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We present evidence for a new class of magnetic materials, namely two-dimensional, ordered
surface alloys. Structure and composition of the prototype Cu(100)c(2 X 2)Mn were determined by a
quantitative low energy electron diffraction analysis, which shows an unusually large buckling in the
surface alloy layer. By comparing our results with ab initio total energy calculations we identified
the magnetism of Mn as the driving force for the buckling and moreover for the stability of the alloy.
Possible additional members of this new class of materials are suggested.

PACS numbers: 68.55.Jk, 71.10.4+x, 75.30.Pd, 75.70.Ak

In the last decade, we witnessed an unprecedented
progress in the growth of ultrathin films. In particular,
in the field of magnetism possibilities opened up to grow
materials which approach two-dimensional (2D) itiner-
ant magnetism and show novel properties in phase tran-
sitions and magnetic anisotropies. The forefront of the
investigations has been dominated by studies of ultra-
thin magnetic layers on nonmagnetic substrates, such
as Co/Cu(100) [1], Fe/Cu(100) [2], Mn/Ag(100) [3],
and Cr/Ag(100) [4]. Theoretical predictions including
greatly enhanced magnetic moments [5], new magnetic
phases such as the 2D, ¢(2 x 2) antiferromagnetic phase
(6], and new magnetic materials such as Ru/Ag(100) or
Rh/Au(100) [7] have been put forward. All of these pre-
dictions are strictly true only for one monolayer thick
pseudomorphic overlayers, and some of them are cer-
tainly invalid for thicker films [8]. However, the prepara-
tion of pseudomorphic films in the one monolayer range
is particularly difficult. Most of the systems mentioned
above are thermodynamically unstable. Stress, double-
layer growth, island formation, interdiffusion, and incom-
plete wetting can, for example, impede the preparation
of monolayer samples. This, together with a frequently
incomplete structural characterization, often results in
lengthy discussions about the quality and reliability of
the prepared samples. Therefore it is difficult to perform
experiments which can be analyzed directly to verify or
invalidate the theoretical predictions.

In this paper, we present unequivocal experimental ev-
idence for a 2D, one monolayer thick epitaxial ¢(2 x 2)
MnCu surface alloy film on Cu(100) (Fig. 1). This sur-
face alloy is thermodynamically stable over a wide tem-
perature range of 400 K and shows an unusual buckling
relaxation of the Mn atoms. Complementarily, we have
performed a structural optimization by ab initio total
energy calculations. The theoretical results are in agree-
ment with the experimental findings and show that the
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unusual buckling of Mn and moreover the stability of
this unexpected alloy are directly related to the magnetic
properties of the surface alloy. This system can therefore
be regarded as a prototype of a new class of magnetic
films, namely magnetic surface alloys.

Growth, structure, and composition of the films were
characterized by a variety of techniques including low
energy electron diffraction (LEED) and Auger electron
spectroscopy [9]. The ¢(2 x 2) structure is observed af-
ter deposition of approximately 0.5 ML (monolayer) Mn
on the Cu(100) surface held above 270 K [9,10]. This
phase is stable upon cooling to 80 K and annealing to 470
K. To establish the structural model and to determine
atomic positions, LEED I-V curves for seven nonequiva-
lent beams were measured from 40 to around 350 eV. In
these experiments, the ¢(2 x 2) structure was produced
by deposition of 0.50 £0.05 ML Mn at 375 K. The cover-
age calibration was performed using the LEED intensity
maximum of the (1/2,1/2) beam as described in [9].

Full dynamical LEED calculations utilizing the layer
doubling scheme to describe the interlayer multiple scat-
tering were used [11]. The electron scattering at the
ion cores was described by up to 9 phase shifts derived
from band structure calculations [12]. Thermal vibra-

FIG. 1. Structural model for the ¢(2 x 2) surface alloy.

3619

© 1993 The American Physical Society



VOLUME 70, NUMBER 23 PHYSICAL REVIEW LETTERS 7 JUNE 1993
tions were included using a Debye temperature of 440 K Cu(100) c(2x2)Mn 0.5 ML Mn

for Mn and 460 K for Cu. The fit between theory and S0 100 150 200 250 300
experiment and the error bar in the structure determina- LI A B AL

tion were evaluated by the Pendry R factor (R,) [13].

In the initial step of the analysis, two completely differ-
ent models were considered: the first was a Mn overlayer
in which Mn atoms are located in every other four-fold
hollow site on the Cu(100) surface and the second, a sur-
face alloy in which Mn atoms replace every other Cu atom
in the topmost plane of the substrate (Fig. 1). Both
models were tested extensively. In the overlayer model,
the distance between the Mn overlayer and the topmost
atomic plane of the Cu(100) substrate was varied between
1.4 A and 2.5 A in steps of 0.1 A. In the alloy model,
the corrugation in the first layer was varied from +0.5
A (Mn displaced outwards) to —0.5 A in steps of 0.1
A (see Fig. 1). Additionally, the first interlayer distance
was optimized between 1.6 A and 2.0 A in steps of 0.05
A. From this initial analysis, the hollow site model with
a best fit Pendry R factor of R, = 0.72 could be clearly
discarded. The surface alloy model had a comparatively
low R factor of R, = 0.31 and was therefore considered
for further refinement.

In the next step of the analysis, the first three inter-
layer distances (d;) and the corrugations in the first three
layers (Az;) were optimized. Table I gives the best fit
structure. The most surprising result is the considerable
corrugation of Az; = 0.30 & 0.02 A in the surface alloy
layer. Practically no corrugation is found in the second
and third layers and all interlayer distances are close to
the bulk value. An investigation of the composition pro-
file in the near surface region [14] shows that the top layer
is an almost perfectly ordered alloy above a copper layer,
which contains at most a few percent Mn, if any.

In Fig. 2, the spectra calculated for the best fit ¢(2 x
2) Mn structure are compared with the measured I-V
curves. Both the peak positions and the intensities are
fairly well reproduced as expected from the low R factor.
Furthermore, the R factor shows one deep minimum for
all beams with an average value of 0.287 upon a variation
of structural parameters around the best fit structure
[14]. This leads to a small error bar of 0.02 A for the
first interlayer spacing and the first layer corrugation.

In Table I, the best fit structure for the Cu(100)c(2 x

TABLE 1. Structural results obtained by LEED analyses
for different ordered surface alloys. Ellipses or the symbol dp
indicate that the corresponding value has not been optimized.
The bulk interlayer distance ds is 1.807 A

Structure Cu(100) Cu(100) Cu(100)
(A) c(2 x 2)Au [15] (2 x 2)Pd [16]  ¢(2 x 2)Mn
Az 0.1 0.02 &+ 0.03 0.30 £ 0.02
Azg oo oo 0.02 + 0.03
di2 1.88 1.81 + 0.03 1.79 £+ 0.02
d23 dp dy 1.80 £+ 0.03

3620

(1.5 05) ]

Intensity (a.u.)

50 100 150 200 250 300
Energy (eV)
FIG. 2. Experimental spectra (broken line) for the
Cu(100)c(2 x 2)Mn structure compared to the best fit spectra
for the surface alloy (solid line).

2)Mn phase is compared with two other ordered surface
alloys, namely the Cu(100)c(2 x 2)Au phase [15] and the
Cu(100)c(2 x 2)Pd phase [16]. For all three systems,
the interlayer distances found are close to the bulk in-
terlayer spacing. On the other hand, the corrugation
of the alloy layer shows considerable differences. While
the corrugation Az; is only 0.03 A for Pd [16], and 0.1
A for Au [15], a corrugation of 0.3 A is found for the
Cu(100)c(2 x 2)Mn phase. It has been suggested [16] that
the corrugation of ordered surface alloys increases with
increasing difference in atomic diameters of the constitu-
ing elements. While this explains the trend for Au and
Pd, it fails miserably for Mn. Since the Mn radius (1.365
A) is similar to the Cu radius (1.276 A) and smaller than
Pd (1.375 A) and Au (1.442 A), one would expect only
a marginal corrugatlon contrary to the experimental ob-
servation. Another seeming mystery regarding the sta-
bility of the Cu(100)c(2 x 2)Mn phase is posed by the
bulk phase diagram. While the bulk phases of CuAu
and CuPd show a pronounced tendency towards order-
ing, the heat of formation of CuMn bulk alloys is nega-
tive, indicating that the formation of ordered bulk alloys
is energetically unfavorable [17]. This is consistent with
the experimental observation that it was impossible to
grow ordered alloy films with larger thickness. Instead
even after deposition of 4 ML Mn at temperatures above
440 K, ordered alloy formation was only observed for the
surface layer while the excess Mn dissolved in the bulk.
To understand the large corrugation of Mn and in par-
ticular to shine more light onto the structural stabil-
ity of this surface alloy, we performed a structural op-
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timization of paramagnetic (P) and ferromagnetic (F)
Cu(100)c(2 x 2)Mn surface alloy (S) by ab initio elec-
tronic structure calculations. These calculations are
based on the density functional theory in the local spin
density approximation [18]. The equations are solved
using the full-potential linearized augmented plane-wave
method (FLAPW) for thin film geometry [19]. As a
structural model, we have chosen a 7 layer film consist-
ing of 5 layers of Cu with 2 Cu atoms per layer sim-
ulating the ¢(2 x 2)Cu(100) substrate and at each sur-
face, one Mn and one Cu atom simulating the (2 x 2)
surface alloy according to Fig. 1. In the structural op-
timization, which is based on minimizing the total en-
ergy Es{P/F; Azyn,r/pP; Azcu,F/p}, We included for the
paramagnetic as well as the ferromagnetic case 2 degrees
of freedom. These were the relaxations Az of Mn and the
top Cu atom along the surface normal. This is sufficient
as it is shown by our LEED analysis. Prior to this study,
the bulk Cu lattice constant (acy, = 3.52 A) and the in-
terlayer spacing (dcy = acy/2 = 1.76 A), respectively,
had also been determined by a FLAPW method [20] to
avoid any incompatibilities due to different band struc-
ture methods. To study the structural stability of the
surface alloy against the formation of a similar CugMn
bulk alloy, we repeated the calculation treating the two
¢(2 x 2) MnCu layers as interlayers (I) separated by a
Cu layer and covered by two layers of Cu in an otherwise
unchanged environment of a 7 layer slab. Since the direct
overlap of the Mn d electrons is of minor importance, this
interlayer calculation serves also as a first approximation
on the energetic stability of single Mn atoms against in-
terdiffusion.

Two important points are to be seen upon comparing
the results of the paramagnetic with the ferromagnetic
surface alloys (see Fig. 3): (i) the ferromagnetic solution
is lower than the paramagnetic one by about 1.4 €V/Mn
atom; and (ii) in the paramagnetic case, the position of
the Mn atom remains nearly at the ideally terminated Cu
site (Azyn,p = —0.5%dcy), whereas the ground state
solution was found for magnetic Mn showing a large out-
wards buckling of Azyn 7 = +11.5% dey and Cu showing
a small inwards buckling of Azcy,r = —2.5%dcy. This
large buckling is in agreement with the experiment, and
we can therefore conclude at this point that (i) the CuMn
surface alloy is magnetic and (ii) the buckling motion of
Mn is caused by its magnetism. On the other hand, the
small corrugation found for the paramagnetic solution is
in line with the corrugation observed for the CuAu and
CuPd surface alloy.

These findings can be understood considering the
bonding behavior of the Mn d electrons. In the para-
magnetic case, the d bands are half filled. Therefore,
all bonding states are occupied and Mn favors an envi-
ronment with a lot of bonding neighbors. In fact, when
we calculate the paramagnetic ¢(2 x 2) MnCu layer as
an interlayer in Cu, we find that due to the increased
number of Cu neighbors the total energy is reduced by
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FIG. 3. Theoretical total energy difference per Mn atom
of Cu(100)c(2 x 2)Mn vs the buckling relaxation Azmn of
Mn in relative units with respect to the theoretical interlayer
spacing of Cu,dcy = 1.76 A. The open squares represent the
paramagnetic and the solid diamonds the ferromagnetic re-
sults. The solid lines (for Cu atoms fixed at the ideally termi-
nated position Azcu = 0) and dashed line (the top Cu atom is
always at its optimally relaxed position) are the fitting poly-
nomials. The inset shows the contour plot of the ferromag-
netic total energy difference with respect to the buckling of
Mn and Cu. The minimum, which determines the optimal
structure, is found in the inner circle. The contour interval is
1 meV.
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0.56 eV/Mn atom. This means that a paramagnetic
MnCu surface alloy would be highly unstable against in-
terdiffusion. When we remove the constraint of para-
magnetism, the system becomes magnetic and the Mn
atom at the surface alloy obtains a magnetic moment of
Mg(Azpn = Azgy = 0) = 3.64up, which is accompa-
nied by the large gain of magnetic energy. In fact, a
magnetic moment of that size means that the majority
Mn d orbitals are nearly completely occupied and the
minority d bands are nearly empty. As a consequence,
there are nearly as many Mn d bondings states occu-
pied as d antibondings states and as a result, the d co-
hesion becomes less important and is energetically more
than compensated by the gain of magnetic energy. In
the language of atomic radii used above to explain the
buckling, it means that the ferromagnetic Mn atom is
much bigger than the paramagnetic one and its size de-
pends on the magnetic moment itself. The minor im-
portance of the Mn d cohesion becomes also evident by
comparing the energy of the ferromagnetic interlayer sys-
tem E;(F,0) = Ej(F,Azcumn = 0) with that of the
ferromagnetic surface layer Eg(F,0) = Eg(F,Azyn =
Azcy = 0). Although the environment of the Mn
atom is very different the energy is nearly degenerate
[Es(F,0)—Ey(F,0) = —0.04 eV/Mn]|. The magnetic mo-
ment of the Mn overlayer atom is larger than that of the
interlayers, M;(Azcuymn = 0) = 3.23u 5, and it is this ad-
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ditional gain of magnetic energy which stabilizes the sur-
face alloy. The buckling motion of the Mn surface atom is
very efficient to release the pressure on the Mn atom. As
a result of the relaxation, the magnetic moment increases
to Ms(Azvn = +11.5%, Azcy = —2.5%) = 3.75up and
the total energy is further reduced by 0.1 eV/Mn atom,
stabilizing the surface alloy. This relaxational release of
compression cannot be matched by a Mn interface atom.
The theoretically determined ground state buckling of
Azyn = 11.5% and Azgu = —2.5%, which adds up to
the total buckling of Az; = Azyy, — Azey = 14% (22 0.24
A), is in fairly good agreement with the experimentally
determined value of 16.6% (= 0.3 + 0.02 A). The theo-
retical data given in absolute units are smaller than the
experimental results, typical for ab initio calculations in
the local spin density approximation.

In this paper, we did not make any theoretical effort to
determine the long range magnetic order, which we as-
sumed here to be ferromagnetic. At this point we cannot
exclude the possibility of an antiferromagnetic order. It
is known that for Mn monolayers on various substrates,
the ¢(2 x 2) antiferromagnetic order is favored [6] due to
a direct in plane Mn d-d hybridization. However, in the
case of the CuMn surface alloy, the magnetic order is de-
termined by an indirect, in-plane RKKY-type interaction
due to the hybridization of the Mn d with the Cu sp elec-
trons. In such a case (i) the long range magnetic order
has practically no influence on the structural properties,
and (ii) from the exchange coupling of Mn dimers on next
nearest neighbor sites in Cu [21] we expect the ferromag-
netic spin arrangement as the magnetic ground state. In
fact we have carefully looked for an antiferromagnetic or-
der by LEED. As is known, antiferromagnetism leads to
extra LEED spots due to the reduced symmetry of the
magnetic lattice [22]. We found, however, no evidence
for their existence at temperatures above 100 K.

At the end we would like to speculate on the possibil-
ity of additional magnetic surface alloys, by relating our
work to the attraction or repulsion of a vacancy and a
3d impurity as nearest neighbors in bulk Cu and Ni. Ab
initio results [23] show that the interaction energy of a
vacancy with Cr or Mn in Cu or of a vacancy with V,
Cr, Mn, Fe, or Co in Ni is nearly degenerate between
attraction and repulsion. If we take into account, as
compared to atoms close to the vacancy, the reduction
of the number of nearest neighbor atoms at the surface,
which enhances magnetism, and the additional structural
degrees of freedom at the surface, the magnetic energy
can be gained and alloys may be stabilized on the sur-
face. Since the buckling relaxation depends on the size of
the magnetic moment, we expect on the basis of results
on single magnetic impurities in Cu [21] and Ni [24] the
largest buckling for Cu based surface alloys with Cr and
Mn and a larger buckling for Cu based surface alloys than
for Ni based alloys. This is in line with our experimental
results for the Ni(100)c(2 x 2)Mn surface alloy, where a
corrugation of 0.25 £ 0.02 A has been found [14]. We
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conclude that Cu(100)c(2 x 2)Mn is just a prototype of a
much wider class of new magnetic material, namely the
2D ordered surface alloy.
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