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The structural, electronic, and magnetic properties of a Mn monolayer on Fe(001) have been inves-
tigated using total energy and atomic forces calculated with the local density full potential linearized
augmented plane wave method. A strong interplay between magnetism and atomic structure was
observed. The antiparallel alignment in the Mn plane of the large (3.1 up) magnetic moment is
found to drive a ¢(2 x 2) buckling reconstruction in the Mn overlayer. Due to hybridization with the
magnetic Fe(001) substrate, the valence bands of the two different Mn atoms differ substantially;
however, the net magnetic circular dichroism signal for the Mn overlayer is predicted to be almost

Zero.

Cr/Fe(001) (Refs. 1 and 2) and Mn/Fe(001) (Refs. 3
and 4) overlayer systems have attracted increasing atten-
tion very recently, due to their importance in understand-
ing the magnetic coupling between Fe thin films through
Cr and Mn intervening layers.® For thicker films, Cr and
Mn magnetic moments are found to align antiferromag-
netically along the (001) direction with a period of 2 ML
at temperatures both below and above their bulk Néel
temperatures.»? In the (001) plane, ferromagnetic (FM)
ordering between Cr or Mn atoms forms, because of the
strong magnetism in the Fe(001) substrate. However,
when the thickness of the overlayer decreases down to
the single monolayer regime, in-plane antiferromagnetic
(AFM) coupling is expected, since this mode has been
found to be much more stable energetically than the FM
one in free standing Cr and Mn monolayers and even
in the Cr/Ag(001) and Cr/Pd(001) overlayer and sand-
wich systems.® Indeed, recent spin-polarized core level
spectroscopy’ and magnetic circular dichroism (MCD)
measurements® for monolayer Cr/Fe(001) found that the
Cr magnetic moment is significantly smaller than the cal-
culated value (0.6-1.0pup vs 3.6up) using a model with
FM Cr sheets?—indicating a possible in-plane AFM cou-
pling.

In this paper, we demonstrate that a strong interplay
exists between the in-plane AFM coupling and a ¢(2 x 2)
buckling reconstruction for the monolayer Mn/Fe(001)
system, using the atomic force approach based on the
local spin density full potential linearized augmented
plane wave (FLAPW) method.!® A well-optimized inter-
facial structure, especially the unusual overlayer buck-
ling, is found to be essential for the determination of
the magnetic ground state. Interestingly, although the
net magnetic moment in the Mn overlayer is very small
(~ 0.08up/atom), considerable energy band splitting
(e.g., 0.8 eV for the unoccupied minority spin states) can
be found between the two kinds of Mn atoms due to the
hybridization with the magnetic Fe(001) substrate. Nev-
ertheless, there is almost no net MCD signal from the Mn
overlayer since their core levels undergo the same energy

0163-1829/95/51(23)/17131(4)/$06.00 51

shifts.

The Kohn-Sham equations are solved self-consistently
in the FLAPW approach for a nine layer slab geome-
try [with a seven layer Fe(001) and a pseudomorphic Mn
monolayer on each side of the slab]. While the lattice
constant in the lateral plane is chosen from experiment
(a = 5.416 a.u.), the vertical positions of all the atoms
are optimized according to their atomic forces.!! To con-
sider the possible buckling reconstruction, a ¢(2 x 2) su-
percell is used throughout the calculations for the three
magnetic configurations sketched in Fig. 1. An energy
cutoff of 12 Ry is used for the variational plane wave ba-
sis set. Within the muffin-tin (MT) spheres (ryr =2.15
a.u.), lattice harmonics with an angular momentum ! up
to 8 are employed to expand the charge density, poten-
tial, and wave functions. Summations over 15 k points
in the irreducible 2D Brillouin zone are employed for k-
space integrations. As used in almost all of our previous
calculations,® these parameters have been proved to be
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FIG. 1. Model and notation for the structural parame-
ters for (a) FM, (b) AFM1, and (c) AFM2 configurations of
Mn/Fe(001).
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sufficient for three-dimensional (3D) transition metal sys-
tems.

The Mn monolayer is known to be AFM with a giant
magnetic moment of 4.32u.5.% It is thus expected that the
magnetic moments in the Mn overlayer align antiparal-
lel when it is far from the Fe(001) substrate. Indeed,
we found that the AFM2 state lies lower in energy than
the FM and AFM1 states when the interatomic distance
dMn—Fe is larger than 4.4 a.u. By including the effects
of multilayer relaxation and reconstruction, as listed in
Table I, the total energy minimum of the AFM2 state is
about 23 mRy/cell (or 78 meV per Mn atom) lower than
those for the FM and AFM1 states. This large energy
difference indicates unambiguously that the AFM2 state
is the ground state for Mn/Fe(001).

Significantly, we predicted a detectable buckling recon-
struction in the Mn overlayer by 0.12 a.u. and a small
induced buckling (0.03 a.u.) in the Fe(I-1) layer for the
AFM2 ground state. The driving force for this recon-
struction is obviously from the AFM coupling in the Mn
overlayer, since the Mn-Fe bond length changes when
different magnetic alignment is adopted. This can be
clearly seen from Table I, where the Mn-Fe interlayer
distance in the AFM1 state (in which the Mn and Fe
couple antiferromagnetically) is about 0.13 a.u. shorter
than that in the FM state. Physically, following Oguchi
and Freeman,'? a shorter bond length increases the ex-
change splitting for the AFM coupling, which reduces the
band energy in cases with a less than half-filled d band.
For the FM case, the shorter bond length increases the
bandwidth that has a smaller effect on the band energy.
[It may be interesting to note that a similar buckling
driven by the magnetic alignment was also found in the
Mn/Cu(001) ¢(2 x 2) surface alloy layer,!® which releases
an energy of as much as 0.1 eV per Mn atom].

On the other hand, we found that almost all the
Fe atoms are displaced from their ideal bcc positions.
Even the interlayer distance between Fe(C)-Fe(I-2) lay-
ers, dpe(C) — Fe(I — 2) =2.60 a.u., exhibits a 4.4% con-
traction compared to that in bcc bulk Fe, d=2.708 a.u.
This may be due in part to lattice strain imposed through
the use of the experimental lattice constant (5.41 a.u.) in
the lateral plane, instead of that optimized in LDA calcu-

TABLE 1.
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lations (5.21 a.u.).!* Interestingly, the equilibrium Fe(I)-
Fe(I-1) distance is about 2.52-2.55 a.u., which is smaller
than the distances between the interior layers (2.60 a.u.),
but is larger than that on the clean Fe(001) surface (2.40
a.u.). This means that, as expected, the Mn overlayer
partially restores the surface relaxation on Fe(001).

In the ground state, as also listed in Table I, the mag-
netic moment of the interfacial Fe(I) atom is substantially
diminished to only 1.35up, due to the strong overlayer-
substrate exchange interaction. This is also obvious from
the density of states plotted in Fig. 2 for the Fe(I) atom,
where a considerable amount of majority spin states is
seen to have been shifted above Er. On the other hand,
the cancellation between the antiparallel aligned mag-
netic moments of Mn(1) (3.10xp) and Mn(2) (—3.26up)
results in a very small net magnetic moment in the Mn
overlayer (~ 0.08p per Mn atom). Unlike the case of
nonmagnetic substrates,® however, the valence bands for
Mn(1) and Mn(2) in Fig. 2 still differ remarkably, due
to hybridization with the magnetic Fe substrate. Specif-
ically, their unoccupied minority spin peaks separate in
energy by 0.8 eV, which should be easily detected us-
ing inverse photoemission. This “magnetic signal” in the
AFM Mn overlayer is of great interest, because it shows
that very different conclusions may be drawn from ex-
periments that use different techniques.

To resolve the signals for the Mn overlayer from that of
the Fe(001) substrate, the newly developed magnetic cir-
cular dichroism (MCD) technique is the natural choice,
because of its high element selectivity.!® In Fig. 3(a),
the calculated MCD spectra at the L edges (represented
by the difference of the cross sections for left- and right-
circularly polarized incident light beams) are presented
for the buckled AFM2 Mn/Fe(001). Corresponding to
the high peaks above Ep in Fig. 2, strong separate
MCD signals ¢, are obtained for Mn(1) (dashed line)
and Mn(2) (solid line). The energy separation between
the L3 and L, peaks, 10.4 eV, corresponds to the spin-
orbit coupling induced splitting between 2p 1 and 2p§
levels. As was also found for bulk Fe,'® the presence of
majority spin holes in Fig. 2 results in blips with oppo-

site sign to the corresponding main peaks at the onsets

Calculated equilibrium vertical position (z, in a.u., measured from the center plane)

and spin magnetic moment (M, in pp) of each atom and the total energies of the FM, AFM1, and
AFM2 states for Mn/Fe(001). Data in parentheses for Fe(I-1) in the AFM state denote the results

for the atom under Mn(2).

Atom Fe(C) Fe(I-2) Fe(I-1) Fe(I) Mn(1) Mn(2)
FM E = —44826.144 Ry
Z 0.00 2.59 5.19 7.71 10.31 10.31
M 2.26 2.21 2.17 1.64 3.30 3.30
AFM1 E = —44826.143 Ry
Z 0.00 2.59 5.19 7.71 10.18 10.18
M 2.17 2.18 2.31 1.46 -3.21 -3.21
AFM2 E = —44826.167 Ry
z 0.00 2.60 5.23(5.20) 707 10.32 10.20
M 2.26 2.20 2.24(2.28) 1.35 3.10 —-3.26
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Surprisingly, despite the large exchange splitting be- E(eV)
tween their valence bands, the x-ray absorption edges for
Mn(1) and Mn(2) shift to almost the same energy posi- FIG. 3. The calculated (a) MCD spectra for Mn(1)

tion shown in Fig. 3(a). This results from the fact that
the 2p core levels of Mn(1) are also 0.7 eV higher than
those of Mn(2). As a result, the net MCD spectrum [i.e.,
the sum of the separate contributions from Mn(1) and
Mn(2) atoms] becomes a strong oscillatory function of
the photon energy—shown as the dashed curve in Fig.
3(b). The net o,, is only less than 4% of o; in mag-
nitude, and thus is almost undetectable when Gaussian
broadened for instrumentation and Lorentzian broadened
for lifetime effects are included.

Finally, the magnetic properties of Mn/Fe(001) [and
also Cr/Fe(001)] are expected to be very sensitive to the
film thickness. In the submonolayer regime, the in-plane
Mn-Mn coupling is weakened and thus the Mn-Fe in-
teraction plays the dominant role. As a result, parallel
alignment of the Mn moments (FM sheet, with an oppo-
site orientation to that of the substrate) should prevail
in the lower coverage regime and change to antiparallel
near monolayer coverage. For a bilayer Mn film, we found
that the AFM coupling between Mn(S)-Fe(I) [note that
Mn(I) couples ferromagnetically with Fe(I)] is favored in
total energy after multilayer relaxation is considered.!”

(dashed curve) and Mn(2) (solid curve), and (b) the net to-
tal MCD [i.e., the sum of the two contributions in panel (a),
the left scale, dashed curve], and XAS (the right scale, solid
curve) for the buckled AFM2 Mn/Fe(001).

The calculated magnetic moment for the Mn(S) layer is
—2.93 pp/atom, which agrees essentially exactly with
the measured value of —2.9u5/atom.* Since the magnetic
moment of Mn(I) (1.21xp) is much smaller in magnitude,
a detectable net x-ray magnetic circular dichroism signal
is predicted for the antiferromagnetic Mn bilayer. Thus,
an experimental test of our predictions in the ultrathin
regime is desired.

This work was supported by the Office of Naval Re-
search (Grant No. N00014-94-1-0030) and by a grant of
computer time at the Pittsburgh Supercomputing Center
through the NSF Division of Advanced Scientific Com-
puting. We thank G. Prinz for stimulating discussions.

'T.G. Walker, A.W. Pang, H. Hopster, and S.F. Alvarado,
Phys. Rev. Lett. 69, 1121 (1992).

2J. Unguris, R.J. Celotta, and D.T. Pierce, Phys. Rev. Lett.
69, 1125 (1991).

3S.T. Purcell, M.T. Johnson, N.W.E. McGee, R. Coehoorn,

and W. Hoving, Phys. Rev. B 45, 13064 (1992).
4T.G. Walker and H. Hopster, Phys. Rev. B 48, 3563 (1993).
5J. Unguris, R.J. Celotta, and D.T. Pierce, Phys. Rev. Lett.
67, 140 (1991); P. Griinberg, S. Demokritov, A. Fuss, R.
Schreiber, J.A. Wolf, and S.T. Purcell, J. Magn. Magn.



17 134

Mater. 104, 1734 (1992).

6A.J. Freeman and R.Q. Wu, J. Magn. Magn. Mater. 100,

497 (1991).
"R. Jungblut, C. Roth, F.U. Hillebrecht, and E. Kisker, J.
Appl. Phys. 70, 5922 (1991).
8Y.U. Idzerda, L.H. Tjeng, H.J. Lin, C.J. Gutierrez, G.
Meigs, and C.T. Chen, Phys. Rev. B 48, 4144 (1993).
°R.H. Victora and L.M. Falicov, Phys. Rev. B 31, 7335

(1985); J.H. Xu and A.J. Freeman, ibid. 47, 165 (1993).

°F, Wimmer, H. Krakauer, M. Weinert, and A.J. Freeman,
Phys. Rev. B 24, 864 (1981), and references therein.

" Defining the first derivative of the total energy with respect
to the atomic position, the force in FLAPW approach con-
tains both the Hellman-Feymann term and the Pulay cor-
rection terms. We will give a detailed discussion for the
force evaluation elsewhere. Also see papers by J.M. Soler

RUQIAN WU AND A. J. FREEMAN 51

and A.R. Williams, Phys. Rev. B 40, 1560 (1989); R. Yu,
D. Singh and H. Krakauer, ibid. 43, 6411 (1992), which
treated bulk solids.

127, Oguchi and A.J. Freeman, J. Magn. Magn. Mater. 46,
L1 (1984).

3M. Wuttig, Y. Gauthier, and S. Bliigel, Phys. Rev. Lett.
70, 3619 (1993).

4K.B. Hathaway, H.J.F. Jansen, and A.J. Freeman, Phys.
Rev. B 31, 7603 (1985); C.S. Wang, B.M. Klein, and H.
Krakauer, Phys. Rev. Lett. 54, 1852 (1985).

1®@G. Schiitz, W. Wagner, W. Wilhelm, P. Kienle, R. Zeller,
and G. Materlik, Phys. Rev. Lett. 58, 737 (1987); J. Stohr
et al., Science 259, 658 (1993).

®R.Q. Wu, D.S. Wang, and A.J. Freeman, Phys. Rev. Lett.
71, 3851 (1993).

'"R.Q. Wu and A.J. Freeman (unpublished).



