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A self-consistent calculation of the magnetic and electronic properties of the chromium (100) and
(110) surfaces and of a chromium monolayer on the (100) and (110) iron surfaces is presented. It is
found that (i) the (100) chromium surface is ferromagnetic with a greatly enhanced spin polarization
(3.00 electrons); (ii) a substantial enhancement of the spin imbalance exists se;veral (>5) layers into
the bulk; (iii) the (110) chromium surface is antiferromagnetic with a large (2.31) spin imbalance; (iv)
the (100) chromium monolayer on ferromagnetic iron is ferromagnetic, with a huge spin imbalance
(3.63), and aligned antiferromagnetically with respect to the bulk iron; (v) the (110) chromium mono-
layer on ferromagnetic iron is also ferromagnetic, with a spin imbalance of 2.25 and antiferromag-
netically aligned to the iron. The spin imbalance of chromium on iron (100) is possibly the largest of

any transition-metal system.

I. INTRODUCTION

There is considerable current interest in the magnetism
and related electronic properties of 3d transition-metal
surfaces and overlayers. These metals exhibit itinerant
magnetism: their magnetization derives from the
itinerant d electrons. In moving down the Periodic Table
from Ni, there is a decrease in the number of these d elec-
trons (an increase in the number of d holes) and a conse-
quent increase in the bulk magnetization' from 0.61 Bohr
magnetons in Ni, to 1.72 in Co, and 2.22 in Fe. Beyond
Fe lie the more complicated magnetic structures of Mn
and Cr which display localized moments but no net mag-
netization. In all these elements, the itinerant nature of
the d electrons makes the magnetic properties a sensitive
function of local environment. Consequently, the pres-
ence of a dissimilar neighbor, as found in an interface, or
the absence of some neighbors, as found at a surface, may
cause considerable changes in the local magnetic proper-
ties.

Bulk chromium occurs in the body-centered-cubic
structure with an antiferromagnetic (AF) ground state
modulated by an incommensurable spin-density wave
(SDW). The SDW is in one of the (100) directions with
a wavelength of approximately 21 lattice spacings.>? The
magnetization at the maximum is 0.59 Bohr magnetons.?
Experimentally it is found that the addition of small
amounts (approximately 1%) of group VII impurities
such as Mn produces a simple AF structure* with a mag-
netic moment of approximately 0.67 Bohr magnetons. In
this structure atoms in the body-centered positions of the
bee lattice have spins pointing only in one direction;
atoms in the corner positions have spins in the opposite
direction.

This simple AF structure demands that (100) planes
contain atoms of only one spin direction. Consequently,
the (100) surface is expected to possess ferromagnetic or-
der. Evidence of this planar ferromagnetism is found in
the electron-capture spectroscopy results of Rau and
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Eichner.’ Their sample, however, displayed a c(2Xx2)

structure indicative of impurities, which may have affect-
ed their results. The (100) surface has been examined also
by two angle-resolved photoemission experiments;®’ both
find a surface state or resonance at an energy approxi-
mately 0.70 eV below the Fermi level. Unfortunately the
experiments disagree on the symmetry of this feature.®
Klebanoff et al.” also found a surface-related feature with
a very small binding energy.

The (100) surface of chromium has also been examined
theoretically’~!! by means of a simple exchange interac-
tion and a tight-binding approach which neglected the sp
conduction electrons. Allan® finds that the surface mag-
netization is very large (2.8 Bohr magnetons) relative to
the bulk and argues that this enhancement should
penetrate into the bulk, decreasing by a factor (—0.5) per
layer. (The negative sign refers to the AF.) Grempel!!
finds a surface spin polarization of 2.6 Bohr magnetons,
and a very high surface Curie temperature. ’

Feibelman and Hamann,'? in an effort to explain the
superconducting properties of Au-Cr-Au sandwich
films,'3 performed paramagnetic calculations within the
local-density formalism for Cr (100) surface and overlayer
systems. Near the Fermi level they found a large feature
in the Cr surface layer which remained substantially unaf-
fected by the application of, for example, a gold overlayer.

The (110) planes cut the simple AF bcc lattice so that
an equal number of up and down spins are encountered.
The (110) surface should therefore be an AF one. There
have been two photoemission experiments on the Cr (110)
surface. The experiment of Johansson et al.'* found no
evidence of surface states; the later experiment of Wincott
et al.'> measured the dispersion of a surface state (binding
energy of approximately 0.2 eV) along A. The periodicity
of their spectra suggests an AF surface.

Stainless steel is the name given to a family of iron-
based alloys which contain at least 12% chromium.
Auger electron spectroscopy'® shows that when a 304
stainless-steel sample (a common type) is heated, there is a
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strong enhancement of the Cr concentration at the sur-
face. This is in agreement with chromium’s lower heat of
crystal formation.!” It is this enhanced concentration of
Cr at the surface which, when oxidized, is influential in
preventing the rusting of the steel.

In this paper we present results of calculations for the
magnetic and electronic properties of the (100) and (110)
surfaces of Cr, and for the systems consisting of a mono-
layer of Cr deposited on the Fe (100) and (110) surfaces.
We use a Slater-Koster parametrized tight-binding scheme
in which the one- and two-center integrals are fitted to the
bulk band structure. The electron-electron interaction is
treated self-consistently in a single-site approximation.
This scheme has been previously used and has produced
excellent agreement with both experimental data and
state-of-the-art calculations.

II. CALCULATION

In this section we describe our calculations. In Sec.
II A we describe the Hamiltonian and in Sec. II B we ex-
amine the numerical accuracy of our work and the possi-
ble errors introduced by our major approximations.

A. Hamiltonian

We take our Hamiltonian to be the sum of a one-
electron term H, and an electron-electron interaction
teem H,,. For H, we choose the parametrized tight-
binding scheme of Slater and Koster.!® The Hamiltonian
H, is written in terms of one- and two-center integrals,
which are treated as parameters chosen to fit the bulk
band structure. We use the calculated paramagnetic bulk
band structure of Moruzzi et al.'® for both chromium
and iron. We include s, p, and d orbitals with interac-
tions up to second-nearest neighbors. For the matrix ele-
ments between Cr and Fe we take the geometric mean of
the respective Cr-Cr and Fe-Fe matrix elements. The two
sets of intersite matrix elements are similar, so the results
are insensitive to the precise scheme for choosing the Cr-
Fe matrix elements.

For the Fe or Cr electron-electron interaction we use a
single-site approximation which has been extensively dis-
cussed, . :

He-e = 2 2 UaByﬁciLaciTBa’ciya'ciﬁa ’ (1)
ioo’ aBy8
“where c,Iw creates an orbital of symmetry a and spin o at
site i.
We treat H,, in the Hartree-Fock approach; we can,

with some approximation, reduce H,_, to a simple form
for the on-site potential shifts,

AEg,=—5(U—~D){mgye) —J{(my,)
+ 5 (U =20 +J)ngy—nd,)

+Vsd<ns—ns°>+Vdd<nd—n3) R
(2)
AEsa=Vss<ns-ns0)+Vsd<nd—n3) .

Here, AE,,, is the on-site potential shift for a d orbital of
symmetry v and spin o, measured relative to the value for
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the pure magnetic metal. By my,, we denote the spin po-
larization (n4,,—n,,;) in the d orbital of symmetry v at a
given site, and

Myqs= 2 Myyo -
v

The total d occupancy at the site is denoted by

na=2 Navo »
vd
and the value for the respective pure metal is n3. Quanti-
ties for s and p orbitals are similarly defined. In (2), s
refers to the entire sp complex.

We define U as the on-site direct Coulomb integral be-
tween' d orbitals of the same symmetry [rescaled by corre-
lation effects (see below)], U’ is the integral between d or-
bitals of different symmetry, and J is the exchange in-
tegral. We define V ;= U’—0.5J, which gives the effec-
tive (repulsive) interaction between d electrons, aside from
magnetic effects. We similarly define an effective interac-
tion ¥V, among sp electrons, and ¥V between sp and d
electrons. We neglect the on-site exchange integrals other
than those between d orbitals. = Atomic symmetry
demands that U=U'+2J. The ratio U:J is taken to be
5:1 as suggested by Herring.?! The absolute magnitude of
U is scaled to give the correct bulk magnetization
@=0.67up for simple AF chromium and p=2.22up for
iron. We use Auger-electron-spectroscopy data for Fe to
set V4, for both elements. The negligible charge rear-
rangement between paramagnetic and antiferromagnetic
Cr, even when V,; =0, demonstrates that the slight inac-
curacy in the value of ¥V ; for chromium is not important.

It is difficult within the tight-binding approximation to
treat charge transfer accurately at the surface. To avoid
this problem and still treat charge transfer and potential
shifts at the surface in a simple way, we impose upon our
potential the constraint

Ansp=And =0. (3)

That is, the average on-site potentials of the d orbitals and
of the s and p orbitals are fixed by the requirement that
the total occupancies of the sp and d complexes at any
site should not differ from the bulk values. More fully
self-consistent calculations®?~2* suggest that the d band
gains or loses no more than 0.1 electrons at the surface.
By neglecting this, we may expect to alter the calculated
surface magnetization by less than a tenth of a Bohr mag-
neton per atom, an acceptable level of error.

We calculated the total energy of each self-consistent
state using the well-known formula?

1
€k— 7 E H,,
n'k’

E=3

) 4)
nk .

where €, is the one-particle removal energy and the sums
are performed over the occupied states. The nonintuitive
term involving H,, corrects for the double counting of
the electron-electron interaction.
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B. Accuracy

We discuss first the numerical accuracy of our calcula-
tion, and second the crucial approximations in our Hamil-
tonian and their effect on the reliability of the model.

Our calculation uses finite slabs of varying thicknesses
[11 for the Cr (100) surface, 9 for the Cr monolayer on Fe
(100), 7 for all (110) systems] to represent the metals and
their surfaces. Comparison with calculations performed
for the next thinner slab, e.g., nine layers for Cr (100),
shows only a slight difference (less than 0.01 electron) in
the surface spin polarization, thus suggesting adequate
convergence with respect to slab thickness. It is impor-
tant to note, however, that the central layer of the Cr slabs
does not exhibit bulk spin polarization. We have found,
by fixing the Cr polarization at the middle to extreme
values (zero and the bulk moment 0.67), that this
discrepancy does not influence the surface. Nonetheless,
it is clear that some of our interior layers are altered by ef-
fects arising from two surfaces instead of just one.

Convergence with respect to wave-vector sampling is
provided by 15 points evenly distributed throughout the
irreducible (100)-surface Brillouin zone and 25 points
evenly distributed throughout the irreducible (110) Bril-
louin zone. Evidence for the adequacy of this sampling
was presented previously.?

We recapitulate now the crucial approximations in our
Hamiltonian, and consider their effects. The use of a
tight-binding scheme at surfaces produces several difficul-
ties because it is unable to represent fully the nonspherical
spilling of the electronic charge density into the vacuum.
The resultant error in the charge transfer is handled in
our scheme by the approximation (3), in which the self-
consistent change in the potential is approximated by an
on-site term, determined by imposing a zero-charge-
transfer condition on the sp- and d-projected subbands
separately at each site. Comparison with fully self-
consistent calculations®?~2* suggests that this is an excel-
lent approximation. Still the uncertainty of up to 0.1 elec-
trons in the local d occupancy corresponds to a possible
error of up to one tenth of a Bohr magneton, which may
be measurable for Cr systems. However, there is no evi-
dence that any available method is accurate to better than
0.1up for inhomogeneous systems. Approximation (3)
also neglects the crystal-field splitting of the on-site po-
tential.

Our tight-binding representation of charge densities
also produces inaccuracies in the prediction of some Cr
surface features in the spectra. Results of a detailed com-
parison with a chromium (100) photoemission experi-
ment?’ suggest that we accurately predict the existence or
absence of surface features and qualitatively predict the
dispersion and intensities of those surface features. Errors
in binding-energy prediction, however, may be as large as
0.05 Ry.

Even within the bulk the use of a tight-binding Hamil-
tonian should be analyzed with care. This method pro-
vides a good treatment of the d band, but the handling of
the sp band is less accurate. Since sp-d hybridization
plays an important role here, the tight-binding approxi-
mation introduces some risk of reduced quantitative accu-
racy.

Our Hartree-Fock treatment necessarily exaggerates the
exchange splitting, which is reduced by correlation effects.
Our restriction that the elemental Fe and Cr have the
correct magnetic moment reduces the possible effects of
this error. Nonetheless, it is possible that the exaggerated
splitting may produce undesired consequences such as a
slight distortion of the calculated density of states (DOS),
which might make comparison with photoemission data
more difficult.

Finally, it is important to note that, if many-body ef-
fects are important, the one-electron DOS which we cal-
culate may not be the same as the excitation spectrum
measured by photoemission. In particular, bulk Cr exhib-
its a slightly compressed (approximately 20%) photoioni-
zation spectrum® compared to the calculated DOS.

Ultimately we must base our assessment of overall ac-
curacy upon comparison with reported results of fully
self-consistent calculations for simple systems, and with
experiment. Such comparisons are few, but they suggest
that our methods reliably predict?®?%2° the quantitative
magnetization of heterogeneous systems. Other important
conclusions that we draw either involve comparisons of
different systems, in which case our errors should approx-
imately cancel, or involve comparison with photoemission
spectra, where our errors can be easily estimated.

III. RESULTS

In this section we discuss the results of our calculations
and compare them with experiments and with other
relevant calculations. In Secs. III A and III B we discuss
the Cr (100) and the Cr (110) surfaces, respectively. The
Cr monolayer on Fe, which is a model for the stainless-
steel surface, is discussed in Sec. III C.

A. Chromium (100) surface

Our calculation gives a surface spin polarization of 3.00
electrons. This enhancement relative to the bulk, a factor
of 5.1 from the SDW maximum, is much larger than
that?®?® found in Fe and Ni. The magnitude of the
enhancement can be attributed to the large number of un-
polarized d holes present in the bulk. Consequently, the
decreased bandwidth found at the Cr surface, which leads
to a stronger effective magnetic interaction, can greatly
increase the surface spin polarization. Elements like Fe or
Ni, with fewer available unpolarized holes, experience
smaller changes in the same local environment.

The narrowing of the Cr DOS at the (100) surface is
shown in Fig. 1. It is clear that most d holes occur in the
minority subband. This subband is essentially concentrat-
ed in a single-peak structure entirely above the Fermi lev-
el. The surface DOS can be compared with the bulk DOS
shown in Fig. 2. Here the d holes are almost evenly dis-
tributed between the two subbands. Furthermore, it is
clear that both subbands have sizable strength on either
side of the Fermi energy, which falls in a valley of the bcc
DOS.
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FIG. 1. The d orbital component of the projected density of
states. (a) The chromium (100) surface layer. (b) The chromium
(100) second layer. Solid lines are states with the spin orienta-

tion of the surface minority states; dashed lines correspond to

the majority states.

Figure 1(b) shows the DOS projected at the layer im-
mediately below the surface. The width of each subband
is approximately equal to the bulk value, which is con-
sistent with the presence of all nearest, and most second-
nearest neighbors. The spin polarization is opposite to
that of the surface layer, which is consistent with the AF
of chromium. However, it is clear that there is a substan-
tial difference between the minority and the majority
DOS, suggesting that the spin polarization is not bulklike.

The spin polarization of the second layer is —1.56, sub-
stantially different from the bulk. The spin polarizations
of the third through sixth layers are 1.00, —0.93, 0.86,
and —0.85, respectively. A similar penetration of the
enhanced surface magnetization was found in the Fe (100)
surface,?® although there the effect is much smaller. This
penetration appears to be a direct consequence of the easy
availability of unpolarized d holes in bulk Cr. Each atom
feels the larger exchange splitting of its neighbor towards
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FIG. 2. The d orbital component of the bulk chromium den-
sity of states projected on one atom. Solid and dashed lines dif-
ferentiate the two spin directions.
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FIG. 3. Surface Brillouin zones.

the surface and responds by increasing its own; this is, in

“the case of Cr, an energetically very inexpensive process.

The (100)-surface Brillouin zone is shown in Fig. 3(a).
Several points have high symmetry. In particular I and

. M have symmetry C,, (see Table I), whereas X has sym-

metry C,, (see Table II). All symmetry lines have the
symmetry of a single reflection plane. At all points of
high symmetry it is possible to have symmetry gaps, i.e.,
areas of the energy spectrum where no states of a given
symmetry occur. In these symmetry gaps surface states
of that symmetry may exist: they are states entirely locat-
ed in the surface layers which make no connection with
the bulk continuum. These surface states exist despite the
absence of a true gap in the total density of states.

Figure 4 exhibits all states which are 60% localized
within the two outermost layers on each side of our 11-
layer slab.. Normally states are localized mostly on the
surface layer, but in this system the second layer is also
unique: It is the layer with the highest polarization for
spin direction opposite to that of the surface. It can
therefore have its own localized states. The minority state
of symmetry T's is one example of such a state.

Table III lists those states at the symmetry points T, X,
and M that are true surface states. The other states at
these symmetry points are resonances, i.e., continuum

TABLE 1. Character table for the point group Cy,.

Representation E C, 2C, 20, 204
1 1 1 1 1 1
2 1 1 1 —1 —1
3 1 1 -1 1 —1
4 1 1 —1 —1 1
5 2 -2 0 0 0
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TABLE II. Character table for the point group C,,. Opera-
tion o, is the reflection through the line perpendicular to ky in
the (100) surface, and perpendicular to ky, in the (110) surface.

Representation E C, o, o,
1 1 1 1 1
2 1 1 -1 _1
3 1 —1 1 1
4 1 —1 —1 1

states with a large amplitude at the surface.

One feature that may disturb the reader is that not all
our surface states come in an exact twofold degeneracy
arising from the two surfaces of the slab (the peaks at T’
above the Fermi energy are a clear example). The split-
ting is a consequence of the finiteness of the slab: The
surface states of one surface are able to interact with their
counterparts at the other surface.

The extensive agreement between our calculated surface
electronic structure and the photoemission data of
Klebanoff et al.” has been documented elsewhere.?’
Essentially it is found that the theoretical surface states of
symmetry f‘s correspond to the strong experimental sur-
face feature of the same symmetry with a binding energy
of 0.55 Ry. In particular, there is agreement with respect
to intensities and dispersions along A. The theoretical
surface state of symmetry T, just above the Fermi level,
probably corresponds to the experimentally observed
feature at the Fermi level; the theoretical dispersion to-
wards the Fermi level accounts for the observed intensity
at nonzero surface k vector. The final two theoretical
features at binding energies of 0.210 and 0.249 Ry are ob-
scured from the experimental spectrum by the presence of
a very strong bulk transition occurring near the same en-

ergy.

TABLE III. Surface states at special points of the (100)-

surface Brillouin zone.

Energy
Label (Ry)
T(11) + 0.050
T(51) —0.088
T(51) —0.095
T(1)) —0.210
M(21) + 0.064
M(31) + 0.021
M(11) —0.002
M4y) —0.074
M(4r) —0.201
M(51) —0.235
M(51) —0.237

B. Chromium (110) surface

Our calculation gives a two-atom unit surface cell with
AF ordering as the ground-state configuration. This con-
figuration is in agreement with the simple saw cut of the
bulk along the (110) plane. We were unable to find a fer-
romagnetic locally stable minimum in the ground-state
energy. The surface spin polarization in the AF configu-
ration is 2.31 electrons. This value is smaller than that
for the (100) surface as one would expect, since the (110)-
surface atom has six nearest neighbors, as opposed to four
in the (100) surface. A larger bandwidth, suggested by the
nearest-neighbor argument, is shown in Fig. 5(a).

Figure 5(b) shows the DOS projected on one of the
second-layer atoms, a nearest neighbor to the atom in Fig.
5(a). As befits its nearest-neighbor status in an AF struc-
ture, the spin polarization is opposite to that of the sur-
face atom. The spin polarization of 1.00 electrons is con-
siderably smaller than that of a second-layer (100) atom,
1.56. It is a consequence not only of the smaller (110)-
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FIG. 4. Surface states and resonances at the Cr (100) surface. States shown to the right of a particular k vector are states with the
spin orientation of the surface atom majority states; those shown to the left correspond to the minority states. The presence of two or
four degenerate states is shown by the increased length of the marker.
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FIG. 5. The d orbital component of the density of states pro-
jected on one atom. (a) The chromium (110) surface layer. (b)
The chromium (110) second layer. Solid and dashed lines dif-
ferentiate the two spin directions.

surface perturbation, but also of the larger interlayer dis-
tance in the (110) direction. In particular, (100) layers are
separated by 0.5a (where a is the lattice constant),
whereas (110) layers are separated by 0.707a, with a con-
sequent smaller coupling between layers.

The (110)-surface Brillouin zone is shown in Fig. 3(b).
The special points T, X, M, and X all have symmetry C,,
(see Table II). The symmetry lines contain only a single
mirror plane. Figure 6 indicates all states that are over
50% localized within the outermost layer. Note that the
up- and down-spin eigenvalues are identical because of the
complete AF of bulk and surface. However, the up- and
down-spin features show different symmetries at some
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wave vectors. It is a consequence of the availability of
two separate and distinct origins for the point-group
operations.

There also exists experimental disagreement on photo-
emission spectra taken at the (110) T point. The data of
Johansson et al.!* show no surface features; those of Win-
cott et al.'® show a state of presumed symmetry 33 which
was measured from T to X. The binding energy of this
state, 0.011 to 0.022 Ry, is smaller than the one we find,
but the dispersion is similar. In particular, we find the
lowest binding energy, 0.053 Ry, to occur at approximate-
ly three quarters of the distance from T to X, and for a
local maximum to occur at the middle point. We find
this state to be a resonance, not a surface state, because
the =; gap does not extend below the Fermi energy. Win-
cott et al.'® find an AF periodicity equal to ours. We be-
lieve that their inability to find our surface feature of
symmetry 1 is caused by the use of s-polarized light.
(Symmetry 2 features at I are undetectable in photoemis-
sion.) In their paper, however, they do not state the pre-

* cise polarization of their beam.

C. Chromium monolayer on iron

We have calculated the spin polarization of a Cr mono-
layer atop the Fe (100) surface to be 3.63 electrons, with a
ferromagnetic arrangement pointing oppositely to the
underlying Fe substrate. This value is the largest spin po-
larization we have ever calculated, or found in the litera-
ture, for a transition-metal system. It is interesting that it
occurs for a system as important as the preoxidized
stainless-steel surface. We were unable to obtain a local
stable minimum for a Cr ferromagnetic layer, ferromag-
netically ordered with respect to the iron.

Insight into this result may be gained by comparmg it
with the dilute FeCr alloy. Neutron scattering®® results
show that the isolated Cr atoms point oppositely to the
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FIG. 6. Surface states and resonances at the Cr (110) surface. States shown to the immediate right of a particular k vector are
states with one spin orientation; those to the left have the oppos1te spin. The presence of two degenerate states is shown by an in-

creased length of the marker.
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surrounding Fe bulk and have a spin polarization of 1.2
electrons, twice the maximum bulk value of the SDW.
This latter result presumably stems from the stronger
electron-electron interaction in Fe, and a consequent
stronger exchange splitting which helps Cr increase its
own splitting and magnetization. This is the same argu-
ment explored in great detail for the Fe-Co alloy?®, where
Co has the stronger electron-electron interaction. The
combined effect of diminished number of neighbors and
stronger Fe exchange results in the calculated large Cr
moment. We may understand the AF coupling by noting
that Mn is the element intermediate between Fe and Cr,
which suggests that the Fe-Cr interaction may be similar
to the Mn-Mn interaction. Manganese exhibits localized
moments but no ferromagnetism, implying that Fe and Cr
would not couple ferromagnetically either. Figure 7
shows the DOS projected on the Cr monolayer and on the
underlying Fe layer. The most obvious feature is the
enormous minority DOS at the Cr monolayer (peak value
of approximately 60/atom-Ry). It is a consequence not
only of the surface band narrowing, but also of the ab-
sence of Fe majority holes to which the Cr minority holes
(same spin) may be coupled. These two facts leave a sub-
band. with essentially no effective nearest neighbors, and
therefore very narrow. The underlying Fe atoms are
slightly affected by the Cr layer, and lower their spin po-
larization to 1.95 electrons.
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FIG. 7. The d orbital component of the projected density of
states. (a) The chromium (100) monolayer. (b) The iron (100)
interface layer. Solid lines are states with the spin orientation of
the minority bulk iron states; dashed lines correspond to the ma-
jority states.

Consideration of a Cr monolayer atop the Fe (110) sur-
face suggests several alternative configurations. One
might expect the monolayer to be AF because of the AF
interaction of each Cr atom with its four Cr neighbors.
This arrangement forces half the Cr atoms to have a fer-
romagnetic interaction with the four underlying nearest
Fe atoms. As already discussed, Fe has a very strong ef-
fect on the Cr spin polarization (it doubles the value of
the Cr polarization in the dilute alloy). The Fe substrate
therefore would favor a ferromagnetic Cr monolayer, with
AF order with respect to the bulk. Clearly there are two
competing effects, and the nature of the ground state can
be determined only after a detailed calculation.

We find that the ground state consists of a ferromag-
netic Cr monolayer with its spins oriented in the direction
opposite to the Fe substrate, similar to the Cr-on-Fe (100)
arrangement. The spin polarization of the Cr is 2.25 elec-
trons, smaller than the pure Cr surface. There is, as in the
(100) monolayer, a small decrease in the spin polarization
of the underlying Fe layer to a value of 2.03 electrons.
The projected DOS at the Cr layer and at the underlying
Fe layer is shown in Fig. 8. Changes from the bulk DOS
are not spectacular and mostly they reflect just the in-
creased spin polarization.

We find that a structure consisting of an AF chromium
layer is metastable: It produces a local minimum in the
total energy curve, 0.05 Ry/surface atom above the
ground state. The spin polarizations of the two different
Cr atoms are 3.03 and —3.31 electrons, with the larger
magnitude corresponding to the atom with AF arrange-
ment to both its Cr and Fe nearest neighbors. It is clear
that because of the different magnitudes of the spin polar-
izations the Cr monolayer is not truly AF, but rather fer-
rimagnetic. One finds in the projected DOS (Fig. 9) a
narrow and tall minority-hole peak on the second atom
for much the same reasons as those given for the (100)
monolayer results.
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FIG. 8. The d orbital component of the projected density of
states. (a) Ground state, the Cr (110) monolayer. (b) Ground
state, the Fe (110) interface layer. Solid lines are states with the
spin orientation of the minority bulk iron states; dashed lines
correspond to the majority states.
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FIG. 9. The d orbital component of the projected density of
states for the antiferromagnetic chromium monolayer on iron
(110). (a) Chromium atom with the iron spin orientation. (b)
Chromium atom with spin pointing oppositely to the iron spin
direction. Solid lines are states with the spin orientation of the
minority bulk iron states; dashed lines correspond to the majori-
ty states.

IV. CONCLUSION

The (100) surface of Cr is found to be ferromagnetic
with a spin polarization of 3.00 electrons, whereas the
(110) surface is found to be AF. Both magnetic configu-
rations are in agreement with experiment and constitute
the configuration of the (100) and (110) planes in the com-
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mensurable AF bulk structure. At both surfaces there is
considerable penetration of the greatly enhanced surface
magnetization into the bulk. Both the large surface spin
polarization and the penetration may be understood as
consequences of the large number of d holes available for
spin polarization. A very strong surface state of symme-
try T's is found at the center of the (100)-surface Brillouin
zone. This is in agreement with a recent photoemission
experiment in Cr.

Chromium monolayers on Fe are found to be ferromag-
netic, with the Cr spins aligned in the opposite direction
to the Fe spins. At the (110) surface this arrangement
forces Cr nearest neighbors to have the same spin direc-
tion, a result which indicates the strength of the Fe-Cr in-
teraction. The (100) Cr monolayer possesses the largest
spin polarization for a transition-metal system known to
the authors. This polarization, 3.63 electrons, is caused
by the combination of (100)-surface-band narrowing and
the strong antiferromagnetic Fe-Cr interaction.

Many predictions made here regarding magnetic con-
figurations could be easily tested by photoemission experi-
ments. In particular x-ray spin-polarized photoemission
could easily check the antiparallel arrangement of the Cr
and Fe spins, since the Cr core levels should order their
excitation energies oppositely to those of Fe. Enhanced
magnetization of the Cr surfaces could be deduced from
the increased differences between the up- and the down-
spin excitation energies relative to those in the bulk. We
hope that our results will stimulate additional experimen-
tal work aimed at determining the behavior of these ex-
tremely magnetic systems. )
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