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almost identical to ours.
5Structure in conductance curves caused by molecu-

lar vibrations in the oxide barrier [R. C. Jaklevic and
J. Lambe, Phys. Rev. Letters 17, 1139 (1966)] is usu-
ally very weak and is symmetrical in bias voltage.

~6Recent tunneling experiments with bulk Bi have
failed to reproduce the data of Esaki and Stiles.
fI. Giaver, International Conference on Tunneling in
Solids, Risg, Denmark, 1967 (to be published)].
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It has been recently suggested'~' that, in strong-
ly exchange-enhanced paramagnetic metals
and alloys, a large renormalization of the d-
electron mass results from paramagnon inter-
actions; this effect becomes increasingly large
as the alloy composition approaches that at
which ferromagnetism occurs. Several recent
calculations'~4 for the paramagnon enhancement
of the bare band mass m yield

m*/m = 1+ 92 in(3[1/(1-T)]j,

where m* is the enhanced electron mass at
zero temperature and I represents a semiphe-
nomenological short-range repulsion between
the fermions. ' This enhancement of the effec-
tive mass is observed as an increase in the
linear term of the low-temperature specific
heat. Doniach, Engelsberg, and Rice' have

shown further that if one carries out the the-
oretical calculation at higher temperatures,
the specific heat will have an additional term
of the form T'ln(T/TF), where TF is a char-
acteristic paramagnon temperature.

The method that has been used to test the

mass enhancement theory is that of examining
the low-temperature specific heat of a concen-
trated a1.1oy system' in which the strength of
the electron-electron interactions is a strong
function of composition. The strength of these
interactions may be estimated from the Ston-
er enhancement factor (S) of the paramagnet-
ic spin susceptibility. One can write S= ys in/
X0= (1-I) ', where ys»n is the spin-only part
of the measured susceptibility and yo is the
value of the Pauli susceptibility calculated from
the bare-band density of states. Since for the
metals and alloys of interest we do not know

to sufficient accuracy esther Xs i Xo
can generally only make reasonable estimates
for the value of S. However, one can examine
a nearly ferromagnetic alloy system over a

region of composition in which the paramag-
netic susceptibility increases rapidly as the
critical composition for the occurrence of fer-
romagnetism is approached. If one can be sure
that no local-moment formation has occurred
and that the density of states of the alloy has
not been changed drastically by alloying addi-
tions, then it would appear safe to presume
that I is monotonically and rapidly increasing
with alloying. Little change in the density of
states upon alloying is likely to occur if only
small alloying additions are needed to produce
ferromagnetism. Qn the other hand, for a ser-
ies of concentrated alloys one must have inde-
pendent evidence that the changes in the observed
parameters are not the result of drastic chang-
es in the density of states resulting from alloy-
ing.

An ideal system in which to test the exchange
enhancement theories is that of dilute alloys
of Ni in Pd. Palladium is well known as an
exchange-enhanced metal; S has been estimat-
ed at values ranging from 8 to 50.8 If one adds
only about 2.25 at.% Ni, the system goes fer-
romagnetic, v i.e., 8-~. Therefore, for com-
positions between 0 and 2.25 at. /o Ni, S will
have values ranging from approximately 10
to ~.

Measurements of the susceptibility do not
seem to indicate any complicating loca, l-moment
phenomena, and the Pd:Ni system forms an
uninterrupted series of solid solutions in which
no atomic ordering occurs. Although the den-
sity-of-states curve for Pd in the vicinity of
the Fermi energy decreases with increasing
energy, it is unlikely that significant changes
in the density of states at the Fermi level oc-
cur as 2 at.% Ni or less is added.

In addition, measurements of the low-tem-
perature electrical resistivity of paramagnet-
ic alloys of Ni in Pd have been made' which
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Table I. A comparison of the values of y experimentally determined with those predicted from theory.

Composition

X4o

(10 6 emu/g)
exp

(mJ/mole degas) (y /y )alloy Pd exp (y /y )alloy Pd calc

Pd
Pd-0. 47% Ni

0.97% Ni
1.66% Ni

1.95Vo Ni

7.25
11.07
17.33
35.15

60a

9.38
10.46
11.09
12.29
13.04

1
1.12
1.18
1.31
1.39

1
1.29
1.62
2.11
2.48

aThis value of susceptibility has been obtained from the susceptibility data given in Ref. 8.

squares calculations are given as a function
of composition in Fig. 2. The results are shown
on the left in an expanded scale and then on
the right with the results of earlier investiga-
tions. (References for the earlier data appear
in Ref. 12.) It is quite clear that y is an extreme-
ly sensitive function of composition and increas-
es by over 40 lo for a nickel addition of only
2 at.%. On the other hand, y does not increase
nearly as rapidly as Eq. (1) would suggest. '
Values of yalloy/ypd have been calculated from
Eq. (1) using an assumed Stoner enhancement
factor of 10 for pure Pd and using the 4.2 K
susceptibility data obtained for these samples
by Mr. G. Williams of Imperial College, Lon-
don, England. The calculated results appear
in Table I along with the experimental data.

In conclusion, the results of the present in-
vestigation reveal a sharp increase in y with
increased Ni content, although the rate of in-
crease is less rapid than that predicted theo-
retically by the uniform-enhancement model;
in addition, there is no evidence for a T' ln(T/

14

TF) term in the low-temperature specific heat. '4

Although the experimental results obtained
here are in qualitative agreement with the var-
ious mass-enhancement theories, it would be
prudent to point out that the rapid increase in

y might yet be shown to come about from a
straightforward band effect (even if electron-
phonon interactions are not invoked). Accord-
ing to the most recent band calculations, ' the
Fermi level of palladium is just beyond the
maximum in the curve of density-of-states of
the hybridized d-s band versus energy. Since
the number of holes in Pd is" 0.36 per atom
while that of Ni is approximately 0.6, we might
expect that, as Ni is added to Pd, the Fermi
level of the alloy would shift to lower energies
and thereby sample higher densities of states.

The authors would like to thank J. R. Schrief-
fer and D. L. Mills and P. Lederer for copies
of their papers prior to publication, B. C. La
Roy for valuable help in sample preparation,
Q. R. Gates for chemical analysis, E. J. Brooks
for x-ray fluorescence analysis, and G. Williams
for measurements of the magnetic susceptibil-
ity of the specimens.
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FIG. 2. Eleetronie specific-heat coefficient y as a
function of composition for Pd:Ni alloys. Open circles
show present results. Solid points show results of ear-
lier investigations (see Ref. 12 for further references).
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considers the simplest case of an electron-electron in-
teraction in a single spherical band. The predicted
mass enhancement can be decreased significantly by
the introduction of Hund's rule (intra-atomic exchange)
[S. Doniach, Phys. Rev. Letters 18, 554 (1967)], and
finite- range (inter-atomic) exchange interactions I Buch-
er et al. , Ref. 3, and J. R. Schrieffer, Phys. Rev. Let-
ters 19, 644 (1967)], but the relative strengths of these
two latter interactions have not yet been determined.

~S. Foner, R. Doclo, and E. J. McNiff, Jr. , in Pro-
ceedings of the International Congress on Magnetism,
Boston, Massachusetts, 1967 (to be published).

R. M. Bozorth, D. D. Davis, and J. H. Wernick, J.
Phys. Soc. Japan Suppl. B-1, 112 (1962).

D. Shaltiel, J. H. Wernick, H. J. Williams, and
M. Peter, Phys. Rev. 135, A1346 (1964).

9L. Hodges, H. Khrenreich, and N. D. Lang, Phys.
Rev. 152, 505 (1966).

A. I. Schindler and B. R, Coles, in Proceedings of
the International Congress on Magnetism, Boston,
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and M. J. Rice, Phys. Rev. 164, 759 (1967).

P. Lederer and D. L. Mills, to be published.
C. A. Mackliet and A. I. Schindler, J. Phys. Chem.

Solids 24, 1639 (1963).
~3This estimate was obtained using the susceptibility

data of Shaltiel et al. (Ref. 8) plus an assumed Stoner
enhancement factor 10 for pure Pd.

i4A very recent calculation for the initial (Ni concen-
tration &1'Po) increase of the specific-heat coefficient y,
again based upon the local enhancemement model, has
been made by P. Lederer and D. I.. Mills, to be pub-
lished. They have deduced a value of y t(dy/dc) = 17,
in good agreement with our experimentally determined
value of -19. They also have shown theoretically that
for dilute alloys the local-enhancement model yields a
&3 term as the first correction to the linear term in
the specific heat-in contrast with the T3 lnT term pre-
dicted for the case of uniform enhancement.

5J. J. Vuillemin, Phys. Rev. 144, 396 (1966).
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It is well known that in antiferromagnetic
materials, a magnetic field applied parallel
to the direction of the sublattice magnetization
may result in an instability of the ground state,
if the strength II of the external field exceeds

1
the value Hc( ) = (2HFH~) 2, at T = 0. Within
the framework of the molecular field approx-
imation, it is not difficult to see that when H» ( ), the state sketched in Fig. 1(b) has
an energy lower than that of the antiferromag-
netic (AF) ground state illustrated in Fig. 1(a).
The presence of the spin-flop instability may
also be inferred by noting that as H -Hc(H),
the excitation energy of the k = 0 bulk magnon
with frequency (2H@H~)'"-H sinks to zero.
Foner' has provided a discussion of this "spin-
flop" transition, along with a review of a num-
ber of experimental studies.

We have recently completed an investigation
of the properties of surface magnons in a two-
sublattice antiferromagnet of the CsCl struc-
ture, with a free (100) surface. A detailed
discussion of the properties of these modes,
along with their influence on the low-temper-
ature properties of the system, will be given
elsewhere. ' For the present discussion, it
is sufficient to note that at k =0, the frequen-
cy of the (nondegenerate) surface mode is

H&H,

&, A

)i

(b) H &H,
'"

FIG. l. (a) The bulk AF ground state when H& H~(
(h) The ground state for H &He(&); e =H j2FI@.

(HFHA)'", provided surface pinning fields and
changes in exchange constants near the sur-
face are neglected and IJ~ »IIg. The effect
on this result of changes in Irg and Hg near
the surface is expected to be small, under
conditions described in detail below. If a field
II is applied antiparallel to the anisotropy field
H~ seen by the surface spins, the excitation en-
ergy of the surface mode decreases to (H+H~)"'

1-H. For H & Hc (s) = (HEHA) 2, the excitation
energy of the surface mode becomes negative.
By pursuing the arguments given above for


