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hyperfine field H(Sn) at the tin sites in the ferro-
magnetic Heusler alloy NiMnSn. The results at
300 and 77 °K were, respectively, +45%5 and = 87
+ 2 kOe. The Bloch 7%/% law was used to extrapolate
the results to 0 °K, to obtain a saturation field of

+ 93+ 3 kOe. This agrees with the result of Shino-
hara? who found H(Sn) = 97. 0 kOe at 0 °K by observ-
ing nuclear magnetic resonances in Ni,MnSn, using
the spin-echo technique.

An extension of the virtual-bound-state, or res-
onance, model, first proposed by Caroli and Blan-
din,!* was used to calculate H(Sn). The hyperfine
field at the tin sites is considered to be due to the
Fermi contact interaction between the spin polar-
ization, induced in the conduction band by the Mn-
ion-spin splitting, and the nuclear magnetic mo-
ments at the tin sites. The electronic ¢ factor,
which determines the reduction in s-wave character
of the electronic wave functions at the Sn sites in
going from a free atom to a metallic environment,
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was taken as £ =0.04. The magnetic moment per
Mn ion, M, was taken from neutron-diffraction
data® and thermomagnetic measurements? as 4.0
£0.1 ug. H(Sn) was then calculated for a range of
values of the d-level occupation, Z!°*(Ni), at the
Ni sites. The theoretical calculations were found
to be sensitive to the value of Z{°*(Ni). Agreement
with the experimental result was obtained for Z}°*
(Ni)=8.6.

Finally, it should be emphasized that although
the values obtained for the parameters ¢ and Z:°t
(Ni) are reasonable in view of other experimental
evidence, they are dependent upon the model which
-was used in the present calculation.

ACKNOWLEDGMENTS
We wish to thank Dr. F. Aumento for help with

the powder diffraction analysis and B. Fullerton
and T. W. Craig for technical assistance.

TWork supported in part by the National Research
Council of Canada, Ottawa, Ontario, Canada.

IR, N. Kuz’min, N. S. Ibraimov, and G. S. Zhdanov,
Zh. Eksperim. i Teor. Fiz. 50, 330 (1966) [Soviet Phys.
JETP 23, 219 (1966)].

T, Shinohara, J. Phys. Soc. Japan 28, 313 (1970).

83, M. Williams, J. Phys. C 1, 473 (1968),

R. Segnan and W. A, Ferrando, Bull. Am. Phys.
Soc. 15, 575 (1970).

5p. J. Webster, Contemp. Phys. 10, 559 (1969).

SSupplied by Alfa Inorganics, Inc., Beverly, Mass,

"Supplied by Metals Research Ltd., Herts, England.

8Austin Science Associates, Inc., Austin, Tex,

9W. Leiper (unpublished).

PHYSICAL REVIEW B

VOLUME 3,

Op, J. W. Geldart and P. Ganguly, Phys. Rev. B 1,
3101 (1970).

U, caroli and A. Blandin, J. Phys. Chem. Solids
27, 503 (1966).

12See Ref. 10 for details.

13y, V. Chekin, L. E. Danilenko, and A. I. Kaplienko,
Zh, Eksperim. i Teor. Fiz. 51, 711 (1966) [Soviet Phys.
JETP 24, 472 (1966)].

4p, Daniel, J. Phys. Chem. Solids 23, 975 (1962).

5M, T. Béal-Monod, Phys. Rev. 164, 360 (1967).

1R, L. MOssbauer and M. J. Clauser, in Hyperfine
Interactions, edited by A. J. Freeman and R. B. Frankel
(Academic, New York, 1967).

NUMBER 5 1 MARCH 1971

Rare-Earth Spin-Disorder Resistivity and Spin-Orbit Coupling*

S. Legvold
Institute for Atomic Reseavch and Depavtment of Physics, lowa State University, Ames, Iowa 50010
(Received 10 August 1970)

Without corrections for Fermi-surface effects, the total-spin-disorder electrical resis-
tivity of heavy-rare-earth single crystals is accidentally proportional to S(S+1) in the basal
plane and to (A—1)2J(J+1) in the c direction. When Fermi-surface effects are included,
results show (A—1)2J(J+1) dependence in both directions.

For some time it has been understood that the
total-spin-disorder resistivity (p,,¢,:) in the
heavy-rare-earth metals should be proportional
to (\ = 1)2J(J + 1) because of spin-orbit coupling®~3;
here J is the total angular-momentum quantum
number and X is the Landé factor. While analyzing
recent electrical-resistivity measurements*~ in
rare-earth single crystals, we looked into the to-

tal-spin-disorder resistivity in different crystallo-
graphic (hep) directions and found a surprising re-
sult which we report here.

The electrical resistivity in the basal-plane di-
rection for each metal showed a nearly linear be-
havior in the paramagnetic range so it was easy
to extrapolate this back to the resistivity axis,
subtract the residual resistivity from the intercept
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TABLE I. High-temperature resistivity-curve slopes
of single-crystal heavy rare earths in units of uQcm/K.

Gd T Dy Ho Er Tm Lu

7
7”1";@% 300 K) 0.095 0.13 0.15 0.185 0.20 0.22 0.25

%(T> 300 K) 0.08 0.085 0.09 0.11 0.11 0.12 0.12

found, and obtain the total-spin-disorder resistiv-~
ity. In the c direction it was necessary to extrap-
olate back from much higher temperatures be-
cause of the superzone (hump) effect’®=!% around
the highest ordering temperature. By a careful
analysis of the resistivity at 100 K above the char-
acteristic minimum just above the highest ordering
temperature, it was possible to get slopes in a
linear range. The slopes thus found, as well as
the slopes in the basal plane, are shown in Table
I. By using the slopes of the table and the extrap-
olation process described it was possible to get
quite accurate total-spin-disorder resistivities in
the c direction. A graphical presentation of re-
sults found by this process is given in the upper
part of Fig. 1. Here the spin-disorder resistivity
in the basal plane turns out to be proportional to
S(S+1), while in the ¢ direction there isa good fit
to (A =127 +1). '

The basal-plane result is believed to be acciden-
tal and may be understood in an empirical fashion
by use of the relaxation-time approximation and
the assumption that anisotropy in the Fermi sur-
face is principally responsible for the effect. It
is proposed that the “trunk” of the Fermi surface'®
changes in going from Gd to Tm., Evidence for
this comes from Table I where the slopes of the
resistivity-¥s-temperature data above the order-
disorder temperature are given, These slopes are
taken to be inversely proportional to the projected
Fermi-surface areas. We see that the slopes
scarcely change in the c direction, while those in
the basal-plane direction change by a factor of 2.
We use this information and assume an isotropic
relaxation time to get the expression

Py(spin) & (- l)zJ(J+ 1)/'[EF dasy, ®

which permits us to make the appropriate resis-
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FIG. 1. Total spin-disorder resistivity of the heavy-
rare-earth metals plotted against S(S+1) and (A —1)2J(J +1),

tivity normalization. We divide the basal-plane
resistivity by the ratio of the projected Fermi-sur-
face areas

jEFdsc/jEFds,,,

which comes from the ratio of the high-tempera-
ture slopes

dp,/dT
dp,/dT

from Table I. The corrected basal-plane points
thus found are shown on the lower-right part of Fig.
1 and now fall on a straight line when plotted against
(A= 1)2J(J + 1) as expected. The small shift in the
slope of the line indicates anisotropic relaxation
time or other minor effect is present. It is rather
remarkable that the relaxation-time approximation
could work so well for these metals. We now un-
derstand why attempts to establish spin-orbit cou-
pling in polycrystalline samples neglecting Fermi-
surface effects gave obfuscate results'? save for
the work of Mackintosh and Smidt. !* It is a relief
to put this matter to rest. ‘
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Origin of the Magnetic ‘“Surface Anisotropy” of Thin Ferromagnetic Films

Alan J. Bennett and Bernard R. Cooper
General Electric Reseavch and Development Centev, Schenectady, New York 12301
(Received 20 July 1970)

A very thin crystal (. e., single-crystal film) of a cubic metal such as nickel is no longer
truly cubic. This departure from cubic symmetry is reflected in the nature of the electronic
states. We study the appearance of terms of lower than cubic symmetry (i. e., of axial sym-
metry with respect to the film normal) in the magnetic anisotropy energy associated with this
change. The present paper considers the origin and nature of this additional axial anisotropy
within the framework of the itinerant electron theory of magnetism. Within the localized-mo-
ment picture, as treated by Néel, this axial anisotropy is associated with effects occurring
only at the surface planes, and therefore has come to be known as “surface anisotropy.” We
retain this nomenclature even though in our itinerant-electron picture the changes in aniso-
tropy can be associated with electronic states extending into the interior of the film. The
most striking qualitative result of our model is the marked variation of surface anisotropy
with thickness possible for very thin films. This constrasts with the behavior in the Néel
model, where for very thin films the surface anisotropy energy is almost independent of the
film thickness. Physically this difference in behavior can be understood, since the itinerant-
electron model allows the presence of coupling between the behavior at the two surfaces of the
film, while such coupling cannot exist in the Néel model. We discuss the relevance of this
difference to the existing experimental observations and to possible future experiments.

I. INTRODUCTION

The free energy of a ferromagnetic metal crys-
tal depends on the direction of its magnetization
with respect to the crystal axes. This anisotropy
energy'™® can be measured by obtaining magnetiza-
tion vs external-field curves for several directions
of the applied field, by torque experiments, or by
ferromagnetic resonance, and reflects both the
sample’s inherent crystal symmetry and its shape.
For example, the observed free energy of a bulk
cubic material such as Ni*"'® or Fe!'” may be ex-
panded in terms of cubic harmonics:

Flay, a,, @) =Ko+ Ky(af a2+ of o + of o?)

+Ky(o2atal) 4., (1.1)

where the a; are the direction cosines of the mag-
netization with respect to the crystal axes.

A very thin crystal (i.e., single-crystal film) of
a cubic metal such as nickel is no longer truly
cubic, and this departure from cubic symmetry is
reflected in the nature of the electronic states.
One therefore anticipates the appearance of terms

of lower than cubic (i.e., of axial symmetry) in
the magnetic anisotropy energy. This is true in
both the localized moment®® and itinerant-electron!®
points of view. The present paper considers the
origin and nature of this additional axial anisotropy
within the framework of the itinerant-electron theo-
ry of magnetism. Within the localized-moment
picture used by Néel, ®° this axial anisotropy is
associated with effects occurring only at the sur-
face planes, and therefore has come to be known

as “surface anisotropy.” We shall retain this
nomenclature even though in our band treatment of
the electronic structure the changes in anisotropy
can be associated with electronic states extending
into the interior of the film. In addition to the
anisotropy effects caused by changes in the nature
of the electronic states due to the intrinsically low-
er symmetry associated with the film geometry,
experimentally there can be anisotropic contribu-
tions to the energy due to various impurity and
stress effects associated with film growth. We
shall concern ourselves here only with the intrin-
sic surface anisotropy. The other important source



