002 h.c. P [36]
(Nbo.75Au0.25)2-
-(Vo.75Au0.25)1-2 2 =0 g-w 9.840.2 35020 [49])
z=0.1 p-W 9.140.2 320420 [49]
z = 0.25 p-W 7.540.2 305420 [49]
x=10.5 b-W 6.3+0.2 280--20 [49]
z=0.75 B-W 5.2-4-0.3 280--20 (491
=09 p-W 7.6+0.3 280420 [49]
z=1.0 B-W 10.04-0.3 280-+20 [49]
NbN-Cr 1—3 at.-9% Cr — — [1501
Nbog.50C0.15No.35 1.63 351 [150]
Feo_75_xNixNh10_25 xz=0.15 f.c.c. 10.5 359 [177]
x = 0.30 f.c.c. 13.0 177 [177]
xr =045 f.c.c. 11.7 222 [177]
z = 0.60 f.c.c. 5.9 224 [177
(TiFes)-(Zr Feg) [187)
T T L
%c 400
2 N
@300 | / 4

y{mdJ mole™ °K"2)

0 1 1 )
NbzAu 50 VzAu

Fig. 10. Specific heat coefficient » and Debye temperature, ©o, in continuous series of solid solution
(NbsAu)-(VsAu)




Low Temperature Specific Heat of Transition Metals and Alloys 275

The specific heat of h.c. p. Tiy, 499Zr¢,.499Mng. ooz shows an anomaly at the lowest
temperatures similar to the h.c.p. solid solutions of Mn in Ti. Probably related
with the higher density of states in Tip 5Zro.5 than in Ti is the appearance in the
former of a smaller localized moment of Mn.

A strong variation of y has been found in the alloy-system (NbsAu),-(VsAu)i—,
which forms a continuous series of solid solutions in the §-W structure (Table 17,
Fig. 10). For x = 1.0, 0.9 and 0.75 the critical temperatures of superconductivity,
T¢, were 10.75, 7.8 and 4.9 °K respectively and were in fair agreement with earlier
results of BUCHER et al. [156]. T'¢ varies with z in a similar fashion as o for
x = 0.75 but for £ <C 0.75 it remains below 1°K even in alloys with a high 4.

XI. Miscellaneous Results

Electronic Specific Heat

In the preceding sections we observed that for many alloy-systems the behaviour
of y as a function of the number of electrons per atom in the unfilled shells is very
similar. Little conclusive information is available about the dependence of the
density of states on properties of the lattice such as structure, degree of order,
crystal potentials or atomic numbers.

A large difference between the y-values for the b.c.c. and the o-modification of
Crp.441Feo.559 (Table 10b) has been found by HoarE and Marrurws [113]. It is
possible that the large enhancement of the linear specific heat of this o-phase is a
magnetic contribution; a systematic investigation of the specific heat in ¢-phases
by BucHzr et al. [125] did not confirm that they are especially favorable for high
densities of states at the Fermi level.

A strong variation of y with the degree of order has been reported by ROESSLER
and RAYNE [154]in CuPt (Table 16b) and by GoLpMAN [174]in NigMn (Table 10b)
in contrast with a constant y in CuzAu found by Ravxw [157]. It cannot be
decided if these effects are due to either a change of the Brillouin-zone structure by
superlattice formation or magnetic contributions to y in the ordered state or other
effects.

Changes in the atomic masses or atomic numbers are much less instrumental in
changing y than are variations in the number of valence electrons per atom; for
equal numbers of valence electrons per atom, v is rather lower for higher atomic
numbers.

To take an extreme approach to transition metals is to neglect any dependence
of y other than on the mean number of conduction electrons per atom and even
to suppose an identical conduction band N () for alloys of the same row in the
periodic system. With this rigid-band model SEIMIZU and coworkers explained in a
series of papers (for references see [158]) the temperature dependence of the
electronic specific heat and the magnetic susceptibility of transition metals and
alloys. It is questionable how far such a model of independent electrons is realistic
as electron-interactions can considerably affect the density of states N () in a
way depending on the position of the Fermi-level. Moreover these interactions
have different effects upon y and the spin susceptibility.

20*
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Debye Temperatures

The lattice part of the specific heat of transition metals is usually small com-
pared with the electronic specific heat at temperatures where the 73-law is valid;
it is therefore determined with rather poor precision so that many of the published
©-values are not very reliable. The large amount of calorimetric data nevertheless
permits some conclusions to be drawn.

In Table 18 we collected @-values determined from the elastic constants at
low temperatures for comparison with those from calorimetric data. Although the

Table 18. Comparison of the characteristic constants Oca1. and Oergst.
determined calorimetrically or caleulated from low temperature
elastic constants respectively

Element Bear. (°K) Octast. (°K) Ref.

Y 280 256.4 [159, 160]
Ti 495 4957 [161)

Zr 290 296.0 [161]

Hf 252 256.3 [161]

v 399 399.3 [162]

Nb 277 273 [163, 164, 165
Ta 258 261.9 [166)

Mo 460 474.2 [166]

A4 390 384.3 (1661

Re 415 416.2 [167

TFe 470 477 [168]

Ir 420 436 [169]

Ni 470 472 [170]

Pd 270 275 [171]

Pt 235 237.8 [172)

elastic constants had been obtained at frequencies several orders of magnitude
lower than those important to the specific heat in the liquid helium temperature
range, no disagreement can be detected up to the accuracy of the measurements.
This means that any dispersion effects at frequencies lower than » = 1010 ¢fs
must be small.

On the other hand the temperature where a considerable @-variation sets in
can vary drastically. Fig. 11 shows @ (7T') for Ti, Zr and Nb. This function has been
determined by subtracting from the measured specific heat (HEINIGER [49]
(Ti, Zr), BucHER et al. [48] (Nb)) a normal state electronic specific heat Ca=7yT,
v taken as constant (see eq. (3), @ replaced by ©(T)). In Nb &(T) varies with
temperature even at @100 and goes sharply to a minimum at €o/30 whilst in the
two hexagonal metals Ti and Zr the @-minimum lies at considerably higher
temperatures. »

For alloys no elastic data are available for a direct comparison. Considering
the large amount of data for binary alloys the most striking features are the
following :

Quite generally the Debye temperature @ is rather high for an element and is
lowered by alloying with even small quantities of other elements. Thus, in contrast
to the electronic specific heat coefficient y, which varies smoothly with the number
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of electrons (e¢/a) per atom for the continuous alloy series 4 — B and B — C at
the position of the element B, the curve @ (e/a) shows peaks at the positions of the
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Fig. 11. Variation of Debye temperature © as a function of temperature in the h. c. p. metals Ti and Zr and
the b.c.c. Nb
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Fig. 12. Comparison of specific heat coefficient  and Debye temperature
Oy of 4d- and 5d-alloys

elements (Fig. 12). This must be related with a decrease in the stiffness constants
by dilute alloying as has been observed in some non-transition metals (HUNTING-
TON [173]).
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Superimposed upon this effect is a variation of @ correlating most obviously
with that of the electronic specific heat coefficient y both being opposite to each
other. & (e/a) in Fig. 12 shows maxima for that electron number corresponding to
a minimum in the density of states provided that we do not consider the peaks for
dilute alloys but rather the curve smoothed by a broken line. The effect is very
drastic in the system V-Ru shown in Fig. 13. Qualitatively, we even expect that
the onset of CsCl-ordering, which happens near the @-maximuam of V.Ru, partly
counteracts [154, 157] the decrease at higher electron concentrations.

500

400

6,(°K)

300

¥(mJ mole™ °K™?)

50 55 60 65

electrons /atom

Fig. 13. Comparison of specific heat coefficient y and Debye temperature @o of the
V-Ru and V-Fe systems (from BUCHER et al. [48])

The effect of the presence of conduction electrons on lattice vibrations in a
metal has been investigated in several ways (for references see e. g. KrEss [174]).
Earlier models considered the contribution of the electrons to the bulk moduli of
the crystal thereby increasing the longitudinal component of the lattice wave
velocities. In a simple band model due to RAYNE [171] the bulk modulus of the
electron gas is expected to be inversely proportional to the density of states, leading
qualitatively to a high @ for a low y. But quantitative estimates show that the
Jarge variations of @9 with y can hardly be fully explained in this way. Other
theories consider the effect of the electrons on lattice vibrations through the
screening of the Coulomb interaction between the ions. From the Thomas-Fermi
model we expect a high density of electron states to give a low @o. As the densities



Low Temperature Specific Heat of Transition Metals and Alloys 279

of states of transition metals primarily originate from d-electrons they must,
despite their localized character, provide substantial screening of the deformation
potential.

Nuclear Specific Heats

From formula (7) we see that in cases where electron-nuclear interactions are
mainly magnetic the determination of the 7-2 specific heat contribution permits an
evaluation of the effective hyperfine fields He. A compilation of hyperfine fields of
transition metals as determined by this method is given in Table 19.

Table 19
Effective hyperfine fields as determined by low temperature specific heat measurements

Alloy-system  Cone. of the 2nd Structure Nuclei Hegz. (kKOe) Ref.
element (at.-%)
Cr — b.c.c. Crs3 ~0 [59]
Cr — b.c. c. Cr53 150 [58]
Mn — — Mn55 100 [568]
Mn — cub. Mnb3 90 [72]
Mn — f. c. tetrag. Mn5 65 [74]
Mn-Au 50 CsCl, tetr.  Mn35 320 [141]
Fe-V 44 b.c.c. Vil 78 [112]
10 b. c. c. V51 80 [111]
13.8 b.c.c. Vsi 58 [112]
33 b.c.c. V51 <61 [110]
Fe-Co 4.8 b.c.c. Cob 314 [78]
17.2 b.c.c. Co®® 293 [78]
30 b.c.c. Cob9 312 (1101
58.7 b.c.c. Cod9 256 [78]
91.5 f.c.c. Co®® 223 [78]
10—-75 b.c.c. Co5? 395—227 [79]
93 fe.c Cob? 236 [79]
(Fe-Co) +
+ 10 at.-% Al 963 b.c.c Co99 347225 [67]
Fe-Sb 54 b.c.c Sh121,123 169 [136]
Fe-Re 0.15 b.c.c Rel85,187 670 [135]
10 b.c.c Rel85,187 610 [136]
Fe-Os 0.75 b.c.c Q187,189 1400 [137]
Fe-Ir 6.1 — Ir191.193 ~ 1350 [135]
9.0 — Ir191,193 ~ 1350 [135]
Fe-Pt 3.21 b.c.c. Ptl95 1390 [137]
Co — h.c.p. Co5 183 [ 84, 85]
Co — h.c.p. Co59 219 [78]
Co — h.c.p. Co?? 225 [79]
Co — h.c.p. Cob® —225.2 [871
Co-Ni 40 f.c.c. Cob® 161 [78]

The results for Cr are contradictory: STETSENKO and AVKSENT EV [58] report
an effective magnetic field of 150 kOe whilst the specific heat of Cr measured
by Prirrirs and Ho [69] with a better precision shows no 7-2 term. The
effective fields in Mn could be overestimated by the neglect of the electric qua-
drupole splitting but the absence of a measurable 7-3 term of the specific heat
limits the error to less than 8%, (Ho and Puirrips [74]). Are et al. [78] found an
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approximately linear variation of H, with the number of electrons per atom in the
alloys Fe-Co and Co-Ni. The variation is almost independent of the changing
crystal structure and behaves similarly to the magnetic moments in these alloys
(see CrANGLE [175]). PrOCTOR et al. [87] measured the hyperfine specific heat in
strong external magnetic fields and determined in such a way the sign of H, to be
negative. For the results of CrEwG et al. [79] and of PrssALL et al. [67] we refer
to the original papers.

A specific heat term proportional to 7-2 has been found in pure Re at very low
temperatures by KgEsom and Bryaxt [75]. This is explained by a quadrupole
splitting of the 6 levels of the two Re-isotopes with spin I = 5/2 in 3 doubly
degenerated pairs.

We restrict ourselves here to the presentation of these specific heat results
without comparing them with the very numerous data on hyperfine interactions
obtained by other methods and without entering on the origin of the observed
effective fields. The subject of hyperfine interactions has been treated extensively
by FrezMAaN and Watsox [7].

Acknowledgements. The authors wish to thank Prof. C. P. Exz and Prof. M. Prrer for
valuable discussions. We are also grateful to Dr. R. Burtoxn for a critical review of the
manuscript. This work has been supported by the Fonds National Suisse and the Commission
Fédérale pour I’encouragement de la recherche scientifique.

References

[7] Kxgsom, P, H., and N. PEarrmax: In: Encyclopedia of Physics, ed. by S. Fr.iacE.
Vol. 14, 282 (1956).
[2] Beoxk, P. A.: Electronic Structure and Alloy Chemistry of the Transition Elements.
New York-London: Interscience Publishers John Wiley and Sons 1963.
[3] MorT, N. F.: Advanc. Phys. 13, 325 (1964).
[4] BrackmMAN, M.: In: Encyclopedia of Physics, ed. by S. Frtcar, Vol. 7, Part 1, 325
(1955).
[6] DE LAUNAY, J.: In: Solid State Physics, ed. by F. Szirz and D. TurNeuLL. New York-
London: Academic Press Inc. 1956, Vol. 2, p. 220.
[6] Wmson, A. H.: The Theory of Metals. Cambridge: University Press 1954.
[7] FrEEMAYN, A.J., and R. E. Warson: In: Magnetism, ed. by T. Rapo and H. SusL.
New York-London: Academic Press 1965, Vol. 1T, Part A, p. 167.
[8] WALKER, L. R.: In: Magnetism, ed. by T. Rapo and H.SunL. New York-London:
Academic Press 1963, Vol. I, p. 299.
[9] MarTiN, D. L.: Phys. Rev. 139, A 150 (1965).
[10] AsucroFT, N. W., and J. W. WiLkxNs: Phys. Letters 14, 285 (1965).
[11] SILVERSTEIN, S. D.: Phys. Rev. 128, 631 (1962).
[12] CarLAWAY, J.: Energy Band Theory. New York-London: Academic Press 1964.
[13] CLoesTON, A. M.: Phys. Rev. 136, A 8 (1964).
[14] KrEss, K.: Phys. Letters 6, 31 (1963).
[15] SEINOzAKI, S. S.: Phys. Rev. 122, 388 (1963).
[16] Dixon, M., F. E. HoARE, and T. M. HoLbpEN: Phys. Letters 14, 184 (1965).
[17] ScHRODER, K.: J. Appl. Phys. 32, 880 (1961).
[18] OvERHAUSER, A. W.: J. Phys. Chem. Solids 13, 71 (1960).
[19] MaRrsEALL, W.: Phys. Rev. 118, 1519 (1960).
[20] KEEsom, P. H., and R. Rapesavceu: Phys. Rev. Letters 13, 685 (1964).
[21] RogrEr, D. C., D. G. Oxv~, and H. MevER: Phys. Rev. 138, A 1661 (1965).
[22] Morrx, F.J., and J. P. Marra: Phys. Rev. 129, 1115 (1963).
[23] GsCENEIDNER, K. A., JR.: In: Solid State Physics, ed. by F. Srrrz and D. TURNBULL.
New York-London: Academic Press Inc. 1964, Vol. 16, p. 275.



Low Temperature Specific Heat of Transition Metals and Alloys 281

[24] Mo~rcomERY, H., and G. P. Prrrs: Proc. Phys. Soc. A 78, 622 (1961).

[25] AxDERSON, R. A., W, E. GARDNER, and J. PENFoLD: Proc. Int. Conf. on Magnetism,
Nottingham, London: Inst. Phys. and Phys. Soc. 1964, p. 186.

[26] Livnam, P., R. G. Scurrock, and E. M. WraY: Proc. LT 9. New York: Plenum Press
1965, p. 905.

[27] JENNINGSI: L. D., R. E. MILLER, and F. H. SpEpDING: J. Chem. Phys. 88, 1849 (1960).

[28] BErmaN, A., M. W. Zemansky, and H. A. Boorsz: Phys. Rev. 109, 70 (1958).

[29] FovsemorE, D. K., D.L.Jomwsow, J.E. Ostexsow, F.H.Sepeppive, and B.J.
Beavupry: Phys. Rev. 137, A 550 (1965).

[30] Sarom, T., and T. Orrsvka: Phys. Letters 20, 565 (1966).

[31] Aven, M. H.,, R. 8. Cra1g, T. R. Warrr, and W. E. Warrace: Phys, Rev. 102, 1263
(1956).

[32] Worcorr, N. M.: Phil. Mag. 2, 1246 (1956).

[33] Crustus, K., and P, FraxzosiNI: Z. Phys. Chem. Neue Folge 16, 3—6, p. 194 (1958).

[34] KwEre, G. D., J. O. BerrerToN, and J. O. ScarBROUGH: Phys. Rev. 130, 1687 (1963).

[35] HrnigER, F., and J. Muirer: Phys. Rev, 134, A 1407 (1964).

[36] HAkE, R. R., and J. A. Carr: Phys. Rev. 135, A 1151 (1964).

[37] DumMMER, G.: Z. Phys. 186, 249 (1965).

[38] WoLcoTT, N. M.: Proc. LT 5. Paris: Inst. Intern. du Froid 1956, p. 286.

[39] Corak, W. 8., B. B. GoopmaN, C. B. SATTERTHWAITE, and A. WEXLER: Phys. Rev.
102, 656 (1956).

[40] Crustus, K., P. Frawzosini u. U. PresserceN: Z. Naturforsch. 15a, 728 (1960).

[47] CrExg, C. H., K. P. Gupra, E. C. vaN REvTH, and P. A, Brck: Phys. Rev. 126, 2030
(1962).

[42] PrILLips, N, E., and L. Y. L. SHEN: Private communication.

[43] Cmov, C,, D. WaITE, and H. L. Jornstox: Phys. Rev. 109, 788 (1958).

[44] Hmsmarerp, A. T., H. A. LevroLp, and H. A. Boorse: Phys. Rev. 127, 1501 (1962).

[45] BrAvugHER, R. D., J. K. Hurym, J. A. Rayng, B. W. Vear, and R. A. Heix: Proc. LT 8.
London: Butterworths 1963, p. 147.

[46] vax pER Hozven, B. J. C, and P. H. Kegsom: Phys. Rev. 134, A 1320 (1964).

[47] LrvroLp, H. A., and H. A. Boorsz: Phys. Rev. 184, A 1322 (1964).

[48] Bucueg, E., F. HEINTGER, and J. MoLLEr: Proc. LT 8. New York: Plenum Press 1965,
p. 1059.

[49] HEeiNicER, F.: Unpublished.

[60] SEEN, L. Y. L., N. M. Sexozaw, and N. E. PEILLIPS : Phys. Rev. Letters 14, 1025 (1965).

[61] McCowvirry, T., and B. SerIN: Phys. Rev. 140, A 1169 (1965).

[62] Crustus, K., u. C. G. Losa: Z. Naturforsch. 10a, 939 (1955).

[63] WarrE, D., C. Crov, and H. L. Jorwsrox: Phys. Rev. 109, 797 (1958).

[64] Ravxg, d. A, and W. R. G. Kume: Phil. Mag. 1, 918 (1856).

[65] Crustus, K., and P. FraANzosINI: Z. Naturforsch. 17 a, 522 (1962).

[66] Mungim, J., u. J. MULLER: Phys. kondens, Materie 2, 377 (1964).

[67] PEssarr, N., K. P. Guera, C. H. CrENG, and P. A. Brck: J. Phys. Chem. Solids 25,
993 (1964).

[68] Srersexko, P. N., and Y. I. AVKSENT'EV: Soviet Phys.-JETP 20, 539 (1965).

[69] PrILLIPS, N. E., and J. C. Ho: Private communication.

[60] HEwvieEr, F., E. BucrEr, and J. MULLER: Phys. Letters 19, 163 (1965).

[61] — Phys. kondens. Materie 5, 285 (1966).

[62] Crustus, K., u. P. FrANzosINT: Z. Naturforsch. 14 a, 99 (1959).

[63] Bryant, C. A., and P. H. Krrsom: J. Chem. Phys. 85, 1149 (1961).

[64] Warrg, T. R., R. S. Cra1G, and W. E. WALLACE: Phys. Rev. 104, 1240 (1956).

[65] GeBALLE, T. H.: Rev. Mod. Phys. 36, 134 (1964).

[66] Boors, G. L., F. E. Hoarg, and B. T. MurpHY: Proc. Phys. Soc. B 68, 830 (1955).

[67] WEiss, R. J., and K. J. Taver: J. Phys. Chem. Solids 4, 135 {1958).

[68] Zycrm, D. A, and C. V. Hegr: Bull. Amer. Phys. Soc. 8, 420 (1963).

[69] SHiNozaKT, 8., A. ArRrort, H. SaTO, and J. B. ZIMMERMAN: Bull. Amer. Phys. Soc. 8,
66 (1963).

[70] Fravzosing, P., C. G. Losa and K. Crustus: Z. Naturforsch, 19a, 1348 (1964).



282 F. HeinigeR, K. Bucakr and J. MULLER:

[71] GuTHRIE, G. L., 8. A. FRIEDBERG, and J. E. GoLpmaN: Phys. Rev. 139, A 1200 (1965).
[72] Scurrock, R. G., and W. N. R. STevENS: Proc. Phys. Soc. 86, 331 (1965).
[73] ZimMERMAN, J. B., and H. Saro: J. Phys. Chem. Sotids 21, 71 (1961).
[74] Ho, J. C., and N. E. Pritrips: Phys. Letters 10, 34 (1964).
[75] Kersom, P. H., and C. A. BrRyanT: Phys. Rev. Letters 2, 260 (1959).
[76] Braneaix, R.: Bull. Classe Sci. Acad. Roy. Belg. 47, 750 (1961).
[77] PiesBERGEN, U.: Z. Naturforsch. 19a, 1075 (1964).
[78] Arp, V., D. EpmoxDs, and R. PETERSEN: Phys. Rev. Letters 3, 212 (1959).
[79] Crexeg, C. H., C. T. WET, and P. A. Beck: Phys. Rev. 120, 426 (1960).
[801 RaYNE, J. A., and B. S. CHANDRASERHAR: Phys. Rev. 122, 1714 (1961).
[81] Dixoxn, M., F. E. Hoarg, T. M. HorpEN, and D. E. Moopy: Proc. Roy. Soc. A 285,
561 (1965).
[82] Crusivs, K., and U. PiesBeErcEN: Z. Naturforsch. 14 a, 23 (1959).
[83] Prmrips, N. E., and R. H. BaTT: Private communication.
[84] HeEr, C. V., and R. A. EricksoN: Phys. Rev. 108, 896 (1957).
[856] — Physica 24, Suppl. S 155 (1958).
[86] WarLiNg, J. C., and P. B. Bunx: Proc. Phys. Soc. 74, 417 (1959).
[87] Procror, W., R. G. ScurLock, and E. M. WraY: Phys. Letters 20, 621 (1966).
[88] Crustus, K., u. C. G. Losa: Z. Naturforsch. 10a, 545 (1955).
[89]1 BupworTH, D. W., F. E. HoARE, and J. PrEsTON: Proc. Roy. Soc. 257, 250 (1960).
[901 Guera, K. P., C. H. CHENG, and P. A. BEck: J. Phys. Chem. Solids 25, 73 (1964).
[911 Ergrar, R., and D. Rrvier: Helv. Phys. Acta 38, 643 (1965).
[92] Hoarg, F. E., and B. YaTrs: Proc. Roy. Soc. A 240, 42 (1957).
[93] RaywE, J. A.: Phys. Rev. 107, 669 (1957).
[94] MacgLIET, C. A., and A. I. ScHINDLER: J. Phys. Chem. Solids 24, 1639 (1963).
[951 VEAL, B.W., and J. A. Ray~NE: Phys. Rev. 135, A 442 (1964).
[96] Boersrorr, B. M., ¥.J. bu CHATENTER, and G. J. vaX DEN BERag: Proc. LT 9. New
York: Plenum Press 1965, p. 1071.
[97] Bares, L. F., and P. B. UxstEAD: Proc. Int. Conf. Magnetism, Nottingham, p. 188.
London: Inst. Phys. and Phys. Soc. 1964.
[98] Crusivs, K., C. G. Losa, and P. Fraxzosint: Z. Naturforsch. 12a, 34 (1957).
[99] RamanaTaaw, K. G., and T. M. Srinivasan: Proc. Indian Acad. Sci. A 49, 55 (1959).
[700]1 W=1, C. T., C. H. CrENG, and P. A. BECK: Phys. Rev. 112, 696 (1958).
[101] GorpMax, J. E., and G. L. GurHRIE: Bull. Am. Phys. Soc. Ser. IT, Vol. 1, 148 (1956).
[102] Smivozaxy, S., and A. ARroTT: Proc. LT 9. New York: Plenum Press 1965, p. 1066.
[703] Guera, K. P:, C. H. CHENG, and P. A. BEck: Phys. Rev. 133, A 203 (1964).
[104] Kersom, W. H., and B. KurrRELMEYER: Physica 7, 1003 (1940).
[105] GurHRIE, G. L., 8. A. FRIEDBERG, and J. E. GoLomax: Phys. Rev. 113, 45 (1959).
[106] MaxNcHESTER, F. D.: Can. J. Phys. 87, 989 (1959).
[107] Bucukr, E., F. HEINIGER, and J. MurLer: Proc. LT 9. New York: Plenum Press
1965, p. 482.
[108] StasxE, E. A., C. H. CEExNG, and P. A. Beck: Phys. Rev. 126, 1746 (1962).
[109] ScurLock, R. G., and E. M. Wray: Phys. Letters 6, 28 (1963).
{1101 We1, C. T., C. H. CrENG, and P. A. Beck: Phys. Rev. 122, 1129 (1961).
[111] BreEwEr, D. W., D. R. Howr, and B. G. ToRRELL: Phys. Letters 13, 204 (1964).
[112] Nixrrix, L. P, A, V. Kocax, V. D. KuLkov, and I. P. Sairvarov: Zh. Eksp. Teor. Fiz.
49, 1028 (1965).
[113] Hoarg, F. E., and J. C. MATTHEWS: Proc. Phys. Soc. A 71, 220 (1958).
[114] GorpuaN, J. E.: Rev. Mod. Phys. 25, 108 (1953).
[115] Burrorp, J. C., and G. M. Graram: Can. J. Phys. 43, 1915 (1965).
[116] Guera, K. P., C. H. CaEng, and P. A. Brck: J. Phys. Radium 23, 721 (1962).
[117] Sgmmizu, M., and A.Karsuki: Proc. Int. Conf. Magnetism, Nottingham, p.182.
London: Inst. Phys. and Phys. Soc. 1964.
[718] BErGER, L.: Phys. Rev. 137, A 220 (1965).
[119] Farror, M.: Ann. Phys. 6, 305 (1936).
(7207 Weiss, P., and R. FoRRER: Ann. Phys. 12, 279 (1929).
[1211 ScurODER, K.: Phys. Rev. 125, 1209 (1962).



Low Temperature Specific Heat of Transition Metals and Alloys 283

[122] NuvirT, M. V.: J. Appl. Phys. 81, 155 (1960).

[123] Bixpary, A. E., and M. M. L1rvax: J. Appl. Phys. 84, 2913 (1963).

[724] BexNDER, D., E. BucHER u. J. MuLLER: Phys. kondens. Materie 2, 225 {1963).

[125] BucHEr, E., F. HEINIGER u. J. MULLER: Phys. kondens. Materie 2, 210 (1964).

[126] Savrrzrir, E. M., M. A. Tvixiva, and O. Kammoov: Zhur. Neorg. Khim. 9, 2738
(1964).

[127] Dixox, M., F.E. Hosre, T.M. Horpew, and D. E. Moopy: Conf. on Electronic
Structure of Alloys, Sheffield (1963), paper 1.5.

[128] Ho, J. C., and N, E. PriLrips: Rev. Sci. Instr. 86, 1382 (1965).

[729] AmErN, S. A, M. J. C. MarrIN. and W. SuogsMITH: Proc. Roy. Soc. A 248, 145 (1958).

[130] Oursuka, T., and T. Satom: Ann. Acad. Sci. Fennicae A VI, 210, 92 (1966).

[131] HaxE, R. R., and W. G. BrammER: Phys. Rev. 133, A 719 (1964).

[132] TsiovkiN, Y. N,, and N. V. VoLRENSHTEIN: Soviet Phys.-Solid State 7, 432 (1965).

[133] BucHER, E., F. HEINIGER, J. MUHEIM, and J. MULLER: Rev. Mod. Phys. 86, 146 (1964).

[134] BuryLENKo, A. K., and V. N. Grio~xvev: Ukr. Fiz. Zh. 9, 325 (1964).

[135] Kogaw, A. V., V. D. Kur'kov, L. P. NIgmrix, N. M. Rewvov, and M. F. STEL’'MAKH:
Soviet Phys.-JETP 18, 1 (1964).

[136] Louxasmaa, 0. V., C. H. CEENG, and P. A. Brck: Phys. Rev. 128, 2153 (1962).

[137] Ho, J. C., and N. E. PEIrLIPS: Phys. Rev. 140, A 648 (1965).

[138] HaKE, R. R.: Phys. Rev. 123, 1986 (1961).

[139] JunsEN, A.: Ph. D. Thesis, University of California, San Diego (1965), unpublished.

[140] Geearre, T.H., B.T. MartHIaSs, J.P.Marra, V. B.Compron, K. AxpRES, and
E. CorenzwrT: Bull. Amer. Phys. Soc. 10, 579 (1965).

[141] Ho, J. C., and W. BinpLoss: Phys. Letters 20, 459 (1966).

[142] Cmewe, C. H., K. P. Guera, C. T. WEL, and P. A. Brox: J. Phys. Chem. Solids 25,
759 (1964).

[143] Gurera, K. P., C. H. CHENG, and P. A. Beck: J. Phys. Chem. Solids 25, 1147 (1964).

[144] Beok, P. A.: Proc. Int. Conf. on Magnetism, Nottingham, Inst. Phys. and Phys. Soc.
London (1964), p. 178.

{145] SamMizu, M., and E. P. WoraLFarRT: Phys. Letters 11, 108 (1964).

[146] Srinivasaw, T.M., H.Cravs, R. Viswanvatoan, P. A. Beck, and D.I. Barpos:
Battelle Colloquium on “The Thermodynamic Stability of Metallic Phases”. Geneva,
Villars, 1966.

— — To be published.

[147] Késrer, W., E. WacHTEL, and K. GrRusE: Z. fir Metallkunde 54, 393 (1963).

[148] KxErp, G.D., Jr., J. O. BETTERTON, JR., and J. O. ScarBrovgH: Phys. Rev. 131,
2425 (1963).

[149] Saxpenaw, T. A, and E. K. Storms: J. Phys. Chem. Solids 27, 217 (1966).

[2160] Gerarre, T.H., B.T. MarryIas, J. P. RemMeiga, A. M. Crocston, V. B. Comupron,
J. P. MarTa, and H. J. WirLrams: Physics 2, 293 (1966).

[161] GoopmaN, B. B., J. HLrairEr, J.J. VEYssiE, and L. WriL: Proc. LT 7. Toronto:
University of Toronto Press (1961), p. 350.

[162] WestrUM, E. F., JR., and J. J. McBrIDE: Phys. Rev. 98, 270 (1955).

[163] Ravus, Cm.d., V.B. ComeroN, T.H. Gesarre, B.T.Marrmias, J.P.Marra, and
G. W. Howrg, Jr.: J. Phys. Chem. Solids 26, 2051 (1965).

[164] RoEssLER, B., and J. A. RaAYNE: Phys. Rev. 136, A 1380 (1964).

[1646] GurHRIE, G. L.: Phys. Rev. 113, 793 (1959).

[166] BucHzr, E., F. Laves, J. MUuLLER, and H. voN PHILIPSBORN: Phys. Letters 8, 27
(1964). :

[167] RayNE, J. A.: Phys. Rev. 108, 649 (1957).

[168] Karsuri, A., and M. Semuizu: J. Phys. Soc. Japan 21, 279 (1966).

[159] Arers, G. A.: In: Physical Acoustics, Academic Press (W.P. Mason, Editor), to be
published.

[160] Smirm, J. F., and J. A. GsevRE: J. Appl. Phys. 31, 645 (1960).

[161) FisuER, E. 8., and C. J. RENKEN: Phys. Rev. 135, A 482 (1964).



284 F. HeinigeR, E. BuowEr and J. MuLLER: Transition Metals and Alloys

[162] ArEms, G. A.: Phys. Rev. 119, 1532 (1960).

[163] —, and D. L. WaLDorF: Phys. Rev. Letters 6, 677 (1961).

[164] WEBER, R.: Phys. Rev. 133, A 1487 (1964).

[165] CarroLL, K. J.: J. Appl. Phys. 86, 3689 (1965).

[166] FrarHERSTON, F. H., and J. R. Nr16EBOURS: Phys. Rev. 130, 1324 (1963).

[167] SmEEpARD, M. L., and J. F. Smrre: J. Appl. Phys. 86, 1447 (1965).

[168] RAYNE, J. A., and B. 8. CEANDRASEKHAR: Phys. Rev. 122, 1714 (1961).

[169] MacFaRLANE, R. E., J. A. RavxnE, and C. K. JoNEs: Phys. Letters 20, 234 (1966).

[170] Avzrs, G. A., J. R. NEIcHBOURS, and H. Sato: J. Phys. Chem. Solids 13, 40 (1960).

[171] RaYNE, J. A.: Phys. Rev. 118, 1545 (1960).

[172] MacdFARLANE, R. E., J. A. RaynE, and C. K. JonEs: Phys. Letters 18, 91 (1965).

[173] HunTiNgTON, H.B.: In: Solid State Physics, ed. by F.Skrrz and D. TURNBULL.
New York-London: Academic Press Ine. 1958, Vol. 7, p. 213.

[174] KrEBs, K.: Phys. Rev. 138, A 143 (1965).

[175] CraxaLy, J.: In ref. [2] p. 51.

[176] KunziEr, J. E., J. P. MarTa, H. J. LEvinsTEIN, and E.J. RypER: Phys. Rev. 143,
390 (1966).

[177] WaranaBg, H., K. Egara, T. Furvror, Y. Muro, and H. Yamamoro: Sci. Rep. Res.
Insts. Tohoku Univ., Series A, 17, 300 (1965).

[178] Arrorr, A., and 8. 8. SHiNozaKI: Ann. Acad. Sci. Fennicae A. VI, 210, 31 (1966).

[179] FixxemorE, D. K., and D. L. JounsoN: Ann. Acad. Sci. Fennicae A. VI, 210, 85
(1966).

[180] Uxkzi, K., and E. KaNpa: Ann. Acad. Sci. Fennicae A. VI, 210, 104 (1966).

[181] VeaL, B. W., J. K. HuLm, and R. D. BLaveHER: Ann. Acad. Sci. Fennicae A. VI, 210,
108 (1966).

[182] BoNNEROT, J., B. CaroLI, and B. CoqBLIN: Ann. Acad. Sci. Fennicae A. VI, 210, 120
(1966).

[183] Hoarg, F. K., and J. C. G. WHEELER: Ann. Acad. Sci. Fennicae A. V1. 210, 157 (1966).

[184] Ho, J. C., H. R. O’'NEaL, and N. E. Pamrirs: Rev. Sci. Instr. 34, 782 (1963).

[185] MackriET, C. A., and A. 1. ScmiNDLER: Phys. Rev. 146, 463 (1966).

[186] GeBaLLE, T. H., B. T. MaTTHIAS, A. M. CrocsTow, H. J. Wirriams, R. C. SHERWOOD,
and J. P. Marra: J. Appl. Phys. 87, 1181 (1966).

[187] MassENa, C. W.: Diss. Abstr. 24/5, 63—7523, p. 1851 (1963).

[188] BurERra, R. A., and R. S. Craig: J. Chem. Eng. Data 10, 38 (1965).

[189] Berg, N. F., and J. R. ScHRIEFFER: Phys. Rev. Letters 17, 433 (1966).

[790] Srinivasax, T. M., and P. A. Brok: Ann. Acad. Sci. Fennicae A. VI, 210, 163 (1966).



