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Ferromagnetic stabilization of ordered B2 FeRh thin films
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The electronic structure and the local spin polarization of the~001! FeRh thin films have been studied within
density-functional formalism. Bulk B2 FeRh is an ordered alloy, with in-plane antiferromagnetism~AF-II ! in
the Fe layers as ground state and a ferromagnetic configuration a few millirydberg above. A transition from
antiferromagnetic to ferromagnetic configuration is obtained when the temperature is increased or when an
excess of Fe is introduced. Here we demonstrate that a decrease of the film thickness leads to similar transition.
For Rh-terminated FeRh~001! surfaces, the calculations show that the ground state of the film is ferromagnetic
for nine layers whereas for 15 layers it is antiferromagnetic as in bulk FeRh.
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I. INTRODUCTION

Since the work of Fallot,1 many detailed experimenta
studies have been made of the nearly equiatomic FeRh
loys. More recently, interest has focused on multilay
@FeRhIr/Ag/Fe~Ref. 2!# or epitaxial bilayers@Fe/FeRh~001!
and NiFe/FeRh~001!, ~Ref. 3!# in order to explore different
domain structures and exchange coupling leading to fasc
ing properties mainly induced by the magnetic transit
from the antiferromagnetic ground state to the ferromagn
one. Moruzzi and co-workers4–6 have used augmente
spherical waves~ASW! method to study the binary FeR
ordered alloy. They investigated the following:~i! ferromag-
netic configuration in which the Fe atoms polarize the nei
boring Rh layers;~ii ! layered antiferromagnetic configuratio
defined as ferromagnetic Fe planes separated by a non
netic Rh plane, the Fe plane being antiferromagnetic
coupled with its nearest-neighboring Fe planes~this mag-
netic configuration is called AF-I!; ~iii ! in-plane antiferro-
magnetic configuration in each Fe plane~AF-II !, the Rh at-
oms staying unpolarized. Their calculations reveal
coexistence of AF-II and FM solutions over a wide range
volume. The ground state is found to be AF-II wi
;63mB iron local moments and zero rhodium local m
ments in agreement with experimental values. The m
stable ferromagnetic state with iron and rhodium local m
ments of;3.1mB and 1mB lies just above the AF-II state an
has a minimum energy at a lattice constant; 0.5% larger
than the AF-II state. AF-I is found at much greater energ

The antiferromagnetic ground state of bulk FeRh can e
ily be changed to a ferromagnetic state due to elevated t
perature whereby the phase transition is accompanied
large drop in the electrical resistivity.7 The transition from
the AF-II to the FM phase is very sensitive to he
treatment8,9 and magnetic field10,11. The Curie temperature
(TC) and the transition from antiferromagnetic to the ferr
magnetic state (TFM -AF) are also very sensitive to chemic
composition,12,13 the FM-AF transition being only present i
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a very narrow concentration range of about 5% aroundx
50.5 in the binary Fe12xRhx phase diagram, and the groun
state becomes ferromagnetic forx50.51.14,15 Attempts to
elucidate the mechanism underlying the transition fro
AF-II to FM state were undertaken.16–19 Teraoka and
Kanamori16 have extended the Anderson model of 3d virtual
states. By taking an AF exchange interaction between
atoms and a FM exchange interaction between Fe and
atoms, they were able to show that the mechanism unde
ing the transition is an increase of the polarizability of the
atom and a decrease of the Fe-Fe exchange interaction
increasing temperature. Moriya and Usami17 have shown that
the coexistence of ferromagnetism and antiferromagneti
which breaks the symmetry, is possible in certain itinera
electron systems where the wave-vector-dependent susc
bility neglecting the electron-electron interaction has tw
peaks atq50 andq5Q, the AF wave vector. For reasonab
values of parameters within such a theory, they could exp
the first-order transition in FeRh alloys. Hasegawa,18 using a
tight-binding single band model and an intra-atom
electron-electron interaction, has determined the free en
within a spin-fluctuation theory. Hasegawa showed that
taking into account the effect of local spin fluctuations with
the single site alloy analogy, a first-order transition tak
place from one ordered state to a second ordered state. T
models16–18 assumed a CsCl-type ordering of Fe and Rh
oms with equal concentration of Fe and Rh. Khanet al.19

examined the case of nonstoichiometry by considering o
the T5O case. The aim is to produce evidence of a lo
mechanism which could be responsible for the nucleation
ferromagnetism in an AF FeRh alloy. To do that they r
placed a Rh atom by an Fe atom in FeRh in its AF-II pha
and looked for the effect of the nonstoichiometry on t
magnetic behavior of the nearest neighbors of the substit
atom. Khanet al.19 within a semiempirical tight-binding for-
malism were able to display a spin flip of the Fe magne
moments around an Fe impurity~equivalent to an excess o
Fe in stoichiometric FeRh ordered alloys! substituting a Rh
©2003 The American Physical Society32-1
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atom. This shows clearly that a transition from zero magn
moment towards a ferromagnetic surrounding can app
around an excess of Fe.

Within x-ray magnetic circular dichroism~XMCD! on
Fe0.51Rh0.49, Chaboyet al.20 confirmed the existence of
ferromagnetic ground state at low temperatures. Moreo
they found the onset of two ferromagnetic phases loca
respectively, below and above 150 K. Estimates ofmRh were
obtained from the analysis of the XMCD data at the RhL2,3
edges, showing a depletion from 1.03mB in the high-
temperature ferromagnetic phase to 0.70mRh in the low-
temperature one. This ferromagnetic-ferromagnetic transi
is linked to a variation of volume of the sample. This c
explain the large magnetovolumic effect observed in this s
tem belowT5150 K.21

The AF-FM transition of FexRh12x was studied by van
Driel et al.22 for film thicknesses up to 100 nm using x-ra
diffraction and Mössbauer spectroscopy. ForxFe,0.5, the
amounts of the various crystallographically and magnetic
distinct phases in the films were determined by convers
electron Mössbauer spectroscopy. In the composition ran
0.4,xFe,0.5, the observed transition temperature~from AF
to FM! decreases down to 270 K. The decrease of
AF-FM transition temperature is explained by the stre
present in the films22 and resulting from grain-to-grain or b
compositional variations due to different amounts of exc
Rh. Evidence of microstructural effects on this magne
transition has been reported by Yokoyamaet al.23 who
pointed out that the temperature interval in which the tran
tion takes place increases with increasing grain size.

The purpose of this paper is to propose another mec
nism for the stabilization of the ferromagnetic configurati
in FeRh thin films and more precisely the possible stabili
tion of the ferromagnetic configuration when the thickness
the film decreases. This study follows directly previous stu
concerning the onset of AF configuration in thin bcc
films.24 Following Kim and co-workers25,26 who obtained
with quantitative low-energy electron diffraction an increa
of the Rh concentration at the~110! surface of FeRh and th
presence of 100% Rh at the first atomic layer of the~001!
surface with 100% Fe at the second, we started our inve
gation by considering Rh at the~001! surface of FeRh. We
also considered Fe at the surface but in that case no mag
transition with the thickness of the film was obtained.

II. COMPUTATIONAL DETAILS AND MAGNETIC
CONFIGURATIONS OF FeRh FILMS

All band-structure calculations presented here are ba
on scalar-relativistic version of thek-space tight-binding lin-
ear muffin-tin orbital method27,28 developed in the atomic
spheres approximation. We perform the calculations with
Langreth-Mehl-Hu exchange-correlation term.29 The equilib-
rium lattice parameters for bulk B2 FeRh alloys are det
mined by the minimization of the total-energy curvea
55.62 a.u. for AF-II anda55.65 a.u. for FM!. The values
obtained are in agreement with the calculations of Moru
and co-workers4–6 and the experimental measurements
Shiraneet al.14 as it is shown in the Table I.
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The films are modeled by repeated supercells made u
superposition of~i! alternative metallic monolayers of Fe an
Rh ~ii ! empty layers. To cancel the interaction of two succ
sive FeRh films, one separates them by a sufficient g
number of empty spheres layers. This point is check
through vanishing charge in the central layer of the em
space and no dispersion along theZ-axis direction.30 We
have considered three well-known high-symmetry magn
orders in Rh- and Fe-terminated~001! surfaces: the ferro-
magnetic configurationsP(131)↑ and P(131)↓, and the
C(232) in-plane antiferromagnetic configuration~a sche-
matic representation of these magnetic configurations are
ported in Fig. 1 of Elmouhssineet al.!.31 One notices that for
the AF-II phase, theP(131)↑ and P(131)↓ are equiva-
lent. The electronic and magnetic structures are calcula
using 121k points in the first irreducible Brillouin zone.

We begin with a film thickness of nine atomic layers~AL !
with an AF-II configuration and terminated by Rh. Th
C(232) order, in the surface, is characterized by no
magnetic Rh atoms at the layer surface~S! @Fig. 1~a!#. This is
due~like in the bulk! to a magnetic frustration effect induce
by the iron atoms that are coupled antiferromagnetically a
situated at equal distance from the Rh atoms. It is clear
for this configuration, no surface effect is observed on
magnetism of Rh atoms at theS) layer. Also the magnetic
moments on the Fe atoms do not present significant chan
However, forP(131)↑ or P(131)↓ in the Rh surface layer
a considerable modification of the magnetic map appears
one hand, as seen in Fig. 1~b!, only one self-consistent resu
is obtained. At the surface, the Rh atoms of the top la
have a moment of 1.08mB close to the bulk FeRh value ob
tained in the ferromagnetic phase (1.05mB). This value is
also comparable to that (0.82mB) calculated by Kachel
et al.33 in the case of a Rh monolayer deposited on Fe~001!.
On the other hand, one can notice a progressive decrea
the spin polarization on Rh atoms, from the surface layerS to
the central layer of the film. TheS-2 layer is characterized
by a Rh moment of 0.55mB /atom whereas, for theS-4 layer,
the Rh polarization is 0.13mB /atom. The persistence of th
Rh moment at the center of the slab shows the great effec
both surfaces and the magnetism induced by the Fe ne
boring atoms situated at the subsurface layer. These Fe a

TABLE I. Comparison between the equilibrium lattice param
eters~a! and magnetic moments (m) of bulk B2 FeRh alloys ob-
tained in the present calculation with those of another theoret
calculation and experimental measurements. Both AF-II and
results have been reported. GGA stands for generalized grad
approximation, LSDA for local spin-density approximation.

This work ASW4 expt.14 Units
GGA29 LSDA32

aAF-II 5.62 5.647 5.639 a.u.
aFM 5.65 5.673 5.667 a.u.
mFe

AF-II 3.11 2.980 3.3 mB

mFe
FM 3.188 3.15 2.860.25 mB

mRh
FM 1.05 1.02 0.860.25 mB
2-2
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FERROMAGNETIC STABILIZATION OF ORDERED B2 . . . PHYSICAL REVIEW B 67, 094432 ~2003!
present a ferromagnetic configuration with a moment
3.01mB . A comparison between the energies shows that
most stable state is P~1x1!(↑ or ↓). The difference in energy
is 3.4 mRy/cell with the purely antiferromagnetic configur
tion ~Table II!. The magnetic coupling induced through th
P(131)(↑) configuration is definitively very different from
the inner layers coupling and looks like a magnetic rec
struction at the surface. This result is interesting becaus
shows that a surface effect is able to stabilize a magn
coupling at the surface layer~S! metastable in the bulk. The
origin of this magnetic reconstruction may be due to
general ferromagnetic trend of the Rh when it grows on
substrates as studied by Kachelet al.33 and by Zhong and
Freeman.34

In a second step, we start with FeRh films presentin
ferromagnetic coupling in the innerlayers of the slab. In
bulk, this ferromagnetic configuration is marginally le
stable than the one with AF-II configuration. When the s
face order is ofC(232) type, the iron atoms of the subsu
face layer have a moment of63.05mB @Fig. 2~a!#. Due to an

FIG. 1. Magnetic moments of the~001! FeRh films with 9 AL
and AF-II magnetic configuration in the center, with Rh atoms
the top layer~dark circles! in a C(232) ~a! and a ferromagnetic
P(131)↑ ~b! configurations. Starting withP(131)↓ leads to re-
sult ~b!.
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antiferromagnetic coupling in the subsurface layer, one
pects to obtain a zero moment for the Rh atoms at the sur
layer arising from magnetic frustration effect. On the co
trary one obtains a small spin polarization of the Rh atom
the surface (0.15mB). This polarization can be explained b
two effects: surface effect and hybridization with both iro
and rhodium atoms of the innerlayers. In contrast to
AF-II coupling case, there is an increase of the Rh magn
moments when going from the surface to the inner layers
0.15mB , 0.66mB , and 1.04mB for the layersS, S-2, andS-4.

The iron atoms of the subsurface layer for theP(1
31)↓ order have a moment of23.01mB @Fig.2~c!#. As the
magnetic coupling in this subsurface layer is ferromagne
this increases the magnetism of Rh at the surfaceS @as com-
pared with the case withC(232) configuration#, which
reaches20.96mB . This value is, however, less than that o
tained for the AF-II-P(131)↑ ~or ↓) configuration. The Rh
plane S-2 sandwiched between two antiferromagnetica
coupled iron layers namely:S-1 andS-3, carry a moment of
0.16 mB per atom. TheP(131)↑ order which corresponds
to a continuity of the magnetic coupling of the inner layers
characterized by the the highest value of the Rh polariza
at the surfaceS. The Rh moment reaches 1.17mB @Fig. 2~b!#
which is 11.4% higher than the bulk one. At the subsurfa

FIG. 2. Magnetic moments of the~001! FeRh films with 9 AL
and FM configuration in the center, with Rh atoms in the top la
~dark circles! in a C(232) ~a!, a ferromagneticP(131)↑ ~b!, an
antiferromagneticP(131)↓ ~c! configurations.
ir

t

TABLE II. Difference (E2E0) of energies~in millirydberg per cell! between FeRh films in terms of the
number of atomic layers~9, 11, 13, and 15 AL!, innerlayer couplings~AF-II, FM! and magnetic surface
configurations@C(232), P(131)↑, P(131)↓] when Rh is a surface layer.E0 is the energy of the mos
stable configuration.

Rh at the surface of FeRh thin films
Innerlayer couplings AF-II FM

Surface~AL ! C(232) P(131)↑ P(131)↓ C(232) P(131)↑ P(131)↓
9 8.67 5.22 5.22 37.10 0 21.31
11 3.13 0.46 0.46 37.64 0 24.58
13 1.48 0 0 19.13
15 1.15 0 0 48.34 12.66 36.72
2-3
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the iron atoms have a moment of 3.06mB , whereas theS-3
layer carried a magnetic moment of 3.17mB . It is clear that
at the surface, the high value of the Rh moment is m
likely due to the broken symmetry which contracts thed
band of the rhodium atoms~and thus increasing the densi
of states at the Fermi level! together with the strong hybrid
ization arising from the ferromagnetic iron atoms. The
layer S-2 located between iron layers coupled ferromagn
cally has a moment of 1.08mB /atom.

The energetical comparison of the three magnetic ord
at the surface shows that theP(131)↑ configuration is the
ground state~Table II!. The energy difference between th
P(131)↑ order with, respectively, theP(131)↓ and C(2
32) orders is equal to 21.31 and 37.10 mRy/cell. Therefo
from Table II, we can say that the FeRh thin films with 9 A
and Rh surface layers are characterized by a FM-P(131)↑
configuration which is more stable than AF-II-P(131)↑
coupling in contrast with the bulk results. Thus for a thic
ness of 9 AL, the films are ferromagnetic and the differen
in energy with the nearest metastable configuration is eq
to 5.22 mRy/cell.

For thicknesses of 11 and 15 AL, the magnetic profiles
nearly the same than those obtained for a thickness of 9
Therefore, we will not give a detailed description of the ma
netic behavior but focus on their relative stability. For 11 a
15 AL with the AF-II phase in the inner layers, the mo
stable state is theP(131)↑ that leads to a magnetic recon
struction as for 9 AL. However, one notices that there i
decrease of the difference in energy with theC(232) order
at the surface with the increase of the thickness of the fil
Indeed, for 15 AL the difference diminishes down to 15%
the value obtained for 9 AL. For the two thicknesses with
FM coupling in the inner layers the same ground magn
order at the surface, i.e.,P(131)↑ is also obtained. Having
done that~Table II! we can display, in Fig. 3, the decrease
the difference in energy between the FM state~ground state
for films with 9 and 11 AL! and the AF-II state stable for 1
AL ~as well as in the bulk!, versus film thicknesses. In th
case of 13 AL we have encountered some convergency p
lems so that only two solutions are reported in Table II. Ne
ertheless, as in the case of 15 AL and bulk B2 FeRh allo
this film remains clearly antiferromagnetic. It is clear that t
induced polarization of the Rh atoms is able to stabilize
FM configuration in FeRh films with small thickness, but f
greater thickness the gain of energy is not enough to des
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the AF-II configuration. This is another way to stabilize th
FM state, besides temperature effect and excess of Fe.

Finally, when Fe is at the top surface the ground state
the AF-II-C(232) ~Table III! for the three thicknesses con
sidered~9, 11, and 13 AL!. No magnetic reconstruction wa
observed.

III. CONCLUSION

In summary, we have shown that there is a clear corre
tion between the thickness of the FeRh thin films with Rh
the top layer and the stability of the magnetic configurat
of the inner layers. Indeed the film with 9 AL is FM wherea
the films with 13 and 15 AL remain AF-II like in the bulk
but the surface magnetic order does not show any dra
change with the film thickness. However, for Fe-termina
FeRh films such effect is not present. Therefore, one ha
link this ferromagnetic stabilization of the films to the in
duced polarization of Rh resulting from both surface effe
and induced polarization from ferromagnetic Fe. Indeed,
shown by Goldoniet al.35 within linear magnetic dichroism

FIG. 3. Differences between AF-II and FM ground-state en
gies (EAF2II 2EFM)~in millirydberg per cell! between FeRh films
in terms of their thickness~9, 11, 13, 15 AL thick! when Rh is a
surface layer.
f
s

u-
TABLE III. Difference (E2E0) of energies~in millirydberg per cell! between FeRh films in terms o
their atomic layers~9, 11, and 13 AL!, innerlayer couplings~AF-II, FM! and magnetic surface configuration
@C(232), P(131)↑, P(131)↓] when Fe is a surface layer.E0 is the energy of the most stable config
ration.

Fe at the surface of FeRh thin films
Innerlayer couplings AF-II FM
Surface~AL ! C(232) P(131)↑ P(131)↓ C(232) P(131)↑ P(131)↓
9 0.00 0.11 0.11 50.16 20.55 23.41
11 0.00 1.16 1.16 58.63 23.48 26.71
13 0.00 0.83 0.83 65.43 31.96 34.35
2-4
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FERROMAGNETIC STABILIZATION OF ORDERED B2 . . . PHYSICAL REVIEW B 67, 094432 ~2003!
in angular distribution, the surface of Rh~100! is not ferro-
magnetic. Therefore, surface effect alone cannot induc
magnetic moment. Sizable polarization can only arise
contact with an Fe ferromagnet.33,36As seen in Fig. 2~b!, an
increase of Rh polarization~from 1.05mB in the bulk FeRh to
1.17mB at the surface! is able to stabilize the FM configura
tion. This cannot happen with Fe at the surface, since
moment of Fe in bulk FeRh is already very high so that
increase is almost unlikely.

*Corresponding author. FAX: 00~213! 26 21 48 48. Email address
samir_lounis@yahoo.fr
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