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Magnetic exchange interactions at low-index surfaces of bcc iron, hcp cobalt, and
hcp gadolinium are studied using ab initio electronic structure calculations. Interlayer
exchange couplings derived from total-energy differences are enhanced at the surfaces over
their bulk counterparts. This trend is in contrast to a surface reduction of on-site exchange
parameters formulated within a classical Heisenberg model. A particular attention is paid
to the sensitivity of exchange interactions at a Gd(0001) surface to relaxation of interlayer
distances. The calculated results do not provide support for recently observed surface
enhancement of the Curie temperature of the Gd metal.
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1 Introduction

Ab initio theory of magnetic ground-state properties of transition-metal surfaces
and thin films developed during the last decade [1] is based on the local spin-
density approximation (LSDA) to the density-functional theory. However, a reliable
description of finite-temperature properties as well as of systems containing rare-
earth metals remains, in general, beyond the range of the standard LSDA.

The bulk hep gadolinium with its (0001) surface represents a most interesting
and puzzling system, as documented, e.g., by observed surface enhancement of its
Curie temperature [2]. Theoretical explanation of the latter fact was provided in
terms of an LSDA+U approach [3]. However, more recent works have thrown serious
doubts on these conclusions, both on side of experiment [4] and theory [5].

Motivated by the above findings, we present here results of systematic first-
principles investigations of exchange interactions at low-index surfaces of bce Fe,
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hep Co, and hep Gd. Besides differences of total energies calculated for various
spin configurations, we employed a framework of an effective classical Heisenberg
Hamiltonian applied to itinerant magnets [6-8].

2 Formalism and computational details

The selfconsistent electronic structure calculations within the LSDA were per-
formed using the all-electron scalar-relativistic tight-binding linear muffin-tin or-
bital (TB-LMTO) method in the atomic-sphere approximation (ASA) [9]. The va-
lence basis consisted of s-, p-, and d-type orbitals, whereas the 4f orbitals in the
case of Gd were treated as part of atomic-like core with the majority (minority)
4f level fully occupied (empty). In the case of surfaces, the selfconsistency region
at the metal/vacuum interface comprised 7 atomic layers and 3 layers of empty
spheres. The accuracy of the ASA was checked by the full potential linearized aug-
mented plane-wave (FLAPW) method [10] as implemented in the FLEUR code
which enabled to perform also LSDA+U calculations [5].

The effective Heisenberg Hamiltonian considered here has a form

Heg = — Z JRR’€R - €R’ , (1)
RR/

where the subscript R labels the lattice sites, the vectors er are unit vectors point-
ing in the direction of the individual local moments, and the pair exchange inter-
actions Jrrs satisfy Jrrr = Jr'r and Jrr = 0. They were calculated using the
magnetic force theorem [6, 7] applied within the TB-LMTO-ASA method for a
collinear ground state [8]:

JRR' = — % /C try [AR(z)g;R,(z) AR,(z)gg,R(z)} dz . 2)

In Eq. (2), the symbol tr;, denotes the trace over the angular momentum index
L = (¢m) and energy integration is performed in the complex energy plane along a
closed contour C starting and ending at the Fermi energy. The quantities gg g (%) (¢
being a spin index, o =1, | ) denote site-off-diagonal blocks of the so-called auxiliary
Green-function matrices with elements gg; .7/ (2) while Ar(z) = P (2) — Py (2)
are diagonal matrices related to the potential functions Pg,(z) of the TB-LMTO-
ASA method [9]. In addition to the pair exchange interactions Jrgr/, an on-site
exchange parameter J% defined by

JR =Y Jrr (3)
RI

can be introduced. It is related to the energy change due to an infinitesimal rotation
of the R-th local moment with respect to the bulk magnetization. The lattice
summation in Eq. (3) can be done exactly by employing a sum rule [6]
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T = 55 [ re{An [shn() - sha ()]
+ AR(2) ghr(2) AR(2) ghe(2) | d2 | (4)

which involves only the site-diagonal blocks of the Green-function matrices.
For bulk ferromagnets with all lattice sites equivalent (J% = J9), the Curie
temperature in the mean-field approximation for the Hamiltonian (1) is given by

BT =200, 5)

where kp is the Boltzmann constant. For inhomogeneous systems like surfaces, a
direct relation between the Curie temperature and the on-site exchange parameters
J% cannot be given. Hence, the latter quantities reflect merely the strength of the
exchange interaction and its spatial variations. The same is true also for total-energy
differences among selected magnetic configurations.

3 Results and discussion

3.1 Surfaces of bcc Fe and hcp Co

Table 1 summarizes total-energy differences calculated for bulk Fe and Co (with
experimental lattice constants) and for their surfaces (with lattice sites coinciding
with ideal truncated bulk positions). The AEPU¥ is defined as energy separation
(per bulk atom) between the bulk ferromagnetic (FM) ground state and an an-
tiferromagnetic (AFM) bulk spin configuration with an AFM coupling between
successive atomic layers parallel to a particular surface, while the AES" is energy
difference (per surface atom) between the FM surface and a surface with an AFM
coupling of the top layer to the semiinfinite FM bulk. The relation AEPY < AEswf
proves a surface enhancement of effective interlayer exchange couplings for all three
surfaces studied (Table 1).

Table 1. Energy difference between the AFM and FM states in the bulk Fe and Co and
at their surfaces as calculated by the LMTO-ASA technique (see text for details).

AEbulk AEsurf
Metal | Layers (mRy/atom) | (mRy/atom)
bee Fe | (110) 18.27 22.28
(001) 34.04 46.47
hep Co | (0001) 18.32 28.12

The exchange interactions in the bulk transition metals and the corresponding
Curie temperatures were studied in detail elsewhere [8]. Figure 1 presents layer-
resolved local quantities at the surfaces: the magnetic moments and the on-site
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Fig. 1. Layer-resolved magnetic moments (left) and on-site exchange parameters Jg
(right) at surfaces of bee Fe and hep Co. The layer numbering starts from the top surface
layer, denoted by 0.

exchange parameters Jg (3). It is seen that the well-known surface enhancement
of the moments is accompanied by a more complicated layer-dependence of the
exchange parameters exhibiting a minimum in the top surface layer and a maximum
in the first subsurface layer. A qualitative explanation follows from Egs. (2) and
(3) which show that JY reflects the exchange splitting of the R-th site as well as
the splittings and number of its neighbors. Hence, the reduction of JI% in the top
surface layer is due to the reduced coordination, whereas the maximum in the first
subsurface position is due to the full (bulk-like) coordination of these sites and
the enhanced surface local moments (Figure 1). Note that the layer-dependence of
the on-site exchange parameters and its explanation are analogous to the case of
hyperfine magnetic fields at the nuclei of iron atoms [9, 11].

3.2 Bulk hep Gd

As shown recently [5], the LSDA combined with a 4f core treatment implemented
within the FLAPW technique provides a surprisingly good description of the ground-
state properties of hcp Gd, including especially the stabilization of the FM ground
state with respect to an AFM spin structure with AFM coupling between neigh-
boring close-packed (0001) atomic planes. Table 2 compares results obtained by the
FLAPW method and the less accurate TB-LMTO-ASA technique. The agreement
is quite satisfactory which is a necessary prerequisite for studies of the exchange
interactions within the latter technique.

Figure 2 shows the calculated exchange interactions Jrr/ for experimental lat-
tice constants of the hcp Gd structure. The pair interactions between the first
nearest neighbors are positive and dominate clearly over the interactions of more
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Table 2. Ground-state properties of hcp Gd as calculated in a 4f core treatment and

with an experimental value of the c¢/a ratio for FM and AFM states: equilibrium lattice

parameter (relative to the experimental value), bulk modulus, local magnetic moment,
and the energy difference between the AFM and FM states.

Technique ‘ State ‘ Aa/fa (%) | B (Mbar) ‘ M (uB) ‘ AFE (mRy/atom)

LMTO-ASA | FM -1.3 0.46 7.67 -
AFM —-1.5 0.45 7.45 2.92

FLAPW FM —-14 0.50 7.41 -
AFM -1.7 0.49 7.32 4.12

experiment FM 0.0 0.38 7.63 -

distant pairs, which oscillate and tend rapidly to zero with increasing interatomic
distance. This dependence is in full agreement with a Ruderman—Kittel-Kasuya—
Yoshida (RKKY) asymptotic behavior [8].

Equation (5) yields Té\/[FA = 334K, a value slightly above the experimental

Curie temperature, 75" = 293 K. It can be expected that more accurate methods
of statistical physics will reduce the theoretical Curie temperature by 10 to 20%
[8], i.e., shifting it even closer to experiment. This degree of quantitative agreement
indicates that the present values of exchange interactions Jrgr- are basically correct.
Note that the role of the apparently small interactions beyond the first neighboring
shell (Figure 2) is by no means negligible for reliable quantitative studies: their
contribution to the real-space sum in (3) amounts to 25% of the total value of J°.
A similar remark refers also to the anisotropy of the first nearest-neighbor J’s: the
pair interaction in the close-packed (0001) planes is about 20% smaller than that
between these planes (Figure 2).
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Fig. 2. Pair exchange interactions Jgrgr- for ferromagnetic hcp Gd with experimental lattice

constants a and ¢ as a function of the interatomic distance d = |[R — R’|. The crosses and

squares refer to pairs of sites R, R’ lying in even (AA) and odd (AB) close-packed (0001)
planes, respectively.

Czech. J. Phys. 53 (2003) 85



I. Turek et al.

3.3 Gd(0001) surface

The total-energy differences between the FM and AFM configurations of hcp Gd,
AEPYE and AESU! (cf. Subsection 3.1), are presented in Table 3 for different
modifications of the LSDA and for different techniques, including the results of
Ref. [3]. The Gd(0001) surface was treated in two structural models: with the lattice
sites occupying the ideal truncated bulk positions (unrelaxed structure) and with a
3% contraction of the interalyer separation between the two topmost atomic layers
(inward relaxation). The magnitude of the contraction was set according to LEED
measurements [12] as well as to previous FLAPW calculations [5]. It can be seen
that the effective interlayer interaction is enhanced at the surface, in qualitative
agreement with the transition-metal surfaces (Subsection 3.1). However, the values
of AEPYX and AES™T as well as their ratio depend appreciably on further details of
the calculations. Note that AES" /AEPYX ~ 1.5 for both ideal hep(0001) surfaces
(Co, Gd) calculated by the LMTO-ASA technique.

Table 3. Energy difference between the AFM and FM states in the bulk Gd and at its
(0001) surface (see text for details). The bottom line corresponds to Ref. [3].

bulk surf
Model Technique AE AE (mRy/atom)
(mRy/atom) ideal ‘ relaxed
LSDA 4f core | LMTO-ASA 3.05 4.46 4.30
FLAPW 4.12 7.35 7.94
LSDA+U FLAPW 2.50 6.54 6.99
FLAPW(*) 4.63 5.29 9.93

The effect of surface relaxation on the AES™! is rather weak in the present
calculations, both the LMTO-ASA and the FLAPW ones, though in the case of
Gd treated in the FLAPW/LSDA+U model another ambiguity enters through
the choice of the muffin-tin radius [5]. On the other hand, a pronounced increase
of AES" (by nearly a factor of two) due to the surface relaxation was reported
in Ref. [3] (Table 3) and it was identified as an origin of the observed surface
enhancement of the Curie temperature [2]. Note that according to the simple model
employed in Ref. [3], all results of the present LMTO-ASA and FLAPW calculations
would yield enhanced Curie temperatures at the surface (both ideal and relaxed),
since the corresponding criterion (AES" /AEPuk > 4/3) is satisfied in each case
(Table 3). In analogy to the bulk case (Subsection 3.2), one can expect that the
long-ranged exchange interactions will modify the resulting Curie temperatures
considerably.

Figure 3 presents the calculated local magnetic moments and the on-site ex-
change parameters J3 at the ideal and relaxed Gd(0001) surfaces. The layer-
resolved magnetic moments exhibit a small surface enhancement followed by Friedel-
like oscillations around the bulk value. These oscillations can be resolved also in the
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Fig. 3. Layer-resolved magnetic moments (left) and on-site exchange parameters Jg

(right) at the (0001) surface of hcp Gd as calculated with the lattice sites in the ideal

truncated bulk positions and with the top surface layer relaxed towards the bulk. The
layer numbering starts from the top surface layer, denoted by 0.

layer-dependence of the parameters J% which, however, starts with a reduced value
in the top surface layer due to the reduced coordination, as discussed in Subsection
3.1. As a consequence, the maximum of the on-site exchange parameters is found
in the second subsurface layer, in contrast to the transition-metal surfaces.

The surface relaxation does not change the investigated layer-dependences sub-
stantially: it leads to a small reduction of the local moments and the on-site ex-
change parameters in the first two top surface layers and a tiny enhancement in the
second subsurface layer as compared to the ideal surface (Figure 3). The surface
reduction of J% agrees qualitatively with a small decrease of AE" due to the
relaxation as found by the LMTO-ASA technique (Table 3).

4 Conclusions

We investigated the effect of low-index surfaces on exchange interactions in fer-
romagnetic transition (Fe, Co) and rare-earth (Gd) metals. We found that effective
exchange interactions between the atomic layers are enhanced at the surfaces as
compared to the bulk, in clear contrast to a surface reduction of on-site exchange
parameters obtained from a classical Heisenberg Hamiltonian. The latter property
was explained in terms of a reduced coordination of surface atoms.

In the case of the Gd(0001) surface, we focused on the role of surface relaxation
on the resulting exchange interactions. We found this effect rather weak, unable to
produce a surface enhancement of the Curie temperature. However, an improved
treatment of the effective Heisenberg Hamiltonian, which overcomes the mean-field
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approximation and takes into account the pair exchange interactions beyond the
first nearest neighbors, remains an important task for future studies.
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