VOLUME 45, NUMBER 8

PHYSICAL REVIEW LETTERS

25 AucusTt 1980

Electronic Structure and Magnetism of CuNi Coherent Modulated Structures

T. Jarlborg
Department of Physics and Astronomy and Materials Research Center, Norvthwestern University,
Evanston, Illinots 60201

and

A. J. Freeman
Department of Physics and Astronomy and Matevials Research Center, Northwestern University,
Evanston, Illinois 60201, and Avgonne National Labovatory, Avgonne, Illinois 60439
(Received 9 April 1980)

The electronic and magnetic properties of a coherent modulated structure consisting of
three atomic layers each of Cu and Ni perpendicular to [111] were determined from
ab initio self-consistent spin-polarized energy-band calculations. We predict a substan-
tial reduction in spin magnetization and contact hyperfine fields H, at the Ni layers (in
contrast with enhancements reported earlier from ferromagnetic resonance measure-
ments), charge (0.le”) and spin (~0.01up) transfer to the Cu sites, and large H, at the

Cu nuclei.

PACS numbers: 71.25.Pi, 73.40.Jn, 75.10.Lp

Considerable interest has been aroused by the
observation of greatly enhanced elastic proper-
ties of short-wavelength composition-modulated
bimetallic films! and especially by the significant-
ly larger magnetization density of a short-wave-
length (30 A) CuNi thin composition-modulated
film? compared to that of pure Ni as deduced from
ferromagnetic resonance experiments. White
and Herring® have proposed that the anomalously
large magnetization value is indicative of a com-
plex magnetization distribution, including nega-
tive regions, which can substantially increase
ferromagnetic resonance frequencies.

In this Letter, we present the first theoretical
determination of the electronic structure and mag-
netic properties of a realistic layered coherent
modulated structure (CMS). Ab initio self-con-
sistent, semirelativistic, spin-polarized linear
muffin-tin orbital (LMTO) energy-band calcula-
tions have been carried out on a 50-50~composi-
tion CMS consisting of three atomic layers each
of Cu and Ni modulated along the [111] direction,?
We find no evidence for a complex magnetization
distribution. Instead, the spin magnetization of
the Ni layers is reduced relative to that of pure
Ni: The central Ni layer moment is 0.50 ug
whereas that of the interface Ni layers is 0.37 up.
The large reduction of the “interface” Ni layer
moments is consistent with the magnetically dead
layers reported earlier for Ni layers deposited
on a Cu substrate.* The calculated core-polariza-
tion hyperfine fields, H,, at the Ni sites also
show a reduction proportional to that found for the
spin magnetization. The small Cu magnetic mo-
ments (~0.01 ;) result in large H, values which
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are substantially larger than any Knight shifts ob-
served for Cu.

Our CMS, shown in Fig. 1, has six atoms per
unit cell and four inequivalent layers denoted as
“pbulk”-like for the central Cu and Ni and “inter-
face” for the remaining Cu and Ni. Since deposi-
tions of a metal A on a metal B result in a lattice
constant for the initial layer which is between -
that of A and B, we form our CuNi structure with
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FIG. 1. CuNi CMS modulated along [111] (without
local strain). A;, A,, and A; define the six-atom unit
cell; ¢ and b denote “interface” and “bulk.”
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a lattice constant in the (x, y) plane perpendicular
to the modulation as the average of the mismatch
(1.25%) of the pure fcc Ni and Cu values. We

have ignored the presumed expansion (contraction)
of Cu (Ni) in the z direction because of the lack

of structural data. The Wigner-Seitz radii, R yg,
follow the local lattice expansion (compression)
and are 2.664 and 2.598 a,u. for Cu and Ni, respec-
tively. Since these values are very close to the

R s values for the pure fcc cases, a direct study
of charge transfer can be made.

The energy bands of the CuNi CMS and the pure
fce (and tetragonal) Ni and Cu metals were deter-
mined self-consistently using the LMTO method.’
To allow comparisons, both paramagnetic and
ferromagnetic calculations were carried out using,
respectively, local-density® and local-spin-den-
sity” exchange-correlation potentials. All atoms
in the unit cell and all electrons were included
in each iteration, with the valence electrons treat-
ed semirelativistically® and the core states treat-
ed fully relativistically with use of 18 %2 points in
the irreducible part of the hexagonal Brillouin
zone. The final calculations used 165 indepen-
dent 2 points.

The density-of-states (DOS) diagrams for the
(paramagnetic) layer projected d bands normal-
ized to the number of states per atom, shown in
Fig. 2 for the CuNi CMS, are obtained from a k-
point—weighted histogram. The Cu and Ni bulk
(central) atoms, with roughly three separate
peaks, have a DOS quite similar to that of the
pure fcc metals, while the interface atoms show
a lack of structure in their DOS functions. The
interface states apparently broaden, and thus low-
er, the Ni DOS peak at E in CuNi relative to that
for both pure and bulk Ni. The shape of the inter-
face DOS function still resembles that of bulk
DOS which shows that the interface hybridization
is not large enough to wipe out the distinct Cu-
and Ni-like features of the interface atoms.

There is a small charge transfer of about 0.1
electron per atom from the Ni to Cu atoms. Com-
parison with our results calculated for the pure
fcc metals shows that the d-band occupation is
unchanged and hence it is the s and p electrons
which contribute to the charge transfer.

The overall trends in the DOS, charge transfer,
and other results determined in the paramagnetic
band calculation are found to remain in the ferro-
magnetic (spin-split) band results. The most
striking result from the spin-polarized data is
the partial quenching of the magnetization at the
Ni interface sites (to 0.37up) from that calcu-
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FIG. 2. DOS for the paramagnetic d bands, in units
(Ry *atom) ",

lated for pure Ni (0.54 1.5) (see Table I). The
magnetization at the Ni bulk sites is also reduced
but to a lesser extent (0.50 ).

To study the origin of the reduced magnetiza-
tion on the central layers, we carried out sepa-
rate calculations for bulk Ni subjected to the tet-
ragonal lattice strain expected® in the CuNi CMS
(including the contraction in the [111] direction).
Since these local-spin-density calculations give
a spin magnetization (0.46 ) which is close to
the value found for the bulk Ni layers in CuNi,
the reduction from the fcc Ni magnetic moment
is seen to be due in part to the strained environ-
ment, The reduced magnetization on the Ni inter-
face layers is interpreted to result from hybrid-
ization effects at the CuNi interface rather than
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TABLE 1. Spin magnetization per atom and ! projec-
tion.

s ? a total
Cuy 0.002 0.005 0.003 0.009
Cu; —0.000 - 0.004 0.008 0.005
Ni; 0.002 -0.001 0.373 0.374
Ni, 0.001 —-0.002 0.505 0.504
Ni(fcc) —0.003 -0.016 0.554 0.536

to arise from charge transfer or local strain ef-
fects. The interface states, which have washed
out the peak at £, make a Stoner splitting of the
local paramagnetic band structure energetically
less favorable. Our results are consistent with
previous studies of the formation of magnetically
dead layers when Ni is deposited onto a nonmag-
netic substrate* like Cu. In these experiments,
no magnetization appears until 2.5 or more Ni
layers are deposited.

We have calculated the contact hyperfine fields
H, at the Ni sites arising from the exchange po-
larization of the core and conduction electrons,!®!!
As seen from Table II, the core contributions to
H, on the Ni bulk and interface sites are exactly
proportional to the Ni 3d spin magnetic moments
listed in Table I. [The proportionality to the pure
fcc Ni is not so precise because of an additional
core-polarization contribution (~4 kG) coming
from the small 4p moment (-0.02u;).] Since H,
is sensitive to the radial shape of the 3d spin den-
sity,!° this proportionality indicates that the 3d
spin densities at the two Ni sites in CulNi and in
fcc Ni closely resemble each other, Further,
since their core-polarization fields per unpaired
spin are close to the free-ion results,*! the 3d
spin densities are also apparently spatially local-
ized. Both these expectations are confirmed in
our calculations which show the 3d spin densities
to be essentially indistinguishable when plotted
(except for a small negative-density region near
the R s for fcc Ni). Hence neutron magnetic scat-
tering experiments can use the same magnetic
form factor for both Ni sites to deduce their mag-
netic moments. The valence contribution to H,
is sensitive to the hybridization effects with the
Cu and changes sign compared to the fcc Ni.

Thus the reduction of the total H, is stronger
than the reduction of the magnetic moments at the
Ni sites.

Our work also gives the first evidence for the

formation of small magnetic moments (~0.01 uy)

TABLE II. Contact hyperfine fields in kilogauss.

Core Valence Total
Cu, 0 +11 +11
Cu; -1 -6 -7
Ni; -55 + 7 —48
Ni, -5 +11 - 64
Ni(fcc) - 178 -12 - 90

at the Cu sites. As seen from Table II, although
small, the moments on the Cu sites result in sub-
stantial H, due almost entirely to the conduction-
electron spin density at the central sites (11 kG)
and interface sites (-7 kG). These H, values are
much larger than any Knight shifts and should,

in principle, be observable by NMR. Another
possibility is an AuNi CMS since the transferred
H, on the Au sites should be observable as a
broadening of the Au'®! M&ssbauer spectrum,
Coherent modulated systems such as FeCu are
also likely candidates for observing, using NMR,
any large transferred hyperfine fields on the
finite number of different Cu layer sites.

Finally, we do not know the reason for the
disagreement between our substantially reduced
spin magnetic moment values and the substantial-
ly enhanced magnetization deduced from the ferro-
magnetic resonance experiments.? We see no
evidence of a complex magnetization distribution
which White and Herring® have invoked to explain
the much higher ferromagnetic resonance fre-
quencies. However, just completed direct mag-
netization'? and neutron-diffraction’® measure-
ments have confirmed our predictions of a re-
duction of the moments per Ni atom over that of
pure Ni, and hence the validity of the local-spin-
density approach for describing the electronic
structure and magnetic properties of modulated
metallic films,

We are grateful to M. B. Brodsky, W, Halperin,
J. E. Hillard, J. B. Ketterson, D. D. Koelling,
and H, Krakauer for discussions and to the au-
thors of Refs. 12 and 13 for informing us of their
unpublished results, This work was supported by
the National Science Foundation (Grant No. DMR-
77-23776; and the Northwestern University Ma-
terials Research Center, Grant No. DMR-76-
80847), the U. S. Air Force Office of Scientific
Research (Grant No. 76-2948), and the U. S. De-
partment of Energy.

lw. M. C. Yang, T. Tsakalakos, and J. E. Hilliard,
J. Appl. Phys. 48, 876 (1977).

655



VOLUME 45, NUMBER 8

PHYSICAL REVIEW LETTERS

25 AucusT 1980

’B. J. Thaler, J. B. Ketterson, and J. E. Hilliard,
Phys. Rev. Lett. 41, 336 (1978). )

’R. M. White and C. Herring, Phys. Rev. B 22, 1465
(1980).

‘L. N. Liebermann, J. Clinton, D. M. Edwards, and
J. Mathon, Phys. Rev. Lett. 25, 232 (1970); L. N.
Liebermann, D. R. Fredkin, and H. B. Shore, Phys.
Rev. Lett. 22, 539 (1969); U. Gradmann, J. Magn. Magn.
Mat. 6, 173 (1977); G. Bergmann, Phys. Rev. Lett. 41,
264 (1978).

50. K. Andersen, Phys. Rev. B 12, 3060 (1975);

T. Jarlborg and G. Arbman, J. Phys. F 7, 1635 (1977).
8L. Hedin, B. I. Lundqvist, and S. Lundqvist, Solid
State Commun. 9, 537 (1971).

0. Gunnarson and B. I. Lundqvist, Phys. Rev. B 13,

4274 (1976).

p. D. Koelling and B. N. Harmon, J. Phys. C 10,
3107 (1977).

%J. E. Hilliard, in Modulated Structures—1979, edited
by J. M. Cowley et al., AIP Conference Proceedings No.
53 (American Institute of Physics, New York, 1979), p.
507; R. W. Vook and C. T. Horng, Philos. Mag. 33, 843
(1976).

A, J. Freeman and R. E. Watson, Phys. Rev. Lett. 5,
498 (1960).

“A. J. Freeman and R. E. Watson; in Magnetism, Vol.
IIA, edited by G. Rado and H. Suhl (Academic, New York,
1965).

2y, Q. Zheng, C. Falco, J. B. Ketterson, and I. K.
Schuller, to be published.

3G. P. Felcher, J. W. Cable, J. Q. Zheng, J. B.
Ketterson, and H. E. Hilliard, to be published.

Surface Core-Level Binding-Energy Shifts for GaAs(110) and GaSb(110)
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Surface 3d and 4d core-level binding-energy shifts have been resolved in photoemis-
sion from GaAs(110) and GaSb(110), which yield new information on semiconductor sur-,
face reconstruction. The shifts (~0.3 eV) are toward higher (lower) hinding energies for
the surface cations (anions), in agreement with a simple model involving the known sur-
face relaxation of GaAs(110) with a geometry-dependent initial-state charge transfer.
Surface core-excitation binding energies, core-level widths, escape depths, etc., are

reevaluated.

PACS numbers: 71.70.Ms, 73.20.Cw, 79.60.Eq

We have observed shifts in the 3d and 44 core-
level photoemission binding energies of surface-
layer atoms relative to bulk atoms for the (110)
cleavage surfaces of GaAs and GaSb. Recently,
such shifts have been reported for several 5d
metals.!”® These surface binding-energy shifts,
which measure the change in the electrostatic po-
tential at the core, yield new information on
charge redistribution in the surface layer which
accompanies the large reconstruction and/or re-
laxation that invariably occurs for semiconduc-
tors.? GaAs(110) is the prototype surface since
its atomic structure is the best understood of any
semiconductor; there is general agreement that
surface As atoms move outwards and surface Ga
atoms move inwards, with a ~25° bond-angle ro-
tation®*® and a charge transfer from Ga to As sur-
face atoms.” For GaAs(110), we find that the sur-
face Ga 3d level is shifted to larger binding ener-
gy by AEz=+0.28 eV, while the As 3d level is
shifted to smaller binding energy by AE 5 =- 0.37
eV relative to their bulk counterparts. Compara-

ble binding-energy shifts are observed for GaSb
(110): AEZ(Ga 3d)=+0.30 eV and AE;(Sb 4d)
=-0.36 eV.

To our knowledge, the only calculations of such
geometry-dependent binding-energy shifts for
semiconductors are ab initio valence-band calcu-
lations using small clusters which have been used
to study the reconstruction and/or relaxation and
oxidation of GaAs(110).* Barton, Goddard, and
McGill* have reported core-level shifts of AE ;(Ga
3d)=-0.19 eV and AE 5(As 3d)=+0.24 eV for re-
laxed surface atoms (25° bond-angle rotation) rel-
ative to unrelaxed surface atoms. However,
these shifts (of opposite sign) cannot be directly
compared to our experimental shifts, which are-
measured relative to bulk atoms. Semiconductor
surface core-level shifts relative to bulk atoms
have not been calculated using ab initio self-con-
sistent methods for lack of experimental data.
However, tight-binding calculations have esti-
mated that the surface relaxation is accompanied
by a charge transfer from Ga to As surface
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