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ABSTRACT .

A self-consistent calculation of the magnetic and electronic
properties of the chromium (100> and (110 sur%ates and of a
chromium monolayer on the (100) and (110> iron surfaces is
pressnted. I+ is found that: (a> the (100) chromium surface s
terromagnetic with a greatly enhanced spin polarization (3,00
glectronsy; (b} a substantial enhancement of the spin imbalance
exists several (23) fayers into the bulk; {(c) the (110 chromium
surface is>antiferromagnetic with a large (2.31) spin imbalance;
(d» the (100> chromium monolayer on ferromagnetic iron is
ferromagnetic, - with a huge spin imbalance (3.463>, and aligned
antiferromagnetically wiﬁh respect - to the bulk iron; (e} the
(110> chromium monoI;yer. on ferromagnetic iron is also
ferromagnetic, with a spin imbalance of 2.25. and
antiferromagnetically aligned to the ifon. The spin imbalance of
chrémium sn  iron (100). is possibiy the laréest of any

transition—-metal system.
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t.= INTRODUCTION.

There is considerable current interest in the magnetiesm and
related electronic properties of 3d transition-metal surfaces
and owerlayers. These metalé exhibit itinerant magnetism: their
magnetization derives from the itinerant d electrons. In mouing
down the periodic table from Ni, there is a decrease in the
number of these d electrons (an increase in the number of d
holes), and a conseduent increase in the bulk magnetization [11
from 0.81 Bohr magnefons 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 magnetization. In
all these elements, the itinerant nature of the d electrons
makes the magnetic .propefties a sensitive function of local
environment. Conséquent]y the ptesénce of a dissimilar neighbor,
as found in an interface, or the absénce of some neighbors, as
tfound at a surface, may cause considerable changes in the local

magnetic properties.

Bulk chromium occurs in the body-centered cubic structure with an
antiferromagnetic (AF)> ground state modulated b an
incommensurable spin—-density wave (SDW). The SDW is in one of the

(100> directions with a waoelength of approximately 21 lattice
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spacings [2]. The magnetization at the maximum >is 0.5% Bohf
magnétons (21. Experimentally it is fﬁund that the addition of
small amounts (approximately ) of group VII impurities such as
Mn produces a simple AF structure [4]1 with a magnetic moment of
approximately 0.47 Bohr magnetons. In this structure atoms in the
body-centered positions of the bcc lattice have spins poinﬁing
only in one direction; atoms in the corner positions have spins

in the opposite direction.

This simple AF structure demands that <100> ptanes contain atoms
of only one sbin direction, Consequently the (100> surface is
expected to possess ferromagnetic order, Evidence of this planar
¥erromagnetism> is found in the electron-capture spectroscopy
results of Rau and Ei?hneb [S5]1. Their sample, however, displayed
a c(2x2) structure indicative of impurities, which may have
attected their results. The (100) sur%ace»has been examined also
by two angle-resolved photoemission experiments [4,71; both find
a surface state or resonance at an energy approximatély 0.70 eV
below the Fermi level. Unfortunately the experiments disagree .on
the symmetry of this feature [8i. Klebanoff et al. [7]1 also found

a surface-related feature with a very small binding energy.

The (100 zurface of chromium has alsoc been  examined



theoretically [9-111 by means of a simple exchange interaction
and a tight-binding approach which neglected the sp conduction

electrons. Allan [?] finds that the surface magnetization is very
large (2.8 Bohr magnetons) relative to the bulk and argues ‘that
this enhancemenf should penetrate into the bulk, decreasing by a
tfactor (~0.35) per layer. (The negative sign retfers to the AF).
Grempel [11] +inds a surface spin polarization of 2.8 Bohr

magnetons and a very high surtace Curie temperature.

The <110> planes cut the simple AF bcc lattice so that an equal
number of up and down spin; are encountered. The (110) surface
should therefore be an AF one. There have been two photoemission
experiments on the Cr (;10) surface. The experiment of Johansson
et al. [121 found Aﬁo evidence of surface states; the later
experiment of Wincott et al. f13] measured the dispersion of a
surface state (binding energy of approgimately 0.2 eV) along 2;

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 !ea;t 124 chromium. Auger electron
spectroscopy [14] shows that when a 304 stainless steel sample (a
common type) is heated, there is a strong enhancement of the Cr

concentration at the surface. This is in agreement with
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chromium’s lower heat of crystal formation [151. 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 monolayér of Cr deposited on

the F2 (100D and (110 surfaces. We wuse 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 &alcdlations.
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2.- CALCULATION.

In this section we describe our calculations. In Section 284 we
describe the Hamiltonian and in Section 2B we examine the
numerical accuracy of our work and the possible errors introduced

by our major approximations.
28.- HAMILTONIAN.,

We take our Hamiltonian to be the sum of a one—elecfron term
Ho and an electron-electron interaction term He‘e . For Hy we
choose the parametrized tight-binding scheme of Sltater and Koster
(t8]. The Hamiltonian Hg  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
bultk band structure of Moruzzi et al. fl?] for both chromium and
iron. We include s, p, and d orbitals with interactions up

to second-nearest neighbors. For the matrix elements’between Cr
and Fe we take the geometric mean of the respective Cr-Cr -and
Fe-Fe m#trix 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.
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For the Fe or Cr electron-electron interaction we wuse a
single—-site approximation which has been extensively discussed

[191,

¥ r ot
He.e— Z U“fX$ ckuﬁ- CL}G"‘:@XG. C“;SG_ ' (1)

K ujngﬁ
where CT““_ creates an orbital of symmetry X and spinQ at site

We treat He'_e in the Hartree-Fock approach; we can, with some

approximation, reduce He_e to a simple form for the on-site

potential shifts,
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Here, [} Eévcis the on-site potential shift for a d orbital of

symmetry VY and spin G , measured relative to the value for the

pure paramaqnetic metal, By m ‘ we denote the spin
dva

polarization (n - N, =— ) in the d orbital of symmetry
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the wvalue for the respective pure metaf is
2 and p orbitals are similarly defined. In (2), 3 refers to

the entire sp complex.

We detine U as the on-site direct Coulomb integral between d

w

orbitals of the same symmstry (Peécaled by correlation eoffects;
zee belowr, U7 is the integral between d orbitals of different
symmetry, and J is the exchange integral. We define

UéA'EE 4= 3.5 J, which gives the effective <(repulsive)

intsraction between d 2lectrons, aside from magnetic effects.

We  similarly define an affective interaction U

‘ss amonq Sp

electrons, and'gsa be tween ég'and d elactrons. lie neglecf the
on-site exchange integrals other than those between 4 orbitals,
Atcmic symmetr» demands that U = U’ + 2J. The ratio U:J is taken

to be S:! as suggested by Herring [19]. The absolute magnitude of
U is scaled to give the correct bulk magnetizat}on /F = D'é?/Eb
We wuse

for simple AF chromium and.jM~= 2.22/&5 for iron.

Auger-electron spectroscopy data for Fe to set QAA for  both
2lemsnts. The neqligible charge rearrangement between
paramagnetic =znd antiferromagnetic Cr, ewven when UAJ = 0,

demostrates that the siight inaccuracy in the value of U&A for
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chromium is not important.

It iz 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
= =0 . (3
A“SF Anl

That is, the avefage 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 #rom the bulk values. More fully
sélf—cohsistent calculations [20-22] suggest that the d band
gains or loses no more than 0.1 eleﬁtrons at the surtace. By
neglecting this, we may expect to alter the. calculated surtface
maqnetization by less than a tenth of a Bohr magnetdn per atom,

an acceptable level of error.

We calculated the total enerqy of each self consistent state

using the well-Known formula [23]
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n

where E%: is the one-particlie removal energy and the sums are
performed over the occupied states. The nonintuitive term
involwving He-e corrects for the double counting of the

electron—-electron interaction.
2B.- ACCURACY

We discuss first the numericaf accuracy of our calculation, and
second the «crucial approximations in our Hamiltonian and their
effect on the reliability of the model.

Qur calculation uses ginite slabs of varying thicknesses [eleven
for the Cr (100) surface, nine for the Cr monolayer on Fe (100>,
seven for all (110) sy¥stems]l to représent the metals and their
sﬁr%aces. Comparison with calculétioné performed for the next
thinner slab, e.g. nine layers for Cr (1002, shows oﬁ]y a slight
difference (less than 0.01 .electron) in the surface spin
polarization, thus suqgesting ;dequate convergence with respect
to slab thickKkness, It is important to note, however, that the
central laver of the Cr slabs does not exhibit bulk spin

polarization. We have found, by fixing the Cr polarization at the



middle to =xtreme values (zero and the bulkK moment 0.4&72 that
this discrepancy does not influence the surface. Monetheless |t
is clear that zsome of our interior larers are altered by sffects

arising from two surfaces instead of just one.

Convergence with respect to wave-vector samp]ing is provided by
tifteen points evenly distributed throughout the irreducible
(1007 surface Brillouin zone and 'twenty-five ﬁoints eyenly
distributed throughdut the irreducible (110> Brillouin zone,.
Evidence +for the adeqguacy of this sampling was presented

previousiy [241.

We recapitulate now the crucial , approximations in our
Hamiltonian, and coﬁéider their effects. The use of a
tight-binding scheme at surfaces produces several difficulties
because _it is wunable to represent  fully the non-spherical
spiiling of the electronic charge density into the vécuum. 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 [20-22] suggests that this is
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an excellent approximation. Still the uncertainty of up to 0.1
electrons in the local d occupancy corresponds to a pbssible |
error of up to one tenth of a Bohr magneton, which mar be
measurable for Cr systems. Howewver, there is no evidence that any
available method is accurate to better than 0.1 /Mﬁb for
inhomogeneous systems. Approximation (3 also neglects the

crystal-field splitting of the on-site potential.

Our tight-binding réprasentation of  charge densities also
produces inaccuracies in the prediction of some Cr surface
features in the spectra. Results of a detailed comparison with a
chromium (100> photoemission experiment [235] suggest that we
accurately predict the existence or absence of surface features
and gqualitatively predict the dispersion and intensities of those
surface features. Errors in binding energy prediction, however,

may be as large as 0.0S Ry .

gven within the bulk the use of a tight-binding..Hamiltonian
should be analyzed with care. This method provides 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 approximation introduces some risk

of reduced quantitative accuracy.
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Our Hartree-Fock treatment necessarily exaggerates the exchange
splitting; which is reduced vbyr correlation effects. Our
restriction that the elemental Fe and Cr have the corhect
magnetic moment reduces the possible effects of this  esrror.
Nonetheless, it i3 possible that the exagqgerated splitting may
produce undesired conseguences such as a slight distortion of the
calculated density of states (D0OS), which might make comparison

with photoemission dafa more difficult,

Finally, it is important to note.that, if many—-body effects aré
important, the one-electron DOS whith we calculate may not be the
same as the excitation spectrum measured by photoemission. In
particular, bulk Cr exijits a slightly compressed (approximately

20> photoicnization spectrum (4] compared to the calculated DOS.

Ultimately .we must base_our assessment of overall accuracy wupon
comparison with reported results of fully se}?—consistent
calculations for simple systems, and with experiment. Such
comparisons are few, but they ;uggest that our methods reliably
predict (24,258,271 the quantitative magnetization of
heterogeneous systems, Other important conclusions which we draw

either involve comparisons of different systems, in which case



our errors should approximately cancel, or involvye comparison
with photoemission spectra, where our errors can be easily

estimated.
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3.— RESULTS.

In this section we discuss the results of our calculations and
compare them with experiments and with other relevant
calculations. In Section 3A and 3B we discuss the Cr (100> and
the Cr (110> surfaces respectively. The Cr monoclayer on Fe, which
is a model +for the stainless steel surface, is digussed in

Section 3C.
3A.- THE CHROMIUM <¢100) SURFACE.

OQur calcﬁlation gives a surface spin polarization of 3.00
electrons. This enhancgment relative to‘the bulk, a factor of 5.9
from the SDN maxfmum, is much larger than that [24,27]1 found in
Fe and Ni. The magni tude of the enhancement can be attributed to

the large number of unpolarized d-holes present in the bulk.

Consequently, the decreased bandwidth found at the Cr subface,
which leads to a stronger effective magnetic intefaction, 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
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Fiqure 1., It is clear that most d—-holes - gccur in the minoriry

subband. This subband is essentially concentrated in a single
peak structure entirely abouve thé Fermi lewel. The surface DOS
can be compared with the bulk DOS shown in Figure 2. Here the
d-holes are almost euenly distribﬁted be tween the two subbands.

Furthermore it is clear that both subbands have csizeable strength
on either side of the Fermi energy, which falls in a valley of

the bcec DOS.

Figure 1(b) shows the DOS projected at the layér immediately
below the surface. The width of each subband is approximately
equal to the bulk value, which is consistent with the presence of
all nearest, and most second nearést neighbors. The spin
polarization is oppo;ite to that of the surface layer, which is
consistent with the AF Qf chromium, However, it is clear that
there is a substantial difference be tween the minority and the
majority DOS, suggesting that fﬁe spin polafization is not

bulklike,

The spin polarization of the second layer is (-1.36&3,
substantially different from the bulk. The spin polarizations of
the third through sixth layers are 1.00, (-0.93), 0.84, and

{-0.85) respectively. A similar penetration of the enhanced
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surface magnetization was found in the Fe (100)Y surface [241,
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 the surface and
responds by increasing its own; this is, in the case of Cr, an

enerqgetically very inexpensive process,

The (100> surface Brfllouin zone is shown in Figure 3¢a). Several
points have high symmetry. In particular EF and'g.haue symmetr}

CAv (see Table I, whereas.;'has‘symmetry sz(see Table II>. Al
symmetry lines have the symmetry of a single reflection plans. At
all points of high symmetry it is possible to have symmetry gaps,
i.e.areas of the eﬁergy spectrum where no states of a given
symme try occur, In these symmetry gaps surface states of that
symmetry may exist: they are states.entirely located in the
surface layers and 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 404 localized within the
two outermost lavers on each side of our eleven-layer slab.

Normally states are localized mostliy on the surface layer, but in



this svstem the second ltayver is also unique: it is the layver 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 I:SES one example of such state.

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

amplitude at the surface.

One feature "that may disturb the reader is that not all our
surface states come in an exact two—-fold degeneracy arising from
the two surfaces of the slab ( the peaks at IS above the Fermi
energy are a clear éxamp]e). The splitting 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 surfacé electronic
structure and the photoemission data of Klebanoftf et al. [?7] has
been documented elsewhere [25]. Essentially it is found that the
theoretical surface states of symmetry ]3} correspond to the

strong experimental surface feature of the same symmetry with a

binding energy of 0.55 Ry. In particular, there is agreement with
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rezpect to intensities and dispersions along EE;. The thecretical"
surface state of symmetry ]?} , Just above the Fermi level,
probably. corresponds to the 2xperimentally observed feature at
the Fermi levely; the theoretical dispersion towards the Fermi
level accounts for the observed fntensity at the non-zero surtface
1? vector. The final two theoretical features at binding snergiss
cf 0.210 Ry and 0.24% Ry are obecured <+rom the -experimental

spectrum by the presence of a wvery strong bulk transition

occurring near the same energy.
3B.~ THE CHROMIUM (110> SURFACE.

_Our calculation qives a two-atom uni't surface cell with AF
ordering as the gﬁound—state configuration. This configuration is
in agreement with the simple saw cuf of the bulk along the (1102

"plane. We wer2 wunable to find a fer?omagnetic localiy stable

minimum in the ground-state energy. The surface <pin polarization
in the AF configuration is 2.31 eleetrons. This ualué 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 Figure 5¢a),.



Figure 3S(b) shows the DOS projected ﬁn one of the second-layer
atoms, a nearest neighbor to the atom in Figure 5¢a). As betfits
its nearest neighbor status in an AF structure, the spin
polarizarion is opposite to that of the surface atom. The spin
polarization of 1.00 electrons is considerably smaller that that
of a second-layer (100) atom, 1.56. It is a consequence not only
of the smalfer (110> surface perturbation, but also of the larger
interlayer distance in the (110> direction. In particultar, (100>
layers are separatea by 0.5 a2 (where a is the lattice
constant) whereras (110) larers are separated by 0.707 a , with

a consequent smaller coupling between layers.

'The (110) surface Brfllouin zone is shown in Figure 3(b). The
special points I? ,2;;, ;ﬂ and.§-a1] have symmetry sz (see
Table II>. The symmetry lines contain only a single mirror plane.
Figqure & indicates all states that are ouér S0/ l1ocalized within
the outermost layer. Mote that the up and down spin eigenvalues
are identical because of the complete AF of bulk é&d surface.
However the up and down spin features show different gsymmetries

at szome wavevectors. It is a consequence of the availability of

two separate and distinct origins for the point group operations.

There also exists experimental disagreement on photoemission



spectra takKen at the (110D I? point. The data of Johansson et
al. [12]1 show no surface features; those of Wincott et al v[131
show a state of presumsed symmetry :leumich was measured +from

I? to X. The binding energy of this state, 0.01{1 Ry to 0.022 Ry,
is smaller than the one we find, but th2 dispersion is similar.In
particular, we find the lowest binding energy, D.OSS Ry, to occur
at approximately three guarters of the distance from is.to-;: and
for a locgal maximuh to occur at éhe middle point., We find this

state *to be a resonance, not a surface state, because the }; gap

3
does not extend below the Fermi energy. Wincott et al [13] +find
an AF periodicity equal to ours. We believe that their inability
to +ind our other surface states and resonances is presumably
caused by their wuse , of s-polarized 1light oriented

perpendicularly to the\ZE axis. In their paper, however, they do

not state the precise polarization of their beam.
3C.- THE CHROMIUM MONOLAYER ON IROCN,

e hawve caTculated the spin polarizaion of a Cr monolayer atop
the Fe (100> surface to be 3.65 electrons, with a ferromagnetic
arrangement pointing oppositely to the underlying Fe substrate.
This wvalue is the largest spin polarization we have ever

calculated, or found in the literature, for a transition-metal
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zvstem., It iz interesting that it occurs for a3 system as
impartant as the pre-oxidized stainless-steel surface. We were
unable to obtain a local stable minimum for a Cr ferromagnetic

tarer, ferromagnetically ordered with respect to the iron.

Insight into this result may be gained by comparing it with the
dilute FeCr alloy. Neutron scattering_[28] results show that

the isolated Cr atoms point oppositely to the surrounding Fe bulk
and have a spin polarization of 1.2 electrons, twice the maximum
bulk walue of the SDW. This latter result presumably stems from
the stronger electron—-electron interaction in F2, and a
consequent stronger exchange splitting which helps Cr increase
its own splitting and magnetization. This is the same argument
explored in great detail for the iron-cobalt alloy (241, where Co
has the stronger electron-electron interaction. The combined
effect of diminished number of neighbo?s and stronger Fe exchange
results in thé calculated large Cr moment. We may understand the
AF coupling by noting that Mn is the element intermediate be tween
Fe and Cr, which suggests that the Fe-Cr interaction may be
similar to the Mn-Mn interancéion. Manganese exhibits localized
~moments but no ferromagnetism, implying that Fe and Cr onld not

couple ferromagnetically either.
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Fiqure 7 shows the DOS proJected on the Cr.monolayer and on the
underliying Fe layer, The most onious feature is tﬁe 2NOrmous
minority DOS at the Cr monoclayer (peak value of approximately &40

atom-Ry>. It is a consequence not only of the surface band
narrowing, but also of the absence of Fe majority holes to which
the Cr minority holes (same spin) may be coupled. These two facts
leave a subband with essentially no effective nearesst neighbors,
and therefors very narrow. The underlying Fe atoms are slightly
affected by the Cr iayer, and tower their spin polarization to

1.995 electrons.

Consideration of a Cr monolayer atop the Fe (110> surface
suggests seuéral a]ternatiﬁe configurations.One might expect tﬁe
monolayer to be AF bécause of the AF interactiﬁn of each Cr atom
with its four Cr neighbors. This arrangement forces half the Cr
atoms to have a ferromagnetic interaction with the <four
underlying nearest Fe atoms. As already discussed, Fe has a very
strong effect on the Cr spin polarization (it doublé% the value
of the Cr polarization in the dilute alloy)>. The Fe substrate
therefore would favor a ferromagnefic Cr monolayer, with AF order
with recpect to the bulk. Clearly there are two competing
etfects, and the nature of the ground state can be de termined

only after a detailed calculation,.



ile f?nd that the ground state consists of a ferromaagnetic Cr
monolaver with its spins oriented in fhe dirg@ction opposite to
the Fe substrate, similar to the.Cr on Fe (100> arrangement. The
gpin poclarization of the Cr is 2.25 electrons, smaller than the
pure Cr surtface. There is, as in the (100} monolayer, a‘ small
decrezase in the spin polarization of the underlying Fe layer to
a wvalue of 2.03 electrons. The projected DOS at the Cr ltayer and
at the underlying Fe‘layer is shown in Figure 8. Changes from the
bulk D03 are not spectacular and mostly they reflect .ust the

increased spin polarization.

Wa find fthat a structure consisting of an AF chromium layer is
metastable: it produces a iocal minimum in the total energy
curve, 0.035 Ry / surface atom above the ground state. The spin
polarization of the two different Cr atoms are 3.03 and (-3.31)
electrons, with the larger magnitude corresponding to the atom
with AF arrangement to both its Cr and Fe nearest né}ghbors. It
iz clear that because of the different magnitudes of +the spin
polarizations the Cr 6onolayer is not truly AF, but rather
ferrimagnetic. One finds in the projected DOS (Figure %) a narrow
and tall minority—-hole peak on the second atom, for much the same

reasons given for the (100» monolayer results,.
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4.,— CONCLUSIONM.

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 configurations are in agreement

with experiment and constitute the configuration of the (100) and

(110> planes in the commensurable AF bulkK 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 consequances o+ the large number of d-holes available +for

spin polarization. A very stfong surface state of symmetry jz; i s
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 ferromagnetic, with the
Cr spins aligned in the opposite direction to the.Fé spins. At
the (110> surface this arrangement forces Cr nearest neighbors to
have the same spin direction, a result which indicates the
strength of the Fe-Cr interaction. The (100> Cr monolayer

possesses the largest spin polarization for a transion—-metal

system Known to the authors. This polarization, 3.43 electrons,
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is caused by the combination of (100> surface band narrowing and

the strong Antiferromagnetic Fe-Cr interaction.

Many predictions made here regarding magnetic configurations
could be easi!y tested . by photoemission experiments. In
particular X-ray spin polarized photoemission could easily check
the anti-parallel arrangement of the Cr and Fe spins, since the
Cr core levels should order their excitation energies opposi tely
to those of Fe. Enhénced magnetization of the Cr surfaces could
be deduced from the increased differences betwéen the up and the
down spin excjtation energies relative to those in the bulk. We
hope that our results will stimulate addi tional experimental work
aimed at determining the behavior of these extremel? magnetic

systems.
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TABLE T1

Character Table for the Point Group

Representation

tJ

N

%]
V)

-

L,zv.
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‘ .
The operation(j; is the reflection through the line perpendicular

-

K -
b4
(110> surface.

to

-

in the ¢100) surface, and perpendicular to k;“ in the



TABLE 111

Surface

Zane.,

Label

pah
f( S )
Cesh
Tt
M2 P
M3t
ML
§24+>
Mcady

MCS

McSt)

States at Special

Energy

(Ry)

+0.050
-0.088
~0.095
-0.210
' +0.044
+0.021
-0.002
-0.074
-0.201
-0.235

-0.237

Points of the (100) Surface

o
a

D
D
03
ul

Brillouin
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FIGURE CAPTIONS

FIGURE 1: The d-orbital component of the projected density of

states. <(a) The chromium (100) surface layer. (b) The chromium
€100 second layer. ©Solid 1lines are states with the spin
orientation of the surface minority states; dashed lines

correspond to the majority states.

FIGURE 2: The d-orbital component of the bulk chromium density
of states projected on one atom. Solid and dashed lines

di?%erentiéte the two spin directions.
FIGURE 2: Surface Brillouin zones. ‘

FIGURE 4: Surface states and resonances at the Cr (100> surface.
States éhown to the right of a'partiéular K-vector are states
with the spin orientation of the éur%acé atom majority statés;
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.

FIGURE S: The g-orbital component of the density of states

projected on one atom. (a) The chromium (110) surface laver. (b



The chromiﬁm 110 second layver. Salid and dashed lines

differentiate the two spin directions.

FIGURE 4&: Surface states and resonances at the Cr (110} surface.
States shown to the immediate right of a particular K-uector are

state with one <spin orientation; those fto the left hzaue the

1

opposite =pin, The presence of two degenerate states is shown by

an increased length of the marker.

FIGURE 7: The d-orbital component of the projected density of

n

tates, (a) The chromium (100> monglaver. (b)Y The iron (100D
interface layer. Solid lines are states with the spin orientation
of the minority bulk iron states; dashed lines correspond to the

majority states.

FIGURE 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 aﬁé states with
the spin orientation of the minority bulk iron states; dashed

lines correspond to the majority states.

FIGURE 9?: The d-orbital component of the projected density of

states +for the antiferromagnetic chromium monolayer on iron



Page 38

(110y. <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

maiority states.
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