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All-electron total-energy local-density studies of the structural, electronic, and magnetic properties
of ordered Au/Cr/Au(001) sandwiches were undertaken to understand the report of superconduc-

tivity and the induced structural modification of Cr{001}by Au overlayers by Brodsky et al. These
self-consistent spin-polarized calculations were carried out using the all-electron full-potential
linearized-augmented-phLne-wave method. Predicted structural properties, magnetic properties,
charge and spin densities, contact hyperfine fields, and single-particle spectra are presented and dis-

cussed. The Cr lattice is found to be the same as in its bulk bcc environment. The Au-Cr interlayer

spacing is expanded by about 3% with respect to the average of the bulk Au fcc and Cr bcc spac-
ings; this expansion is mostly due to the formation of magnetic order at the interface. An enhance-

ment of the Cr magnetic moment at the interface (to 1.55@~) is predicted, which while 0.94ju,~ less
than that found for the surface layer in Cr(001), indicates the persistence of Cr surface states near

Ep at the interface with the Au overlayers. These surface states, however, become more deloadized

by their hybridization with the low-lying Au d band. Both the bcc structure of Cr layers and the
magnetic character of the interface Cr states argue against models prcqxeed previously for the oc-
currence of superconductivity. We conclude that superconductivity is not a property for ordered
Au/Cr/Au(001} sandwiches but that disorder may play some role.

I. INTRODUCTION

Recent progress in the fabrication and property modifi-
cations of artifcial materials, such as thin films,
sandwiches, and modulated structures, has generated a
great deal of interest. The excitement surrounding this
development lies in the possible discovery and synthesis of
new materials with desired properties designed to specifi-
cation, which may peia~it new phenomena to be investi-
gated and novel devices to be made. Concurrently, ad-
vances in computational-theoretical approaches have
made precise results and successful predictions possible. '

In coordination with experimental st~A»es, these theoreti-
cal efforts have led to the appearance of new and quite
unexpected phenomena, and clues to understanding them.
Thus, for example, considerable interest exists in the
Cr(001)/Au{001} system because (i) the report of super-
conductivity in Au/CrAu(001) sandwiches [-25 A mul-
tilayers of Cr sandwiched by thick Au(001) films] by
Brodsky et al. ~ with a transition temperature up to 3 K,
(ii) a close to perfect epitaxial growth due to a nearly per-
fect match of the two-dimensional {2D) lattice translation-
al vectors for Au{001) and Cr(001} at the interface, and
{iii} the intriguing magnetic properties of both bulk and
surface Cr, which are related to the dramatic difference
between the bulk and surface electronic structures, offer
exciting opportunities for investigating their interface
electronic states and related physical properties. [For the
Cr(001} surface, an induced ferromagnetism in its surface
layer with an associated magnetic moment of 2.49y, n con-
current with antiferromagnetic coupling in the bu% has
been observed in rectmt angle-resolved photoemission ex-

periments and predicted theoretically in an independent
study. ]

The remarkable aspect of the reported existence of su-
perconductivity in Cr, which is expected to be related to
the existence of a high density of states (DOS) at Ey, or
N(E~), is that for bulk bcc antiferromagnetic Cr, Ey is
located in the deep valley separating bonding and anti-
bonding DOS peaks. For this reason, Brodsky et al. 2 pro-
posed that thick Au layers would cause a structural modi-
fication of Cr to the fcc lattice, and that superconductivi-
ty would follow from the formation of metastable fcc Cr
when sandwiched by fcc Au. This proposal was support-
ed by electronic energy-band calculationss for bulk fcc Cr,
where a high N(Ey) was found. Moreover, recent x-ray
diffraction experiments performed on Au/Cr/Au(QQ1)
sandwiches appear to confirm that the fcc phase forms a
major fraction of the epitaxial Cr domain. However,
several other experiments, namely, the analyses of extend-
ed x-ray adsorption fine structure (EXAFS} in the same
studys and low-energy electron-diffraction (I.EED) and
phototmnission studies of Cr on Au(001) by Zajac et al.
reveal that the Cr atoms are in a bcc environment.

The hypothesis that fcc Cr leads to superconductivity is
based on the structural and electronic properties of the
bulk lattice. However, there is another well-known
structural-geometrical related electronic mechanism that
is able to give rise to high N{E~}in the middle of the d
band for transition metals, namely, the reduction of local
symmetry and atomic coordination such as occurs at the
surface of a metal. In fact, this high surface DOS at Es
is directly related to several observed phenomena at (001)
surfaces, notably, structural phase transitions (in 4d and
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51 transition metals such as Mo and W} and surface-
induced enhancement of ferromagnetism {31transition
metals such as Cr, Fe, and Ni). In the case of a
transition-metal —noble-metal interface, the expectation is
that the effect of the noble-metal overlayers is to delocal-
ize the surface states of the transition metals. It turns
out, however, that the basic features of the surface elec-
tronic states are retained at the interface due to the dis-
similarity of their respective electronic structures (and less
than expected hybridization). This electronic behavior has
been demonstrated previously at the Ag/Fe(001) inter-
face. For Au/Cr(001), the same expectation of the per-
sistence of surface states at the interface should remain-
as verified theoretically from the band calculations of a
Au overlayer on top of four-layer Cr(001) by Feibelman
and Hamann. ' On the basis of their investigation, which
was limited to the paramagnetic state, these authors pro-
posed that the N(E~) arising from the interface states of
Cr is responsible for the superconductivity. It should be
emphasized that the surface layer of Cr(001} is ferromag-
netic, ' and the effo:t of nonmagnetic noble-metal over-
layers may not always act to quench the magnetism [as,
for example, in Ag/Fe(001) ]. In fact, recent photoemis-
sion measurements on Cr as an overlayer on Au confirms
that the magnetic ordering of the Cr layer persists at the
interface. As a consequence, there are obvious difficulties
in attributing the superconductivity to interface electronic
states. On the other hand, it becomes even more interest-
ing to further explore possible metastable structural prop-
erties as well as the electronic and magnetic properties of
the Au/Cr(001) interface, since the dilemma remains re-
garding bcc versus fcc structures and superconductivity
versus magnetism.

In this paper, we present results of a highly precise
self-consistent, all-electron total-energy full-potential
linearized-augmented-plane-wave (FLAPW) local-spin-
density-functional study of the structural, electronic, and
magnetic properties of Au/Cr/Au(001) slabs. In Sec. II
the calculation model and theoretical approach are briefly
described. Results on the structural properties (the inter-
layer spacings of Cr-Cr, Cr-Au, and Au-Au layers),
charge density, magnetic moment, and spin density, in-
cluding the contact hyperflne interaction, are presented in
Sec. III and compared with the corresponding results ob-
tained for the clean Cr(001) surface. The one-particle en-

ergy spectra are discussed in Sec. IV with particular re-
gard to the role played by the interface states of Cr in the
occurrence of interface magnetism. Finally, the relevance
of this work to the reported superconductivity is also dis-
cussed.

II. CALCULATIONAL MODEL
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v2 smaller than that of Au (4.08 A}. As is seen from
Fig. 1(a}, the resulting stacking has atoms in the fourfold
hollow site of adjacent atomic-layer planes. As mentioned
earlier in Sec. I, superconductivity in the Cr/Au
sandwiches has been attributed to a change in the Cr
structure from bcc to fcc. As is clear from Fig. 1(a), to
produce a fcc Cr layer structure by sandwiching with Au
would require an expansion of the Cr interlayer spacing
by exactly a factor of v 2. In this study, we adopt the
geometrical structure shown in Fig. 1. The
Au/Cr/Au(001) sandwich is represented by a single slab
consisting of seven atom layers —two layers of Au(001) on
either side of a three-layer Cr(001) film [cf. Fig. 1(b)].
The number of Cr layers is extended to five for studying
the effect of film size on the electronic and magnetic
properties of Au/Cr/Au(001) sandwiches. The interlayer
spacings are determined using the FLAPW total-energy
approach" by treating the Cr-Cr, Cr-Au, and Au-Au
layer spacings as independent variational quantities.

The local-density equations' are solved self-
consistently by use of the FLAPW method. ' In this
method, no shape approximations are made to the poten-

The remarkable feature about the Cr/Au(001) structure
is the almost exact matching in surface translation vectors
which makes it possible to grow samples with only a very
small lattice strain (0.02%). This is shown schematically
in Fig. 1(a) for fcc Au and bcc Cr, with the {001)plane of
Au(001) rotated by 45' with respect to that of Cr(001); in
this arrangement there is an almost exact matching of
their primitive 2D square nets because the experimental
lattice constant of Cr (2.88 A) is almost exactly a factor of

FIG. 1. (a) Schematic representation of an (001) interface of
fcc Au with (001) bcc Cr. Note that the Au lattice constant
(4.08 A) is exactly a factor of V 2 larger than that of Cr (2.88
A); the axis of Au is rotated by 45' with respect to that of Cr to
form an exact matching of their primitive 2D square net. (b)
Schematic geometrical structure of (110) planes of the
Au/Cr/Au(001) sandwich employed in the present work, where
Cr and Au atoms are represented by circles and triangles,
respectively.
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tial or charge density in solving Poisson's equation for a
general potential' and all matrix elements corresponding
to this general potential are rigorously taken into account
in all parts of space. In addition, we treat the spherical
cores fully relativistically and the valence electrons are
calculated semirelativistically. ' For the spin-polarized
studies we employ the explicit form of the von Barth and
Hedin'5 exchange-correlation potential with the Hedin-
I.undqvist'6 potential for the pariimagnetic case.

A total number of 550 augmented plane waves are used
as a variational basis set, split into two blocks of about
275 basis functions, each using the mirror-plane reflection
symmetry with respect to the center layer of the slab (z re-
flection). Within the muffin-tin (MT) spheres [with ra-
dius chosen to be equal to (V'3/4)a], the charge density
and potential are expanded into a lattice haimonic with
angular momentum components I & 8. A total number of
28 k points in the irreducible wedge of the 2D Brillouin
zone is used to converge the total energy and spin density.
Self-consistency is assumed when the root-mean-square
difference betwecm the input and output charge densities
and spin densities is less than 3 X 10 e/(a. u. ) .

IH. RESULTS

A. Structural properties

This section concerns the change of the interlayer spac-
ings near the Au/Cr interface form their respective bulk
values. More specifically, we explore: (i) the possibility
of long-range Au-Cr interactions causing the Cr lattice to
be in the metastable fcc structure, i.e., volume stretching
by 41%, and {ii) the value of the interlayer spacing at the
Au/Cr interface. For a seven-layer Au/Cr(3 —L)/Au
film depicted in Fig. 1(b}, we have three independent
structural variables, the Au-Au, Cr-Cr, and Au-Cr inter-
layer spacings. As a first step in examining the Cr and
Au lattice structure, we calculated the total energy of the
system for different combinations of bulk bcc and fcc in-
terlayer spacings for these three quantities. The results
are summarized in Table I, where possible configurations
are listed in order of decreiising total energy. Apparently,
just one layer away from the Au/Cr interface, bulk Cr
(bcc} and Au(fcc) structures are retained; this indicates
that metallic screening lengths induced by the interface
are of the order o'f the interlayer distance. Next, to be
more precise, total-energy calculations were performed as

a function of the Au-Cr interlayer distance with Cr and
Au kept at their respective bulk structures. For the
paramagnetic state, the results are shown by the solid
curve in Fig. 2. The total-energy curve shows an asym-
metric form with a higher energy close to the bcc side,
which reflects the outward pressure experienced by the Au
s,p-like electrons as the lattice is compressed. Further-
more, the minimum of the total energy occurs at a posi-
tion (indicated by an arrow in Fig. 2) which is very close
to an average of the bulk bcc and fcc spacings —a result
long suspected by materials scientists. Finally, with the
Au-Au and Au-Cr spacings held at their equilibrium
values, total energies are compared for Cr-Cr (i) at its bcc
value, and (ii) with a 5%%uo expansion from its bulk inter-
layer spacing, in order to examine the possible expansion
of the Cr lattice in the Au sandwich environment. We
find that case (i) has a lower total energy (by 9 mRy per
interlayer spacing). This result follows from the strong
local screening effect at the interface and the weak hy-
bridization between the Au and Cr d bands (discussed
below) and thus fails to justify the volume expansion of
the Cr lattice to the Au spacing as proposed previously2 to
account for the occurrence of superconductivity. Further-
more, this calculation clearly indicates the abruptness of
the transition-metal —noble-metal interface, as confirmed
by the experimental studies of the epitaxy and electronic
structure of p(1X1) Cr/Au(001).

Au/Cr {3-L)/Au {OOI)

CLP

C

I

Q
E

5mRy

B. Magnetic properties

We have shown above that the Cr atoms near the inter-
face tend to be in their metallic bcc lattice environment.
In addition, we recall that (i) for the clean Cr{001)surface,

TABLE I. Total energies (in Ry) for different combinations
of bulk bcc or fcc spacings for Au-Au, Cr-Cr, and Au-Cr inter-
layer distances in a Au/Cr(3 —I.)/Au(001) sandwich.

Au-Au

bcc
fcc
fcc
fcc

fcc

Interlayer spacing
Cr-Cr Au-Cr

bcc
fcc
bcc
fcc

fcc+bcc
2

E~ {Ry)

—158 590.534
—158 590.626
—158 590.762
—158 590.817
—158 590.843

bcc

FIG. 2. Total energy as a function of Au-Cr interlayer spac-
ing with Au and Cr at their respective bulk fcc and bcc lattice
values for the seven-layer Au/Cr{3 —L)/Au(001) sandwich.
Solid and dashed curves represent paramagnetic and spin-
polarized states, respectively; arrows indicate the corresponding
equilibrium Au-Cr lattice spacing.
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there is a ferromagnetic ordering at the surface layer with
a sizeable magnetic moment of 2.5ps per surface atom,
and (ii) the interface states localized at the Cr site near EF
retain the same feature of the surface states for Cr(001)
with Au overlayers on Cr(001), as found by Feibelman
and Hamann' and in this investigation [for Cr(001), these
surface states give rise to the surface ferromagnetic phase
transition]. As a result, one would question whether the
so-called "magnetic proximity effect, " as being generally
believed and observed to quench the magnetic ordering by
nonmagnetic materials, would be equally applicable to
this system. In this context it is also important to under-
stand the reported superconductivity of multilayers of
Cr(001} sandwiched by Au, owing to the exclusion of
magnetism and superconductivity under ordinary cir-
cumstances. We therefore carried out additional spin-
polarized calculations in order to investigate possible mag-
netic ordering near the interface.

Contrary to any so-called magnetic proximity effect, re-
sults based on the self-consistent calculations predict a
significant enhancement of the Cr magnetic moment at
the interface [to 1.75ps/atom at the Cr interface layer
and —1.07ps for the subinterface Cr layer in the
Au/Cr(3 —L)/Au sandwich] with respect to the Cr bulk
value (0.59ps). ' Furthermore, there is a sizeable induced
polarization of 0.06p,s on the interface Au site. It is obvi-
ous that a "bulklike" picture for Cr atoms at the Au/Cr
interface is no longer applicable. Instead, a close resem-
blance of the Cr interface states near Er to the Cr surface
states is more appropriate from an electronic structure
analysis (see below). In other words, although the pres-
ence of Au overlayers partially reimposes the bulk period-
icity, the low-lying d-band states of the Au ensures that
the surface states of Cr(001) near EF are not strongly per-
turbed. As a result, the Stoner criterion for interface fer-
romagnetism is still fulfilled, and, while the effect of the
Au overlayers is to decrease the magnetic moment by
about 0.9y, ii and OAp, ii from the corresponding values of
the three-layer Cr(001) film, the result still shows a sub-
stantial increase in the magnetic moment compared to
bulk.

These results were obtained as reported fox the Au-Cr
interlayex spacing at the average of the bulk fcc and bcc
spacings (i.e., calculated interlayer spacing for the
paramagentic state}. The effect of the magnetic ordering
on the total-energy and lattice spacing were further exam-
ined by means of total-energy spin-polarized calculations.
The results are presented by the dashed curve in Fig. 2,
which shows that {i) the inclusion of the spin-polarization
expands the Au-Cr interlayer spacing by about 3%, and
(ii) the total energy is lowered by 6 mRy (per interface) in
favor of the formation of an ordered magnetic moment.
In addition, me find that the effect of varying the Au-Cr
lattice spacings on the magnetic moment is small: the
magnetic moments increase to 1.82ps and —1.les for
interface and subinterface Cr atoms when the Au-Cr spac-
ing is expanded to that of the fcc lattice and decxease to
1.66@,q and —1.0pq when the Au-Cr spacing is contract-
ed by about 10%%uo from its equilibrium value. These small
effects again indicate the role played by the large separa-
tion in energy of the Cr and Au 1bands.

The interface (surface) ferromagnetism of Cr(001) is
closely related to the reduced dimensionality and lower
symmetry for atoms near the interface (surface). In fact,
for a monolayer Cr film sandwiched by Au(001), we
predict a giant magnetic moment of 3.les induced onto
the Cr site. ' This behavior can again be understood from
the electronic isolation of the 2D Cr monolayer. Howev-
ex, as reported above, the magnetic moment of this
single-Cr-layer structure is substantially decreased with
increasing number of Cr layers but still leaves a net total
moment of 2Aps for the Ar/Cr(3-L)/Au sandwich.
Hence, one expects that the effect of additional Cr layers
would possibly further reduce the magnetic moment of Cr
layers. This expectation is borne out by the calculation on
five layers of Cr{001) sandwiched by Au(001) (a total of
nine layers in the film}: the magnetic moment of the in-
terface and subinterface Cr atoms decreases somewhat to
1.55@,ii and —0.77ps, and a moment of 0.67ps is found
on the Cr site at the center of the film (cf. Table I). Since
the center layer value is close to the bulk value (0.59ps),
this indicates that the screening length for the spin density
induced by the interface is two atomic layers [which is
similar to that for the clean Cr(001) surface]. Moreover,
it ascertains that five layers of Cr can already give a good
quantitative description of the electronic and magnetic
properties of even thicker films when sandwiched by
Au(001).

valence charge

FIG. 3. Valence electronic charge density on the (110) plane
for the seven-layer Au/Cr(3 —1.)/Au(001) sandwich in units of
1&10 e/(a. u. ) . Adjacent contour lines differ by a factor of
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TABLE II. Theoretical work function {in eV) and layer-by-layer MT valence electron charge (in elec-
trons) and magnetic moment (in ps) for Cr(001) slabs and Au/Cx/Au(001) sandwiches from the surface
(S) to the center layer of the film.

Au/Cr/Au
Cr(3 —L) Cr(5 —L}

Cr{001}
Cr(3 —L) Cr(7 —L)

Charges in
spheres
S (Au)
S —1 (Au)
S—2 (Cr)
S—3 (Cr)
S—4 {Cr)

Moment
S
S—1

S —2
S—3
S—4
(Bulk)

%fork function (eV)

8.95
9.06
4.83
4.95

0
0.07
1.75

—1.07

5.57

&.95
9.06
4.83
4.95
4.95

0
0.06
1.52

—0.77
0.67
0.59

5.65

S (Cr)
S —1 (Cr)
S—2 (Cr)
S —3 (Cr)

4.69
4.95

2.70
—1.59

4.25

4.67
4.95
4.95
4.95

2.49
—1.29

0.89
—0.89

4.05

The calculations clearly show that the high local
density-of-states (or interface states) at Eq for Cr at the
Au/Cr interface tends to favor magnetism, which is oppo-
site to the mechanism reprted for superconductivity by
Feibelman and Hamann. '

C. Charge density and spin 4msity

In order to gain further insight into the formation of
the interface, we list in Table II the calculated results for
the layer-by-layer total charge density inside the MT
spheres and a comparison with the corresponding results
for clean Cr(001) films. As discussed previously, there is
a decrease in the total charge density inside the sphere at
the surface, due mainly to the loss of p-like charge into
the vacuum region. At the interface, this iimount of
charge is partially recovered by the imposition of Au
layers. Moreover, the charge density approaches the bulk
values very rapidly, as is sem from the constancy of the
charge within the Cr spheres just one atomic layer away
from the interface (or surface). Figure 3 prestmts the
charge-density map in the (110) plane of the upper half of
the Au/Cr(3 —L)/Au seven-layer film. It reveals that the
charge density in the center Cr layer already exhibits the
smne contours as do those for the inner layers of a Cr(001)
film. Further~ore, this short screwing length induced by
the interface is demonstrated in the calculated work func-
tion (5.60+0.05 eV; cf Table II) for our film geometry (the
Au surface layer is one layer away from the interface},
which is in excellent agreeinent with the experimental
work function of the Au(001) surface (5.57 eV).

Figure 4 presimts the corresponding spin density for the
Au/Cr(3 —L)/Au film. It exhibits antiferromagnetic
couphng arith appreciable spin polarization between adja-
cent Cr layers in the (001}direction and a relatively small
induced positive spin density on the Au site at the inter-
face. The layer-projected spin magnetic moments within
each MT sphere are also sum~arized in Table II. Both

for Cr and Au, the contribution to the spin polarization is
mainly due to the imbalance of the majority- and
minority-spin d-like electrons within each MT sphere; the
contribution from delocalized s- and p-like electrons is
less than 0.02ps.

spin densi ty

FIG. 4. Spin-density map on the (110) plane for the seven-
layer Au/Cr(3 —L)/Au(001) sandwich in units of 1/10
e/(a. u.) . Negative densities are indicated by dashed hnes. Ad-
jacent contour lines differ by a factor of 2.
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TABLE III. Electronic spin densities at the nuclei in the three-layer Cr(001) film and
Au/Cr(3 —L, )/Au(001) sandwich. The last column sho~s the ratio of the core spin density at the nu-
cleus and the corresponding magnetic moment in the corresponding sphere.

Hyperfine field (ko)
Core Valence Total

Moment

(pg)
H,f (core)/p&

(kG per unpaired spin)

Au/Cr(3 —I.)/Au
S (Au)
S —1 (Au)
S —2 (Cr)
S—3 (Cr)

Cr(3 —I.)

S (Cr)
S —1 (Cr)

-0
—320
—220

130

—352
199

—2100
—2400

98
—160

—2100
—2700
—122
—28

0
0.07

+ 1.75
—1.07

2.70
—1.59

—124
—123

—130
—125

g
D. Single-particle spcetra

The study of the density of states decomposed by layers
and I-like components gives some basic understanding of
the interface-related features and the mechanism of
interface-induced enhancement of magnetism. In Fig. 5

Consider now the spin density at the nucleus, which
gives the Fermi contact hyperfine field (H,t). In an ear-
lier study on Cr(001), we showed that (i) a three-layer film
can already give essentially the same H, r result for the
surface layer as do thicker films, and (ii) finite film size
effects on the valence contribution (from s-like electrons}
to H, f cannot be excluded from the calculation at the
center of the film. We therefore will mainly concentrate
on H,f for atoms at the interface of a Au/Cr(3 —L)/Au
film. Table III summarizes the contact hyperfine field,
conveniently decomposed into two components (the neg-
ative polarization of core s electrons and the contribution
from valence s-like elo:trons), for both clean and Au over-
layer covered Cr(001). As expected, the core-polarization
scales vary precisely with the corresponding magnetic mo-
ment (d moment) within each MT sphere, regardless of
the metallic environment. However, in contrast to the
reduction of the magnetic moment, there is an enhance-
ment of H,f for Cr atoms ( —122 kG) at the interface
compared to that of the surface layer of free Cr(001)
( —73 kG). This could be understood in terms of the large
decrease of the direct polarization of s-like conduction
electrons from its value for a free-standing surface for Cr
atoms to that at the interface (from 279 to 9S kG), due to
the partial reimposition of bulk boun my conditions by
Au overlayers. (At the free-standing surface, the s density
is more atomiclike and hence contributes a large direct
valence polarization to H,f.) Therefore, similar to the re-
sults reported for Ag/Fe(001), the use of the standard
model for bulk materials where H, f scales with the local
moment would lead to the wrong conclusion on the
behavior of the magnetic moment localized at the inter-
face. Also, we notice that the Au valence contribution is
very large and negative, indicating a direct exchange cou-
pling between the localized Cr moment at the interface
and the Au s-p electrons. This gives rise to a Ruderman-
Kittel-Kasuya- Yosida (RKKY)—type interaction and
yields a negative valence-electron-spin density at neigh-
borin Au sites.

we present the layer-projected local DOS (LDOS) for a
seven-layer paramagnetic Au/Cr(3 —L)/Au film. The
subinterface, or central, layer Cr atoms (S —3) already ex-
hibit the bulklike feature of having EF located in the DOS
valley separating bonding and antibonding states; differ-
ences are seen, however, in the LDOS of interface Cr
atoms (S—2)—band narrowing together with an enhance-
ment of the LDOS at EF. Although this behavior is less
pronounced than at the clean Cr surface, the surface states
that give rise to surface ferromagnetism in Cr(001) are
still present at the interface (but are more delocalized). As
a consequence, this high LDOS of interface Cr (S—2) at
EF (2.5 states/eV atom) induces a Stoner instability
[IN(EF) ~pl, where I, the exchange-correlation integral,
-0.70 eV] and ferromagnetic spin ordering at the Au/Cr
interface. The hybridization of the Au and Cr d bands
can be seen from (i) the increase of Cr d-like weight just
below E~ on the Au site (S—1}and the loss of states be-
tween —3 and —5 eV compared to clean Cr, but (ii) an
increase in d-like population below —5 eV for Cr atoms
(S—2}. However, this hybridization effect is local, as
seen from the LDOS one layer away from the interface-
a bulklike and surfacelike feature for Cr(S —3) and
Au( S) atoms, respectively.

Figure 6 shows the calculated energy dispersion of the
spin-up (majority-spin) states of interface Cr atoms, and
spin-down states in a seven-layer Au/Cr(3 —L)/Au film
along the high-symmetry directions of the 2D Brillouin
zone. The energy bands are sorted out for clarity into
states with odd (upper panel) and even (lower panel) pari-
ties with respect to 2D rotational symmetry. States with
odd and even parities with respect to z reflection are
represented by dotted and dashed lines, respectively. In-
terface states of Cr, shown by solid curve, are defined as
having their charge densities localized by more than 50%
in the interface layer. Note that the occupied interface-
state bands have a predominantly majority-spin character.
The localization of these surface-state bands near EF, as
well as their similarity with those of a clean Cr(001) sur-
face, indicates the persistence of the surface states at the
interface: note particularly, the upward dispersion of the
energy hmd with localized d~, d~, and d & 2 orbitals at
the interface along the I -X-M direction. However, it is
also noted that a considerable loss of weight of surfacelike
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FIG. 5. Layer-projected and I-decomposed partial density of states in units of states/eV atom in the paramagnetic state of a
seven-layer Au/Cr(3 —L}/Au(001} sandwich for the surface Au(S), interface Au(S —1), interface Cr(S —2), and subinterface
Cr(S —3) layers.

character occurs for states with binding energy greater
than 2.5 eV. This result is attributed to the hybri ization
with the Au d bands, which lie about 3—8 eV belo~ E~,
as shown by the nearly degenerate even and odd partner
(with respect to z reflection) of energy bands in Fig. 6.
(The interaction between Au overlayers on either side of
the film is prohibited by the presence of Cr layers in be-
tween. ) With an increasing number of Cr layers, the d, &-

like orbital near E~, such as long I'X direction, becomes
more extended (and delocalized at the interface layer),
which partially accounts for the slight reduction of the
magnetic moment {by 0.2ps) for thicker Cr films.

The l-decomposed partial LDO$ in the interface and
subinterface layer MT spheres of Cr are shown' in Fig. 7
for the spin-polarized state. As expected, the LDOS are
dominated by the d band and reveal a large spin-density
imbalance. Comparing the results for the interface and
subinterface layers shows the interface states to lie in the
valley between banding and antibonding bulklike peaks.
The magnetic exchange splitting is faund to be 1.3 eV for
the interface states of Cr.

IV. DISCUSSION

One motivation of this investigation was to elucidate
superconductivity (up to 3 K) of Au/Cr/Au(001) sand-
wich structures reported in Ref. 2. To date, two models
have been applied to account for this behavior: (1) the ex-
istence of Au-Cr long-range intcmction which changes the

Cr layer structure from bcc to fcc, as suggested by Brod-
sky et al. z [this assumption is supported by the calcula-
tion of Xu et al. on fcc Cr, with a lattice constant of 3.7
A, which yields a high N(Er )=2.15 states/eV], and (2}
from their band-theoretical study, Feibelman and
Hamann' proposed that the high density of interface
states at EF acts as an effective barrier ta reducing the
proximity effect and leads to the occurrence of supercon-
ductivity.

From the results of our total-energy calculations as a
function of lattice spacings, it becomes unrealistic to ex-
pect model 1 associated with an anomalously volume ex-
pansion (40/o) of the Cr lattice, to be correct. This con-
clusion is consistent with EXAFS measurements6, which
reveal that Cr atoms in the sample are in a bcc environ-
ment. Furthermore, our calculation also confirms the
persistence of Cr surface states at the interface as in Ref.
10. More importantly, however, as in Cr(001), these inter-
face states are magnetic in nature 'arith a sizeable magnetic
moment of up to 1.55Irs for Au/Cr(5 —L)/Au(001). This
prediction of magnetism is in sharp contrast to the claim
of Ref. 10 (i.e., model 2, that the high N{EF} of the
paramagnetic state is favorable for the occurrence of su-
perconductivity. Based on our spin-polarized and total-
energy calculations, we conclude that the superconductivi-
ty should be suppressed for Au/Cr/Au(001) sandwiches,
due to the strongly magnetic character of the interface
states, which leads to magnetic ordering.

Recently, the epitaxy and electronic properties of
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p(1X 1)Cr/Au(001) have been studied extensively by Za-

jac ei al. , using LEED, Auger, photoemission, and
electron-lms spectroscopy. Their results, taken on films

prepared at high depo. ution temperatures (100—150'C) are
viewed as favoring a bcc model of Cr- =xcept for the
LEED data, which are as consistent with the fcc structure
as with the bcc. Furthexxuore, from the examination of
the epitaxy, they conclude that the superconductivity state
disapp&ssred once the growth conduction favored epitaxy.
In fact, Brodsky et a/. report the degradation of super-
conducting properties with time for samples prepared at
room temperature in a sample dependent manner: a drop
of T, with time when the sample was stored at room tem-
perature; however, the observed superconductivity was
found to be quite stable if the sample was kept at liquid-
nitrogen temperatures. This behavior clearly implies that
some sort of annealing from the sample, as prepared to
stable or long-term metastable equilibrium structure, takes
place. Earlier, superconductivity had been observed in
samples of sputter-deposited bcc Cr films, ' where the su-
perconductivity was attributed to the dilute solution of
noble gas in chromium metal (disorder hypothesis). Fi-
nally, the apparent disagreement between the x-ray dif-
fraction and EXAFS results is resolved if at most only
10—20% of the sample is fcc, since then the EXAFS
would not be able to detect differences from the bcc.s

It should also'be emphasized that the results obtained
do not rely on the thin-slab approximation employed in
this investigation. This can be verified from the fact that
(i) the work function of our slab is identical to that of the
Au(001} surface, and (ii) the magnetic moment of the Cr
layer at the center of the slab is very close to bulk Cr for
the Au/Cr(5 —J.)/Au(001) nine-layer film. In fact, our
results meet the consistency of an independent band-
structure total-energy calculation by Oguchi and Free-
man22 using the linearized muffin-tin orbital method~s as
well as the bulk FLAPW method~4 for 1X1 and 3X3
coherent modulated Au/Cr structures. For the 3X3
Au/Cr modulated structure, magnetic moments of 1.85@,s
and —1.05ps are found for the interface and subinterface
Cr atoms; in addition, there is an induced moment of
0.08ps on the adjacent Au site, and essentially no moment
on Au just one-layer beyond the interface. Oguchi and
Freeman'~ also find that the Au-Cr alloy with a NaCl
structure has a Stoner factor greater than one. These re-
sults lend support to the suggestions that the supercon-
ductivity is closely tied to disordered Cr.

V. SUMMARY

We have presented the results of self-consistent, all-
electron local-spin-density-functional calculations on
Au/Cr/Au{001) sandwiches using the FLAPW total-
energy method with a single-slab approach. For the struc-
tures thus determined, we find that (i) one layer away
from the interface, Cr-bcc and Au-fcc bulk structures are
retained, and (ii) the Au-Cr interlayer spacing is very close
to the average of the bulk bcc and fcc spacings. We have
shown that the basic features of surface states and surface
ferromagnetism of Cr(001) are retained {although more
delocalized} at the Au/Cr(001) interface. The effect of
the Au overlayers decreases the magnetic moment by 0.94
and 0.5ps from the corresponding values of surface and
subsurface atoms of the Cr(001) surface. However, a dif-
ferent trend is predicted for the hyperfine contact field of
Cr at the interface —the abiolute magnitude is enhanced
by about 50 kG. The inclusion of magnetic other near the
interface expands the Au-Cr spacing by 3% from its value
in the paramagnetic state. From the agreement with ex-
periment of both the calculated work function and the
magnetic moment localized at the center Cr layer, it is
concluded that a nine-layer slab [Au/Cr(5 —L}/Au(001)]
can already give a good quantitative description of the
electronic and magnetic properties of even thicker
sandwiches (the screening length induced by the interface
is of one atomic layer for the charge density and two
atomic layers for the spin density).

Models proposed so far to account for the superconduc-
tivity were found to be incoinpatible with results of our
total-energy and spin-polarized calculations: we conclude
that superconductivity is not a characteristic of the "or-
dered" Au/Cr interface. Our results are consistent with a
recent experimental study of the epitaxy and electronic
properties of p ( 1 X 1) Cr/Au(001) as well as an indepen-
dent calculations on bulk modulated Au/Cr layer struc-
tures.
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