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The anomalously large specific heat observed at low temperatures for Ni and Cu-Ni alloys is shown to
result from the electron-magnon interaction at temperatures below the Curie temperature, and from the
electron-paramagnon interaction at temperatures above the Curie temperature.

I. INTRODUCTION

HE low-temperature specific heat of Ni! and
Cu.Ni;_, alloys® is considerably enhanced above
the values which follow from band theory.? For in-
stance, in the Cu,Ni;—. alloys the magnetic saturation
moment decreases with increasing Cu content indicat-
ing the filling up of the 3d band of Ni by the copper
valence electrons. Assuming that any renormalization
of the electron mass due to many-body effects is not
changing much with the alloy composition, and neglect-
ing for the moment the change in the electron density
of states resulting from the Zeeman splitting of the
Fermi surface, then consequently the specific-heat
contribution which is linear in temperature and which
is proportional to the electron density of states at the
Fermi surface should decrease monotonically with
increasing Cu concentrations until the specific-heat
value appropriate for Cu with a filled 3¢ band is reached.
However, contrary to this expectation, it was observed
some years ago>* that the specific-heat contribution
which is linear in temperature is much larger for all
Cu-Ni alloys than expected from band theory and
exhibits an anomalous increase and a peak for alloys
with about 55 at.%, Cu just where the magnetic satura-
tion moment and the Curie temperature become zero.
Also, at Cu concentrations higher than 55 at.9, the
specific-heat coefficient v decreases much slower than
expected from band theory. Furthermore, dividing
the specific heat C, by the temperature, one finds an
anomalous increase with decreasing temperature for
alloys with about 55 at.9, Cu which have small Curie
temperatures and ‘“reduced” Fermi temperatures,
respectively.? This anomalous behavior of C,/T has
been interpreted by several authors?® as resulting from
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fluctuations in the alloy composition leading to ferro-
magnetic clusters. However, this analysis cannot
explain the dependence of the anomalous specific heat
on the composition of the alloy; in particular it cannot
explain the specific heat of the alloys with very high
or very small Ni concentrations. Also, such an explana-
tion of the specific heat of the Cu-Ni alloys in terms
of ferromagnetic Ni clusters yields an unreasonable
dependence of the Debye temperature on the Ni
concentration.

In contrast to this attempt of explaining the experi-
mental specific-heat results we will show that the
anomalous behavior of the specific heat of Ni and the
CuNi;_, alloys at low temperatures can be explained
as resulting from the coupling between electrons and
spin fluctuations, or more specifically, as resulting from
the electron-magnon interaction in the case of the
ferromagnets and from the electron-paramagnon inter-
action in the case of the “almost’’ ferromagnetic alloys.
Such an explanation is strongly suggested by recent
theoretical studies of the effect of electron-spin-fluctua-
tion coupling on the dynamical properties of the elec-
trons.® Some years ago it had been speculated by
Phillips and Mattheiss” that electron-electron inter-
actions might contribute significantly to the effective
electron mass of Ni.

Taking into account the coupling between electrons
and spin fluctuations one finds that at low temperatures
the temperature dependence of the electronic specific
heat is approximately given by C,=yT+AT* InT+
BT | 1—T/Tcurie [7¥2. It is shown that such an expres-
sion for the specific heat can explain the experimental
results which have been a puzzle for many years. Notice
that the exponent # occurring in the above expression
for the specific heat depends sensitively on the energy-
momentum distribution function of the spin fluctua-
tions, e.g., of the magnons and paramagnons, respec-
tively.

The spectral density function of the spin fluctuations
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specifies completely the nature of the spin fluctuations
(their spatial extent lifetime, etc.) and hence is basic
for any treatment of the coupling between electrons
and spin fluctuations. It is remarkable that the theory
of the coupling between electrons and spin fluctuations
has the same form for spin fluctuations described by the
itinerant electron model and for s-d or s-f exchange
interaction involving localized spins and that only the
spectral function of the spin excitations specifies the
used spin model.

It is of great interest to study the change of the
spectral density function around the ferromagnetic
phase transition. Therefore, Cu,Ni;—, alloys are a fine
candidate for such a study since they form fcc solutions
over the entire range of composition and since they
become ferromagnetic below 55 at.9;, Cu.

Notice that the temperature dependence of the
specific-heat term 7" InT resulting from the coupling
between the electrons and the spin fluctuations is
scaled by the Curie temperature for the ferromagnets,
and by the “reduced” Fermi temperature, which is a
measure for the average spin excitation energy, for the
“almost” ferromagnetic alloys. Consequently, the
anomalous behavior of C,/T at low temperatures
should decrease and finally disappear with increasing
Curie temperatures and “reduced” Fermi tempera-
tures, respectively; e.g., on either side of CusNis with
respect to the composition scale.

When the temperature approaches the Curie tem-
perature, then the magnons become more and more
strongly damped by the increasing hybridization with
the collective Stoner spin excitations, but they persist
as so-called paramagnons for temperatures not too far
above the Curie temperature. Notice that below the
Curie temperature the Zeeman splitting of the Fermi
surface tends to suppress the electron scattering involv-
ing emission and reabsorption of spin excitations.

All the results of the electron-spin-fluctuation inter-
action discussed so far are derived in Secs. IT and
IV. Section II presents a detailed derivation of the
specific-heat contribution resulting from the electron-
spin-fluctuation coupling. In Sec. III the spectral
density function of the spin excitations is discussed in
detail. In Sec. IV various approximate expressions are
derived for the electronic specific-heat. In Sec. V the
theory is used to calculate the specific-heat coefficient
v of Ni and the Cu-Ni alloys and C,/T for several
Cu-Ni alloys with about 55 at.9, Cu.

II. THEORY

The interaction between electrons and spin fluctua-
tions is mathematically treated as follows. The specific
heat C, is determined by

C,=90E/oT, (I11)

where the energy E of the electrons is approximately
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given by
Bn==1 5 [ i, e)]
X Ga(pywa)}, =(2n+1)xT. (I12)

Here, £,=(p?/2m)—er, and the electronic self-energy
2, resulting from the interaction with transverse and
longitudinal spin fluctuations is given by

o= = [7F / o A=(p, )
X By (p—1/, 5 )M% (113)

Here, —a refers to a spin direction which is opposite
to a. The symbol 4.(p, ») denotes the spectral weight
function of the electronic thermal Green’s function
Ga(p, w,). Similarly By’(¢, ») is the spectral weight
function of the spin fluctuations of kind X. The sub-
scripts / and ¢ refer to longitudinal and transverse spin
fluctuations, respectively. Equation (II2) is rewritten in
the standard way as®

w d*p

@ deo
= — —_— h__
E(T) /,a, 27 o7 ] Gy

1 .
X3 20, In{lerHiZa(p, @) JGa(p, @)},

where G.(p, w) and Z.(p, w) are obtained from G, (p, w,)
and Z,(p, wa), respectively, by analytical continu-
tion performed by replacing iw, by w+i5. Using

2 ImG,(p, w) =278 (w—&p),
ReZ.(p, w) = —ReZ.(p, —w),
and assuming an isotropic Fermi surface and writing
dp* _N(0) dp
(21r)3 2p8* 2w

where ¢g=| p—p' | and N(0) is the electronic density
of states at the Fermi-surface, one obtains for C,(T)
at low temperatures the expression®

Co(T) =~o[14 (4.572/V2) UN (0) ( T curic/€r) 2
X [ 1=T/Tcurie [+Q(T)]T, (II5)
with vo=%72V(0), and where the enhancement factor

Q(T) is given by
3 0
QT =—T‘1/ d
D 8r? o v

(114)

~— dgqdsy,

x © dz
cosh?x /:.m - D(z)P
Xfm dy tanh[x+ (:/ZT) :I

(116)
y+

8 A. A, Abrikosov, L. P. Gor’kov, and I. E. Dzyaloshinski,
Quantum Field Theory in Statistical Physics (Prentice-Hall,
Inc., Englewood Cliffs, N.J., 1963).
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Here, P means principal value integration and the
energy distribution function D(z) of the spin fluctua-
tions is given by

_N()
pe=9,7 X [“amee),
@e=pri+pr,  q=pri—pry. (117)

pro is the Fermi momentum for electrons with spin o.
The momentum threshold ¢; results from the Zeeman
splitting of the Fermi surface occurring in the ferro-
magnetic metals. Clearly, in the presence of a Zeeman
splitting of the Fermi surface the electrons cannot
absorb magnons with low energy if vpg<27, where
27 is the Zeeman energy and where vp is the Fermi
velocity. Since one finds at low temperatures that

P /—m tanh[1+(5/27) ] /2“ dy

y+3 —ort Y+3
| (E2T)
i Gen |
one obtains
x dz
—_— 1 " —_
o1 T_/o dw cosh?x J ZWD(Z)
x4+ (3/27)
Xln x——————_l_ @)’ (118)

A further explicit evaluation of the temperature de-
pendence of Q(T') requires an explicit expression for the
spectral function D(z) of the spin excitations. D(z)
which specifies the nature of the spin fluctuations is
discussed in detail in the next section. Notice, that
Eq. (II8) applies to electron spin-flip exchange scat-
tering due to localized spins as well as to electron
coupling to spin fluctuations in the ¢ and f bands
described by the itinerant-electron model. D(z) de-
scribes the characteristic change in the lifetime of the
spin fluctuations occurring upon the transition from
the ferromagnetic state to the paramagnetic state. It
can be easily shown by choosing various approximations
for D(z) (the Einstein, Debye, Lorentzian, or Ising
spectral function, for example), that the temperature
dependence of 2(7") depends sensitively on D(z), which
in turn is essentially determined by By’(g, 2) . Notice, in
particular, that the ¢ dependence of the electron-electron
interaction potential Va(¢) affects sensitively the

Pmm’cl(Q) (z)) = me’ (Q) + z,; V’"’””(Q) Pm"—fl(Q’ w) Vm”m’ (q)
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temperature-dependence of the specific heat at low
temperatures.

Notice, that for very small temperatures such that
3/2T>>1, we might further evaluate Q(T") by expanding

x+(2/27)
x—(2/27)

in terms of 27Tx/z. Using then the dispersion relation

Eelg )= 2Bl 5/ (=9,

one obtains approximately

ATIALDA(O) (119
with
De0)== 3 T [ "y ghi(q ). (1110

In the case of the itinerant-electron model and trans-
verse spin fluctuations one obtains for E,.!(¢, ») the
expressionS-9—12

E’"‘mt(q’ O)) = Z, me’(Q) Pm’t(q; w) tm'm(qy w),

where

&’k Somt —firamy
Pot(g, 0) =
(q w) '[ (27)36l(k+q: m)_ef (ky m) _w+7'5

is the electron polarization function of the band m 1°;
Vams denotes the effective interaction between electrons
in the bands m and m’, respectively; and the ¢ matrix
tum'(q, @) for the multiple electron-hole scattering
involving the electron bands m and m’ is given within
the “ladder” approximation by

Vim (9)
+; me"(Q)PM"t(Qa "’)lm”m'(% w).

b (¢, ) =

fims gives the Fermi distribution function. %, m, and
o specify the electronic states. In the case of the longi-
tudinal spin fluctuations one finds®

Enn'(g, @) =(3)? ;‘ Vi (@) Prrot(g, @) Trmot (g, @),
with

&k Srmo—ferqmo
Pmﬂl ) =
(g @) / (213 e(k+q, m) —e(k, m) —at-id’

and

+ Z Vimr (@) Prrr—s (g, @) Vromre(q) Prrr1t(gy @) Trrrmrs® (g, @)

m! ! 1!
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Notice that e(k, m) does not include the exchange self energy. It is evident from these expressions that in the
paramagnetic state E,,!(g, @) =3E.n*(¢, w). This relationship holds also approximately for ferromagnets close

to the ferromagnetic phase transition. Using now for the ¢ matrix the approximate solution™

bm = t'mamm’;

with
(g ) = Ul9—J(g ' J(9)
T -U() =T (9P 0) | {(1-[U(9) =27 (9)1P(g, )} {1—[U(9) =T (9) IP(g, &)}
one finds
__3N(0) [ 1 LU(@Q+27 (9T 2 [U@-J(@F
D=3 [} 4P @O o e T e

U denotes the effective direct Coulomb interaction between the electrons. J denotes the intra-atomic exchange
coupling to which Hund’s rule refers. Approximating the Lindhard function P(g, 0) by N(0)[14%(q/2pr)* ]+

and performing the integrations one obtains

1-[U—-J]P (¢, 0)

1-[U+27]P(gs, 0)

Da(0)=} { n

_[U—712(g,0) | h‘l

For simplicity we have here assumed that U and J are
¢g-independent.

Assuming now that N(0) U changes linearly with the
concentration ¢ of Ni, and putting for simplicity J=0,
and also neglecting the Zeeman splitting of the Fermi
surface occurring for the ferromagnetic alloys, one finds
for the alloys with N (0) U~1 that

Dr(0) =In|c—co [, (1113)

where c; denotes the concentration of Ni at which the
alloys become ferromagnetic, e.g., for which N(0) U=1.
For the ferromagnetic Cu-Ni alloys, Eq. (II12) can
also be rewritten approximately as (J=0)

Dr(0)~3 In | w(g2) /w(q1) [~3 In(gs/qr). (1114)

Notice, that the magnon energy w(g.) is of the order of
the Curie temperature and that w(g;) is of the order of
MU, where M denotes the magnetization per atom.

It follows from Eq. (II12) that the specific-heat
coefficient vy diverges at the ferromagnetic instability.
The decrease in vy occurring below the ferromagnetic
instability for increasing Ni concentrations results
from the increasing Zeeman splitting of the Fermi
surface, which tends to suppress the electron spin-flip
scattering by the spin fluctuations.

III. SPECTRAL FUNCTION OF THE SPIN
FLUCTUATIONS

The spectral weight function Bx!(g, 2) for the trans-
verse spin-fluctuation mode A can in general be written
aSIZ

T'a(g, %) sgnz
sz(q, Z) +[r7\(q7 Z) /2:]2’

where K)(g, z) =0 yields the dispersion relation for
the spin-excitation mode . The quantity I'x~! measures

Bi(q, )= am)

1-[U+27]1P(¢;, 0)

FULP (g 0) =Pl O+ ). (1112)

the lifetime of the spin excitation. In the case of the
transverse spin fluctuations described by the itinerant-
electron model it is® Byt(g, 2) =2 Im#\(q, 2), where
Ix denotes the ¢ matrix for the electron-hole scattering
which causes the spin fluctuation of kind A. One obtains
then Ki(g, 2)=Vi(g)[1—Vi(9)RePr(g, 2)] and
Ta(g, 2)=V2(¢) ImPr(q, 2). An expression for the
electron-spin polarization function Py(g, 2z) has been
given in Sec. II. ¥, is an effective potential including
screening and residual-electron correlations. Below the
Curie temperature Kx(g, 2z) and I'\(g, ) can be ex-
panded in terms of z/MVy and ¢/MV), where M=
(Ny—N,)/N4 gives the magnetization per atom. Here,
N4 denotes the total number of lattice atoms, and
N, is the number of electrons with spin ¢. One finds
now for K)(g, z) the approximate expression

Ki(g, ) =M[z—2a(g) ], (I112)

with

a(g)=Azg+--+,  A=IIN(0)Va](MVy/2p6%),

(1113)
and
I'a(g, 2) =Cx(3/q)++-~, (1114)
with
Ca=(x/2)N(0) | Vi [*(pr/er), if |2]|<Vrg,
Cr=0, ' if |z|>Veg (IIIS)

In the case where the spin excitations have a long life-
time, one obtains from these expressions

By'(g,2)=2rM | V> Polz—a(g) ] (III6)

Notice, that in the case of localized spins M becomes
2(S.), where (S.) is the expectation value of the local-
ized spin in the direction of the magnetization. Sub-
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stituting Eq. (III6) into Eq. (I16), and using z\(g) =
A4»¢*, one obtains

D@=2 0 [ dn(@)pH(DiG—2(0)

g1
+Dl(z)7
with
_N(0) (Va(g) )e 2\
Da= PR ) (2),
and
| g |?
& @O= | onl

Dy(2) results from the longitudinal spin fluctuations
and is proportional to exp[—MV,/T]. Hence, for
MV >T, Dy(z) is assumed to be negligible.

When one approaches the ferromagnetic instability
with increasing Cu concentration, or when one ap-
proaches the Curie temperature the magnons hybridize
strongly with the collective Stoner spin excitations and
therefore cease to be good, long-lived quasiparticles.
With increasing T\ the spin waves become more and
more Stoner-like excitations.® For temperatures close
to the Curie temperature and for alloys with N (0) V
close to 1 the spectral function By’(g, 2) is still strongly
peaked for ¢/pr<1 and w/¢K1. One finds then

Bg, 9~ ) Rk | () -3 (Z2Y ||

pr q/pr
(II17)
with
Fx=[1-NO)WJ/V\N(0)* « (T—Tcuri),
T->TCurie
(I118)
and
H\=V,P(0,0)/12N(0). (I119)

Here, P(0, 0) is the Pauli spin susceptibility. From
these expressions one finds approximately®

Bat(g, 2)~Bun(2/q),

By'(g, 2)~3Bx'(q, 2), (11110)
with
pr N(0)/x
Boa=2w| V|2
=2 [ V| wr(pr) 1—N(0) VY
if 0<|z|<|a(g) |, (III11)
Bp=0, if z;\(q)<z,

Dm i x’
Q(T) =22 / dx—2_
(7) 2rtJ, ¥ coshx
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and
41——N(0)Vx(€p) . .
=—— x| f
alg)=— N vs \pp) @ T 0<e<e
2a(q)=0, if g¢<q. (I1112)

One has for the ferromagnets ¢i=~25/vp and g¢=
min(prt+pry, ¢) ¢c is a Debye-like cutoff for the
magnon momenta. For the paramagnetic metals ¢,
is zero and g is kept as a disposable cutoff parameter.

If By(q, 2) is not peaked with respect to ¢ and 2, but
a very smooth function, then it is obvious from Eq.
(116) that Q(T") becomes negligible.

In order to obtain the explicit dependence of D(z)
on z, the ¢ dependence of g\(¢g) has to be known. Taking
into account intraband coupling and interband ex-
change coupling, for example, one obtains' for the three
resulting transverse modes specified by A=1, 2, and 3

Vilg)=U+2J,
and

Va(g) =Vi(g)=U—J,

where U denotes the effective intraband interaction
potential and J the effective interband exchange inter-
action potential. J(¢) will in general be ¢ dependent.
Assuming that J(q) =Jog, using for Br*(gq, 2) the ex-
pression given by Eq. (1116), and neglecting Bi!(g, 2),
then one finds approximately

D
D(2) =34nDy {1+2 D‘—m+#12”2+#22+ oo },
01

if z(q) <3<2(g2), (III13)
and
(11114)

D(z)=0, otherwise.

Here, the constants u;, and u, are given by

:4_]L< L _Biz(é)”z_l)
~ A \UF2], Du\As) U—J,

M1

and

-

T A [ (U+270)2 2Dy Ay (U—T0)2 )

This suffices to demonstrate that the ¢ dependence of

Va(q) is sensitively reflected in D(z), and thus also in
the temperature dependence of (7).

IV. APPROXIMATE EXPRESSIONS FOR THE
SPECIFIC HEAT AT LOW TEMPERATURES

Using now the expressions obtained in the previous
section for By*(g, z) and D(z), respectively, one derives
the following approximate expressions for C,(T").

Substituting Eq. (III13) into Eq. (II8) one finds
straightforwardly that

M2

(142 22) 00 )~ 2, 0100 YR, (0~ R s ()]

Fus[ P (%, wa(g2) )— P (%, we(q1) )]+O exp(—MVy/T) }, (Ivy
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where

w
®(x, w) =T In

2+ (w/2T) w\?
—en |tk I = (ﬁ)

, (Iv2)

a+(0/27) | (2T)'2

w \¥2
R(z, o) =813 (22) " 1n

x— (w/2T) x
@\ a2 (w/2T) 12
—5(2Tx) V2 tan™! (2—1‘_‘;) —%(ZTJC)I/Z In W , (IV3)
and
(0/2T)2—22 |2+ (0/27)
P(x,w)=w+T . 1v4
(s, ) =t 0 (1V4)
Using now these expressions one obtains for the temperature range 0< T'<wn(g1)=22n/Vr for Q(T) the approximate
expression
[ o) @)\ )(_T_\:
Q(T) 5D, (1+2——) In 2L e 1—(-—) ( )
DD 25 ™ e ™™\ et/ @

inLon() :2<1—(‘(%)’) 1233 <1—(‘;:§Z§)'>w22 S+ (1= T)
o ol e I R () e

Here, I' and { denote the T' and the Riemann { function, respectively. For temperatures such as w\(q1) <7 <aa(gs),
one finds that the enhancement factor @(7") is approximately given by

(IV5)

(1+2 )[1+ 8+ In “"2(;2) A (M(I;k))z—ng (“%ﬂ

st (28" )- ()
+§2 (1—2—1/2)r(%);(%)(wz(q‘))m(w”(q‘))w+2_;;_“2 NE; )( G @))uz

w2(ge)
‘3?266«72@+—u ) (= i )) :|+uw<92>
i ()55 (e o

B=— / ” dx x Inx/cosh?x~0.66.
0

Q(T) ﬁﬁDol

, (1V6)

where

These results demonstrate clearly that the ¢ dependence of g2(g) affects sensitively the temperature dependence
of the specific heat.

These approximate expressions cannot be used for the precursor ferromagnetism in the “almost” ferromagnetic
metals and also not for the ferromagnets very close to the Curie temperature, since it becomes then very important
to take into account the longitudinal spin fluctuations and the damping of the magnons. In order to take approxi-
mately into account the damping of the spin excitations around the ferromagnetic phase transition, we use for
By*(gq, 7) the approximate expressions given by Eq. (II110) and also assume for simplicity that ¥ is ¢ independent.



570

Substituting then Eq. (IIIIO) into Eq. (1I6) one obtains
3 N =)
(0) V e T[ de

QT)~

'll“i =1 wx2(PF) or(pr)
with

3 fo z/2T
F(x,w)EE/ dz[ dyyln vty
0 0
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The integrations can be performed straightforwardly and one obtains

=2 oL ()2

iz 1P (0 1= FL, () ), (1v7)
y
" l ) (IV8)
2+ (w/2T) . . (@Y

Further evaluation gives for the temperature range w\(q:) <T<wr(g2) for @(T) the approximate expression

o(T)yir Z[Nm)m?{ [W)] +[ poe

e

S 1-N(0) V5 (6 Lon(q) e
(1IV10)
where
S= / N dx «* Inx/cosh?x.
0
One finds for ferromagnets at temperatures close to the Curie temperature 7', the expression
[N (O) T {10&2(42)"0-’)\2(%) [ wx((h)}[ T ]2
UT)~3m > 5t | In (R Ivi1
(D) ?;1 =N 6 wi(pr) " aGn) T (VD
if 0< T<w>\(q1) .
Notice that for the ferromagnets a better approximation for By'(g, 2) than given by Eq. (II110) is given by®
Px(% Z)
B 4 )
09 T ST A AT T
with
F(1)F(3)
A——V( PA(0,0 )T—Tc{l—————— ,
=—T r(0, 0) pr ( ) ()
and

F(») E/m dx 212
1}

V. NUMERICAL RESULTS FOR Ni AND
Cu-Ni ALLOYS

The theory for the interaction between electrons and
spin excitations is now used to calculate v for Ni and
all Cu-Ni alloys and C,/T for some Cu-Ni alloys with
about 57 at.9, Cu. Since the specific heat has not been
measured at sufficiently small temperatures v cannot
be determined directly from the experimental results.2:4
According to the theory outlined in the previous sections
Yexp 1s determined by fitting the experimental results to
Co/T=y+pT?*+sTInTHIT | 1— T/ Tcurie |12, where

$=>2(464.3/Tpevye’) [ cal/mole(°K)4].

It is =0 for T<<Tc‘me, and #n=2 if T~Tcurie. For the
paramagnetic alloys v is theoretically determined by
using for v the expression given by Eq. (II9) and

a’f(x)
dx

assuming that N(0) V) changes linearly with the Ni
concentration like N(0)Va=[N(0)Vr]Jou(14+ACN:).
The parameter A is determined by fitting the theory to
Yexp for Ni concentrations smaller than 10 at.9}, Ni. For
the ferromagnetic alloys v is calculated by taking into
account the cutoff g=29/Vr= (npr/er) « (Cni—Co),
where Co=43 at.%, Ni denotes the (critical) smallest
Ni-concentration for which the CuNi alloys are ferro-
magnetic. Putting /=0, one has approximately for the
ferromagnetic alloys

=70 {140.75 In[w(gs) /eo(g1) T}
Here,

w(gy) & (Cxi—Co)
and

w(ge) /w(q) = (92/q1)*>=(Rer/n)?,
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where 25 ‘ ‘ ‘

R=q/pr. 24 X i
The reduction factor R can be estimated by noticing 2.3 ]
that w(gs) ~Tcurie- Also, notice that w(q) xn« M.

In the absence of any band calculations for the Ty, 22r y
Cu-Ni alloys, v=3%n?N(0) has been obtained by 8 il i
interpolation from band theory results for Ni® and g u CuggNigs
Cu. Due to the Zeeman splitting of the Fermi surface, 2 20 .
7o decreases initially above C, with increasing Ni con- S el — |
centrations. The obtained results for the theoretically = ‘ x CugpNigg
determined v and for ey, are shown in Fig. 1. o s -

Using C,/T=v+pT2+A(T/T:) In(T/T.), with A~ L
(1/4x) (722/30) [N (0) V3 J2/[1—N(0) V], the specific T N o]
heat of several alloys with about 55 at.%, Cu is calcu- 165 L = volle |
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Fic. 1. The coefficient v of the low-temperature specific-heat
contribution, which is linear in temperature, is shown. The
continuous curve is obtained by fitting C,/T=v+pT?+AT*InT
to the experimental specific-heat results. pT? is the lattice contri-
bution. It is p=464.3 Tpebye 3[ cal/mole (°K)*]. # is taken to be
zero for 7K Tcurie, and to be two for T~ Tcyrie and for all para-
magnetxc alloys. The crosses are the theoretical results calculated

y=v{1+1.12In | 1/[1— —N@O)U] | }, assuming N(0)U=
(1+ACN,) [N (0) Ulcy, and using [NV (0) U]c.,—O 30, Co=43at.%
Ni, and A={1—-[N (0) Ulcu} /[N (0) UJcuCy. In the case of the
ferromagnetic alloys v is calculated by y=+o[14+1.5 In(g:/q1) ]
Here, we take ¢/1=F(Cni—Cy) and determine the function
F (CNi) by fitting to the experimental results for the ferromag-
netic alloys with less than 60 at.%, Ni. v, is estimated using the
rigid-band model, and using for the ferromagnetic Ni, NNfO
0.80 states/(eV) atom and Nc,(0) =0.16 states/(eV) atom for
copper.

lated. The characteristic temperature T, is the Curie
temperature T for the ferromagnets and the ‘“reduced”
Fermi temperature Tr for the “almost’ ferromagnetic
metals. For Tcurie the observed values are taken and
Tr is calculated from N(0) V). The results obtained
are shown in Fig. 2.

VI. CONCLUSION

It has been shown that the coupling between the
electrons and spin fluctuations (magnons) has a strong

B1. Hodges, H. Ehrenreich, and N. D. Lang, Phys. Rev. 152,
505 (1966).
4 F, M. Mueller, Phys. Rev. 153, 659 (1967).

FiG. 2. Specific heat of several Cu-Ni alloys with small Curie
temperature or small “reduced” Fermi temperature, respectively.
The continuous curve gives the ex(?enmental results. The crosses
are the theoretical results, obtained by fitting to the expemnental
results at temperatures above 3°K and using Zcyrie=18°K for
CugsNigs, Tcurie=50°K for CupNig, and T.(=reduced Fermi
temperature) =26°K for CugNig.

effect on the electronic specific heat. In view of the
fact that an isotropic Fermi surface has been assumed,
a g-independent interaction V), and that any detailed
band-structure effects have been neglected, the agree-
ment between theory and experiment is surprisingly
good. It is very likely, that the anomalous behavior
of the specific heat observed for Ti-Fe and Fe-V
alloys,”® and other alloys, Fe, etc., which is similar to
the one observed for the Cu-Ni alloys, can also be
explained as resulting from the interaction between the
electrons and magnons (spin fluctuations).

T T T T T

1 1
04 05

L 1 1
06 07 o8
ATOMIC FRACTION Cu

0 1 1 1 1
Ni ol o2 03 0.9 Cu
F1c. 3. The enhancement factor g=1/[1—N(0)U] of the
Pauli spin susceptibility is calculated for the Cu-Ni alloys taking
for N (0) U the values used in determining v. The crosses represent
the experimental results.

(1“ C)T Wei, C. H. Cheng, and P. A. Beck, Phys. Rev. 120, 426
960
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Fic. 4. The function go/qi=F(Cy;) is determined by ﬁtting
Yexp for the ferromagnetic alloys with less than 60 at.% Ni.
Using e#Ni=8.0 eV and »=0.3 eV one finds ¢;N2~0.06pp.

For a further improvement of the analysis presented
here, it would be very useful to measure the specific
heat at temperatures well below 1°K. Thus it is possible
to determine v directly from experiment and to find
out experimentally, whether the coupling of the elec-
trons to the magnons (spin fluctuations). gives rise to a
contribution In7T, T-%, or T2 InT to C,/T. Notice, that
the first two contributions to C,/T" diverge at T—0
while the third contribution goes to zero at T=0.
Also, a band calculation should be performed deter-
mining N (0) for all Cu-Ni alloys.

The contribution to the effective electron mass re-
sulting from the electron-phonon coupling is likely to
be much smaller than the contribution resulting
from the electron coupling to the magnons (spin
fluctuations). Notice, however, that the contribution
to the effective electron mass due to the electron-
phonon coupling should also reflect the possible peak
in N(0) or v, respectively, occurring in the ferro-
magnets which is due to the Zeeman splitting of the
Fermi surface.

A more accurate determination of g»/qi, is desirable,
since vy seems to depend sensitively on g/q;.

BENNEMANN
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It is very likely that electron spin-orbit coupling has
a strong effect on the coupling between electrons and
spin excitations. It would be very interesting to study
this effect, for example, for the Cu-Ni alloys using
impurities, which give rise to strong spin-orbit scatter-
ing, for Pd, Pt, etc., or by a comparative study of the
electron-spin fluctuation coupling in alloys differing
mainly with respect spin-orbit coupling.

According to the theory of the coupling between the
electrons and the spin fluctuations the transverse static
electron spin susceptibility should approximately be
given by xa'=/P(0, 0)/[1—N(0)V,], as has indeed
been observed.!® Putting V= U, and taking for N(0) U
the values used in determining v, one finds reasonable
agreement with the existing experimental results. This
might indicate that J/U is small and that the s-d
hybridization is not changing much with alloy compo-
sition. However, a small ratio J/U might be in conflict
with other experimental results. See Fig. 3.

The electrical resistivity and electronic thermal con-
ductivity, for example, of the Cu-Ni alloys should also
exhibit an anomalous temperature dependence at low
temperatures due to the interaction between the elec-
trons and the (spin fluctuations) magnons. See Fig. 4.

Finally, it is interesting to point out that Beck and
co-workers observed” in the ternary alloys Cu-Ni-Al
with about 10 at.9, Al that v increases immediately
upon adding Cu to Ni. This behavior, which is puzzling
in the light of band theory, can be explained as follows.
Since Al tends to decrease the magnetic saturation
moment, the peak in v observed for the Cu-Ni alloys
should shift to smaller Cu concentrations in the ternary
alloys and occurs for 10 at.%, Al already at very small
Cu concentrations.
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