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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 r6sume les r6sultats exp6rimentaux concernant la ehaleur sp6cifique ~ basse temp6ra- 
ture des m6taux de transition et de leurs alliages. Partieuli~rement, les variations de la con- 
tribution 61ectronique sont discut6es sur la base d'un recueil eomplet des mesures. 

Die experimentellen Ergebnisse zur spezifisehen Warme der ~bergangsmetalle und ihrer 
Legierungen bei tiefen Temperaturen sind fibersichtlich dargestellt. Die Diskussion betrifft 
vor allem die Variationen des elektronischen Anteils und stfitzt sich auf eine vollst~ndige 
Zusammenstellung der Meflresultate. 
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Introduction 

Since 1956, when the review article of KEEso• and  PEARL~A~ [1] appeared, 
the list of low tempera ture  specific heat  da ta  of solids has increased impressively, 
bu t  no subsequent  survey on this subject  has been given. Most of the data  has to 
be sought in  the vas t  l i terature of the last ten  years. A good picture of the actual  
knowledge of the electronic s t ructure  of t rans i t ion  metals and  alloys is given in  

book edited by  BECK [2], and  in an  article by MOTT [3], b u t  nei ther  contains  a 
complete compilat ion of known data.  

At  the t ime of the article of KEEso~ and  PEARLMAN [1] the measurements  in  
the domain  of calorimetry were main ly  restricted to elements;  since 1956 not  only 
have most  of the elements been measured or remeasured, bu t  also some hundreds  
of b inary  and  other alloys have been investigated.  I n  view of the large a m o u n t  of 
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new data we have restricted the present survey to transition metals and to alloys 
with a maj or 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 Several of our own hitherto unpublished 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. Basic Results of Specific Heat Theory 

In  our t rea tment  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  Latt ice Spec i / i c  Heat  

The lattice specific heat of a solid is determined by  the total  vibrational 
frequency distribution ~ (v) : 

r  

. . . .  [ (h v/k T) 2 exp (h v/k T) 
C~ = ~v  ,~j  ~ ~ ] 2  ~(v)dv, (1) 

0 
r  

with f @ (v)dv = 1. The temperature  range of interest in this article only requires a 
0 

knowledge of @ (v) for low frequencies. For v low enough the distribution function 
must  be tha t  of an elastic continuum and has the form 

~ (v) = ~2 v~ -= 4 7~ va <~>~v~2 , (2) 

with the average taken over the longitudinal and transverse modes and over all 
directions of the lattice wave velocities v. The coefficient a2 is determined by  the 
elastic constants and the density of the crystal. In  this way we can approximate 
eq. (1), and at  low temperatures we obtain the well-known T a law: 

12z4 (T)8 
C ~ = ~ - - N k  ~oo " (3) 

O0, the Debye characteristic temperature at low temperatures,  is defined by  the 
Debye-theory (see [5]) and is given by  the expression 

o 0  = [ ~  ~- \ 7 / ~ v  ' (4) 

where va is the atomic volume. 
For a Debye spectrum (~ (v) as given by  (2) with cut-off at  v ~- k Oo/h) the 

error of the T 8 approximation is less than  1% for temperatures T < 00/12 and 
for the discussion of most of the specific heat  data of transition metals and alloys 
below 20 ~ is of no importance. On the other hand deviations of ~o (v) 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 ~ (v) including higher terms 
(~(v) ~ cr 2 + ~4v 4 + ~6v 6 + "") leads to correspondingly higher terms in the 
formula for the specific heat:  Cz : ~ T 8 ~- fi T 5 + ~ T7 ~- .... Such deviations 
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of the specific heat from a simple T 3 law have to be considered for the inter- 
pretation of low temperature specific heat data for temperatures above approxima- 
tely {90/100. 

The Electronic S19eci]ic Heat 

The contribution of a non-interacting, degenerate electron gas to the heat 
capacity of a solid at low temperatures is linear in T and is proportional to the 
density of electron states iV (EF) at the Fermi level: 

Cel - -  y T = ~ Yr 2 ]C 2 iv (EF) T,  (5) 

where 

1 f dS 
iv (r,F~ = S ~3 J -  i gradkE(&) I . (6) 

F.S. 

These relations remain valid in a system of interacting electrons if the excitations 
can be considered as a gas of independent quasi-particles with E(k)  being the 
appropriate quasi-particle excitation spectrum. The great value in knowing the 
Sommerfeld coefficient y 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 iV (EF) 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 occur 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 # or the electric quadrupole moment @ 
of the nuclei and thereby remove the (2 1 q- 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 ~ and situated in an effective magnetic field He is equal to: 

Cllf =/V/~ 3-~T- (juHe)2 av -- ~ • 

< ( I + 1 ) ( 2 1 2 + 2 I + 1 )  1 4 } (7) 
I3 (/~ ge)4)av (~T) @ " "  N 

/ 

for/c T >~/~He [7]. The average has to be taken over the different nuclei and the 
inequivatent lattice positions. Additional quadrupole interactions would contribute 
two further terms proportional to T -2 and T -4 and would also give rise to a T-3 
term. 

Specific Heat o / S p i n  Waves 

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 Ta] 2 to the specific heat (e. g. 
[15, 16]). I f  the energy spectrum has a gap the contribution will have an exponential 
behaviour. The theory of a two-lattice antiferromagnet leads to a T a 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 Speci/ie Heat Contributions 

The specific heat of a system of independent spins having possible energy 
values E = nhvo, with n a sufficiently large number, is equal to 

cxp(TE/Iv) 
Cc~ = B- [ e x ~  z 11~ (T~/T) 2 , (8) 

where k T E = h~o, and is temperature-independent for T >> Tz. 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 Em ---- Eo ~- 2mfiH,  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 OVER~AVS]~Z [18] and by MARSHALL [19]. 
In  the model of OVERHAVS~ [18] this contribution is connected with an anti- 
ferromagnetic ordering of a dilute paramagnetic solute ; in the model of MA~S~ALL 
[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 ~ 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 valuable means of testing 
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models and approximations in band theory and theories of many other properties 
as for instance magnetism and superconductivity. 

Only to a lesser 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 KEESOM and PEARLMAN [1] are 
based on the temperature scale of 1948; this can give inaccurate specific heat values 
through the determination of A T 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 O0-values even on very pure elements. I t  has 
been demonstrated recently that  impurities can also drastically affect the linear 
term y T. KEESO• and RADEBAVe~ [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 y-values on impurer specimens were 5- -20% 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. 

I t  has been the custom not to publish the whole specific heat function C(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. I f  we describe such a 
behaviour of the lattice heat capacity by a function O(T) (defined by formula 
(3) if O0 is replaced by O(T)) then this function decreases rather generally from 
its value O0 at the lowest temperatures towards a minimum (see e. g. Fig. 11). The 
determination of y and O0 by a least square fitting of C (T) as measured below the 
O-minimum to y T d- ~ TS means that  both, y and O0, will be too low, whilst 
O0 will be too low if obtained from results for C(T) in the range of the minimum, 
and y will be too high for C(T) determined above the O-minimum. With respect 
to these facts some data of MoRIN and MAITA [22] must be considered as doubtful; 
they expressed C(T) of their metals and alloys by y i s d- ~ T s (with the exception 
of Re, where a T5 term was included) up to 25 ~ Also the careful analysis of 
specific heat data for T > 10 ~ by CLUSlUS et al. (see Sect. I) cannot yield very 
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accurate values of ? and O at 0 ~ Below 10 ~ and in a not too limited T-range 
C(T) can often be fitted successfully to an expression with higher terms in T, but  
at least T5 and T 7 terms will be necessary above 3 to 5 ~ these then permit 
adequate extrapolation to T = 0 ~ The most reliable method of determining 

and O0 is to measure C(T) at sufficiently low temperatures where the O- 
variations are still negligible. This is only possible for non-superconductors and 
superconductors with a low enough To. In metals with Te's up to 10 ~ 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 ~ 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 ~ of the cubic term and thus the Debye temperature O0. The other 
three coefficients in the expansion C ( T) = ~ T -t- :r T3 ~- fi T5 -{- (~ T 7 can then 

To 

be obtained from the entropy S ( T o ) - ~ / T d T  at a temperature To ~> To, the 
0 
dC 

specific heat C(To) and the derivative dT-at 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 KWESOM and P~A~LMA~ [1] 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 Al -x  Bx, for binary alloys. The hsted values y, O0 etc. 
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 Cv -- Cv 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 
O0 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 ~ and 
00. We think these values to be more reliable than the averaged values given in an 
article by G S C H ~ I D ~  [23]. I n  the following sections we list the data which we 
considered for the values of Table 1. 

1. Sc, Y, La. The second value of y for Sc in Table 2 originates from MOnT- 
GOMeRY and P~LLS (private communication to A ~ D ~ s o ~  et al. [25]). The mea- 
surement Of LY~AM 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 e ta ] .  [27] for Y is the result of an extrapolation of 
C(T) from above 15 ~ assuming the O-variation to be similar to that  in La and 
Lu. The O0-value of M o ~  and MAITA [22] might be too low because the specific 
heat was fitted to C z 7 T -~ g T 3 at elevated temperatures. 
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Table 1. Debye temperature, Oo(~ (first number below symbol o] element), and electronic 
specific heat, y(mJ~ -1) (second number), ]or pure elements /or phase stable at low 
temperatures. Values are best estimates /tom available calorimetric data. Other data ]or 
7(in mJ~ -1) : Cr (paramagnetie) 2.9, fl-Mn 9.7, 7-Mn 9.2, ~-Mn 9.4, La (f.e.c.) 11.5 

Sc Ti V Cr ~ Fe Co Hi 

450 425 399 630 385 470 460 470 
11.0 3.32 9.9 1.41 12.4 4.8 4.4 7.1 

Y Zr 1Nb 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 I-If Ta W Re Os Ir 1)t 

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 [1] for La originates from an  extrapolat ion from above 
the superconduct ing critical temperature,  and  where the O-var ia t ion was neglected. 

BER~AN et al. [28] give values for 7 and  O0 which are the average over the h. c. p. 
and  the f.c.c, phases of their  sample. The samples reported in  [179] are at  
least 95 % pure phase. 

Table 2. Low temperature specific heat o/Sc, Y and La 

Element ]~nge (~ Y (mJ~ 2mole-l) (~o (~ Ref. 

Sc 1.7 -- 4.2 11.3 470 [26] 
11.1 - [25] 

0.15-  3 10.9 344 [26] 
0.15- 3 10.2 397 [26] 

Y > 15 8.5 -- [27] 
1.7 -- 4.2 10.2 300 [24] 
1.5 --25 10.1 235 [22] 
1.5 -- 4 10.5 330 [30] 
2 --40 9.4 232 [182] 

La 6.7 132 [1] 
1.6 -- 6.5 10.1 142 [28] 
1.5 -- 9 10.0 142 [29] 
1.5 -- 4 10.0 142 [30] 
1.1 --10 9.4 152 [179] 

La (f. c.e.) 1.1 --10 11.5 140 [179] 

2. Ti ,  Zr, HI. With  the exception of the O-value in  [1] and  7 and  O0 of 
CLusIvs and  Fl~A~zosi~i [33] the results of Ti contained in  Table 3 are consistent.  

The three recent  results for Zr [34, 35, 37] agree wi thin  their  l imits of error. 
The quite large differences in  the y-values of HI could be an effect of impurit ies.  

3. V, Nb, Ta. The reason for the relat ively large scatter  in  the specific heat  
parameters  of the group of metals given in  Table 4 probably  lies in  the high 
sensi t ivi ty  to impurit ies,  the deviat ions from a T 8 law even at  low temperatures  
and  the high t rans i t ion  temperatures  of superconduct iv i ty  making the determina-  
t ion  of the normal  state parameters  more difficult. The most  reliable value for V 
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Table 3. Low temperature specific heat o/ Ti, Zr and 1t/ 
Element Range (~ y (raJ~ -~) O0 (~ l~ef. 

Ti 3.34 278 [1] 
4- -  15 3.38 421 [31] 

1.2--20 3.56 430 [32] 
> 13 5.9 368 [33] 
1,1-- 4.5 3.346 427 [34] 
1.1-- 4.5 3.351 430 [34] 
1.5--16 3.3 415 [35] 
1.2-- 4.5 3.30 429 [36] 
0.9--12 3.31 412 [37] 

Zr 2.95 270 [1] 
1.2--20 3.04 310 [32] 
1.1-- 4.5 2.81 292 [34] 
1.5-- 16 2.75 290 [35] 
0.9--12 2.77 290 [37] 

H f  1.2--20 2.64 261 [32] 
1.1-- 4.5 2.159 252.3 [34] 
1.1-- 4.5 2.167 251.5 [34] 

Table 4. Low tempe~'ature specific heat o/ V, Nb and Ta 
Element Range (~ y (mjOK-2mole 1) O0 (~ ~ef. 

V 8.83 273 1 
1.2--20 9.2 380 [38] 
1.1-- 5 9.26 338 [39] 
> 10 6.70 425 [40] 
2--7  8.88 315 [41] 
< 6 9.92 399 [20] 

9.64 400 [42] 
Nb 8.5 252 [1] 

1.5--30 7.55 256--320 [43] 
> l0 8.59 250 [40] 
1.1--12 7.53 238 [44] 
1.4-- 4.2 7.70 320 [45] 
1.5--25 7.54 230 [22] 
0.4-- 4.2 7.79 275 [46] 

7.80 (275) [47] 
1 . 5  - 1 8  7 . 8 0  - [ 4 8 ]  

1.5 --18 7.80 278 [49] 
0.35--25 7.79 277 [50] 
0.35--25 7.85 277 [50] 

see tex t  - -  [51] 
Ta 5.44 231 [1] 

10 3.4 228 [52] 
1.2--20 5.87 245 [38] 
1.3--25 5.70 255 [53] 
1.5--25 6.28 240 [22] 

6.02 258.2 [42] 

s e e m s  t o  b e  t h a t  o f  KEESOM a n d  RADEBAUGH [20] w h o s e  s a m p l e  h a d  a r e s i s t a n c e  

r a t i o  o f  150 a n d  a Tc  of  5.37 ~ P ~ r L L I r S  a n d  SHv,~ [42] r e p o r t  a r e s i s t a n c e  r a t i o  

of  13, CR~) ;o  e t  al.  [41] a c r i t i ca l  t e m p e r a t u r e  of  s u p e r c o n d u c t i v i t y  o f  o n l y  

4 .59 ~ 
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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 Tc of 
9.13 ~ for their second, purer specimen both the resistance ratio and Tc were 
higher being 110 and 9.26~ respectively. The specific heat of very pure Nb 
(To = 9.33~ has been measured from 1.5 to 18~ by BucI~EI~ et al. [48] 
without magnetic field. Using a careful analysis of the heat capacity in the normal 
and the superconducting states (see introduction to Par t  B) we redetermined the 
values of y and O0 [49] as presented in Table 4. LEUPOLD and BOOl~SE [47] in- 
vestigated a single crystal of Nb with a Tc of about 9.19 ~ and vAI~ DER HOEVEN 
and KEESOM [46] a polycrystalline specimen down to 0.4 ~ The results reveal a 
considerable deviation from a T 3 behaviour even at 3 ~ and explain why previous 
measurements had given the erroneous result suggesting tha t  the total  specific 
heat in the superconducting state is smaller than the lattice specific heat in the 
normal state. McCo~vILLE and SEI~IN [51] report a y of 0.80 mJ / cm a ~ but  no 
value for the density of their specimens for comparison. 

Mol~i~ and MAITA [22] found a sharp change in the slope of C/T vs. T 2 at 
9.5 ~ and explained it on the basis of a rapid variation in the density of states as 
a function of T. They fitted the results to C = y T + ~ T3 both above and below 
9.5 ~ and obtained approximate agreement with other authors for y (T < 9.5 ~ 
but a much lower 00. 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. T z was a smooth function of temperature they also 
found no anomalous behaviour of the susceptibility at  9.5 ~ as would be expected 
if there were such a sudden variation in the density of states. 

PHILLIeS and SHE~ [42] report a residual resistivity ratio of 400 for their 
Ta - sample investigated in a super-critical magnetic field. The superconducting 
critical temperatures Tc of the specimens of MOl~IN and MAI~A [22], and WHITE 
et al. [53], were 4.4 and 4.39 ~ respectively. The latter took into account a 
possible O-variation by  using a numerical method for the extrapolation of 
C (9") to 0 ~ 

4. Cr, Mo, W. The comparison of the y values with the puri ty 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 paramagnetie Cr which will be discussed further in the section on Cr-alloys. 

The most recent measurements on 99.999% pure Mo reported by HEINIGEn 
et al. [60] and Rol~m~ et al. [21] are in excellent agreement but are lower than 
previous values of probably impure material. The first specimen of Ro~m~ et al. 
[21], tha t  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 MALTA (see 
GEBALLE [65]) had a lower y than most of the previously measured samples. The 
temperature range responsible for providing this measurement and the limits of 
error are lacking. A 99.99% pure W-specimen, melted and well annealed in a high 
vacuum, has been investigated by BUCI~ER et al. [48] and this also showed a 



252 F. HEINIGER, E. BIRCHER and J. MULLER: 

Table 5. Low temperature speci/ic heat o/(Jr, Mo and W 

Element l ~ n g e  (~ ~ (mJ~ -1) O0 (~ BoeL 

Cr (antiferromagne~ie) 1.54 402 [1] 
1.2--20 1.55 585 [38] 
1.5-- 4.2 1.40 630 [54] 
> 14 580 [55] 
2--4 1.39 630 [56] 

1.42 606 [57] 
1.62 400 [58] 
1.45 [59] 

Cr ("paramagnetic") 2.9 [60, 61] 

Mo 2.14 425 [1] 
1.2--20 2.12 470 [38] 
> 10 2.10 454 [62] 
1.0-- 4.2 1.93 427 [63] 
1.0-- 4.2 1.91 458 [63] 
1.4-- 4.2 2.20 470 [45] 
1.5--25 2.0i 470 [22] 
0.4-- 4 1.83 423 [21] 
0.4-- 4 1.81 382 [21] 
0.4-- 4 1.89 461 [21] 
0.4-- 4 1.87 456 [21] 
1.5-- 4 1.83 430 [60] 

W 1.48 379 [1] 
1.2--20 1.21 405 [38] 
4 --15 1.1 378 [64] 
> 10 1.13 380 [62] 
1.5-- 4.2 0.95 396 [48] 

o.84 [65] 

relatively low 7. 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 o~-Mn, with the exception of that 
of FgANzosI~I et M. [70] determined in the liquid hydrogen range and that  of 
STETSENKO and AVKSENT'EV [58], are in good agreement (Table 6). The weak 
tendency towards higher values of y by GOTHglE 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, Zu and I-IEEg [68] determined the 
hyperfine field to 80--90 kOe and SOVRLOCK and STEVENS [72] to 90 k0e;  this 
must be taken as a mean value over the different non-equivalent Mn-plaees. 

For fl-Mn the specific heat shows an anomaly below 15 ~ (BooTH et al. [66]) 
and an estimate of the y value was only possible from high temperature specific 
heat data (WEIss and T A U ~  [67], SglNOZAKI et al. [69]). 

A careful investigation of the low temperature specific heat of y-Mn has been 
made by Ho and PgrLLrPS [74]. From the T -2 part they determined the hyperfine 
field to 65 k0e. ZIMM~gMAN and SATO [73] arrived at their y-value by an extrap- 
olation of its value in the f.e.e. Mloy-system 1V~n-Cu to pure y-IV[n, 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 q- 6 wt.-~o Cu to pure y-Mn with the y-value of pure Cu as made by 
FRAI~ZOSlNI e t  a]. [70] c a n n o t  b e  c o r r e c t .  

Table 6. Low temperature speci/ic heat o / M n  and Re 

Element Range (~ y (mJ~ -I) O0 (~ Ref. 

c~ -Mn 

fi-Mn 

7-Mn 

~-Mn 

Re 

13.8 [1] 
11 - -20  11.8 392 [66] 

1.2 - 2 0  18.0 450 [as] 
(10.6) (460) [67] 

0.3 - -  2 11.9 --  [68] 
2 - -20  12.6 380 [69] 

> 10 13.7 415 [70] 
0.3 - -  4.0 16 418 [58] 
1.75--  4.2 12.8 --  [71] 
0.3 - -  1.0 12.0 393 [72] 

11--20  - -  - -  [66] 
(9.4) (422) [67] 

(10.1) (365) [69] 
> 1 4  - - [ 1 8 8 ]  

(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 [7t] 

(9.4) (370) [67] 

1.2 - 2 0  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 --  - -  [77] 

The values for (LMn are estimates from high temperature specific heats. 
As far as Tc is concerned no data for the pure metal exists. 

For Re a good agreement has been found between the data of ]KI~]~soM and 
BRYA~ [75] and that of BLANPAIN [76], but a higher y-value is given by MoaIN 
and MAITA [22]. The specific heat had been represented by the latter by C ---- Y T q- 
+ ~ T 3 q-/J T 5 which is apparently too rough for the strong O-variation of Re. 
The contribution of the quadrupole interaction to the specific heat has been 
separated and discussed in the work of KE~soyr and BRYA~ [75]. 

6. Ee, Ru, 08. In the ferromagnetic metals a possible contribution to the 
specific heat from spin waves has to be considered. I%AYI;]~ and CrfA~DlaASEKHAa 
[89] reanalysed the data of CI~E~ et al. [79] for/re using the expansion C ~ y T + 
q- :r T ~ q- ~ T 312 and obtained for 7 a slightly different value (Table 7). Likewise 
the value of Dixon et al. [81] for 7 of Fe originates fromthe same expression for C. 

7. Co, I~h, It. The most reliable values for y and Oo of Co seem to be those 
obtained on spectral pure material by DrxoN et al. [81] (see Table 8). From the 
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Table 7. Low temperature specific heat o] Fe, Ru and Os 

Element :Range (~ y (mY~ -1) Oo (~ Ref. 

Fe 5.0 467 [1] 
0.35--  0.7 4.9 -- [78] 
1.4 - -  4.2 4.98 445 [79] 

4.9 477 [80] 
1.2 - -  4.2 4.755 473 [81] 
1.2 - -  4.2 4.762 469 [81] 
2 - -  4 4.81 463 [178] 

R u  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 o/ Co, Rh and Ir  

Element :Range (~ y (mJ~ -1) Oo (~ :ReL 

CO 5.0 445 [1] 
0.6 --3.3 4.74 443 [84, 85] 
1.9 --4.2 4.44 416 [86] 
0.35--0.7 5.6 -- [78] 
1.4 --4.2 4.7 469 [79] 
1.2 --4.2 4.38 460 [81] 
0.7 --2.5 4.51 -- [87] 

l~h > 10 4.85 450 [88] 
1.2--20 4.90 478 [38] 
1.8-- 4.2 4.65 512 [89] 

Ir > 10 3.18 430 [88] 
1.2--20 3.14 420 [38] 

3.3 410 [65, 186] 

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

:Element Range (~ Y (mJ~ -2mole-I) •o (~ :ReL 

Ni 7.4 456 [ 1] 
1.5--4.2 7.05 468 [54] 
1.9 --4.2 6.7 348 [86] 
1.4--4.2 7.2 334 [90] 
1.2--4.2 7.039 477 [81] 
1.2--4.2 7.028 471 [81] 
1.5--4.2 7.16 469 [91] 

Pd  10.7 275 [1] 
2 -  4.2 9.31 274 [92] 
1.5-- 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 [96] 

9.53 - -  [97] 
Pt  6.8 229 [1] 

> 10 6.6 221 [98] 
1.2--4.2 6.68 240 [99] 
1.8--4.2 6.41 235.3 [89] 
1.2--4.2 6.507 234.9 [81] 
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specific heat term proportional to T -2 they determined the Hell. at the nucleus to 
be 223 kOe. The specimen of C~,NG et al. [79] was of a purity of only 99.56% 
but their parameters agree reasonably well with those of DIxo~ e ta] .  [81]. The 
coefficients ofAnP et al. [78] have been determined in a very restricted temperature 
range below 1 ~ Their y value which is considerably higher than that  of Dixon  
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. Dixo~ et al. [81] fitted the specific heat function of Ni to the 
expression C = y T ~- o:T3 -~ eT3l 2. Their coefficient e was not well defined and 
is smaller than that  calculated by RAYNE and KEMP [54] 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 e has little effect upon the value of y. The deviations 
of the other authors cannot be explained by the neglect of the Tam term. 

The most recent results of Pd are in good agreement. As both y and O0 of 
RAYNV, [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 10 a (alloys between neighbouring elements in 
the periodic system) and Table 10b. The coefficients y 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 y of Sc-rich Sc-Ti alloys, investi- 
gated by MONTGOMEI~Y and P]~LLS (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. Ti0.9~V0.04, 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 B~oK and coworkers has been reviewed by GUI~TA et al. [116]. 
Recent results on Cr-V alloys in the antiferromagnetic region appear in Table 10 a; 
y decreases steeply to the value for pure Cr [61]. For Mn-Fe and Ni-Cu of Table 10a 
and V-Fe and Mn-Ni of Table 10 b a temperature-independent cluster contribution 
had to be taken into account. The y-values of Ni-Cu by GUTERI~ et al. [105] and 
those of V-Fe by CHENG et al. [79] have been subsequently reevaluated by con- 
sidering this cluster specific heat (Sc~R6D~R [17]); for Ni-Cu the new values are 
given in brackets. Usually the O0-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 SCrrROEDE~ [17] for the specific heat of magnetic clusters 
SCuRr,OCK and WRAu [109] measured the specific heat of some V-Fe alloys between 
0.4 and 4 ~ and found the expected deviations from temperature independent 
contributions below 1 ~ 

In Fe-Co and Co-Ni alloys the Co 59 isotope makes a considerable hyperfine 
contribution to the specific heat (Table 19). The coefficients for Fe-Co alloys of 
A~e et al. [78] and of CHE~G et al. [79] differ somewhat; as the former investigated 
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Table  10a. Low temperature specific heat o/alloys o] two 
3d-elements (neighbouring elements) 

Conc. of the 2nd 
Alloy-system element (at.-%) Structure y (mJ~ -1) Oo (~ Ref. 

Sc-Ti 10 h . c . p .  9.3 - -  

Ti-V 4 h . e . p .  4.6 365 
20 - -100  b . e . e .  Fig.  1 244- -315  

V-Cr 2 3 - - 9 5  b . c . c .  Fig.  1 314- -500  
9 5 - - 9 9  b . c . e .  Figs.  1 a n d  6 560- -625  

Cr-Mn 10 b . c . c .  2.23 467 
20 b . c . c .  ~ 6.7 - -  

31 b . c . e .  ~ 1 2 . 1  - -  

39 b . c . c .  ~ 1 9 . 7  - -  

50 b . c . c .  ~ 23.4 - -  

Mn-Fe  53 f . c . c .  5.99 428 
55 f . c . c .  6.11 482 
66 f . c . e .  6.66 405 
76 f . c . c .  8.34 399 
84 f . c . c .  13.87 398 

89 f . c . c .  17.6 - -  

98 - -99.5  - -  - -  - -  

Fe-Co 0 - - 7 5  b . c . c .  Fig.  1 353- -476  

0 - - 4  --  - -  - -  
93 f . c . c .  5.91 436 

0 - -58 .7  b . c . c ,  see t e x t  - -  

91.5 f . c . c ,  see t e x t  - -  
30 b . c . c .  1.76 465 

Co-Ni 30 - -100  f . c . c .  Fig.  1 337- -416  
40 f . c . c ,  see tex~ - -  

Ni-Cu 1 f . c . c .  7.16 448 
10- -55  fi c .e .  Fig.  1 321- -389  
18- -78  fi c .c .  Fig.  1 335- -386  

57 - -  - -  - -  
58 L c .c .  6.2 (5.24) - -  
63 L c .e .  4.0 (3.56) - -  

69 L c.c .  2.03 375 
73 L c .c .  2.03 385 

89 L c .c .  1.05 343 

[25] 
[35] 
[41] 
[79,190] 
[61] 
[79] 
[79] 
[79] 
[79] 
[79] 
[90] 

[lOO] 
[90] 
[90] 
[90] 

[101] 
[102, 178] 
[79] 

[178] 
[79] 
[78] 
[78] 

[11o] 
[86] 
[78] 
[91] 

[103] 
[104] 
[184] 
[lO5, 17] 
[105, 17] 
[lO6] 
[lO5] 
[105] 

Table  10b. Low temperature speci/ic heat o/alloys o] two 3d-elements 
(elements with valence difference o/2 or more) 

Alloy-system Conc. of the 2nd Structure ~, (mJ~ -I) O0 (~ I~cf. 
clement (at.-%) 

Ti-Cr 

Ti-Mn 

Ti -Fe  

2.5 h . c . p .  4.1 370 

0 .17--1 .7  h . c . p .  - -  - -  
2.0 h . c . p .  - -  - -  

14 b . e . c .  5.53 372 

1.0 h . c . p .  3.3 380 
1.5 h . c . p .  3.4 370 
8 b . o . c .  6.1 295 

50 CsC1, ord. 0 • 0.8 495 

98- -99 .5  - -  - -  - -  

[lO7] 
[36] 

[lO7] 
[36] 

[lO7] 
[lO7] 
[107] 
[108] 
[102, 178] 
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Table 10b (continued) 

Alloy-system Conc. of the "2nd Structure y (mJ~ -1) Oo (~ I%L 
element (at.- %) 

Ti-Co 50 CsC1, ord. 10.5 325 [108] 

V-Fe 4.4 b . e . e .  - -  - -  [112] 
13.8 b . c . c .  - -  - -  [112] 

8--67 b . c . e .  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 . c .  4.82 419 [90] 
65 f . c . c .  4.48 422 [90] 
72 f . c . c .  4.27 388 [90] 
82 f . c . c .  3.98 479 [90] 
91 L c.c. 8.09 398 [90] 

Cr-Fe 2--100 b . c . c .  Fig. 1 - -  [79] 
55.9 b . c . e .  5.02 400 [113] 
55.9 ~ (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 [90] 
60 f . c . c .  3.35 312 [90] 
70 f . c . c .  7.00 356 [90] 
75 f . e . c ,  ord. 4.9 --  [114] 
75 L c. c. disord. 9.4 --  [114] 
75 L c.e. 7.58--9.68 261--329 [90] 
80 L e.c. 9.25 373 [90] 

Mn-Cu 3 f . c . c .  7 ~ 2 - -  [73] 
5 f .c .c .  9.4 --  [73] 
9 f . c . c .  11.6 --  [73] 

18 f . c . c .  11.8 --  [73] 
27 f . e . c .  11.4 - -  [73] 
42 L c.c. 6.9 --  [73] 
57 L c.c. 3.8 --  [73] 
76 f.c.c. (2.8) - -  [73] 
87 - - - [184] 

Fe-Ni  0 - - 4  - -  - -  - -  [178] 
28 f . c . c .  13.2 309 [90] 
35.3 - -  11.9 (341) [115] 
37 L e.c. 5.28 323 [90] 
40 L c.c. 7.12 326 [90] 
45 f . c . e .  5.53 383 [90] 
48 f . c . c .  5.1 358 [104] 
55 Z c.c. 4.32 418 [90] 
68 L c.c. 4.15 425 [90] 
80 L e.c. 4.5 407 [104] 
84 f . e . e .  4.9 409 [104] 
95 f . c . c .  6.54 390 [90] 
97 L e.c. 6.95 391 [90] 
99 f . c . c .  7.01 435 [91] 

19 :Phys. kondens. Materie, :Bd. 5 
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only the temperature  range between 0.35 and 0.7 ~ those ?-values are probably 
less reliable and the hyperfine specific heats more reliable than  the data of CHENG 
et al. [79] who measured above 1 ~ 
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Fig. 1. Specific hea t  coefficient ~ vs. number  of  valence electrons per  a tom in 3d-alloys. ~7 elements ( f rom Table 1), 
(~ ANDERSON et  al. [25], �9 HEINIGER and MULLER [35], and HEINIGER [61], • CHENG et  al. [41], X GUVrA 
et al. [116], 0 CHENG et  al. [79], qD WALLING and BUNN [86], ~) GVPT~. et al. [103], (~ KEESO~ and KURREL- 
~EYEI~ [104], (~ GUTHI~IE et  al. [105], ( - - . - - . - - . - - )  electronic specific hea t  in f. e. c. alloys (GIrPTX c t a l .  [90]), 

( ) electronic specific hea t  in f. c .e .  Ni-Cu (GuPT.~ et  al. [103]) 

The curve of Fig. 1 which shows the coefficients ? as a function of the number  
of electrons per a tom outside the filled cores has been adjusted so tha t  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 (GUPTA et al. [116], SHIMIZU and 
KATSU~:I [117], BE~GE~ [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 tha t  a certain fraction of the 
conduction electrons (in pure Cr about  50 ~ are condensed in an antfferromagnetic 
state and do not contribute to the specific heat at  temperatures far below the 
N~el temperature  (tIEL~IGEa [61], see also Section VII) .  

The ferromagnetism in the Cr-Fe system is explained by GUFTA et al. [116] 
assuming tha t  ? between about  5.8 and 8.2 electrons per a tom represents the 
density of states of a sub-band containing only electrons with one spin direction 
and above 8.2 electrons per a tom tha t  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 FAI~LOT [119] 
for Fe-Cr and of Wmss  and Fol~l~l~ [120] for Fe-Co. 

Another band model of ferromagnetism has been discussed by SHIMIZ~r and 
KATSUKI [117]. They used the above mentioned magnetization data for Fe-Cr 
and Fe-Co and some of the y-values of CHANG et al. [79] of the b.e.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.-~o Fe. With 
the assumption of an exchange energy proportional to the square of the magneti- 
zation: Eex. = --  �89 ~M 2 and with the condition that  E(M) must be a minimum 
they arrived at a density of states curve which differed from that  of GvrTA 
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 SC~xO~DEI~ [121] at  19 at .-% Fe 
in Cr, and that  the high value of Ct~wI~G 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, Bv, I~GEI~ [118] found in his model that  the paramagnetic state is 
unstable if N(E~), the density of states at the Fermi surface, is larger than 
- /~cr i t  ~ 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 [riCo 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.e.c, structure becomes more 
stable than the b. c. c. structure, 7 is correlated with the number of electrons only 
in nonmagnetic and in strongly ferro- or antiferromagnetie alloys. GU1)TA 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 MAI~SI~ALL [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 7 is considered as pure electronic. GUPTA et al. 
[103] investigated the effect of a magnetic field on 7 of Ni-Cu alloys and found a 
marked dependence indicating that  a magnetic contribution to the specific heat 
must be present. I t  is possible that  the conditions for a contribution linear in T 
as explained by MAI~S~IALL [19] are fulfilled. The broken line in Fig. I shows the 
electronic specific heat 7 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-ailoys 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 approximat ion  a picture of  the sum of the 
3d- and  the 4s-bands. Surprisingly enough this approximat ion  even describes the  
quali tat ive behaviour  of some alloys between elements with a larger valence 
difference as e. g. V-Fe (Fig. 7) and also tha t  of  t e rnary  alloys such as (TiFe)-(TiCo) 
and (TiCo)-(TiNi) (Table 17, Fig. 7). Nevertheless it mus t  be kept  in mind tha t  for 
a quant i ta t ive  model  with a thorough consideration of  the electron-interactions 
the rigid band  picture cannot  be ve ry  realistic. 

III. Alloys of TWO 4d-Transition Metals 

The number  of  invest igated alloys between two 4d-elements (Table 11) is 
smaller than  for the 3d-alloys, bu t  on the other hand  there seems to be less 
uncer ta in ty  in the  in terpreta t ion of  the  measured specific heat  because any  
magnet ic  contr ibut ion can probably  be excluded. I n  the al loy-system Zr-Nb 
(Table 11) we find large differences between our results [49] and those of  MoRI~ 

Table 11. Low temperature specific heat o/alloys o/two 4d-elements 

Alloy-system Conc. of the 2nd Structure y (mJ~ -1) Co (~ Ref. 
element (at.- % ) 

Zr-Nb 40 b.c.e. 15.9 190 [22] 
50 b.e.e. 8.3 • 0.4 238 i5  [49] 
75 b.c.c. 8.9 • 0.4 246q-7 [49] 
75 b.c.e. 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. 2 320--470 [45,181] 

15 b.e.e. 6.3 • 0.3 265~4 [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.e. Fig. 7 305--405 [124] 
:Nb-Rh 40 ~ 3.52 329 [125] 
Nb-Pd 40 (~ 2.66 293 [125] 
Mo-Ru 5 b.c.c. 2.94 435 [22] 

30 b.c.e. 3.90 435 [22] 
39 (~ 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 [22] 

and MAITA [22], and BIN])ARI and LITVAK [123], which were evaluated by  different 
procedures. The determinat ion of  y and 00 by  fitting the experimental  specific 
heat  above the critical tempera ture  Te of  superconduct iv i ty  to the funct ion 
C = y T + ~ T 3 as done by  the la t ter  authors  [22, 123] yields values for y and 
which are not  consistent with the condition t h a t  the en t ropy above Tc mus t  be the 
same whether  determined f rom the normal  or superconduct ing state specific heat  
data.  On the other  hand  we determined our  values considering this condition by  
the method  described in the in t roduct ion to the experimental  pa r t  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.-~o Rh are probably heterogenous and only the 
results of alloys with 3 and more at.- ~o Rh with the b. c. e. structure are included 
in Fig. 2. After a recent phase diagram of the alloy-system Mo-Pd, published by  
SAVITZKII et al. [126], the solubility of Pd in b. c. e. Mo is much lower than 40 at.- ~o, 
and we wonder ff the specimens of MoRII~ and MAITA [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 pr imary 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 7 vs. number of valence electrons per a t o m  in 4d-alloys. �9 elements (from Table 1), 
�9 HEINIOER et al. [49], ( - - - - - O - - - - - )  MOP, IN and MAITA [22], • BINDAXI and LITVAK [123], @ BLAUGHER 
et al. [45], ~ ~BUDW0RTH et al. [89], (~ HOARE and YATES [92], ( - - . - - . - - . - - )Z r -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 tha t  the heavy curve of Fig. 2 gives at least a rough picture of the 
4d-band. I t  is surprising tha t  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 a tom [48] (Table 12). In  addition some y-values can be found in a 
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figure in an article of  G~B~LLV~ [65] for f. c.c. Os-Ir  alloys, and a series of  values 
for the f. e. c. P t -Au  sys tem are given by  a publicat ion of ]~UDWORTII et al. [89]. 
The alloy W0.09Pt0.91 has been invest igated by  I-Io and P~ILLIPS [128] with regard 
to  the possible application to  calor imetry below 0.1 ~ 

Table 12. Low temperature speci]io heat o~ alloys o~ two 5d-elements 

Alloy-system Conc. of the 2nd Structure 7 (mJ~ -~) Oo (~ Ref. 
element (at.-%) 

Hf-Ta 70 b.c.c. 8.30 209 [48J 
Ta-W 16--I00 b.c.c.  Fig. 3 265--396 [481 
W-Re 0--25 b.c.c. Fig. 3 396--351 [48] 

50 (; 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 f.c.c. Fig. 3 410 [651 
Ir-Pt 90--100 f.c.c. Fig. 3 237--273 [127] 
Pt-Au 0--4 f.c.c. Fig. 3 237--252 [127] 

0--100 f.c.c. Fig. 3 167--235 [89] 
W-Ir 28 ~ 2.62 322 [125] 
W-Pt 91 f.c.c. 3.42 193 [128] 

Fig. 3 represents the  y-values for these alloys as a funct ion of the  number  of 
electrons per  a tom and shows, corresponding to  Figs. 1 and 2, an approximat ive  
picture of  the 5d-band. 
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Fig. 3. Specific heat coefficient • vs. number of valence electrons per atom in 5d-alloys. A elements (from Table 1), 
O ~BUCHER et al. [48], x GEBAZLE [fi5],'0" DIXON et al. [127], �9 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-variat ions in 3d-, 4d- and 5d-alloys. A ve ry  similar behaviour  is found in 
all three series of  b. c. c. alloys with less t han  5.95 valence electrons per atom, all 
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of them being paramagnetic. A depression in the specific heat linear in T 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. 
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Fig.  4. Comparison of  speci fc  hea t  coefficient 7 vs.  n u m b e r  of  valence electrons per  a tom in 3d-, 4d- and  5d-alloys. 
L igh t  curve  above 9 eL/a tom shows the  probable dens i ty  of  s ta tes  for both spin or ientat ions (see text)  

In  the b. e. c. region above 6 electrons per a tom the agreement between the 3 
curves is only qualitative even for the paramagnetic 4d- and 5d-series. The 
coefficient y 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 B ~ E R  
[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.e.e, range from 9 to t l  electrons per atom we find similar maxima at  
about 10 electrons per a tom in all three series 1. In  the case of this maximum it 
seems clear tha t  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 BEt~K and Se~RIEFF]~ [189] it is questionabIe 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. 
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of AHER~ 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 tha t  the 3d-, 4d- and 5d-bands are very similar 
but  tha t  the width is smallest for the 3d- and largest for the 5d-band. 

VI. Alloys of Two Isoeleetronic Transition Elements 

In  the approximation of a rigid band model no drastic variation of the density 
of states would be expected in paramagnetie alloys between elements with the 
same number  of valence electrons per atom. Nevertheless strong variations of the 
linear t e rm of the specific heat, 7, are found in many  of the investigated alloys 
(Fig. 5). 

i I 

Y 

v P 

7 g-. 
i 

"r 6 o 

o 4< s 

E 
5 

I0 

Ta 

0 s  

I Cr ~-o 
W 

0 I I I 

A 50  B 

conc.(at%) 
Fig. 5. Specific hea t  coefficient ~, vs. concentrat ion of  ~he components  in alloys 

elements 
of  two isoelectronic transit ion 

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 a t . -% Zr (B~rcHE~ et al. [133]). The coefficient 
seems to vary  almost linearly in Ti -Hf  and to go through a minimum in the Zr- 
H f  system. 
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The  decrease of  y f rom the  va lue  of  pure  N b  t0 t h a t  of  V0.12Nb0.88 is accom- 
partied b y  a decrease in the  cri t ical  t e m p e r a t u r e  of  supe rconduc t iv i ty  to  5.7 ~ 
F o r  V-Ta we believe t h a t  al loys wi th  V of  the  same purity would lead  to  an  a lmost  

Table 13. Low temperature speei]ic heat o/binary alloys o/isoelectronic transition elements 

Alloy-system Cone. of the 2nd Structure 7 (m;g~ -1) •0 (~ ReL 
element (at.-%) 

Y-La 15 h.e .p.  8.3 245 [130] 
35 h.c.p.  7.1 205 [130] 
48 Sm-h. c.p. 7.1 192 [130] 
60 La-h. c.p. 5.8 175 [130] 
75 La-h. c.p. 6.2 170 [130] 
85 L~-h. c.p. 6.6 162 [130] 

25 h.c .p .  3.9• 3234-5 [49] 
50 h.e .p.  4.1 4-0.1 294•  [49] 
50 h.c .p.  4.21 304 [36] 
50 h.c .p .  4.16 295 [37] 
75 h.c .p.  3.6 4- 0.2 292 • 5 [49] 
50 h.c .p.  2.5 4- 0.2 252 • 5 [49] 
50 h.c .p .  2.04-0.1 2404-6 [49] 

88 b.c.c.  7.05 4- 0.10 268 4-3 [49] 
5 b.c.c.  9.20 357 [131] 

25 b.c.c.  8.3 4- O. 1 285 4- 4 [49] 
a=3.111 A 

50 b.c .e .  7.5 • 0.1 264 4- 4 [49] 
a=3.182 A 

75 b.c.c.  6.7 4- 0.1 2504-4 [49] 
a : 3.254 A 

0.8--100 b.e .c .  Fig. 5 425--580 [61] 
2--10 b.e.c.  Fig. 5 495--560 [61] 

50 h.c .p.  8.35 4- 0.1 430 4- 40 [49] 
75 h.c .p .  5.6 4- 0.1 460 • 50 [49] 

33--100 h.c .p.  Fig. 5 --  [65] 

20--100 f.c.c. Fig. 5 272--388 [94] 
99.5 f.c.c. - -  --  [132] 

Ti-Zr 

Ti-Hf 
Zr-Hf 

V-Nb 
V-Ta 

Cr-Mo 
Cr-W 

Fe-l~u 

Ru-Os 

Ni-Pd 
hTi-Pt 

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  la t t ice  cons tan t  a. The superconduct ing  cri t ical  t empera tu re s  of  the  
same specimens were 2.80 ~ 2.35 ~ and  2.65 ~ for the  al loys wi th  25, 50 and  
75 a t . - %  of  Ta  respect ively .  

The  Cr-Mo and  Cr-W alloys will be discussed in the  following section. An  a lmos t  
l inear  va r i a t ion  of  the  electronic specific hea t  has  been found in the  Ru-Os sys tem 
(GE]~ALL]~ [65]). A s t rong dependence  of y upon  concent ra t ion  is seen in al loys 
be tween  the  fer romagnet ic  Ni  and  the  pa ramagnc t i c  Pd ,  which has been discussed 
b y  MACKLIET and  SCHINDL~ER [94]. They  propose a band  model  which is in 
agreement  wi th  bo th  specific hea t  and  magne t i za t ion  d a t a  b u t  does not  expla in  for 
example  the  y-va lues  in  Ni-Cn alloys. W e  do no t  bel ieve t h a t  i t  is real is t ic  to use 
the  same dens i ty  of  s ta tes  curve of  t )d  and  Ni. I n  o rder  to  decide i f  the  m a r k e d  
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max imum in the y-function is related with a maximum in the density of states 
curve or if i t  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, H~I~mw~ [61] estimated 
the effect of antfferromagnetic 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 o] alloys o/Chromium with other transition metals 

AIloy-system Cone. of ~he 2n5 S~ructure ~ (mjOK 2mole-~) ~ (~ ReL 
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 [56] 

60 a 4.18 335 [125] 
Cr-Os 5--20 b.c.c. Fig. 6 430--510 [61] 
Cr-Nb 0--2 b.c.c. -- -- [61] 
Cr-Ta 0--1 b.c.c. -- -- [61] 

For Cr-Mo alloys (Fig. 5) 7 varies almost linearly in the paramagnetic 
( ~  24 at.- ~o Mo) and antiferromagnetie regions ( ~  24 at.- ~/o 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 m J  ~ -1 for the concentration of 16 at.-~ W where the ~q~el tempe- 
rature T~ reaches 0 ~ [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 
Cr0.s4W0.16 (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 m J  ~ -1 for pure paramagnetic Chromium which should 
exist at  high enough pressure (see ref. [61]). 

A 7p-value of about  2.9 m J ~  -1 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 tha t  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 ( B u c H ~  
et al. [48]) have disappeared. 

H]~I~.IG]~ [61] also determined the difference y '  between 7p for the para- 
magnetic and 7a for the antiferromagnetic state as a function of the solute con- 
centration, y '  was found to reach values corresponding to more than 50~o of the 
total  paramagnetic density of states and to vary  similarly as the Ndel temperature  
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TN and the average magnetic moment ft. The reduction of 7 in the antiferro- 
magnetic state was explained assuming a truncation of the Fermi surface by 
magnetic energy-gaps and the resulting diminution of iV (EF) in (6). 
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Fig. 6. Specific heal  coefficient ~, in V-Cr, Cr-Rc, Cr-0s and Cr-Ru alloys. Dashed line (1) smooth interpolation 
of ~, for paramagnetie V-Cr and Cr-~e or Cr-Os alloys, chain-lines (2) and (3) ~, for the analogous systems Nb-Mo-Re 
and  Ta-W-Re respectively. Q V-Cr (C~IENO et al. [79]), O V-Cr (HEII~IGER [61]), (]} Cr-Re (~[UHEIM and MULLER 

[561), @ Cr-Os (HEINI(~ER [61]), @ Cr-Ru (HEINIGER [61]) 

VIII. 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.-~o Co BOE~STOEL et al. [96] found a 

maximum in the specific heat at about 1.9 ~ and below 0.5 ~ a magnetic 
contribution linear in T. The investigations of TsIovxI~ and VOLX~XSHTEIN [132] 
concerned the influence of 0.5 at.- ~o solid solutions of Cr, Mn, Fe, Ni and Gd in Pt,  
and they analysed the specific heat by the three-term formula C = y T + ~ T 3 + 
+ A T-2. They found no T -2 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 
sr and a large increase of 7" 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 part ly caused by an increase of ~. 

Effective hyperfine fields have been determined from the specific heat at very 
low temperatures by KOGAN et al. [135] in Fe alloyed with Ir  and Re, by Ho and 
PHILLIPS [137] in Fe alloyed with Os and Pt  and also in Fe-Re by LOU~ASMAA 
et al. [136] (see also Table 19). The investigations of MouI~ and MAITA [22] and of 
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Table 15. Low temperature speci]ic heat o /b inary  alloys o/transition metals 

Alloy-system Cone. of the 2nd Structure 7 (mJ~ -1) O0 (~ tier. 
element (at.-%) 

Co-Pd 5--99.5 - -  - -  - -  [183] 
99.9 f . e . c .  - -  -- [96] 

96.5--99 --  - -  - -  [183] 
99.5 f . c .c .  10 - -  [132J 

6.1--9.0 see tex t  - -  [135] 
95--99 --  - -  [186] 

0 - 2  - - [ 1 7 8 ]  

0 - 1  - - [ 1 7 8 ]  

0.15 see tex t  - -  [135] 
10 b . c . c .  4.35 413 [136] 
0.75 4.76 --  [137] 

98.48--100 f . c .c .  - -  - -  [95] 
3.21 4.98 - -  [137] 

99.5 f . e . e .  12 --  [132] 
99 --  --  [186] 

0 - - 1  - -  - -  [178] 
75 fl-W 3.35 325 [22] 
63 ~ 2.78 330 [125] 
99.5 f . c .e .  11 --  [132] 
38 a 3.32 371 [125] 

0--50 b . c . c .  Fig. 7 320--470 [22] 
58 a 3.31 351 [125] 
77 ~-Mn 3.80 272 [125] 
91.4 b . c . c .  5.88 310 [138] 
92.5 b . c . e .  5.56 337 [138] 
93.5 b . e . e .  5.06 354 [138] 
93.7 b . c . c .  4.90 364 [138] 
97.5 h . c . p .  3.8 360 [107] 

I~b-Os 40 ~ 2.70 310 [125] 
1N-b -Pt 38 a 3.40 336 [125] 
Nb-Re 62 ~-Mn 2.35 326 [125] 

71 a-Ma 3.58 322 [125] 
80 a-Mn 5.00 316 [125] 

Nb-Ti 96 h . c . p .  4.3 340 [35] 
l~i-Pt 99.5 f . c . c ,  see text  - -  [132] 
Re-V 8 h . c . p .  3.7 ~= 0.1 - -  [49] 
l~u-V 55 CsC1 7.40 ~ 0.1 413 4- 20 [49] 

65 CsC1 1.93 ~: 0.1 460 • 20 [49] 
75 b . e . c .  1.93 ~ 0.1 460 ~ 20 [49] 
85 b . c . c .  3.95 ~ 0.1 351 • 20 [49] 

Sc-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] 

Co -Pt 
Cr-l~ 
Fe-Ir 

Fe-Mo 
Fe-Nb 
Fe-l~e 

Fe-Os 
Fe-Pd 
Fe-P t  

Fe-Rh 
Fe-W 
Ir-Mo 
Ir-Nb 
Mn-Pt 
Mo-Os 
Mo-Re 

Mo-Ti 

HAKE [138] on  cub ic  a l loys  a n d  t h o s e  o f  Buc~EIr  e t  al. [125] on  c o m p l e x  s t r u c t u r e s  

r e v e a l e d  n o t  o n l y  a c o r r e l a t i o n  o f  y w i t h  t h e  n u m b e r  o f  v a l e n c e  e l ec t rons  p e r  a t o m  

b u t  also w i t h  t h e  c r i t i ca l  t e m p e r a t u r e  Tc of  s u p e r c o n d u c t i v i t y .  

W e  also p r e s e n t  i n  T a b l e  15 n e w  r e su l t s  on  tCe0.92Vo.os a n d  on  l%u-V al loys.  

T h e  i n c r e a s e  o f  Tc u p  to  6.8 ~  b y  a l loy ing  o f  R e  w i t h  8 a t . - %  V is a c c o m p a n i e d  
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by an increase of ~, to (3.7 • 0.1) mJ  ~ The O-variation of Re-alloys 
is still important below that  To, and the total entropy at Te had to be considered 
for the determination of y. A large variation of y has been found in Ru-V alloys 
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Fig.  7. Specific hea t  coefficient 7 vs. n u m b e r  of  electrons per  a tom for alloys of  t rans i t ion  elements which have  
5 to 7 electrons per  a tom.  L igh t  lines represent ing pure  3d-, 4d- and  5d-alloys are t aken  f rom Fig.  4 

(Fig. 7 and 13). Only in the alloy with the highest y, Ru0.45V0.55, could super- 
conductivity be detected above ] . l  ~ and this had a Tc of 4.0 ~ 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 Se-Zr alloys clue to MAITA 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)-(TLNi) 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 y between 6 and 7 electrons per 
a tom for different alloy-systems again seems to decrease with increasing average 
atomic mass. 

IX. Binary Alloys of Transition Metals with l~on-Transition Elements 

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

15 . 

, 

5 ~,~ . ~-...).~ ~ 

V 
O I I 1 

4 5 6 7 8 9 

elecirons/at'orn 
: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.-% A1 (heavy line) and 20 at.-% A1 
(chain line) respectively (fromPESS~.LI, et al. [57] 

and SRINlVXSAN et al. [146]) 

and alloys. The results for b. c.c. alloys 
are discussed in detail in an article by  
BECK [144] and show tha t  the thermal 
and magnetic properties of these alloys 
can hardly be understood in terms of filling 
a rigid or semi-rigid band as proposed e.g. 
by  S~IMIZU and WOHLFAHgT [145] for 
Fe-A1 alloys. The comparison of the 
behaviour of the calorimetric density of 
states with the number  of electrons per 
a tom for b.c.c. 3d-metals and alloys 
with tha t  for the same alloys containing 
10 a t . -% A1 (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 y of V is 
lowered by the solution of A1, Sn and Sb 
(Fig. 9). For 10--30 at.- % Alin Cr (Fig. 9) 
the variation of y seems to be similarly 

related with the N6el temperature  TN (KoxsTxg et al. [147]) as described in 
Section V I I  for other Cr-alloys, but  we do not know T• between 0 and 10 a t . -% A1 
in Cr so cannot make a more thorough comparison. B.c.c.  solid solutions of Fc 

Table 16a 

Lo w tem~2erature speci/ic heat o /a l loys  o] 3d-elements wi th  non-transi t ion metals 

Alloy-system Cone. of the 2nd Structure ? (mJ~ -1) Oo (~ Ref. 
element (at.-%) 

V-An 25 /~-W 9.6 -- [1~0] 
25 fl-W 9.8 • 0.2 350 •  [49] 

V-A1 10--40 b . c . c .  Fig. 9 323--487 [57] 
V-Ga 25 fl-W 25.6 310 [22] 
v-c  50 _ _ - [~8o] 
V-Si 25 fl-W 19.5 330 [22, 176] 
V-Ge 25 fi-W 7.6 405 [22] 
V-Sn 2 - -6  b . c . c .  Fig. 9 315--393 [57] 
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Table 16 a (continued) 
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Alloy-system Cone. of the 2nd Structure r (mJ~ -1) Oo (~ Ref, 
element (at -%) 

V-Sb 1--3 b.e.e. Fig. 9 319--352 [57] 
Cr-A1 0--30 b.c.c. Fig. 9 425--606 [57] 
Mn-Cu see Table 10b 
Mn-Au 50 CsC1, tetr. 1.05 -- [141] 
Fe-A1 0--50 b.e.c. Fig. 9 240--540 [142] 

1 - - 2  - -  - -  [178] 
Fe-Si 1 --2 - -  - -  J178] 

4--25 b.e.c. Fig. 9 397--450 [143] 
Fe-Ge 4--12 b.c.c. Fig. 9 363--474 [143] 
Fe-Sn 4--8 b.e.c. Fig. 9 344--487 E143] 
Fe-Sb 5.4 b.c.c. 5.45 411 [136] 
Ni-Cu see Table 10a 
Ni-A1 10 f.c.c. 6.83 338 [103] 
Ni-Si 4--8 f.c.c. Fig. 9 345--366 [103] 
Ni-Sb 4--8 f.c.c. Fig. 9 287--318 [103] 
Ni-Zn 9--26 f.c.c. Fig. 9 317--387 [103] 

v 
o 

"7 

0 
E 

E v 

10 

0 

v ! 
V-Sn  I 

~ Ni-Zn 

~ . _ G ~ - " - - ~  -'~ "~-~ 

I I I I 

0 I 0  2 0  5 0  

conc.(at.%) 

Fig. 9. Specific heat  coefficient }, vs. solute concentration for solid solutions of  t ransi t ion elements with non- 
t ransi t ion elements 
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Table 16b 

Low temperature specific heat o/ alloys o/ 4d- and 5d-elements with non-transition metals 

Alloy-system Cone. of the 2nd Structure r (mJ~ -1) O0 (~ 1%f. 
element (at.- % ) 

Y-Si 65.5 b .c .  tetrag. 
Y-Ge 61.8 b .c .  tetrag. 
Y-Gd 0- -  6 
Zr-Ag 0 - -  5.66 h . c . p .  
Zr-Cd 0 - -  8.15 h . c . p .  
Zr-In 0--11.26 h . c . p .  
Zr-Sn 0--9.06 h . e . p .  
Zr-Sb 0 - -  1.85 h . c . p .  
Nb-Au 25 fl-W 

25 ~-w 
~ b - B  67 
Nb-C 35--50 NaC1 

42.8 
48.7 
49.5 

Nb-N 45.6 
47.6 

Nb-Sn 25 fl-W 
:Nb-S 67 
Nb-U 74.1 b . c . c .  
Mo-S 66.7 --  
Mo-U 70.4 b . e . e .  

74.7 b . e . e .  
78.4 b . c . c .  
82.2 b . c . e .  
86.3 b . c . e .  

~ u - T h  33 cub. 
1)d-It 36--47 
Pd-Ag 
l~d-Te 50 hex. 

51 hex. 
1 s  
2 f .c .c .  
5 f .c .e .  

10 s  
0.36--0.85 

66.7 
66.7 
0- -2  
33 
33 

31 --33 
5O 

Pd-Th 

Pd-Gd 
La-Si 
La-Ge 
La-Gd 
Re-B 
Os-Th 
I r -Th 
Pt-Cu 

P t -Au 
P t -Gd 

b. c. tetrag. 
b. c. tetrag.  

cub. 
cub. 
rhombohedral :  
-ordered 
-disordered 

0.5 s  

0.655 400 
1.53 354 

2.81-]-0.01303 x 291--2.492x 
2.81 ~-0.03778x 291--1.766x 
2.81-t-0.04882x 291--0.8795~ 
2.81-[-0.06811 x 291--1.881x 
2.81+0.1016x 291--4.037x 

7.5 
10.0~0.3 280•  

1.19 500 
1.33 492 

1.33 464 
1.64 331 

1.38 307 
15.7 290 

16.0 138.8 

14.2 147.3 
14.7 137.3 
14.9 134.5 
15.1 127.5 
16.9 128.6 

6.40 

see Table 11 
2.83 277 
2.04 239 
8.8 
8.0 
5.8 
2.2 

1.93 365 
2.03 222 

2.1 405 
1.34 

7.5--12.6 

0.530 385 
0.825 357 

see Table 12 

[30,13o] 
[3o, 13o] 

[182] 
[148]* 
[148]* 
[148]* 
[148]* 
[148]* 
[140] 

[49] 
[180] 
[149] 
[150] 
[150] 
[15o] 
[15o] 
[15o] 
[22] 

[18o] 
[151] 
[152] 
[151] 
[151] 
[151] 
[151] 
[151] 
[140] 
[185] 

[153] 
[153] 
[97] 
[97] 
[97] 
[97] 

[183] 
[30, 130] 
[30, 130J 

[182] 
[22] 

[140] 
[140] 

[154] 
[154] 

[132] 

* x: concentrat ion of the  2rid element in at.-~ 
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with AI, Si, Ge and Sn exhibit maxima in y vs. concentration at low solute con- 
centrations (Fig. 9). The large increase in ? for more than 20 at.-% A1 in Fe is 
interpreted by C~E~G et al. [142] 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 A1, Si and Sb is at present not clear (Fig. 9). 

Very high y-values are found for the compounds V3Ga, VsSi, VsAu, NbaSn 
and NbsAu and are given in Tables 16a and 16b per mole, defined by the formula 
T0.75 B0.~5. 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 VsGa, VsSi, VaGe 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 VsAu and NbsAu would correspond to the 
minimum at 4 electrons per atom. A pronounced decrease of the heat capacity 
of VsSi with stress has been found by KU~ZLEIr et al. [176] at temperatures below 
25 ~ 

K N ~  et al. [148] found an increase of y 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 
MONTGOMEI~Y'S unpublished specific heat data on Pd-Th alloys (Table 16b) with 
their magnetic susceptibilities. 

X. Ternary Alloys 

The addition of 10 at.- % A1 to 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 .-% A1 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). 

I f  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 NizZnxCul-2x. In contradiction to this, the data of GVTH~IE [155] show 

20 Phys.  kondens. 1Vfaterie, Bd. 5 
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r a t h e r  la rge  v a r i a t i o n s  o f  y w h i c h  can  be  e x p l a i n e d  b y  a d d i n g  u p  t h e  ef fec ts  o f  

Z n  a n d  N i  on  Cu s e p a r a t e l y  (Table  17). 

Table 17. Low temperature speci]ic heat o/ternary alloys 

Alloy-system Conc. Structure y (mJ~ 2mole-l) Co (~ Ref. 

(3d-alloys)-A1 l0 a t .% A1 b . e . e .  Fig. 8 --  [57] 
20 at.~ A1 b . e . e .  Fig. 8 --  [146] 

(TiFe)x-(TiCo)l-x x : 0 - -  1 CsC1, ord. Fig. 7 325--502 [108] 
(TiCo)z-(TiNi)l-x x = 0.75 CsC1, ord. 7.0 282 [108] 
•ixZnxCul-2x x ---- 0 L c.c. 0.691 349.1 [155] 

x = 0.03 L c.c. 0.850 349.6 [155] 
x ~- 0.08 L c.c. 0.993 344 [155] 

Ti-Zr-Mn Tio.499Zro.a99Mno.o02 h. c .p.  [36] 
(Nbo.75Auo.25)~- 

-(Vo.75Auo.25)1-z 

NbN-Cr 
Nbo.soCo 15No.35 

Feo.75-xNizMno.25 

(Ti Fe2)-(Zr Fe~) 

x = O  
x = O . 1  
x = 0.25 
x = 0.5 
x = 0.75 
x = 0.9 
x =  1.0 

1 - 3  at.-O/o Cr 

fl-W 9.8=~0.2 350~20 [49] 
fl-W 9 . 1 i 0 . 2  320~=20 [49] 
fl-W 7 .5 i 0 .2  305~20 [49] 
fl-W 6.3~0.2 280~20 [49] 
fi-W 5.2~0.3 280• [49] 
fi-W 7 .6 i0 .3  280~20 [49] 
fl-W 10.0=~0.3 280:E20 [49] 

- - [150] 
1.63 351 [150] 

f. c.c. 10.5 359 [177] 
f. c.c.  13.0 177 [177] 
f. c.c. 11.7 222 [177] 
f. c.c. 5.9 224 [177] 

[187] 

x = 0.15 
x = 0.30 
x = 0.45 
x = 0.60 

o~400 I 
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Nb3Au 50 V~Au 
Fig. 10. Specific heat coefficient 7 and Debye temperature, 0o, in continuous series of solid solution 

(:NbaAu)-(VaAu) 
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The specific heat of h. c. p. Tio.499Zro.499Mno.o02 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 Tio.bZro.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 (Nb3Au)z-(VaAu)l-x 
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, 
Tc, were 10.75, 7.8 and 4.9 ~ respectively and were in fair agreement with earlier 
results of B u c H ~  et al. [156]. Te varies with x in a similar fashion as y for 
x => 0.75 but  for x < 0.75 it remains below 1 ~ even in alloys with a high y. 

XI. Miscellaneous Results 

Electronic Speci/ic Heat 

In  the preceding sections we observed that  for manyalloy-systems the behaviour 
of y as a function of the number of electrons per a tom 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 a-modification of 
Cr0.441Fe0.559 (Table 10b) has been found by H O A ~  and MATTHEWS [113]. I t  is 
possible tha t  the large enhancement of the linear specific heat of this a-phase is a 
magnetic contribution; a systematic investigation of the specific heat  in a-phases 
by B u c H ~  et al. [125] did not confirm tha t  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 I~O~SSLWR 
and I ~ A u  [154] in CuPt (Table 16b) and by GOLDMAN [114] in Ni~Mn (Table 10b) 
in contrast with a constant y in Cu3Au found by  RAYN~ [157]. I t  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, y 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 (E) for alloys of the same row in the 
periodic system. With this rigid-band model S~I~IZV and coworkers explained in a 
series of papers (for references see [158]) ~he temperature dependence of the 
electronic specific heat and the magnetic susceptibility of transition metals and 
alloys. I t  is questionable how far such a model of independent electrons is realistic 
as electron-interactions can considerably affect the density of states N(E)  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 par t  of the specific heat  of transition metals is usually small com- 
pared with the electronic specific heat  a t  temperatures where the T3-Iaw is valid; 
it is therefore determined with rather poor precision so tha t  many  of the published 
O0-values are not very reliable. The large amount  of cMorimetric data  nevertheless 
permits some conclusions to be drawn. 

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

Table 18. Comparison o/the characteristic constants (0cal. and Oelast. 
determined calorimetrically or calculated ]rom low temperature 

elastic constants respectively 

Element 0~1. (~ @e~t. (~ Ref. 

Y 280 256.4 [159, 160] 
Ti 425 425.7 [161] 
Zr 290 296.0 [161] 
Hf 252 256.3 [161] 
V 399 399.3 [162] 
Nb 277 273 [163, 
Ta 258 261.9 [166] 
Ms 460 474.2 [166] 
W 390 384.3 [166] 
Re 415 416.2 [167] 
Fe 470 477 [168] 
Ir 420 436 [169] 
Ni 470 472 [170] 
t)d 270 275 [171] 
1% 235 237.8 [172] 

16~, 165] 

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 tha t  any dispersion effects at  frequencies lower than v = 10 i0 c/s 
must  be small. 

On the other hand the temperature  where a considerable O-variation sets in 
can vary  drastically. Fig. 11 shows O(T)  for Ti, Zr and Nb. This function has been 
determined by  subtracting from the measured specific heat (H~sZNIG~g [49] 
(Ti, Zr), BUC~Eg et al. [48] (Nb)) a normal state electrouic specific heat  C e l =  y T, 
7 taken as constant (see eq. (3), O0 replaced by  O(T)) .  In  Nb O(T)  varies with 
temperature even at  O0/100 and goes sharply to a minimum at  O0/30 whilst in the 
two hexagonal metals Ti and Zr the O-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  O0 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 7, which varies smoothly with the number 
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of electrons (e/a) per atom for the continuous alloy series A -- B and B -- C at 
the position of the element B, the curve O0 (e/a) shows peaks at the positions of the 

4 3 0  

4 0 0  

3 0 0 '  

U) 

2 5 0  

Fig.  11. Variut ion of  Debye  

l I I 
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~'ig. 12. Comparison of  specific h e ~  coefficien~ y and  ])ebye t empera tu re  
Co 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 (Hv~cTI~G- 
:ro~r [173]). 
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Superimposed upon this effect is a variation of (9 correlating most obviously 
with tha t  of the electronic specific heat  coefficient y both being opposite to each 
other. (9 (e/a) in Fig. ]2 shows maxima for tha t  electron number  corresponding to 
a minimum in the density of states provided tha t  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 tha t  
the onset of CsCl-ordering, which happens near the (9-maximum of V-Ru, par t ly  
counteracts [154, 157] the decrease at  higher electron concentrations. 

8 

2 

f - ,  

V-Fe// '~(,,~'~-Ru / 

/ j ~ /  ""'., //// "~ 

" , , o , ~  V- Ru 

5OO 

400 ~ ~o 

5OO 

i I 

5.0 5.5 6.0 6.5 

electrons / atom 
Fig. 13. Comparison of specific heat coefficient y and. Debye temperature (90 of the 

u and V-Fe systems (from BUO~iEX 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. K l ~ s  [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 I~AY~ [171] the bulk modulus of the 
electron gas is expected to be inversely proportional to the density of states, leading 
qualitatively to a high 6)o for a low 7. But  quanti tat ive estimates show tha t  the 
large variations of (90 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 (90. As the densities 
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of  s t a t e s  of  t r a n s i t i o n  m e t a l s  p r i m a r i l y  o r i g i n a t e  f r o m  d - e l e c t r o n s  t h e y  m u s t ,  

d e s p i t e  t h e i r  l oca l i zed  c h a r a c t e r ,  p r o v i d e  s u b s t a n t i a l  s c r e e n i n g  of  t h e  d e f o r m a t i o n  

p o t e n t i a l .  

Nuclear Speci/ic Heats 

F r o m  f o r m u l a  (7) we see  t h a t  i n  cases  w h e r e  e l e c t r o n - n u c l e a r  i n t e r a c t i o n s  a re  

m a i n l y  m a g n e t i c  t h e  d e t e r m i n a t i o n  of  t h e  T -2 specif ic  h e a t  c o n t r i b u t i o n  p e r m i t s  a n  

e v a l u a t i o n  of  t h e  e f fec t ive  h y p e r f i n e  f ields He .  A c o m p i l a t i o n  of  h y p e r f i n e  f ields o f  

t r a n s i t i o n  m e t a l s  as d e t e r m i n e d  b y  t h i s  m e t h o d  is g i v e n  i n  T a b l e  19. 

Table 19 

E/]ective hyper/ine /ields as determined by low temperature specific heat measurements 

Alloy-system Cone. of the 2nd Structure Nuclei He~f. (k0e) Ref. 
element (at.-%) 

Cr --  b . c . c .  Cr 53 ~ 0 [59] 
Cr --  b .c .c .  Cr 53 150 [58] 
Mn --  --  Mn 55 100 [58] 
Mn --  cub. Mn 55 90 [72] 
Mn --  f.c. tetrag. Mn 55 65 [74] 
Mn-Au 50 CsC], tetr.  Mn 55 320 [141] 
Fe-V 4.4 b . e . c .  V 51 78 [112] 

10 b .c .c .  V 51 80 [111] 
13.8 b . c . e .  V 51 58 [112] 
33 b .c . c .  V 51 ~ 6 1  [110] 

Fe-Co 4.8 b . c . e .  Co 59 314 [78] 
17.2 b .c .c .  Co 59 293 [78] 
30 b .c . c .  Co 59 312 [110] 
58.7 b .c .c .  Co 59 256 [78] 
91.5 f .c .c .  Co 59 223 [78] 

10--75 b . c . c .  Co 59 395--227 [79] 
93 f .c .e .  Co 59 236 [79] 

(Fe-Co) -~ 
~- 10 at.-~ Al 9--63 b .c .c .  Co 59 347--225 [57] 
Fe-Sb 5.4 b . c . c .  Sb121,1~3 169 [136] 
Fe-Re 0.15 b . c . c .  I~elS5, ls7 670 [135] 

10 b .c . c .  RelS5,137 610 [136] 
Fe-Os 0.75 b .c .c .  0s137, lS9 1400 [137] 
Fe-Ir  6.1 _ Irlgl, 193 ~ 1350 [135] 

9.0 _ Ir191,193 ~ 1350 [135] 
Fe-Pt  3.21 b . c . c .  P t  195 1390 [137] 
Co --  h . c . p .  Co 59 183 [ 84, 85] 
Co --  h .e .  10. Co 59 219 [78] 
Co -- h . c . p .  Co 59 225 [79] 
Co -- h.c.  1o. Co 59 --225.2 [87] 
Co-Ni 40 f .c .c .  Co 59 161 [78] 

T h e  r e s u l t s  for  Cr a re  c o n t r a d i c t o r y :  STETSENKO a n d  AVKSE~T']~V [58] r e p o r t  

a n  e f fec t ive  m a g n e t i c  f ie ld of  150 k O e  w h i l s t  t h e  specif ic  h e a t  of  Cr m e a s u r e d  

b y  PHILLIPS a n d  H o  [59] w i t h  a b e t t e r  p r e c i s i o n  s h o w s  n o  T -2 t e r m .  T h e  

e f fec t ive  fields in  M n  c o u l d  b e  o v e r e s t i m a t e d  b y  t h e  n e g l e c t  o f  t h e  e lec t r i c  qua -  

d r u p o l e  s p l i t t i n g  b u t  t h e  a b s e n c e  o f  a m e a s u r a b l e  T 3 t e r m  of  t h e  specif ic  h e a t  

l i m i t s  t h e  e r r o r  t o  less t h a n  8 %  ( H o  a n d  PHILLIPS [74]). A ~  e t  al. [78] f o u n d  a n  
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approximate ly  linear variat ion of  He with the number  of  electrons per a tom in the 
alloys Fe-Co and  Co-Ni. The var ia t ion is almost  independent  of  the  changing 
crystal  s t ructure  and behaves similarly to the magnetic  moments  in these alloys 
(see C g ~ L w  [175]). P g o c T o g  et al. [87] measured the hyperfine specific heat  in 
strong external magnetic  fields and determined in such a way  the sign of  He to be 
negative. For  the results of  C ~  et al. [79] and of  PESS~L et al. [57] we refer 
to the original papers. 

A specific heat  t e rm proport ional  to  T -~ has been found in pure Re at  very  low 
temperatures  by  K ~ s o ~  and B ~ Y ~ T  [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 presentat ion of  these specific heat  results 
wi thout  comparing them with the very  numerous da ta  on hyperfine interactions 
obtained by  other  methods  and wi thout  entering on the origin of  the observed 
effective fields. The subject  of  hyperfine interactions has been t rea ted  extensively 
by  F ~  and W~TSO~ [7]. 
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