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ABSTRACT. 

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 

presO?nted. I t is found that: (a) the (100) chromium surface is 

ferromagnetic with a greatly enhanced spin polarization (3.00 

O?lectrons)j (b) a substantial enhancemO?nt of the spin imbalance 

exist·:; several (>5) layers into the bulK; (c) the (110) chromium 

slJrface is antiferromagnetic with a large (2.31) spin imbalance; 

(d) the (100) chromium monolayer on ferromagnetic 

ferromagnetic, - wi th a huge spin imbal~nce (3.63), and 

antiferromagnetically with respect to the bulK iron; 

iron is 

ali gned 

(e) the 

(110) chromium monolayer on ferromagnetic iron is also 

ferromagne tic, wi t"h a sp i n i mba 1 ance of 2.25. and 

antiferromagnetically al igned to the iron. The spin imbalance of 

chromium on iron (100) is possibly the largest of any 

transition-metal system. 

• 
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1.- INTRODUCTION . 

There is considerable current interest in the magnetism and 

related electronic propertfes of 3~ transition-metal surfaces 

and overlayers. These metals exhibi t itinerant magnetism: their 

magnetization derives from the itinerant ~ electrons. In moving 

down the peri.::)dic table from Ni, there is a decrease in the 

number of these ~ electrons (an increase in the number of d 

holes), and a consequent increase in the bulK magnetization [1] 

from 0.61 Bohr magnetons in Ni, to 1.72 in Co, and 2.22 in Fe. 

Beyond Fe I ie the more compl icated magnetic structures of Mn and 

Cr which display local ized moments but no net magnetization. In 

all these elements, the itinerant nature of the ~ electrons 

maKes the magnetic properties a sensitive function of local 

environment. Consequently the presence of a dissim~lar 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 properties. 

BulK chromium occurs in the body-centered cubic structure with an 

anti ferromagnetic (AF) ground state modula.ted by a.n 

incommensurable spin-density wave (SDW). The SDW is in one of the 

(100) directions with a wavelength of approximately 21 lattice 
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spacings [2J. The magnetization at the maximum is 0.59 Bohr 

magnetons (3). Experimentally it is found that the addition of 

sma 11 amoun ts (approx i ma te 1 y D~) of group VI I i mpur it i es such as 

Mn produces a simple AF structure (4J with a magnetic moment of 

approximately 0.67 Bohr magnetons. In this structure atoms in the 

body-centered positions of the bcc 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 order. Evidence of this planar 

ferromagnetism is found in the electron-capture spectroscopy 

results of Rau and Ei~hner [5J. Their sample, however, displayed 

a c ( 2~< 2) strlJc ture indicative of impurities, which may have 

affected their results. The (100) surface has been examined also 

by two angle-resolved photoemission experiments [6,7]; both find 

a surface state or resonance at an energy approximately 0.70 eV 

bel 0"" the Fermi level. Unfortunately the experiments disagree .on 

the symmetry of this feature [8J. Klebanoff et al. [71 also found 

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

The (100) surface of chromium has also been· examined 

" 
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theoretically (9-11J by means of a simple exchange interaction 

and a tight-binding approach which neglected the ~ conduction 

electrons. Allan (9J finds that the surface magnetization 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 (11J finds a surface spin polarization of 2.6 Bohr 

magnetons and a very high surface Curie temperature. 

The <110> pla~es cut the simple AF bcc lattice so that an equal 

number of up and down spins are encountered. The Cll0) surface 

should therefore be an AF one. There have been two photoemission 

experiments on the Cr (110) surface. Tbe experiment of Johansson 

eta 1 • (12J found no evidence of surface states; the later 

experiment of Wincott et al. (13J 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 n ameg i v e n to a f am i 1 y of iron based 

alloys which contain at least 12% chromium. Auger electron 

spectroscopy (14] shows that when a 304 stainless steel sample (a 

common type) i s 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 [15]. I t 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 CI10) surfaces of Cr, 

and for the systems consisting of a monolayer of Cr deposited on 

the Fe (100) and (110) surfaces. We use a Slater-Koster 

parametrized tight-binding scheme in which the one-· and 

tt.oJo-cen ter 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 ~ith both experimental data 

and state-of-the-art calculations. 
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2.- CALCULATION. 

In this section we describe our calculations. In Section 2A we 

describe the Hamiltonian and in Section 28 we examine the 

numerical accuracy of our worK and the possible errors introduced 

by our major approximations. 

2A.- HAMILTONIAN. 

We taKe our Hamiltonian to be the sum of a one-electron term 

and an electron-electron interaction term H~-e . For HO we 

choose the parametrized tight-binding scheme of Slater and Koster 

(16J. The Hamiltonian HO iswritten'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. (17] for both chromium and 

iron. We include ~, ~, and Q 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 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. 
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~or the Fe or Cr electron-electron interaction we use a 

single-site approximation which has been extensively discussed 

( 18 J , 

He_e.= I L UO( ~ 
i.(I"Il"' Cl.J'\{ji J 
c t crea tes an orb ita 1 of sy.mme try 0( and sp i n <r at 
4~~ . 

(1) 

vJh ere si te 

1.. 

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, 

( 2) 

Here, ~ Ed~is the on-site potential shift for a g orbital of 

symmetry \) and spin (j , measured relative to the value for the 

pure paramagne tic me ta 1 • By we denote the spin 

polarization (!ld~a- - !ld.,(i= ) in the g orbi tal of symmetry t> 
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.... t a given si te, ~.nd !!ld~~!!ld,.>(J The total g 

occupancy •. t the si te is denot.ed by !ld :; ~d: !lei"" and 

the \)·3.lue for ttH' respective plJre met.3.1" is. lld, . Qu.3.ntities for 

~ and R.orbi tals are similarly defined. In (2), ~ refers to 

the en t ire ~ c I:)mp 1 ex. 

We define U as the on-si te direct Coulomb integral between g 

orbi tals of the same symmetry <rescaled by correlation effects; 

':ee be 1 0 1.\)), Ij'" is the in tegr3.1 be tween 4 orb ita l·s of d i fferen t 

symme try, anlj J is the exchange in tegra.l. We def i ne 

U~- 0.5 J, which gives the effective (repulsive) 

interaction between g electrons, aside from magnetic effects. 

s i mil .3.r·1 :,- def i ne ·3.n effec t i ve in terac t i on t..-ss among ~ 

e 1 e c t r· I~n·=., ·~.n d Iv~~ be bAle e n ~ an d gel e c t r on s. I,...le neg I e c t the 

on-si te exchange integrals other than those between ~ orbitals. 

Atomic symmetry demands that U = U' + 2J. The ratio U:J is taKen 

to be 5:1 as suggested by Herring (19]. The absolute magni tude of 

U is scaled to give the correct bulK magnetization /': = o.'~7f:o 

f'~r simple AF chromium and. f = 2.22~ fQr iron. We use 

Auger-e 1 ec tr'on ·;.pec trQscop)' data for Fe to se t '-~J fQr both 

elements. The negligible ch.3.rge rearrangement between 

paramagnetic and antiferromagnetic Cr, = 0, 

demostrates that the ·;.iight inaCCIJrBCY in the ()alue of I..,J
dd 

for 
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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 

= = 0 (3) 

That is, the average on-site potentials of the ~ orbitals and 

of the ~ and ~ orbi tals are fixed by the requirement that the 

total occupancies of the ~ and ~ complexes at any site 

should not differ from the bulk values. More fully 

self-consistent calculations [20-22J suggest that the ~ 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 magneton per atom, 

an acceptable level of error. 

We calculated the total energy of each self consistent state 

u~ing the weI I-known formula (23) 
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~ 
i 

~ He-eJ E [E: -- ( 4) = 2 ~ 

where €~ is the one-par tic 1 e removal energy and the sums are 

performed over the occupied states. The nonintuitive term 

i nvol v i ng H<2-e corrects for the double counting of the 

electron-electron interaction. 

28.- ACCURACY 

We discuss first the numerical accuracy of our calculation, and 

second the crucial approximations in our Hamiltonian and their 

effect on the reI i abi 1 i ty of the model. 

Our calculation uses finite slabs of varyLng thicKnesses [eleven 

for the Cr (100) surface, nine for the Cr monolayer on Fe (100), 

seven 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 ~nly a sl ight 

difference (less than 0.01 ·electron) in the surface spin 

pol ar i z a t i on , thus suggesting adequate convergence with respect 
.. 

to slab thicKness. It is important to note, however, tha t the 

central layer of the Cr slabs does not exhibit bulK spin 

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

arising from two surfaces instead of Just one. 

Convergence with respect to wave-vector sampl ing is provided by 

fifteen points evenly distributed throughout the i r r eo dlJ c i b 1 e 

( 100) surface Br ill ou i n zone and twen ty - five po in ts e'Jen 1 y 

distributed throughout the irreducible (110) Brillouin zone. 

Evidence for the adequacy of 

previously [241. 

this sampl ing was presented 

We recapitulate now the crucial approximations in our 

Hamiltonian, and con~ider their effects. The use of a 

tight-binding scheme at surfaces produces several difficulties 

because i t 

sp i 11 i ng of 

is unable to represent fully the non-spherical 

the electronic charge density into the vacuum. The 

resul tant error in the charge transfer is handled in our scheme 

by the .3.pproximation (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 ~- and 

~-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. St~ll the uncertainty .of up to 0.1 

electrons in the local g 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 evidence that any 

avai lable method is accurate to better than 

inhomogeneous systems. Approximation (3) also 

crystal-field spl i tting of the on-si te potential. 

0.1 r:a 
neglects 

for 

the 

Our tight-binding representation of charge densities also 

produces inaccuracies in the prediction of some Cr surface 

features in the spectra. Results of a detai led comparison with a 

chromium (100) photoemission experiment [25J suggest that we 

·3. ,:c 1Jr.3.tely predict the existence or abs.ence of surface features 

and qual itatively predict the dispersion and intensities of those 

surface features. Errors in binding energy prediction, however, 

may be as large as 0.05 Ry. 

Even wi thin the bulK the use of a tight-binding. Hamiltonian 

should be analyzed with care. This method provides a good 

treatment of the g band, but the handl ing of the ~ band is 

less accurate. Since ~-g 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 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 exaggera.ted splitting may 

produce undesired consequences such as a sl ight 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 effects are 

important, the one-electron DOS which we calculate may not be the 

same as the excitation spectrum measur~d by photoemission. In 

partfcular, bulk Cr exhibits a sl ightly compressed (approximately 

20%) photoionizati"on spectrum (6] compared to the calculated DOS. 

Ultimately we must base our assessment of overall accuracy 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 rel iably 

predict (24,26,27] the q IJ an tit a t i ve magnetization of 

heterogeneous systems. Other important conclusions which we draw 

either involve comparisons of different systems, in which case 



Page 15 

our errors should approximately cancel, or involve 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 experi~ents and with other relevant 

calculations. In Section 3A and 38 we discuss the Cr (100) and 

the Cr (110) surfaces respectively. The Cr monolayer on Fe, which 

is a mode I 

Section 3C. 

for the stainless steel surface, 

3A.- THE CHROMIUM (100) SURFACE. 

is d iJ:ussed in 

Our calculation gives a surface spin polarization of 3.00 

electrons. This enhancement relative to 'the bulK, a factor of 5.1 

from the SOW maximum, ,is much larger than that [24,27J found in 

Fe and Ni. The magnitude of the enhancement can be attributed to 

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

Consequently, 

w'hich leads 

the decreased bandwidth found at the Cr surface, 

to a stronger effective magnetic interaction, can 

greatly increase the surface spin polarization. Elements 1 iKe Fe 

or Ni, wi th fewer avai lable 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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Figur~ 1. It is clear that most ~-hol~soccur in the minoriry 

subband. This subband is essentially concentrated in a single 

peak structure entirely ~.bove the Fermi level. The surface DOS 

can be compared wi th the bulK DOS shown in Figure 2. Here the 

~-holes are almost ev~nly distributed between the two subbands. 

Furthermore it is clear that both subbands have sizeable strength 

on either side of the Fermi energy, which falls in a valley of 

the bcc DOS. 

Figure l(b) shows the DOS projected at the layer immediately 

below the surface. The width of each subband is approximately 

equal to th~ bulK value, which is consistent 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 substantial difference between the minority and the 

majority DOS, suggesting that the spin polarization 

bu I K liKe. 

is not 

The spin polarization of the second layer is (-1.56), 

substantially 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 
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surface magnetization was found in the Fe CiaO) surface [24], 

a I though there the effect is much smaller. This penetration 

appears to be a direct consequence of the easy availabil ity of 

unpolarized Q-holes in bulk Cr. Each atom feels the larger 

exch.;,.nge splitting of its neighbor towards the surface and 

responds by increasing its own; this is, in the case of Cr, an 

energetically very inexpensive process. 

The (100) surface Sri llouin zone is shown in Figure 3Ca). Several 

po in ts have high s}'mme try. I n par t i cu I ar rand M have symme try 

C4.v (see Table I), whereas X has symmetry C2V Csee T~.ble II). All 

symmetry I ines have the symmetry of a single reflection plane. At 

all points of high symmetry it is possible to have symmetry gaps, 

.e.areas of the energy spectrum where no states of a given 

s)'mme 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 stat~s. 

Figure 4 exhibits all states which are 60% local ized within the 

two outermost layers on each side of our eleven-layer slab. 

Normally states are local ized mostly on the surface layer, but in 
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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. I t can therefore have its own 1 oca 1 i zed sta tes. The 

-
minori ty state of symmetry ~5iS one example of such state. 

-Table III lists those states at the symmetry points r, X, and M 

that are true surface states. The other states at these symmetry 

points are resonances, i.e. continuum states with a large 

ampl itude 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 tJ."IO surfaces of the sl ab ( the peaKs at I' above the Fermi 

energy are a clear example). The spl itting 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 

strl.Jcture and the photoemission data of Klebanoff et al. [7] has 

been documented elsewhere [25J. Essentially it is found that the 

theore t i cal surface states of symmetry rS 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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-
r e =.p e c t to i n ten sit i e s an d d i sp e r s i on s a I on g 6... Th e the or e tic a I . 

. ~ u r f ace .~ tat e 0 f s ymm e try .r 1 ' jus tab 0 vet h e Fer m i 1 eve 1 , 

probably corresponds to the experimentally observed feature at 

the Fermi 1 evel; the theoret i cal di spersi on towards the Fermi 

level a.:counts for the observed intensi ty at the non-zero surface 
~ 

K vector. The final two theoretical features at binding energies 

of 0.210 Ry and 0.249 Ry are obscured from the experimental 

spectrum by the presence of a very strong bulk transition 

occurring near the same energy. 

38.- THE CHROMIUM (110) SURFACE. 

Our calculation gives a two-atom un~t surface cell with AF 

ordering as the ground-state configuration. This configuration is 

in agreement with the simple saw cut of the bulK along the (110) 

plane. We were unable to find a ferromagnetic locally stable 

minimum in the ground-state energy. The surface spin polarization 

in the AF configuration is 2.31 electrons. This value is smaller 

than that for the (100) surfate as one would expect, since the 

(110) surface atom has six nearest neighbors, as opposed to four 

in the (100) su~face. A larger bandwidth, suggested by the 

nearest ne i ghbor argument, is shown in Fi gure S(a). 
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Figure 5( b) shows the DOS pro..i ec ted on one of 'the second-l ayer 

atoms, a nearest neighbor to the atom in Figure 5(a). As befits 
.. 

its nearest neighbor status in an AF structure~ the spin 

pol ar i z ar i on 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 smaller (110) surface perturbation, but also of the larger 

interlayer distance in the (110) direction. In particular, (100) 

layers are separated by 0.5 ~ <where ~ is the lattice 

constant) whereas (110) layers are separated by 0.707 ~ , with 

a conseqlJent smaller coupl ing between layers. 

The (110) surface Brillouin zone is shbwn in Figure 3(b). The 

special points -.C' .- -, X', M, and X all have symmetry C2V ( see 

Table II). The symmetry 1 ines contain only a single mirror plane. 

Figure 6 indicates all states that are over 50% local ized within 

the outermost layer. Note that the up and down spin eigenvalues 

are i ,jen t i cal because of the complete AF of bulK and surface. 

However the up and down spin features show different symmetries 

at some wavevectors. It is a consequence of the avai 1 abi Ii ty of 

two separate and distinct origins for the point group operations. 

There also exists experimental disagreement on ph9toemission 
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spectra taKen at the (110) 17 point. The data of Johansson et 

.~ I. (12] show no surf.3.ce features; those of Wincott'-et al [13] -
show ~. state of presumed. symmetry "L:3 wh i ch was measured from 

-~ to X. The binding energy of this state, 0.011 Ry to 0.022 Ry, 

is smaller than the one we find, but the dispersion is simi lar.In 

particular, we find the lowest binding energy, 0.053 Ry, to occur 

at approx i ma te I y three quar ters of the dis tance from r to X, and 

for a local maximum to occur at the middle point. We find this 

sta te to be a resonance, not a surface sta te, because the ~3 gap 

does not extend below the Fermi energy. Wincott et al [13] find 

an AF per i od i city eqlJa I to ours. We be 1 i eve tha t the i r i nab iIi ty 

to find our other surface states and resonances is presumably 

caused by their use of ~-polarized I ight oriented 

perpendicularly to the.l::l axis. In their paper, however, they do 

not state the precise polarization of their beam. 

3C. - THE CHROM I UM MONOLA'(ER ON I RON. 

We have calculated the spin polarizaion of a Cr monolayer 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 polarization we have ever 

c a leu 1 a t eo d , or f ou n din the lit era t u r e, f or a t r an sit i on -me tal 
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'=ystem. It is interesting that it occurs for a system as 

important as the pre-oxidized stainless-steel surface. We were 

unable to obtain a local stable minimum for a Cr ferromagnetic 

layer, ferromagnetical ly ordered wi th respect to the iron. 

Insight into this resul t may be gained by comparing it with the 

d i 11.J te FeCr alloy • Neutron scat ter i ng (28] resu 1 ts show that 

the isolated Cr ato~s point oppositely to the 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 interact i on in Fe, and a 

consequent stronger exchange spl itting which helps Cr increase 

its own spl itting and magnetization. ~his is the same argument 

explored in great deta.i 1 for the iron-cobal t alloy (24], 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 interanction. Manganese exhibits local ized 

moments but no ferromagnetism, implying that Fe and Cr would not 

couple ferromagnetically either. 
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Figure 7 shows the DOS projected on the Cr monolayer and on the ~ 

underlying Fe layer. The most obvio~s feature is the enormous 

minori ty 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 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 nearest neighbors, 

and therefore very narrow. The underlying Fe atoms are s1 ightly 

affected by the Cr layer, and lower their spin polarization to 

1.95 electrons. 

Consideration of a Cr monolayer atop the Fe (110) surface 

suggests several alternative configurafions.One might expect the 

monolayer to be AF because of the AF interaction of each Cr atom 

wi th 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 doubles the value 

of the Cr polarization in the" dilute alloy). The Fe substrate 

therefore would favor a ferromagnetic Cr monolayer, with AF order 

wi th 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. 
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We find that the ground state consists of a ferromagnetic Cr 

monol.3.)ler 1 •• oJ i th its spins oriented in the direction opposite to 

the Fe substrate, similar to the Cr on Fe (100) arrang~ment. The 

spin polarization of the Cr is 2.25 electrons, smaller than the 

pure Cr surface. There is, a.s in the. (100) monola.yer, 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 Figure 8. Changes from the 

bulk DOS are not spectacular and mostly they reflect just the 

increased spin polarization. 

We find that a structure consisting of an AF chromium layer is 

metastable: it produ.ces a local minimum in the total energy 

curve, 0.05 Ry / surface atom above the ground state. The spin 

polarization of the two different Cr atoms are 3.03 and (-3.31) 

electrons, wi th th~ larger magnitude corresponding to the atom 

with AF arrangement to both its Cr and Fe nearest n~ighbors. It 

is clear that because of the different magnitudes of the spin 

polarizations the Cr monolayer is not truly AF, but rather 

ferrimagnetic. One finds in the projected DOS (Figure 9) a narrow 

and tall minori ty-hole peak on the second atom, for much the same 

reasons given for the (100) monolayer resul ts. 
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4.- 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 configurations are in agreement 

wi th experiment and constitute the configuration of the (100) and 

(110) planes in the commensur.able AF bulK structure,. At both 

surfaces there is considerable penetration of the greatly 

enhanced surface magnet.ization 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 

s pin pol a r i z a t ion. A v e r y s t ron g sur f ace s tat e 0 f s )'mm e try .r is 5 

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 al igned in the opposi te direction to the Fe 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, 3.63 electrons, 
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is caused by the combination of (100) surface band narrowing and 

th~ strong antiferromagnetic Fe-Cr interaction. 

Many predictions made here regarding magnetic configurations 

could be easi ly tested by photoemission experiments. In 

particular X-ray spin polarized photoemission could easily checK 

the anti-paral leI arrangement of the Cr and Fe spins, since the 

Cr cor~ levels shoUld order their exci tation 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 addi tional experimental worK 

aimed at determining the behavior of these extremely magnetic 

systems. 

• 
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TABLE I 

Character Table for the Point Group C4v . 

Represen t·3. tj on E 

1 1 1 1 

2 1 1 1 

1 1 -1 

4 1 1 -1 

5 2 -2 ,0 

..,~ .... vv 

1 

-1 

1 

-1 

o 
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1 

-1 

-1 

1 

o 



Page 34 

TABLE II 

Char:<.cter Ta.ble for the Point Group C2,v • 

Represent.3.t i on 

1 

2 

3 

4 

E 

1 

1 

1 

1 

C :2 

1 

1 

-1 

-1 

, 
Th~ op~ration ~ is the reflection 

~ 
to KX in the (lOa) surface~ and 

(110) surface. 

1 

-1 

1 

-1 

<::L' v 

1 

-1 

-1 

1 

throl&Jgh the 1 i ne perpendi cul ar 

~ 
perpendicular to K X' in the 
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TABLE III 

Surface States at Special Points of the (100) Surface Brillouin 

Zone. 

Label Energy 

(Ry) 

r< 1 t> +0.050 

-r( 5.) -0.088 

r (5t) -0.095 

-r< 1t) -0.210 

M(2i-) +0.064 

M(3t) +0.021 

M( 1 t) -0.002 

M(4V) -0.074 

M(4t) -0.201 

-t1(5t) -0.235 

-~'1( 5f) -0.237 



FIGURE CAPTIONS 

FIGURE 1: The g-orbita1 component of the projected densi ty of 

states. (a) The chromium (100) surface layer. (b) The chromium 

(100) '~econd 1 .~yer. Solid lines are states with the spin 

or i en tat i ':In of th,e sur-face 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. Sol id and dashed 1 ines 

differentiate the two spin directions. 

FIGURE 3: Surface Brillouin zones. 

FIGURE 4: Surface states and resonances at the Cr (100) surface. 

States shown to the right of a particular K-vector are states 

I.A) i t h the spin orientation of the surface atom majority states; 

those sh oVJn to the left correspond to the minori ty states. The 

presence of two or four degenerate states is shown by the 

increased length of the marKer. 

FIGURE 5: The g-orbi tal component of the density of states 

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



... 

Th e c h r om i um ( 11 0) se i: on d 1 aye r • 

differentiate the two spin directions. 

Sol id and dashed 1 ines 

FIGURE 6: 5~rface 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 

opposi te spin. The presence of two degenerate states is shown by 

an increased length of the marKer. 

FIGURE 7: The 1-orbi tal component of the projected density of 

:. tat e s ~ ( .3. ) The c h r om i u m (1 00 ) m 0 n 0 1 aye r. ( b ) The i ron ( 1 00 ) 

interface la: ... er. Solid lines are states with the spin orientation 

of the mi nor j ty b'J1 Kiron states; dashed 1 i nes correspond to the 

majori ty states. 

FIGURE 8: The ~-orbita1 component of the projected density of 

states. (a.) Ground state, the Cr (110) monolayer. (b) Ground 

state, the Fe (110) interface 1 ayer. 501 i d 1 i nes are states wi th 

the spin orientation of the minority bulK iron states; dashed 

1 i nes correspond to the major i ty states. 

FIGURE 9: The ~-orbita1 component of the projected densi ty of 

s tat o? s for the ant i fer r om a g net icc h r om i u m m 0 n 0 1 a>' e ron i ron 
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(110). ( a) Chromium atom with th~ iron spin ori~ntation. ( b) 

Chromium atom with spin pointing oppositely to th~ iron spin 

direction. Sol i d in~s are states with the spin orientation of 

th~ minori ty bulK iron states; dashed 1 ines corr~spond to the 

majority states. 
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