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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 @) FeRh thin films have been studied within
density-functional formalism. Bulk B2 FeRh is an ordered alloy, with in-plane antiferromagnéis#i ) 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 FeR({®01) 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 a very narrow concentration range of about 5% aromnd
=0.5in the binary Fg_,Rh, phase diagram, and the ground
Since the work of Fallot, many detailed experimental state becomes ferromagnetic fer=0.5114° Attempts to
studies have been made of the nearly equiatomic FeRh a¢lucidate the mechanism underlying the transition from
loys. More recently, interest has focused on multilayersAF-1l to FM state were undertakeéfi-'® Teraoka and
[FeRnhIr/Ag/Fe(Ref. 2] or epitaxial bilayer§Fe/FeRI001)  Kanamort® have extended the Anderson model af @rtual
and NiFe/FeR{001), (Ref. 3] in order to explore different states. By taking an AF exchange interaction between Fe
domain structures and exchange coupling leading to fascinagtoms and a FM exchange interaction between Fe and Rh
ing properties mainly induced by the magnetic transitionatoms, they were able to show that the mechanism underly-
from the antiferromagnetic ground state to the ferromagnetiing the transition is an increase of the polarizability of the Rh
one. Moruzzi and co-workets® have used augmented atom and a decrease of the Fe-Fe exchange interaction with
spherical wavegASW) method to study the binary FeRh increasing temperature. Moriya and Us&hhiave shown that
ordered alloy. They investigated the followin@) ferromag-  the coexistence of ferromagnetism and antiferromagnetism,
netic configuration in which the Fe atoms polarize the neighwhich breaks the symmetry, is possible in certain itinerant-
boring Rh layers(ii) layered antiferromagnetic configuration electron systems where the wave-vector-dependent suscepti-
defined as ferromagnetic Fe planes separated by a nonmégjtity neglecting the electron-electron interaction has two
netic Rh plane, the Fe plane being antiferromagneticallypeaks atj=0 andq=Q, the AF wave vector. For reasonable
coupled with its nearest-neighboring Fe plarigss mag- values of parameters within such a theory, they could explain
netic configuration is called ARl (iii) in-plane antiferro-  the first-order transition in FeRh alloys. Hasegd®asing a
magnetic configuration in each Fe plagfF-1l), the Rh at-  tight-binding single band model and an intra-atomic
oms staying unpolarized. Their calculations reveal theelectron-electron interaction, has determined the free energy
coexistence of AF-Il and FM solutions over a wide range ofwithin a spin-fluctuation theory. Hasegawa showed that by
volume. The ground state is found to be AF-II with taking into account the effect of local spin fluctuations within
~=*3ug iron local moments and zero rhodium local mo- the single site alloy analogy, a first-order transition takes
ments in agreement with experimental values. The metaplace from one ordered state to a second ordered state. These
stable ferromagnetic state with iron and rhodium local mo-model$®-*8assumed a CsCl-type ordering of Fe and Rh at-
ments of~3.1ug and lug lies just above the AF-Il state and oms with equal concentration of Fe and Rh. Khetral1®
has a minimum energy at a lattice constant0.5% larger examined the case of nonstoichiometry by considering only
than the AF-Il state. AF-I is found at much greater energy. the T=0 case. The aim is to produce evidence of a local
The antiferromagnetic ground state of bulk FeRh can easmechanism which could be responsible for the nucleation of
ily be changed to a ferromagnetic state due to elevated temerromagnetism in an AF FeRh alloy. To do that they re-
perature whereby the phase transition is accompanied by glaced a Rh atom by an Fe atom in FeRh in its AF-1l phase
large drop in the electrical resistivifyThe transition from and looked for the effect of the nonstoichiometry on the
the AF-Il to the FM phase is very sensitive to heatmagnetic behavior of the nearest neighbors of the substituted
treatmerft® and magnetic fieRf'X The Curie temperature atom. Khanet al°® within a semiempirical tight-binding for-
(Tc) and the transition from antiferromagnetic to the ferro-malism were able to display a spin flip of the Fe magnetic
magnetic stateTr\y.ap) are also very sensitive to chemical moments around an Fe impurifgquivalent to an excess of
compositiom:?*3the FM-AF transition being only present in Fe in stoichiometric FeRh ordered allgysubstituting a Rh
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atom. This shows clearly that a transition from zero magnetic TABLE I. Comparison between the equilibrium lattice param-

moment towards a ferromagnetic surrounding can appedters(a) and magnetic momentsu) of bulk B2 FeRh alloys ob-
around an excess of Fe. tained in the present calculation with those of another theoretical

Within x-ray magnetic circular dichroisiXMCD) on  calculation and experimental measurements. Both AF-Il and FM
FeysiRhg4e, Chaboyet al?° confirmed the existence of a results have been reported. GGA stands for generalized gradient

ferromagnetic ground state at low temperatures. MoreovefPProximation, LSDA for local spin-density approximation.
they found the onset of two ferromagnetic phases located;

respectively, below and above 150 K. Estimateg.gf, were This ng ASW; expt.* Units

obtained from the analysis of the XMCD data at the [Rfy GGA LSDA

edges, showing a depletion from 13 in the high-  gAFn 5.62 5.647 5.639 au.

temperature ferromagnetic phase to Q4@ in the low-  gFm 565 5.673 5.667 al.

terrplfrzéture one. This ferfrom;’;tgneticf—fer:romagnletic trr]ansition AF-I 311 2980 3.3 e

is linked to a variation of volume of the sample. This can rm

explain the large magnetovolumic effect obser\llaed in this sys- £ 3188 315 28025 He
b 1.05 1.02 0.8:0.25 e

tem belowT=150 K.?!

The AF-FM transition of FgRh, , was studied by van
Driel et al?? for film thicknesses up to 100 nm using x-ray-
diffraction and Msbauer spectroscopy. Frg.<0.5, the The films are modeled by repeated supercells made up by
amounts of the various crystallographically and magneticallysuperposition ofi) alternative metallic monolayers of Fe and
distinct phases in the films were determined by conversiomRh (ii) empty layers. To cancel the interaction of two succes-
electron Masbauer spectroscopy. In the composition rangaive FeRh films, one separates them by a sufficient great
0.4<Xpe<0.5, the observed transition temperattfrem AF  number of empty spheres layers. This point is checked
to FM) decreases down to 270 K. The decrease of thehrough vanishing charge in the central layer of the empty
AF-FM transition temperature is explained by the stresspace and no dispersion along tBeaxis directiort® We
present in the filn€ and resulting from grain-to-grain or by have considered three well-known high-symmetry magnetic
compositional variations due to different amounts of excessrders in Rh- and Fe-terminatg@01) surfaces: the ferro-
Rh. Evidence of microstructural effects on this magneticmagnetic configuration®(1x 1)1 and P(1x1)|, and the
transition has been reported by Yokoyareaal®® who  C(2x2) in-plane antiferromagnetic configuratida sche-
pointed out that the temperature interval in which the transimatic representation of these magnetic configurations are re-
tion takes place increases with increasing grain size. ported in Fig. 1 of EImouhssinet al).3! One notices that for

The purpose of this paper is to propose another mechahe AF-II phase, theP(1X1)T and P(1x1)| are equiva-
nism for the stabilization of the ferromagnetic configurationlent. The electronic and magnetic structures are calculated
in FeRh thin films and more precisely the possible stabilizausing 121k points in the first irreducible Brillouin zone.
tion of the ferromagnetic configuration when the thickness of We begin with a film thickness of nine atomic layéad )
the film decreases. This study follows directly previous studywith an AF-Il configuration and terminated by Rh. The
concerning the onset of AF configuration in thin bcc FeC(2x2) order, in the surface, is characterized by non-
films.* Following Kim and co-workers'*® who obtained magnetic Rh atoms at the layer surfd€e[Fig. 1(a)]. This is
with quantitative low-energy electron diffraction an increasedue(like in the bulk to a magnetic frustration effect induced
of the Rh concentration at th{@&10) surface of FeRh and the by the iron atoms that are coupled antiferromagnetically and
presence of 100% Rh at the first atomic layer of (081)  situated at equal distance from the Rh atoms. It is clear that
surface with 100% Fe at the second, we started our investfor this configuration, no surface effect is observed on the
gation by considering Rh at th@01) surface of FeRh. We magnetism of Rh atoms at tt® layer. Also the magnetic
also considered Fe at the surface but in that case no magnetifoments on the Fe atoms do not present significant changes.
transition with the thickness of the film was obtained. However, forP(1Xx1)7 or P(1X1)] in the Rh surface layer
a considerable modification of the magnetic map appears. On
one hand, as seen in Figbl, only one self-consistent result
is obtained. At the surface, the Rh atoms of the top layer
have a moment of 1.08; close to the bulk FeRh value ob-

All band-structure calculations presented here are basdained in the ferromagnetic phase (1.39. This value is
on scalar-relativistic version of thHespace tight-binding lin- also comparable to that (0.83) calculated by Kachel
ear muffin-tin orbital methadd'?® developed in the atomic et al® in the case of a Rh monolayer deposited of0B8).
spheres approximation. We perform the calculations with théOn the other hand, one can notice a progressive decrease of
Langreth-Mehl-Hu exchange-correlation tefiihe equilib-  the spin polarization on Rh atoms, from the surface |&er
rium lattice parameters for bulk B2 FeRh alloys are deterthe central layer of the film. Th&-2 layer is characterized
mined by the minimization of the total-energy curva ( by a Rh moment of 0.555/atom whereas, for th&-4 layer,
=5.62 a.u. for AF-ll anda=5.65 a.u. for FM. The values the Rh polarization is 0.13z/atom. The persistence of the
obtained are in agreement with the calculations of MoruzzRh moment at the center of the slab shows the great effect of
and co-worker§® and the experimental measurements ofboth surfaces and the magnetism induced by the Fe neigh-
Shiraneet al* as it is shown in the Table I. boring atoms situated at the subsurface layer. These Fe atoms

II. COMPUTATIONAL DETAILS AND MAGNETIC
CONFIGURATIONS OF FeRh FILMS
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FIG. 1. Magnetic moments of th®01) FeRh films with 9 AL
and AF-1l magnetic configuration in the center, with Rh atoms in
the top layer(dark circles in a C(2X2) (a) and a ferromagnetic
P(1x1)7 (b) configurations. Starting witfP(1x1)| leads to re-
sult (b).

(@)
]

FIG. 2. Magnetic moments of th@®01) FeRh films with 9 AL
and FM configuration in the center, with Rh atoms in the top layer
(dark circles in aC(2x2) (a), a ferromagnetid®(1x1)7 (b), an
antiferromagnetid®(1X 1)| (c) configurations.

antiferromagnetic coupling in the subsurface layer, one ex-
pects to obtain a zero moment for the Rh atoms at the surface
layer arising from magnetic frustration effect. On the con-
trary one obtains a small spin polarization of the Rh atoms at
present a ferromagnetic configuration with a moment ofthe surface (0.15g). This polarization can be explained by
3.01ug . A comparison between the energies shows that théwo effects: surface effect and hybridization with both iron
most stable state is(Px1)(T or |). The difference in energy and rhodium atoms of the innerlayers. In contrast to the
is 3.4 mRy/cell with the purely antiferromagnetic configura- AF-1l coupling case, there is an increase of the Rh magnetic
tion (Table 1l). The magnetic coupling induced through the moments when going from the surface to the inner layers i.e.,
P(1x1)(T) configuration is definitively very different from 0.15ug, 0.66ug, and 1.04:g for the layersS, S-2, andS-4.
the inner layers coupling and looks like a magnetic recon- The iron atoms of the subsurface layer for tRgl
struction at the surface. This result is interesting because K 1)| order have a moment of 3.01ug [Fig.2(c)]. As the
shows that a surface effect is able to stabilize a magnetiomagnetic coupling in this subsurface layer is ferromagnetic,
coupling at the surface lay€®) metastable in the bulk. The this increases the magnetism of Rh at the surfafzs com-
origin of this magnetic reconstruction may be due to thepared with the case witftC(2X2) configuration, which
general ferromagnetic trend of the Rh when it grows on Feeaches-0.96ug. This value is, however, less than that ob-
substrates as studied by Kactetlal® and by Zhong and tained for the AF-1IP(1x1)7 (or |) configuration. The Rh
Freemar?? plane S-2 sandwiched between two antiferromagnetically
In a second step, we start with FeRh films presenting a&oupled iron layers namelg-1 andS-3, carry a moment of
ferromagnetic coupling in the innerlayers of the slab. In the0.16 g per atom. TheP(1X 1)1 order which corresponds
bulk, this ferromagnetic configuration is marginally lessto a continuity of the magnetic coupling of the inner layers is
stable than the one with AF-Il configuration. When the sur-characterized by the the highest value of the Rh polarization
face order is ofC(2X 2) type, the iron atoms of the subsur- at the surfac& The Rh moment reaches 144 [Fig. 2(b)]
face layer have a moment af3.05ug [Fig. 2(@)]. Due to an  which is 11.4% higher than the bulk one. At the subsurface,

TABLE II. Difference (E—E,) of energiegin millirydberg per cell between FeRh films in terms of their
number of atomic layer$9, 11, 13, and 15 A}, innerlayer couplinggAF-ll, FM) and magnetic surface
configurationd C(2x2), P(1Xx1)7, P(1x1)|] when Rh is a surface layeE, is the energy of the most
stable configuration.

Rh at the surface of FeRh thin films

Innerlayer couplings AF-II FM

Surface(AL) C(2x2) P(1x1)] P(1x1)] C(2x2) P(Ax1)7 P(1x1)]
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
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the iron atoms have a moment of 306, whereas theés-3 10

layer carried a magnetic moment of 3uly. It is clear that
at the surface, the high value of the Rh moment is most
likely due to the broken symmetry which contracts tthe -
band of the rhodium atom@&nd thus increasing the density
of states at the Fermi leyelogether with the strong hybrid-
ization arising from the ferromagnetic iron atoms. The Rh
layer S-2 located between iron layers coupled ferromagneti-
cally has a moment of 1.Q8& /atom.

The energetical comparison of the three magnetic order
at the surface shows that ti1X 1)1 configuration is the
ground statgTable 1l). The energy difference between the ‘o
P(1x1)7 order with, respectively, th®(1x1)] andC(2 0 1
X 2) orders is equal to 21.31 and 37.10 mRy/cell. Therefore,
from Table II, we can say that the FeRh thin films with 9 AL
and Rh surface layers are characterized by aFMIX 1)1 ‘ ‘ ‘
configuration which is more stable than AFRI1X 1)1 10 12 14
coupling in contrast with the bulk results. Thus for a thick- Thickness of B2 FeRh thin films
ness of 9 AL, the films are ferromagnetic and the difference .
in energy with the nearest metastable configuration is equal F'C- 3 Differences between AF-Il and FM ground-state ener-
to 5.22 mRy/cell. gies Ear_11 — Egwm)(in millirydberg per cell between FeRh films

For thicknesses of 11 and 15 AL, the magnetic profiles arénu:gcrr;sl:;;:]e" thicknes¢9, 11, 13, 15 AL thick when Rh is a
nearly the same than those obtained for a thickness of 9 AL. '
Therefore, we will not give a detailed description of the mag- i i . .

netic behavior but focus on their relative stability. For 11 andtn® AF-Il configuration. This is another way to stabilize the
15 AL with the AF-Il phase in the inner layers, the most FM state, besides temperature effect and excess of Fe. _
stable state is th®(1x 1) that leads to a magnetic recon- _ Finally, when Fe is at the top surface the ground state is
struction as for 9 AL. However, one notices that there is a1€ AF-1I-C(2x2) (Table 1) for the three thicknesses con-
decrease of the difference in energy with g2 x 2) order sidered(9, 11, and 13 Al. No magnetic reconstruction was
at the surface with the increase of the thickness of the filmsoPserved.
Indeed, for 15 AL the difference diminishes down to 15% of

the value obtained for 9 AL. For the two thicknesses with the

FM coupling in the inner layers the same ground magnetic

order at the surface, i.eR(1X 1)1 is also obtained. Having In summary, we have shown that there is a clear correla-
done thatTable Il) we can display, in Fig. 3, the decrease of tion between the thickness of the FeRh thin films with Rh at
the difference in energy between the FM stageound state the top layer and the stability of the magnetic configuration
for films with 9 and 11 Al) and the AF-II state stable for 15 of the inner layers. Indeed the film with 9 AL is FM whereas
AL (as well as in the bulk versus film thicknesses. In the the films with 13 and 15 AL remain AF-II like in the bulk,
case of 13 AL we have encountered some convergency prolbut the surface magnetic order does not show any drastic
lems so that only two solutions are reported in Table II. Nev-change with the film thickness. However, for Fe-terminated
ertheless, as in the case of 15 AL and bulk B2 FeRh alloysi-eRh films such effect is not present. Therefore, one has to
this film remains clearly antiferromagnetic. It is clear that thelink this ferromagnetic stabilization of the films to the in-
induced polarization of the Rh atoms is able to stabilize theluced polarization of Rh resulting from both surface effect
FM configuration in FeRh films with small thickness, but for and induced polarization from ferromagnetic Fe. Indeed, as
greater thickness the gain of energy is not enough to destrashown by Goldonkt al3® within linear magnetic dichroism

v (mRy/cell)
|

F
\

N
\
N

EAF[I

-30
8

[lI. CONCLUSION

TABLE lIl. Difference (E—Eg) of energies(in millirydberg per cell between FeRh films in terms of
their atomic layerg9, 11, and 13 Al, innerlayer couplingsAF-II, FM) and magnetic surface configurations
[C(2x2), P(1X1)T, P(1Xx1)|] when Fe is a surface layeE, is the energy of the most stable configu-

ration.

Fe at the surface of FeRh thin films
Innerlayer couplings AF-II FM
Surface(AL) C(2%2) P(1x1)7 P(1x1)] C(2%2) P(1x1)7 P(1x1)]
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

094432-4



FERROMAGNETIC STABILIZATION OF ORDERED B.. ..

in angular distribution, the surface of RIO0) is not ferro-
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