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The results of an experimental study of the residual resistivity, specific heat, and magnetic susceptibility
of dilute solid solutions of nickel in beryllium are presented. The addition of small amounts of Ni to the Be
host metal gives rise to large changes in all three quantities. The residual resistivity due to the impurities is
found to be 10 pQ cm per at.% Ni, and each Ni atom contributes 1.15 states per eV to the total density of
states at the Fermi level as measured by the linear term in the low-temperature specific heat. Susceptibility
measurements indicate that there is no localized moment on the Ni, but the addition of Ni gives rise to a
large change in the temperature-independent susceptibility. Comparison of the susceptibility and specific-
heat results indicates that the added susceptibility is enhanced relative to the added state density arising
from the Ni impurities. The Anderson theory of localized transition-atom impurity states is developed for
the case of five-fold orbitally degenerate d states, and the equivalence of the Anderson approach and the
scattering approach is demonstrated from the theory of resonance scattering. It is shown in this manner that
the Anderson theory can be made consistent with the Friedel sum rule. Using the Anderson model the
residual resistivity, specific heat, and d-state contribution to the susceptibility are calculated for dilute
alloys where the host-metal density of states is a function of energy. The experimental results are found to be
consistent with theoretical expectations and are used to determine magnitudes for the parameters of the
theory. It is found that there are between 8 and 9 d electrons on each nickel atom, in agreement with the
Friedel sum rule. The virtual level width is determined to be 0.4 eV, and the Coulomb-exchange quantity
(U+4J) is evaluated as 7 eV. Analysis of similar data on Cu:Ni alloys yields values for these quantities
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which are fully consistent with the results obtained from the Be:Ni data.

I. INTRODUCTION

OCALIZED impurity states in metals have been

a subject of considerable interest in recent years.
Stimulated by the discovery of the systematic occur-
rence of localized electron magnetic moments on Fe
atoms dissolved in second row transition metals,!
Anderson,? Wolff,® and Clogston* developed theories of
localized magnetic states in metals. The Anderson
theory is based on the effect of s-d mixing on the
localized magnetic states of iron group atom impurities.
The essential feature of the theory is the formation via
this s-d mixing of virtual bound states within the host
metal conduction band. Such virtual bound states were
first introduced into the theory of dilute alloys by
Friedel® who approached the problem using the tech-
niques of scattering theory. Although the points of view
are somewhat different the results of the Anderson and
Friedel-type theories are essentially equivalent. Having
described the localized electronic states of the impurity
by virtual bound states, the question of the existence
of a magnetic moment resolves to determining the con-
ditions under which the virtual states for electrons of
spin o are nondegenerate with those of spin —o. Under
these conditions (#4s)F (na_s), and a net magnetic
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moment exists localized on the impurity site. The
essential parameters needed to characterize such a
virtual level are its width A, and its energy relative to
the Fermi energy, Es°—Ep. The parameter which
determines whether the final state is magnetic is, in
the case of a fivefold degenerate d state, the quantity
(U+4J) where U and J are the Coulomb and exchange
integrals between two electrons localized on the im-
purity atom in the metallic environment.

In this paper we present the results of an experi-
mental study of the residual resistivity, specific heat,
and susceptibility of the dilute alloy system Be:Ni. The
experimental results are found to be consistent with
the predictions of the Anderson theory, and their inter-
pretation in terms of this theory allows the determina-
tion of the three parameters A, Eq°— Ep, and (U-+4J).

In the next section we give a description of the ex-
perimental results of measurements of residual re-
sistivity, specific heat, and magnetic susceptibility for
dilute solid solutions of nickel in beryllium. Following
this we summarize the Anderson theory for orbitally
degenerate d states. The equivalence of the Anderson
approach and the scattering approach will be demon-
strated in an explicit fashion, and it will be shown that
the Anderson theory can be interpreted in a manner
consistent with the well-known Friedel sum rule. The
residual resistivity, specific heat, and magnetic sus-
ceptibility are considered in Secs. IV and V. Using the
Anderson model, the specific heat and d-state contribu-
tion to the susceptibility are calculated for dilute alloys
where the host metal density of states is a function of
energy. The results are compared with experiment and
used to determine magnitudes for the parameters of
the theory.
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II. EXPERIMENTAL RESULTS

A preliminary account of the experimental results
has been previously published.®” Beryllium was chosen
as the host metal since it should conform to the funda-
mental theoretical assumption of the Anderson model
that the host metal electron wave functions are not
d-like. In addition, the small density of electronic states
and the high Debye temperature® of pure Be make it
possible to detect small changes in density of states
with relatively high accuracy.

Small concentrations of Ni are readily soluble in
solid Be. This portion of the Be-Ni phase diagram has
been studied in some detail® with the conclusion that
up to concentrations of about 4 at.%, Ni the solid
solution is the equilibrium phase at temperatures at
least down to about 600°C. The solubility is roughly
independent of temperature for temperatures above
600°C, and shows no evidence of decreasing significantly
at lower temperatures. In any case, because of the very
high Debye temperature for Be, if the solution is
quenched to room temperature the Ni would be ex-
pected to stay in solution. We have restricted ourselves
to samples well within the expected solubility range with
the highest concentration being 2.2 at.%, Niin Be. The
same samples were used in the susceptibility and
specific-heat measurements. These samples were pre-
pared by the standard arc melting technique after
which the alloys were given a homogenizing anneal for
24h at 1050°C followed by a fast quench to room
temperature. Metallographic studies were made on
each of the samples. A large number of grains and grain
boundaries were evident, and the grain boundaries in
all cases were clean. No evidence of precipitation could
be seen. An x-ray pattern of the most concentrated
sample showed no evidence of any of the known inter-
metallic compounds of Ni and Be. On the other hand,
chemical analysis of the alloys yielded the expected
amounts of nickel. We conclude that the samples are
solid solutions of known impurity concentration.

The specific heats were measured by the usual con-
tinuous heating technique using a conventional cryostat
designed for specific heat measurements in the pumped
helium range of temperatures.!® The sample was sus-
pended by fine silk threads in an evacuated can.
Contact to the helium bath for cooling was achieved by
pressing the sample against the bottom of the can. A
small £-W carbon resistor (room temperature resistance
of about 70Q2) was stripped down to the bare carbon and
attached to the sample with a very small amount of
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F1e. 1. Specific heat as a function of temperature for the
Be:Ni alloys. (A) 2.2 at.%, Ni, 6.69 g. (B) 1.45 at.9%, Ni, 6.97 g.
(C) 1.1 at.9, Ni, 7.23 g. The dashed line in each case represents
the specific heat of the same number of atoms of pure Be.

Glyptal. The samples and resistors were weighed sepa-
rately and then again after attachment so that the
known specific heats of the carbon, copper leads, and
Glyptal could be subtracted from the total. These cor-
rections amounted to 7%, of the measured 7 term and
0.19%, of the linear term of the alloys. The carbon re-
sistor was used both for supplying the input power and
monitoring the sample temperature. Data were taken
over a wide range of power levels (always below ap-
proximately 10~ W) and no power-dependent effects
were observed indicating that the sample resistor sys-
tem remained in equilibrium. Power was applied for
5-min intervals and the system was then allowed to
drift for 5 min in continuing cycles. The typical tem-
perature change during the 5-min on cycle was between
0.03 and 0.1°K. The off-cycle temperature drift was
used to determine the vibrational heat leak into the
system. The low-temperature limit on the data was set
by a finite uncompensated vibrational heat leak into
the system of about 0.5 erg/sec. For temperatures
greater than 2°K this heat leak could be effectively
counterbalanced by holding the bath temperature
somewhat below that of the sample so that the off-
cycle AT was always less than 109, of the on-cycle AT
Below 1.9°K this was no longer possible and the off-
cycle temperature change became comparable with the
on-cycle value with the result that the accuracy rapidly
decreased. The low-temperature limit is determined by
the specific heat of the sample. Even with the relatively
small vibrational heat input of the system the very
small specific heat of Be set the low-temperature limit
at about 1.9°K in the present experiment. For larger
specific heats (e.g., Cu or other metals with typical
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Fic. 2. Honda-plot of the measured susceptibility as a function
of magnetic field for the 2.2 at.%, Be:Ni alloy. The susceptibility
extrapolated to infinite field is —0.81X107¢/g. The small slope
results from trace amounts of precipitated ferromagnetic impurity.

state densities and Debye temperatures) the 0.5 erg/sec
heat leak would not be a limitation. The data for the
three samples measured are shown in Fig. 1. As seen
from the small scatter of the points in the figure, the
coefficient of the linear term is obtained with an ac-
curacy of somewhat better than 29,.

The specific heat results show the expected electronic
contribution (linear in 7°) and lattice contribution (7'%)
as shown by the linear dependence of C/T versus 72
in Fig. 1. Examination of the figure indicates that no
significant change can be detected in the very small co-
efficient of the 7 term as compared with pure Be.?
The linear term shows a relatively large and easily de-
tectable increase with the addition of Ni impurities.
This increase is not unexpected and clearly gives in-
formation on the added state density at the Fermi level
resulting from the addition of the transition atom
impurities.

The absence of an observable change in the 73 term
is at first thought somewhat surprising since the mass
of the Ni atom is much greater than that of the Be
atom. This interesting result may be understood from
the following argument. As a result of the large mass
difference one would expect localized phonon modes to
appear at an energy

m 1/2
EN(E) k®D~450°K,

where m is the Be mass, M the Ni mass, & the Boltz-
mann constant and @p the Be Debye temperature.
Because the mass difference is so great one would
expect these modes to be quite narrow. Consequently
their contribution to the specific heat at low tempera-
tures would be of the Einstein form and exponentially
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small in the liquid-helium range (~e~1). At high tem-
peratures such modes would contribute to the specific
heat although separating this contribution from the
normal Debye background might prove difficult.

The susceptibility was measured by the Faraday
technique using a calibrated inhomogeneous field and a
sensitive electronic balance. Measurements were taken
as a function of magnetic field, and the results plotted
on a Honda-type graph of X versus 1/H. The extrapo-
lated value to infinite H gives the true susceptibility,
and the slope of the line measures the residual ferro-
magnetic moment due to contamination, precipitation,
etc. Typical data for the most concentrated alloy, 2.2
at.% Ni, are shown in Fig. 2. The total susceptibility
is diamagnetic as a result of the large diamagnetic
susceptibility of the host metal.’* Assuming that the
small slope arises from precipitated Ni, one concludes
that only about 10-3 of the total 2.2 at.9, Ni present
is in the form of Ni metal. This negligible amount of
precipitated Ni gives some indication of the homo-
geneity of the alloys. The susceptibility shown in Fig. 2
is temperature-independent. Similar data were obtained
for the more dilute alloys. The susceptibility for pure
Be was obtained from an appropriate average of the
parallel and perpendicular susceptibilities'! assuming a
random array of crystallites in the arc melted alloy.
The small temperature dependence of the average sus-
ceptibility of pure Be disappears with the addition of
increasing amounts of Ni. The dominant feature of the
data is therefore a large and, to within the experimental
accuracy, linear change in susceptibility with increasing
concentration of Ni impurities as if each Ni atom
contributes a large paramagnetic susceptibility to the
alloy. The room temperature susceptibility as a func-
tion of Ni concentration is shown in Fig. 3.

The specific heat and magnetic susceptibility results
are summarized in Fig. 4. Both X/u? and the true density
of states as determined directly from the specific heat
data are given as a function of impurity concentration
for dilute solutions of Ni in Be. A diamagnetic correc-
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F16. 3. Gram susceptibility of Be:Ni alloys as a function
of Ni concentration.
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tion has been made to the susceptibility such as to give
the true density of states for pure Be.® The results
therefore indicate an enhancement of the added sus-
ceptibility due to the nickel impurities with an enhance-
ment factor approximately equal to 6. In presenting the
results in this manner, it is assumed that the host metal
susceptibility is not changed with the addition of the
nickel impurities. This point will be discussed at some
length in following sections.

The residual resistivity of a similar set of dilute
alloys was measured by the standard four-terminal
technique. The samples were in the form of wires, 2
mm in diameter and 3 cm in length to which leads were
attached with indium solder. Data were taken above
4.2°K by boiling off helium and following the slow
temperature rise with a copper-constantin thermo-
couple. The final results have an estimated error of
109, due principally to uncertainties in sample dimen-
sions and surface irregularities. Figure 5 shows the
temperature-independent residual resistivity observed
at low temperatures plotted as a function of alloy com-
position. For a concentration of 1 at.9, Ni, Ap
=10 uQ cm.

These results, although somewhat larger in magni-
tude, are qualitatively similar to those obtained from
solution of transition atom impurities in other metals
as reviewed by Friedel.® In the following sections we
attempt to give a detailed interpretation of the experi-
ments in terms of the more quantitative Anderson
model.

III. THE ANDERSON THEORY AND
RESONANT SCATTERING

We consider the case of a transition atom impurity
with degenerate d orbitals dissolved into a simple
metal. This degenerate case was studied briefly by
Anderson? in the appendix to his paper and more
thoroughly by Yosida et a/.12 We shall review the theory
here since the results will be needed in later sections,
and in order to explicitly make a connection with the
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scattering approach to the problem. The Anderson
Hamiltonian for the localized transition atom d orbitals
and the host-metal conduction electrons takes the form

H=H3+Hd+Hsd, (1)
where
Hs= Z Ekcko'TCIW P} (2)
ko
Hd: Z EmOCmchCmv'I' (U_' J) Z CmaTCmv mrfcno-
me m<n,o
FU 2 Cno'CnoCrns™Cr,  (3)
H = Z (Vkmckafcmv'l" mGCﬂwTCka) . (4)
kmo

H, and H,; are the Hamiltonians for the conduction
electrons and the d electrons, respectively, and H,q
represents the s-d mixing interaction. The Ct and C are
the usual creation and destruction operators with sub-
scripts & denoting the conduction electron wave vector,
o denoting the spin, and m or # labeling the various 4
orbitals. E;, are the host-metal conduction electron state
energies and E,? are the d-state energies in the metal.
U and J are the Coulomb and exchange integrals as
defined above, and Vi is the admixture matrix element
between d states and conduction-electron states.

The solutions to the above Hamiltonian are readily
obtained using the Green’s function technique as shown
by Anderson. In the degenerate case considered here the
coupled Green’s function equations take the form, in
the Hartree-Fock approximation

(e—Em)Gmf=am,,+:/: ViniGrn® )
(e—Ek)Gk,.ﬂ=§ VinGma® s (6)
(e—E,,w)G,,.,,f'——-g7 VeiGiri?, (7)
(e—Ek')Gk'kv=ak,k+§ VimGoni. 8)

The resulting Green’s functions for the virtual d levels
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and conduction-band states are

lekl2 —1 .
Gmm, —I:G—Em.,_§ G_Ek] "‘[G—Emer—z(e)] ) (9)
m lec 2Gmm‘7
Gu’= (e-Ek)‘1+~Z—]—I—- (10)
(e—Ep)?

In decoupling Egs. (5) through (8) we have used the
identity
| Ve |2

’
v e—Ey

mG an
P
k 6“‘Ek

mn

the proof of which follows by writing the quantity on
the left in the form of a matrix element

LVL1/(e=Ho)IV Jmn.

Vis the admixture interaction and H, is the host elec-
tron energy operator. The operator in the brackets
must have the lattice symmetry and thus is invariant
under all the operations of the point-symmetry group.
Since the d-function spherical harmonics form bases for
representing these operations, nondiagonal matrix ele-
ments of the operators vanish.!® The d-state energies are
given by

Ene=E "+ (U—=J) X Nuot- U Nus.

nF=Em n

(11)

Nme is the occupation number for the level mo, and
Z(e) is the self-energy of the interacting system. The
total number of electrons at 7’=0°K is given by

Ntotzz Nka+z Nomo
ko mo

1 rE 1
=~——{ /Im§ Ede
wJo s e—
1 rE 1—(d/d €
__/ fImZI:——————( fde( ):Ide. (12)
wJo mo Le— Fpe—2(€)

Assuming an energy-dependent host-metal density of
states p(e) and writing

S(e)=AE.,—iA(e), (13)

where A(e)=m(V2),vp(e)/2 is the width of the virtual
level, Eq. (12) becomes

By 1 rEs d
Nmt=/ p(e)de-—-—/ Im Y. —In[e— En,+iA (e) Jde
0 0

" e (14)
1 Epe—E;
=Not+— 3 cot "
T mo A(Ey)

where the real part of the self-energy has been included

3 M. Tinkham, Group Theory and Quanium Mechanics (Mc-
Graw-Hill Book Company, Inc., New York, 1964), p. 80.
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in Ene, Thus, the total number of occupied states
introduced by the impurity is

1 E,..,—E;
N=Nit—No=2 Np,/=— 2. cotI——=

. (15)
mao m mo A(Ef)

We assume throughout the paper a complete fivefold
orbital degeneracy so that En,=Ez® for all m. This
assumption requires that any crystal field splitting be
less than a virtual level width and is in agreement with
experiment as discussed by Yosida et al.® In this case,
Eq. (15) reduces to

, 5 Ey—E;
N=5% N/=-32 cotl——.
4 T A(Ey)

The d-state density at the Fermi level is, in the non-
magnetic case,

(16)

10
pa(Es)=——ImGua(Ey)

™

10 A(E))

r (B—Ep+a(Ey)

@17
sin?(xV/10)
10 .

TA(Ey)

The resulting system is characterized by a set of
virtual levels in the continuum. In the nonmagnetic
case the parameters needed to describe these virtual
levels are the width, A(Ey), the number of occupied
states introduced by the impurity, N [or equivalently
(E4q—Ey)], and the integrals U and J defined above.
Physically, one expects NV to be simply the number of
d electrons initially on the transition group atom when
outside the metal in order that the system be locally
neutral.

Let us re-examine the transition atom impurity prob-
lem from the point of view of scattering theory. When
an impurity atom of higher nuclear charge is substituted
for an atom of the host metal, a number of outer elec-
trons corresponding to those shells whose atomic en-
ergies lie within the host-metal conduction band will be
de-localized and go off into the conduction band. Conse-
quently, there will result an excess charge Ze at the
impurity site. The electrostatic field around the im-
purity will locally perturb the metal, and the conduction-
electron wavefunctionsmustbe recalculated as solutions
of the Schriodinger equation for motion in the self-
consistently screened impurity potential. Although the
carrying out of such a first principles calculation would
be extremely difficult, in the spirit of the Friedel-
Anderson model we expect to find virtual bound states
at energies E4 within the conduction band. When a
conduction electron approaches the impurity site with
an energy near E; it will be caught and resonantly
scattered before going off once again. In general if the
host metal is treated in the nearly free-electron approxi-
mation, the solutions outside the region of the impurity



144

potential are simply phase-shifted outgoing spherical
waves as would be expected on the basis of scattering
theory. For incident energies far from the resonance
energies the phase shifts are small, and are the result
of simple potential scattering. However, for energies
near the resonance energy, the particular phase shift
corresponding to the angular momentum / of the reso-
nant state will be large. Such resonance scattering is
well known in nuclear physics, and in fact the corre-
sponding phase shifts were first calculated by Breit
and Wigner! for the compound nucleus problem. The
Breit-Wigner formalism gives the result

miResmant = cot (Eo— 9/ A(6)],

where E, is the resonance energy corresponding to a
virtual bound state with angular momentum / and
width A. In the case of the transition atom impurity,
I=2 and E,=E,° are the energies of the virtual d
states with spin ¢. We shall assume a fivefold orbital
degeneracy but allow E4° and E4° to be different corre-
sponding to a possible magnetic state for the impurity
atom. Thus,

(18)

m=n’, 172
=n+cot[(EsS—¢€)/A(e)], 1=2

where 1;° are the nonresonant phase shifts resulting from
potential scattering.

As a result of the above scattering process, charge
accumulates in the vicinity of the impurity and locally
screens the impurity potential. Friedel has considered
this screening process in detail and derived a self-
consistency condition relating the phase shifts to the
perturbing charge difference Z. The Friedel sum rule's
is thus generally valid and requires that

(19)

1
Z=-2 ; Qi+1m(Ey), (20)

where the phase shifts are to be evaluated at the Fermi
energy, Ep. Using Eq. (19) for the phase shifts 7;, the
sum rule becomes

1 5 Ey—E;
Z==3 QI+ (Es)~+- 2 cot?'———. (21)
T ol ™o A(Ef)

We show in Appendix A that to a good approximation in
real metals the nonresonant phase shifts are small rela-
tive to the resonant term and may be neglected. Conse-
quently, the above reduces to

5
Z=-2% cot?'[(Ess—E;)/A(E)]. (22)

41, D. Landau and E. M. Lifschitz, Quantum Mechanics
(Addison-Wesley Publishing Company, Inc., Reading, Massa-
chusetts, 1958), p. 440.

16 C. Kittel, Quantum Theory of Solids (John Wiley & Sons,
Inc., New York, 1963), p. 112.
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The quantity on the right is recognized as the Anderson
expression for the number of localized electrons in the
orbitally degenerate case as given in Eq. (16) above,
so that

Z=5%,N/, (23)
where N,/ is the total occupation number common to
each of the virtual levels of given spin. To this approxi-
mation, the electrons in the virtual bound states at the
impurity site exactly neutralize the excess charge and
consistency with the Friedel sum rule is achieved.

The conclusions are therefore obvious. The total
number of electrons localized near the transition atom
impurity in the metal is determined only by the excess
charge Z, and thus increases uniformly as one goes
across the 3d series from T1i to Ni. The above arguments
justify the intuitive expectations that the number of
d-electrons is determined by charge neutrality and
indicate that the Anderson resonance energies must be
self-consistently calculated within the metal. The Ander-
son theory can in the above manner be made consistent
with the Friedel sum rule despite earlier comments to
the contrary.

In the case of solution of transition group atoms into
simple metals where the above theory may be expected
to be valid there is considerable evidence that Eq. (23)
holds. In particular, when the transition atom possesses
a magnetic moment, e.g., Mn in Cu or Fe in Cu, the
moment is very close to the free atom spin only value'®
so that N=Z. We shall give evidence below that the
condition holds in the nonmagnetic case as well.

Examination of the Anderson theory indicates that
for the Friedel self-consistency condition to hold in
different host metals the unperturbed d-state energies
E,? must effectively track the Fermi energy. The physi-
cal mechanism by which this takes place is clearly of
interest. If E, did not have the proper value, the excess
charge would have to be screened by the conduction
electrons. Such a process would necessarily be at the
expense of the conduction electron kinetic energy. An
estimate of this screening energy may be obtained from
studies of vacancy energies in Cu'” which indicate that
it takes approximately 1 eV per charge for such screen-
ing. The over-all energy of the system can therefore be
minimized if the “atomic energies” E.° are made to
track the Fermi energy by a self-consistent calculation
within the metal. The real part of the self-energy also
shifts the d-state energies somewhat, and may contribute
to this effect.

In following sections we calculate the residual re-
sistivity, specific heat, and susceptibility due to the
transition atom impurities with the above ideas in
mind, and compare the results with experimental ob-
servations as described in Sec. II.

16 J, Owen, M. E. Browne, V. Arp, and A. F. Kip, J. Phys.
Chem. Solids 2, 85 (1957).
7 W. M. Lomer, Progress in Melal Physics (Pergamon Press,

Ltd., London, 1959), Vol. 8, p. 284.



464

IV. RESIDUAL RESISTIVITY

The treatment of the impurity problem from a reso-
nant scattering approach suggests that the transition
atom impurities will strongly affect the conduction
electron mean free path and thereby change the residual
resistivity. For a nearly free electron metal the re-
sistivity is given by

m* 1

R=—
nét r(E,)’ 24)

where # is the number of carriers per unit volume, m*
and e their effective mass and charge, and 1/7(Er) the
collision frequency at the Fermi surface. For »; im-
purities, the spin-averaged collision frequency is

2n;
=—h—|:% 2 ImGu(Ef)™], (25)

7(Ey)
where G is the conduction electron Green’s function
in the presence of an impurity and is given by Eq.
(10). Equation (25) for 1/7(EF) assumes the #; im-
purities scatter independently; a good approximation
at low concentrations. To lowest order,

Gri® (e)_1= (G_Ek)—z l Vink IZGmm”(E) (26)

from which the residual resistivity is determined as

n; 2m*
AR=——< ) > sin?r N,
n 1re2hp m,o

27

p is the host metal density of states at the Fermi level.
In the case of a free-electron approximation for the
host metal the above result reduces to that of the
Friedel partial-wave analysis.® For the nonmagnetic
case Nmo’=N/10 and Eq. (27) reduces to

© 20m; m* TN’
AR= ( > sin2<—) .
n \wehp 10

Substitution of the host metal parameters n, m¥
and p into this expression allows a determination of
sin?(wN/10) from the measured residual resistivity.

In the present case of Be as the host metal, it is clear
that a free-electron treatment is a very crude and in-
accurate approximation. The two s electrons per atom
lead to a filled s band, and were it not for a small amount
of overlap with higher bands, divalent Be would be an
insulator. Detailed band structure calculations'® con-
firm these expectations and give a Fermi surface in
close agreement with experiment. In addition Hall
effect measurements!? give a large positive Hall coeffi-

(28)

18 T, Loucks and P. H. Cutler, Phys. Rev. 133, A819 (1964);
134, A1618 (1964).

9 C, Kittel, Introduction to Solid State Physics (John Wiley &
Sons, Inc., New York, 1961), p. 298.
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cient indicating that the conductivity arises from holes
at the top of the s band, and that only of the order of
109, of the total number of valence electrons are
effective in conductivity. Using this information to-
gether with the measured density of states and an
effective mass equal to the thermal mass, one finds
from the measured value of 10 pQ-cm per at.%, N

TN
sin? (E>z0 14

corresponding to N =38.7. The resistivity measurements
therefore indicate that the number of d electrons per
nickel atom is between 8 and 9 in rough agreement with
the Friedel sum rule and that the anomalously large
resistivity due to Ni in Be is the result of the small
number of carriers in the Be conduction band.

We take special note of the fact that to within the
experimental accuracy the residual resistivity is a linear
function of the Ni concentration. This strongly sug-
gests that the addition of the small concentrations of
Ni does not significantly change the number of carriers,
but only affects their relaxation time. This is not sur-
prising in view of the above result for V which indicates
that each nickel atom contributes between one and two
conduction electrons to the Be conduction band. Since
the number of carriers is thus almost unchanged we may
expect that the host metal contribution to the specific
heat and susceptibility will be unaltered, so that any
changes observed in these quantities may be attributed
to the localized states on the impurity atoms.

V. SPECIFIC HEAT AND MAGNETIC
SUSCEPTIBILITY

A. Specific Heat

The increased density of states at the Fermi level
resulting from the added impurity atoms will clearly
alter the low-temperature specific heat of the metal. In
the following paragraphs we calculate the alloy specific
heat when the host metal density of states is energy-
dependent.

The internal energy associated with the nearly free
electrons of the host metal, since they are assumed non-
interacting, is

&= / ef(e)p(e)de,
0

where f(e) is the Fermi-Dirac distribution function.
The internal energy associated with the “d” electrons
is more complex because of the interaction term. One
must take care not to include this interaction energy
twice. To see how the contribution to the internal
energy from the d-electron part of the Hamiltonian
must be calculated we assume, initially, that there is
no s-d mixing; i.e., V34=0, and consider the simple case
of a nondegenerate orbital. Under these conditions the
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d states are exact and there is no problem in calculating
the internal energy. The d-state density is a  function,

pa=28Le— (E«+UN)],

where the factor of 2 arises from spin degeneracy and
N=N,=N_. We compute the term

/0 " ef(Opale)de.

Assuming Eq= (Eoc+UN)<Ep so that the d levels are
occupied,

00

/ e (Ipade=2(Eot-UN)=2(Eet-U),

since in this case N,=N_=1. However, since the d
states are exact in this limit, it is clear that the actual
d-state energy is 2E¢+U. In other words, we have
counted the interaction energy twice in the above
prescription. To correct this consider the integral

f (e—=3UN)f(e)pile)de=2(E+U)—U=2E+U.

This clearly is the correct expression for the d-state
internal energy in the absence of the s-d mixing inter-
action. Thus, when V;4=0 the total internal energy
may be written

= [ /(&) (o pa)de— UN?. 29)

The effect of turning on the s-d admixture is to broaden
the d level into a virtual level and to locally perturb
the conduction electron charge density. Under these
conditions the exact states of the system are not host
band states and simple d states as above, and the argu-
ment is no longer rigorous. However, one physically
expects that the s-d mixing will not affect the internal
energy other than to allow the virtual d electrons to
occupy a band of energies as described by Anderson’s
d-state density and possibly to alter the conduction-
electron state density near the resonance energy. This
will not affect the interaction energy, and one expects
the above expression for & to be valid. To justify this
argument, it is necessary to explicitly calculate the
internal energy in terms of the exact energy states of
the system. This has been done by Scalapino, Schrieffer,
and Kjollerstrom,? and they obtain results equivalent
to the above in the Hartree-Fock limit. This argument
is easily generalized to the orbitally degenerate case

2 D. Scalapino, J. R. Schrieffer, and B. Kjollerstrom (to be
published).
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where

= / (O (otp)de— (U—T) T Nnalne

m<n,o

—U X NpolVae. (30)

In the above expression p; is the change in the density
of states due to the impurities present, and may be
obtained from the Green’s functions given in Egs. (9)
and (10).

! ImY [L__%)_E_(e_)] (31)

pi=—~1Im
T e—En,—Z(e)

Using the usual low-temperature expansion,? the mean
energy becomes

Ey 2 d
&= / 6(p-l—pi)de-l-—(kT)zI:e——(p+m)+ (p+m):|
0 6 de Ef

_(U—]) Z Nmo'Nna"'UZNma n—g-e (32)

m<n,o

The specific heat is then

de dE, E1 dp;
C=—=—E;(o+p)+ / e—de
aT darT o dT

w2 d
+__k2T[€—(P+Pi)+ (P+Pi):|
3 de

Ey
AN e AN s
—(U—j) Z Nmu‘ '—U Z Nma (33)
m#En,o dT m,n,c
The total number of electrons is conserved.
Ey 2 d
N / (ot p)deA—RTY—(o4p)| . (39)
¢ 6 d€ E'f
dNtot 0 dE/( )+ By dptd
=0=—(p+p: —de
ar aT /0 aT
w2  d
+—BT—(p+ps) (35)
3 de Ep

Substitution into the specific -heat expression yields
2 Ey dpi
C="RTG+a)t [ (B ae
2 0 aT

d ne dN’u—v
_(U_J) Z Ny -U Z Nms
aT ar

m#En,o m,n,

(36)

The second term on the right may be integrated using

A F, Seitz, Modern Theory of Solids (McGraw-Hill Book Com-
pany, Inc., New York, 1940), p. 150.
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Eq. (31) for p;

Ey

0

dp;

G—E —ae

( f)de
1—(d/de)Z(e)) dEns

___hnz[/ (—E, ( (d/de)2(e)) dq
—Ene—2(€))? dT

Wl <6—Ef>;(:i:m)d]
=§df;”[[,E’ bl Gy

dEma' Nd
me dT 10’

where Ng is the number of occupied d states on the
impurity. Noting Eq. (11) for E,,, one finds for the
specific heat the particularly simple result

7I'2
C= Chost+€k2TPi (Ef) ) (37)
with p; as defined in Eq. (31) given by
(Es—Eaq) dp(Ey)
pz=pd(Ef)[1————— :I . (38)
p(Es)  de

It is to be noted that the above expression differs
from Anderson’s? Eq. (59) for the specific heat. The
anomalous term in the Anderson expression arises from
improper handling of the interaction terms in the
Hamiltonian.

From Eq. (37) for the specific heat we see that the
addition of dilute impurities to the host metal will
result in a change in the linear term in the alloy specific
heat. In the simple case where

(Es—Ea) dp(Ey)
p(E;)  de

<1, (39)

the increase in the linear term of the specific heat
measures directly the total d-state density at the Fermi
energy, pa(Er) as defined in Eq. (17). This inequality
will hold for simple metals where the density of states
is slowly varying as a function of energy. For the noble
metals as hosts the above inequality will surely hold.
In the particular case of interest here, the host metal
density of states does vary with energy as a result of the
nearly filled s band of Be.!® Detailed band-structure
calculations have been performed with the result that
the Fermi energy occurs almost precisely at a minimum
in the density of states.!® The value of the Fermi energy
determined by these calculations is quite accurate as a
result of using the equality of the number of electrons
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and holes as the criterion for determining the Fermi
energy. Thus, if the gross features of the calculated
density of states curve are correct for Be, it would
appear that the inequality (39) holds. In what follows
we shall assume this to be the case, so that the specific
heat becomes

1l'2

C= Chost+ C—S_kz TPd (Ef) ) (40)

where ¢ is the impurity concentration. We have argued
above in connection with resistivity results that the
host metal contribution to the linear term in the specific
heat will be unchanged by the addition of small con-
centrations of nickel impurity atoms. The experimental
results were described in Sec. IT. From Fig. 4 we see
that there is experimentally an easily observable in-
crease in the density of states. Attributing this increase
to the added d-state density one finds, using Eq. (40)

pa=1.15 states per eV per Ni atom.

The accuracy of the specific-heat measurements is
quite good (<29%,) and judging from the scatter of the
data points about the straight line of Fig. 4, the over-all
accuracy of the above value for pg is of 109,. Applying
Eq. (17) for pa

sin?(wN/10)
o0—" -

TA

pa=1

and taking the value for sin?(7N/10) determined from
the residual resistivity one finds

A~0.4 eV.

Furthermore, using the expression for the level width
A=m(V2),yp/2 one finds (V2),y~~=3(eV)?, a somewhat
small, but not unreasonable, value.

B. Magnetic Susceptibility

The magnetic susceptibility of the system may be
calculated directly from the occupation numbers of the
localized up and down d electrons. The orbital moment
is found to be quenched by the s-d mixing interaction
rather than the crystal field as discussed in detail by
Yosida et al.2 However, there will in general be an
induced orbital moment due to the spin-orbit coupling
which comes in second order and can be expressed as a
change in g value, Ag. Ag has been estimated by Yosida
et al.1? to be of the order of 0.2 and therefore constitutes
a negligibly small correction to the susceptibility. We
shall assume that the host electron susceptibility is not
altered by the addition of the transition atom im-
purities. As argued above, this assumption appears to
be valid at low Ni concentrations since each Ni con-
tributes between one and two electrons to the Be con-
duction band and leaves the number of carriers un-
changed to within the experimental accuracy. The
change in the population resulting from the application
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of a magnetic field H in the nonmagnetic case is, for a
single impurity,

1

T m
Fr_ 1—(d/de)Z(e)
X / Im——————de. (41)
o [e=En—2(dF
The corresponding energy shifts are
0Emy=TFuH~+(U—J) X 0N ns4U X Nz, (42)

nFEm n

Then
P
SN — 6N _=pHpat (U+4J)1—g(6Nd+—6N.1_) )

Because of the Anderson compensation effect 8N, — 6N _
=06N4—0Na_ [see Anderson’s Eq. (47)] and the d-
state contribution to the susceptibility is

M
Xd= —((sN‘H_'—‘aNd_)
H

(44)
“pa

_— o a(E)),
1 (Utan10 mu*pa(Ey)

where 7 is the enhancement factor defined by the
above equation. The total susceptibility for a concen-
tration ¢ of impurities is therefore

X=Xnost+cnupa. (45)

Note that in the degenerate case the Anderson criterion
for formation of a magnetic state is equivalent to re-
quiring that the denominator of Eq. (44) vanish, at
which point the zero-temperature susceptibility diverges
as expected on physical grounds.

The experimental results for dilute solutions of N; in
Be were described in some detail in Sec. II. Figure 4
shows that the increase in susceptibility due to the
addition of Ni impurities is enhanced by comparison
with the true change in density of states as obtained
from specific heat. From this figure, assuming the
Anderson model as described above, one finds

i=1— (U+47)(pa/10)=0.16,

with pa=1.15 states per eV per atom of Ni. Combining
these results one obtains

U+4J~7.3 eV.

The limits of error on the above value for (U+44J)
seem to be set by the homogeneity of the samples them-
selves rather than on the susceptibility and specific-
heat measurements as indicated by the deviations of the
experimental points from the indicated straight lines.
However, the above value appears to be accurate to
about 109,; or in the range 6 to 8 eV.
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VI. DISCUSSION

One concludes from the interpretation of the experi-
mental results in terms of the Anderson model that the
quantity

(U+4T)/8>>1

in the system Be:Ni with the magnitudes of the in-
dividual quantities as given above. This conclusion
rests on two fundamental assumptions:

(i) The host-metal density of states is slowly varying
at the Fermi level.

(ii) The host-metal specific heat and susceptibility are
unchanged when a small concentration of nickel im-
purities is added.

Both of these assumptions appear to be valid as
argued above, and small effects will not alter the final
conclusion. The most serious error undoubtedly arises
from assumption (ii) since the large diamagnetic sus-
ceptibility of pure Be may be sensitive to small changes
in the number of electrons or holes. In fact, one possible
indication of this may be the disappearance of the small
temperature dependence of the average susceptibility
found in pure Be with the addition of Ni. It is impossible
to be quantitative in this regard, but we note that an
error in the d-state contribution to the susceptibility
and consequently the enhancement factor 5, by as much
as a factor of 2 only reduces the value of (U+4J) to
6.1 eV which is within the estimated limits. Further-
more, we shall see that analysis of data for the Cu:Ni
system leads one to the same conclusion concerning the
magnitudes of (U+4J) and A.

A similar experimental study of dilute Cu:Ni alloys
was made some time ago.???8 In connection with ideas
of this paper copper is a simple host in that the density
of states at the Fermi level is certainly slowly varying,
and the host susceptibility is insensitive to small changes
in the number of electrons. One clear disadvantage is
the partial d character of the conduction electrons at
the Fermi surface resulting from the filled Cu d band
which lies of the order of 3.5 eV below the Fermi
energy. Measurements of residual resistivity?? for Ni in
Cu give Ap=1.25 uQ-cm/at.9, Ni. If one substitutes
the appropriate parameters for Cu (m*~1, n=1/atom
and the measured density of states) into Eq. (28), the
result is

sin?(7N/10)=0.1

or N=9 electrons again in agreement with the Freidel
sum rule. Unfortunately, specific-heat data at Ni con-
centrations below 109, Ni in Cu are not available
making an estimate of p; somewhat difficult. Analysis
of the existing data® indicates a value for pg of about 1
state/eV per Ni atom which applying Eq. (17) gives a
value for A of about 0.3 eV. Finally, the enhancement
factor is estimated from susceptibility and specific-heat

2 Linde, Ann. Physik 15, 219 (1932).
# E. Pugh and F. M. Ryan, Phys. Rev. 111, 1038 (1958).
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data to be about?® 3 yielding a value of (U+4J) of
about 6 eV. The results for Cu:Ni are thus fully con-
sistent with those obtained from the Be alloys.

The resulting value of (U+4J) is to be compared
with a free-atom value of more than 20 eV.2¢ However, a
significant reduction in the metal is not surprising. In
particular, there are two obvious mechanisms by which
the Coulomb and exchange integrals may be reduced in
the metal: firstly, simple screening by the nearby con-
duction electrons, and secondly, by many-body correla-
tion effects. Although a detailed estimate is difficult,
a reduction by a factor of 3 to the observed value due
to screening alone does not seem unreasonable. The role
of correlation awaits further theoretical work although
recent attempts to include two-body effects in the local-
ized moment theory? as well as the theory of ferro-
magnetic metals?® predict a relatively large reduction
of the effective U and apparently overestimate the
correlation.

Finally we return to the basic question of the appli-
cability of the Anderson model and its solution in the
Hartree-Fock limit to real alloys. The model, although
admittedly schematic, contains the essential physics of
the problem, and provided that it is interpreted in a
manner consistent with the Friedel sum rule should be
applicable to alloys where the host metal is not a transi-
tion metal. For transition metal hosts, where the band
electrons are d-like, the situation is undoubtedly more
complex as evidenced by the recent work of Jaccarino
and Walker.2” However, even assuming the basic model,
the Hartree-Fock approximation must be examined, for
in the limit of large U/A a self-consistent average
Coulomb interaction may be a poor approximation.
Attempts to take many-body effects into account?s indi-
cate that correlation may significantly alter the theo-
retical conclusions. However, until a solution of the
correlation problem including the full d-state degeneracy
is achieved, the effect of correlation in the real system
will remain unclear.

APPENDIX A

The potential scattering phase shifts at the Fermi
energy arising from a central potential V (r) of range ¢
are given by?8

e’ = — (j1—iny)/ (jit+in)

% R. E. Watson, Phys. Rev. 118, 1036 (1960).

2% J. R. Schrieffer and D. C. Mattis, Phys. Rev. 140, A1412
(1965).

26 J, Kanemori, Progr. Theoret. Phys. (Kyoto) 30, 275 (1963).

27V, Jaccarino and L. R. Walker, Phys. Rev. Letters 15, 258
(1965).

28 E. Merzbacher, Quantum Mechanics (John Wiley & Sons,
Inc., New York, 1961), p. 234.
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where the spherical Bessel functions j; and #; are to
be evaluated at the argument kra. Here k is the Fermi
momentum. Solving for 5,° one finds

tang’= jz/m.

For a Thomas-Fermi potential, V (r)=(Z/r)e""'*, and
most metals kra<<1. In copper, for example, kr=0.4
X108 cm™! and ¢=0.55X10"% cm. When £ra<<1

. , (de)l (kFa)l-H
ann’=— ,
Y @D =11
(krpa)2t+

QD=1

Substituting into the Friedel sum rule we find

2 (kﬁd)zH—l 5 Ed,—Ef
= — —————+— t—l
mt [QI-DIP 7o A(Ey)
or
5 Eqo—E; 2 2
== 2 cot™ ——(kra)——(kpa)’—---.
o (Ey) = T

Since kra is small
5 E;—E;
Z~—3 cotl—m—,
A(Ey)
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