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First-principle total energy studies of Fe films on a Cus001d substrate are presented. The films are modeled
by symmetric 6Fe/8Cu/6Fe slabs. Both collinear and noncollinear magnetic configurations are considered.
The effect of the surface relaxation on the total energy of the system is discussed. It was found that the energy
difference between the noncollinear configurations and the favored collinear double-layered antiferromagnetic
state is reduced by contraction of the Fe sublayer but still remains positive. The possibility of stable noncol-
linear magnetic configurations in the system is discussed.
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I. INTRODUCTION

Ultrathin films of fcc Fe grown epitaxially on a Cus001d
substrate remained for two decades a subject of great inter-
est. One distinguishes the films grown at room temperature
(RT grown) and at low temperature(LT grown).1 They ex-
hibit different structural and magnetic properties. Unusual
magnetic behavior of the RT-grown films is of special inter-
est. These films grow in a layer-by-layer mode with a flat
surface. Despite the impressive progress in the study of mag-
netic and structural properties of these films the magnetic
ground state of the system is still a subject of discussion.
Recent measurements of the magneto-optical Kerr effect
made by different experimental groups2–4 agree in predicting
the surface ferromagnetism in the system but are contradic-
tory concerning the interpretation of the bulk of the film as
nonmagnetic,2 antiferromagnetic,3 or noncollinear.4 This
contradiction is probably connected to the complex, thick-
ness dependent structure of the films. Films with fcc struc-
ture are obtained in the coverage regime of 5–10
monolayers.3,5 Dynamical analysis of the low energy elec-
tron diffraction(LEED) measurements5 showed as231d re-
construction of the film surface, namely the oscillatory lat-
eral shifts of adjacent atomic rows ins110d direction, and the
expanded distance between the surface and subsurface
atomic layers. Moreover, the in-plane lattice constant of the
bulk of the film, determined by this analysis, was 2.52 Å,
which is close to the lattice constant of the bulk fcc iron
(extrapolated from the high-temperature phase) rather than
that of the Cu substrates2.55 Åd. Information about chemi-
cal and structural disorder at the Fe/Cu interface is missing
since the LEED measurements are not sensitive to the inter-
face.

All these structural properties can affect the magnetic
ground state of the films drastically. It is predicted theoreti-
cally that the magnetic structure of bulk fcc Fe is very sen-
sitive to the atomic volume,6–9 and varies from ferromag-
netism for an fcc lattice slightly expanded with respect to the
Cu lattice,6 to the(double-layered) antiferromagnetism at the
lattice constant of Cu, and further to the spin-spiral state at
,3% of the homogeneous contraction.9

It is very difficult, if not impossible, to include all the
structural properties of the fcc Fe/Cus001d films in a first-

principle study of the magnetic ground state. An idealized
fcc structure with a lattice constant of bulk Cu serves always
as a starting point forab initio calculations. Total energy
calculations made by different methods10–13 predict intra-
layer ferromagnetism and ferromagnetic coupling between
the surface and subsurface Fe layers. It is also well
established11–13 that for the films with an even number of Fe
layers snù4d the lowest energy among the collinear mag-
netic configurations possesses a double-layered antiferro-
magnetic(DAF) state. At the same time there is disagree-
ment in determining the collinear magnetic state with the
lowest energy for the films with an odd number of Fe layers.
All the calculations detect for this case a group of nearly
degenerated antiferromagnetic states. Probably, the differ-
ences in the model used for the system, e.g., free standing Fe
films,10 semi-infinite,11,12 or superlattice13 geometry, or the
differences in the methods of calculation are able to change
the delicate energetic balance in favor of one of these con-
figurations. This is also a possible reason for the quantitative
disagreement between the first-principle results of the inter-
layer distances(surface relaxation) presented by different
authors.10,12,13

The coexistence of nearly degenerated antiferromagnetic
states in the system indicates, as pointed out by Asada and
Blügel,12 the existence of a stable noncollinear magnetic
configuration. Lorenz and Hafner14 calculated the magnetic
ground state for fcc Fen/Cus001d films with 1ønø7 by
means of the noncollinear real-space method based on a
tight-binding-linear-muffin-tin-orbital(TB-LMTO) Hubbard
Hamiltonian. Only collinear magnetic ground-state configu-
rations were found for these thicknesses. By means of the
same technique these authors studied the effect of the surface
roughness and discussed noncollinear magnetic structure
near the 4 ML/5 ML step in the fcc Fe/Cus001d film.15 But
this work is addressed mainly to the low-temperature-grown
films.

An ab initio study of noncollinear magnetic structures in
the Fe/Cu system based on novel experimental results4 was
presented by Spišák and Hafner.16 The results of this work
are of special importance for our study, and will be discussed
in Sec. IV in detail.

In this work we applyab initio total energy calculation in
order to discuss both collinear and noncollinear magnetic
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configurations in the system under the influence of tetragonal
distortion.

II. METHOD

For the self-consistent calculations of the electronic struc-
ture of the fcc Fe/Cus001d films we used the screened(tight-
binding) Korringa-Kohn-Rostoker method(TB-KKR)17–19 in
the atomic sphere approximation(ASA). We present the ap-
plication of this method to noncollinear magnets. Therefore,
we discuss the TB-KKR method and its modification to the
noncollinear case in more detail.

Like a standard Green’s function approach20 this method
is based on the Dyson equation

Ĝ = ĝ0 + ĝ0V̂Ĝ, s1d

but instead of the free electron Green’s function,ĝ0, one uses
the Green’s functionĝ of the so called reference system,

ĝ = ĝ0 + ĝ0V̂ refĝ. s2d

In the simplest case the reference potential,V̂ ref, is the sys-
tem of the constant repulsive muffin-tin(MT) potentials cen-
tered at the atomic positions. The Dyson equation has to be
solved is now(in operator form):

Ĝ = ĝ + ĝDV̂Ĝ, s3d

with Ĝ the Green’s function of the real system andDV̂ =V̂
−V̂ ref with the real potentialV̂. With the angular momentum
expansion in the cell centered coordinates the problem is
transformed into a matrix equation,

GLL8
mm8s«d = gLL8

mm8s«d + o
L9m9

gLL9
mm9s«dDtl9

m9s«dGL9L8
m9m8s«d. s4d

L is a short-hand for the orbital and the magnetic quantum
numbersslmd and m denotes atomic positions. The coeffi-

cients of the angular momentum expansionGLL8
m9m8s«d are

known as structural Green’s function matrix elements and

gLL8
mm8s«d are the screened structure constants. In contrast to

the slowly decaying standard KKR structure constants based
on a free electron Green’s function the screened structure
constants show a fast exponential decay. This makes the TB-
KKR method particularly effective for the 2-D systems.19

The potential part in Eq.(4) is represented by the differences
of the t-matrix elements for the real and the reference sys-
tems. Thet-matrix becomes diagonal in ASA,tLL8

m = tl
m ·dLL8.

We modified the method to noncollinear magnetic struc-
tures in a framework of the local spin-density approximation
(LSDA)21 of the density functional theory(DFT).22 In this
approach the effective potential of the system can be sepa-
rated into single atomic contributions:

Veffsr d = o
m

vmsr − r mdQm. s5d

Qm “cuts off” a volume (in our case an atomic sphere)
around themth atomic position. For magnetic systems with

negligible spin–orbit interaction vm is a 232 matrix:

v̂msr d = wmsr dÎ + bmsr d · ŝ. s6d

wm is a nonmagnetic(Coulomb) contribution,bm is an inter-

nal magnetic field, Î is a 232 unit matrix, and ŝ
=sŝx,ŝy,ŝzd is a vector-operator of the spin magnetic mo-
ment. For a collinear magnet the magnetization directionbm

can always be chosen to be parallel to thez axis of the global
frame. All the single atomic contributions to the potential are
in this case diagonal in the global frame,

v̂m = Svm
↑ 0

0 vm
↓ D , s7d

with vm
↑ and vm

↓ the potentials for the majority and minority
electrons, respectively. The effective potential of the whole
system[Eq. (5)] is, of course, also diagonal. Instead of a 2
32 matrix equation one has to solve two decoupled scalar
equations with the effective potentials for the majority(mi-
nority) electronsVeff

↑s↓d. By analogy with vm
↑s↓d one introduces

tlm
↑s↓d and solves the matrix Eq.(4) for the majority and mi-

nority spins independently.
In the noncollinear case the magnetization direction

changes from point to point. We restrict our consideration to
the so called atomic moment approximation9 with a locally
collinear magnetization inside a single ASA sphere. A local
spin-quantization axis for themth atom is defined by the
polar anglesum, wm, and a local internal magnetic fieldbmsr d
is directed along the unit vector

em = ssin wmcosum,sin wmsin um,cosumd s8d

with respect to the global frame. The single atomic contribu-
tions v̂m, as well as thet-matrix elements, are now nondiago-
nal in the global frame:

t̃l
msum,wmd = Stlm

↑↑ tlm
↑↓

tlm
↓↑ tlm

↓↓ D . s9d

It is convenient to keep the definitions for the majority and
minority spin, andtlm

↑ , tlm
↓ , respectively, in a local frame. Us-

ing explicit expressions forŝx, ŝy, and ŝz, the t-matrix ele-
ments in a global frame are

tlm
↑↑ = tlm

↑ s1 + cosumd + tlm
↓ s1 − cosumd

tlm
↑↓ = stlm

↑ − tlm
↓ dsin ume−iwm

tlm
↓↑ = stlm

↑ − tlm
↓ dsin umeiwm

tlm
↓↓ = tlm

↑ s1 − cosumd + tlm
↓ s1 + cosumd. s10d

The potential of the reference system can always be chosen
to be spin independent. In this case thet matrix of the refer-
ence system is not affected by the transformation Eq.(10),
and each matrix element of the screened structure constants
should be substituted by a diagonal 232 matrix;
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g̃LL8
mm8 =SgLL8

mm8 0

0 gLL8
mm8D s11d

For systems with 3- or 2-D periodicity each atomic position
r m is a sum of a lattice vectorR and a position inside the unit
cell r p, r m=R+r p. In this case one converts the Dyson equa-
tion to the Bloch basis by means of the Fourier transforma-
tion. Finally, the modified Dyson equation becomes

G̃LL8
pp8skd = g̃LL8

pp8skd + o
L9p9

g̃LL9
pp9skdDt̃l9

p9sup9,wp9dG̃L9L8
p9p8skd.

s12d

III. CRYSTAL AND MAGNETIC STRUCTURE

We chose the following geometry for the total energy cal-
culations. Eight layers of Cu in thes001d direction of the fcc
lattice with the (cubic) lattice constanta=3.615 Å were
sandwiched on both sides by six Fe and three vacuum layers.
Half of this symmetric 6Fe/8Cu/6Fe slab is shown in Fig. 1.
The system was always assumed to be periodic in-plane.
Interlayer distances in the Cu sublayer were kept at the bulk
value b=0.5 a. The total energies were calculated self-
consistently for several interlayer distancesc in the Fe film
starting fromc=b to c=0.93b. This way we took into ac-
count (on average) a surface relaxation. In addition, atc
=0.97b we considered an extra surface relaxation with in-
creased(with respect to the bulk Cu) distancess, between the
surface and subsurface Fe layers, andd, between the Fe and
the Cu layers at the Fe/Cu interface,s=d=1.05b. This way

we simulated the structural features found by various
measurements.5,23

We studied three types of noncollinear magnetic struc-
tures (shown in Fig. 1). In the first one three surface Fe
layers (Fe1 to Fe3 in Fig. 1) are coupled ferromagnetically.
Next, the relative angle between the magnetizations in the
neighboring Fe layers(Fe3–Fe4, Fe4–Fe5, and Fe5–Fe6) was
fixed at a constant valuea. This type of the “spin-wave”
magnetic structure with valuea<133° extracted from the
MOKE measurements was discussed by Qianet al.4 We de-
noted this configuration as SW1. The next considered mag-
netic configuration, SW2, is similar to SW1, but the ferro-
magnetic coupling is now restricted to the surface and
subsurface Fe layers only(Fe1 and Fe2). The “spin wave”
begins now from the subsurface layersFe2d. This magnetic
structure is of special interest because experimental and the-
oretical studies2,3,11,12predict the ferromagnetic coupling to
be restricted to the surface and subsurface Fe layers only. In
the third configuration there are three pairs of ferromagneti-
cally coupled Fe layers(Fe1–Fe2, Fe3–Fe4, and Fe5–Fe6).
The relative angle between the magnetizations of adjacent
pairs isa. By analogy with the double-layered antiferromag-
netic(DAF) state we denoted this configuration as a “double-
layered spin wave”(DSW). In the limiting casea=0 all
three configurations reduce to the ferromagnetic state. For
a=180° the DSW configuration presents the DAF state. The
total energies were calculated self-consistently at fixed val-
uesa for a=0 to 180° by steps ofDa=22.5°.

IV. RESULTS AND DISCUSSION

Angular dependencies of the total energy for the unre-
laxed 6Fe/8Cu/6Fe slabsc=bd for the SW1, SW2, and DSW
noncollinear magnetic configurations are shown in Fig. 2.
The energy differences are presented per Fe atom relative to
the DAF state. For all three dependencies the ferromagnetic
statesa=0d has always higher energy than the antiferromag-
netic one(a=180°). Both the SW1 and SW2 configurations
have a minimum ata<100°, but for the SW2 the energy in
the minimum is about 0.5 mRyd lower. The DSW magnetic

FIG. 1. Top half of the 6Fe/8Cu/6Fe slab ins001d direction of
the fcc lattice(vacuum layers are also shown). The interlayer dis-
tances inside the Fe sublayer,c, between the surface and subsurface
layers,s, and at the Fe/Cu interface,d, can differ from the bulk Cu
value, b. Solid arrows on a right-hand part show magnetization
directions for each Fe atomic layer for the three types of noncol-
linear magnetic structures. Dotted arrows indicate magnetization in
the previous(relative to the surface) atomic layer.

FIG. 2. Angular dependence of the total energies of the SW1,
SW2, and DSW magnetic structures relative to the DAF state(indi-
cated by “uudduu,” “u”, and “d” are short-hands for “spin-up” and
“spin-down,” respectively) for the unrelaxed lattice.
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structure shows a monotonic cosine-like angular dependence.
The DAF state possesses the lowest energy among all the
calculated magnetic configurations. This is in agreement with
the previous collinear first-principle studies made for this
system.11–13

The angular dependence for both the SW1 and the SW2
magnetic configurations reproduces qualitatively the first-
principle calculations of the total energy as a function of the
spiral vectorq in the s001d direction in bulk fcc Fe with the
lattice constant of Cu.6–9 In particular, the position of the
minimum and the tendency to the antiferromagnetism,
Etots180°d−Etots0d,0, are confirmed. At the same time our
results contradict the TB-LMTO calculation presented by
Spišák and Hafner who studied the same noncollinear mag-
netic structures in the fcc-Fe/Cu system.16 They found that
the angular dependence of the total energy of the SW1 has a
pronounced maximum, and for the SW2 shows a smooth
increase. Moreover, the energy differences for the limiting
cases,a=0 anda=180°, obtained in our work opposite to
the results of these authors. Let us use short-hands “u” and
“d” for “spin-up” and “spin-down,” respectively. In this no-
tation the magnetic configuration of the SW1 for a=180° is
uuudud and for the SW2 uududu, and uuuuuu fora=0 in
both cases. We found thatEtotsuuuuuud. Etotsuuududd
. Etotsuududud contrary to the result of Spišák and Hafner,
who found thatEtotsuuuuuud, Etotsuuududd, Etotsuududud.
The last sequence is also qualitatively confirmed by the full-
potential LAPW calculations of Asada and Blügel.12 At the
same time Asada and Blügel used the generalized gradient
approximation(GGA) while in our work the total energies
are calculated in the local spin-density approximation
(LSDA).

The origin of the obtained differences should be related to
the GGA. In order to check this point we included the gen-
eralized gradient corrections as proposed by Perdew and
Wang24 in the total energy calculations for these three collin-
ear magnetic configurations and also the double-layered an-
tiferromagnetic state uudduu. The interlayer distances of the
Fe film were fixed, so a small strain cannot be excluded. We
found the following GGA-corrected total energy differences
per Fe atom:

Etotsuuududd − Etotsuuuuuud = 1.27 mRyd,

Etotsuududud − Etotsuuuuuud = 1.48 mRyd,

Etotsuuuuuud − Etotsuudduud = 1.41 mRyd.

These results agree very well, both qualitatively and quanti-
tatively, with the calculations of Asada and Blügel.12 The
calculations of Spišák and Hafner16 were also performed
within the GGA.25 This is the most probable reason for the
differences in the angular dependence of the total energy.
Although the GGA corrections do not change the depen-
dence on the spiral vector qualitatively in bulk fcc Fe,8,9 the
situation may be different in layered systems.

Now we discuss the effect of the structural relaxation in
the Fe sublayer on the total energy of the system. Our calcu-
lations showed that the monotonic cosine-like angular depen-

dence of the total energy for the DSW magnetic configura-
tion is kept for relaxed interlayer distances up to 7% of the
tetragonal contraction. Furthermore, the SW2 magnetic struc-
ture shows for anya lower energies than the SW1. There-
fore, we focus on the energy differences between the SW2
and the DAF states. Figure 3 shows the angular dependence
of the total energy of the SW2 relative to the DAF state for
c/b=0.97, 0.95, and 0.93. It is clear that the tetragonal con-
traction decreases the total energy of the SW2 state. The
position of the minimum,amin<100°, is nearly unchanged.
The difference between the minimal energy for the SW2 and
the DAF is about 0.8 mRyd for 3% and 0.4 mRyd for 5%
contraction in the Fe sublayer, respectively, in comparison to
about 1.35 mRyd for the unrelaxed film. It is also interesting
that with the increased distances between the surface and
subsurface Fe layers,s, and the interlayer distance at the
Fe/Cu interface,d, by 5% ss=d=1.05bd for c/b=0.97 the
energy difference is about 0.2 mRyd less than the difference
for the film with 3% of the homogeneous contraction. At
c/b=0.93 the SW2 state witha=amin is practically degener-
ated with the DAF. The value 7% for the tetragonal distor-
tion is, of course, unrealistic. Our test calculations made for
bulk fcc Fe with the lattice constant of Cu showed that a
tetragonal contraction of 3% already leads to a degeneration
of the DAF and the spin-spiral magnetic states. This is prob-
ably the insufficient thickness of the Fe sublayer, only 6 ML,
which hinders the stabilization of the fcc-Fe-bulk-like state
in the layered system. On the other hand the energy differ-
ence between the collinear DAF and the noncollinear SW2
magnetic configurations is only about 1 mRyd(per Fe atom)
and decreases for the realistic interlayer distances,c=0.97b,
s=d=1.05b, to about 0.6 mRyd. Small excitations due to,
e.g., finite temperature can drive the system into the meta-
stable noncollinear magnetic state. Moreover, some unknown
structural properties, like a mixed Fe/Cu interface, can
change the magnetic ground state of the system. Finally, we
have to mention again that the variety of the possible non-
collinear structures is huge. Following former calculations
and new experimental results we have compared the total
energy for three special types of structures to discuss general

FIG. 3. Angular dependence of the total energy of the SW2

magnetic configuration relative to the DAF state for the relaxed
interlayer distances in the Fe sublayer atc/b=0.97, 0.95, and 0.93.
For c/b=0.97 an extra 5% expansion between the surface and sub-
surface layers and at the Fe/Cu interface is also considered.
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trends in the system. But it is not a full search of the global
minimum in the system.

V. CONCLUSIONS

We presentedab initio total energy calculation for several
types of noncollinear magnetic configurations in ultrathin fcc
Fe films grown on a Cu substrate. The system was modeled
by the symmetric 6Fe/8Cu/6Fe slab. Among the considered
magnetic structures the collinear double-layered antiferro-
magnetic (DAF) state is energetically preferred. It was
shown that the energy difference between the favored DAF

and possible noncollinear structures is reduced by tetragonal
distortion in the Fe sublayer but remains positive. The energy
differences, however, are so small, less than 1 mRyd per Fe
atom, that the existence of a stable noncollinear magnetic
state in the system cannot be excluded.
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