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The magnetic structures and anisotropy at the compensated ferromagnetic/antiferromagnetic Co/FeMn in-
terface are investigated by the highly precise first principles full-potential linearized augmented plane-wave
method that incorporates intra-atomic noncollinear magnetism in order to understand the magnetic complexity
involved in the spin-flop coupling and the presence of intra-atomic noncollinear magnetism. The self-consistent
results predict that the Fe moments in the FeMn layer reorient away from their directions in bulk FeMn so as
to be parallel to the Co moment direction—a reorientation that induces an out-of-plane magnetic anisotropy.
These results appear to support and confirm recent experimental x-ray magnetic circular dichroism findings
that rule out spin-flop coupling as the mechanism for exchange bias in this system.

DOI: 10.1103/PhysRevB.70.060404 PACS nuni®er75.70.Cn, 73.20-r, 75.50.Ee

An important role in accounting for exchange bias is(NiFe/NiMn) interface?® Therefore, highly precise predic-
played by local magnetic structures at ferromagnétiel)/  tions with first principles guantum mechanics including
antiferromagnetidAFM) interfaces as well as in structures intra-atomic noncollinear magnetism are strongly desirable
that include domain walls and defects in the FM and AFMto derive the true magnetic ground state.
volumes!~’ One key interest in this phenomenon lies in un- Here we present magnetic structures of the Co/FeMn in-
derstanding magnetic structures at a compensated FM/AFNerface as obtained with the full-potential linearized aug-
interface where an equal number of positive and negativenented plane-wavg=LAPW) method®3°that now incorpo-
exchange interactions exist across the interface. Ideally, thigates intra-atomic noncollinear magneti$hi* These self-
compensated AFM interface has no net magnetic momentonsistent calculations predict that the Fe moments in the
Recently, Koof predicted within the Heisenberg model, a FeMn layer reorient away from their bulk directions so as to
perpendiculalspin-flop coupling at the compensated AFM be parallel to the Co moment direction, and thus appear to
interface in which the AFM moments at the interface weresupport and confirm the recent experimental findifig&In
found to cant to induce a small net moment. Including im-addition, we find that an out-of-plane magnetic anisotropy is
perfections at the interface such as defects and roughneseduced at the Co/FeMn interface. These predictions offer
which give a small number of uncompensated spins, Schulthpossible improvements in understanding the exchange bias in
ess and Butlérdemonstrated the exchange bias shift with thethis system and invite further experimental confirmation.
correct order of magnitude by using the Landau-Lifshitz— Calculations were carried out based on the local spin den-
Gilbert equation. sity approximation using the von Barth—Hedin exchange

The magnetic structures in bulk FeMn, one of the ex-correlatiof? and the scalar relativistic approximation with-
change bias AFM materials, have been intensively investiout spin-orbit couplingSOQ. To treat the intra-atomic non-
gated both experimentallyr® and theoretically*~2° The  collinear magnetism so as to allow its direction to vary con-
magnetic ground state is agreed to be ti@ rincollinear tinuously all over spac&3133the electron density and the
magnetic structure, in which the magnetic moments aligreffective potential are treated with ax2 density matrix,
toward the center of the cell of four atoms. It is thus expectedaind the basis functions are specified with the spin-
that FeMn is an ideal compensated AFM material. independent LAPW basis in order to avoid discontinuity in

Most recently, however, x-ray magnetic circular dichro- augmentation of the basis functions at the muffin¢tifir)
ism (XMCD) measurement$2observed that the Fe mo- radius?®3No local orbital$® are incorporated since, as pre-
ments at the Co/FeMn interface are aligned parallel to theiously demonstrated!, the spin-independent LAPW basis
Co moments. This indicates that spin-flop coupling is not thedoes not degrade the accuracy when done as in standard
mechanism for the exchange bias in this system. FLAPW calculations for @ metals. The LAPW basis with a

From the theoretical point of view, the few calculations cutoff of |k +G|<3.6 a.u:* and MT sphere radii of 2.3 a.u.
performed for the magnetic structurés’ imposed a re- for all atoms are used. Lattice harmonics with angular mo-
straint to consider only collinear magnetic structures; thusnenta up tof=8 are employed to expand the charge and
the magnetic complexity at the interface is not yet clearmagnetization density, the vector potential, and the eigen-
Indeed, intra-atomic noncollinear magnetism was demonfunctions.
strated to play an important role in determining the magnetic The Co/FeMif001) interface is modeled with three-layer
structures in bulk FeMr?® as well as in the FM/AFM Co and seven-layer FeMn superlattice structures, in which an

1098-0121/2004/16)/0604044)/$22.50 70 060404-1 ©2004 The American Physical Society



RAPID COMMUNICATIONS

KOHJI NAKAMURA, TOMONORI ITO, AND A. J. FREEMAN PHYSICAL REVIEW B70, 060404R) (2004
_@_@_ Co-2 _@_@_ Co-2 TABLE I. Calculated magnetic moments for the type | and Il
Co/Fe interface structureM| (in ug) is the magnitude of the
Co-1 Co-1 moment in the MT sphere along the average moment direction.
@ @ s @ @ o= dremn)(in degreesandMpy(in up) indicate the angle between two
Fe(Mn) moment directions illustrated in Fig. 1 and the induced net
Fe-1 _@_@_ Mn-1 moment along the Co moment direction.
_@_@_ Mn-2 _@_@_ Fe-2 Type | Type Il
M| dre  Mpm IM[ éwn  Mem
D O—r3 O wmn3
Co-2 171 171 1.71 171
_@_@_Mn_4 _@_@_ Fed Co-1 1.531.50 152 154 1.54
Fe-1 1.89 24 1.85 1.91 1.91
(a) Co/Fe Interface (b) Co/Mn Interface Mn-2 1.462.3) -0.85 2.15 127 -0.99
Fe-3 1.39 118 0.72 1.35 1.35
FIG. 1. (Color onling Model and notation for Co and FeMn pn-4 1.842.22) -038 219 143 -0.70

interfaces, which consist of three-layer Co and seven-layer FeMn
superlattice structurega) and (b) show the Co/Fe and Co/Mn
interface structures, respectively. of the two Mn sublattice sites as seen in Figa)2 which

] o ] induces a net Mn moment; the net Fe moment is induced by
L1, atomic ordering in the FeMn layers is assumed. We conghe canting of the Fe moments. In the type Il structure, the

sider two atomic interface structures, Co/Fe and Co/Mn, age moments are parallel to the Co moment direction and the
sketched in Fig. @) and Xb), respectively. The lattice pa- et Mn moment is induced by the canting. In both cases, we
rameter of the FeMn layer is assumed to be that of its bulkgpserye that the large net Fe moment aligns parallel to the
and for the Co layer the basal plane is assumed to match thaly moments but the small net Mn moment has the opposite
of the FeMn layer with the c/a ratio chosen to preserve thgyientation. Also, when moving to the interface the magni-

experimental atomic volume of hep Co. tude of the Co moments decreases while those of Fe and Mn

~ The self-consistent calculations were started with thregncrease at the interface, indicating changes in the electronic
kinds of symmetries for the three initial magnetic structuresysnd structures at the interfaces.

type I, II, and Ill, depicted in Fig. 2, in which their moments  prom total energy calculations, the type Il structure is
lie on the planes parallel to the'ln_terface. For the ty®®)l  found to be energetically favored compared to type I, by 46
structure, the F&In) moment axis in the FeMn layer is per- and 24 meV/cell for the Co/Fe and Co/Mn interface struc-
pendicular to the Co moment direction while the (8  tyres, respectively. Thus, the Fe moments align parallel to the
moments orient parallel and antiparallel to the Co directionCo moments. These results are consistent with the recent
The type IlI structure has the same symmetry as type Il, bukxMCD experimental observatior?$-25 For a more quantita-
the Fe moments in the FeMn layer are ferromagneticallftive comparison it is, of course, necessary to include the
aligned. effects of atomic disordering in the FeMn. Very recently,

The calculated moments in the MT spheres along theihowever, low energy electron diffraction and Auger spectros-
average moment directions for the Co/Fe and Co/Mn intercopy experimen% have pointed out a Segregation of the Fe
face structures are summarized in Tables | and Il. We couldtoms at the surface for the disordered FeMn alloys. This
not obtain self-consistent solutions of the type Il structure forsegregation would provide an Fe-rich composition at the in-
both interfaces due to their apparent convergence to the typgrface, which may be close to our Co/Fe interface model of
Il structure. The tables also give the angigsin) between  Fig. 1(a).
the two F¢Mn) moment directions illustrated in Fig. 1 and  The calculated magnetic structure of the FeMn layer in
the induced net moments|gy,, along the Co moment direc- the type Il structure is similar to the one theoretically pro-
tion. posed by Spisak and Hafngrable Xh) in Ref. 1§ for bulk

For both Co/Fe and Co/Mn interfaces in the type | struc-L1, FeMn, namely, parallel Fe moments and canted Mn mo-
ture, the magnitude of the Mn moments with opposite direciments opposite to the Fe moment direction but with
tions are different since the Co moments break the symmetry,,,=128°. In case of the bulk, although SpiSak and Hafner’s

Fe Mn Mn
Q¢ Co Co . ,

Fi FIG. 2. (Color onling Three kinds of symme-
Onin tries for initial magnetic structures, type |, Il, and
Mn Mn Fe Fe r IIl. Arrows represent the average moment direc-

= tions of Co (blue), Fe (green, and Mn (red.
Fe Mn - Angles dpgnn) betwc_aen two FegMn) atoms on
(002) planes are defined.
(a) Type 1 (b) Type 11 (c) Type I
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TABLE Il. Calculated magnetic moments for the type land it [
Co/Mn interface structures. The notations are same as in Table I. RN
Co-1 R AN
Type | Type Il TP \:‘S‘ :
M| dre Mew Ml dun My \l/ e
Co-2 1.701.64 1.67 1.62 1.62 e s
Co-1 1.16 116 111 1.11 ; ;;‘&\‘\;; :
Mn-1 1.902.32 -042 225 148 -0.62 : E‘{?‘ :
Fe-2 1.39 148 038  1.31 1.31 g
Mn-3 1.892.13 -0.24 217 142 -0.71 R
Fe-4 1.50 139 0.52 1.39 1.39 LN
Nyvs < Fe-1
structure is energetically less favorable than the ground state s \L
of the 3Q noncollinear magnetic structuf® the calculated
energy difference is very small, only 0.11 meV/atom. There- ke
fore, the magnetic interaction across the Co/FeMn interface : ;{.‘!’!»;; ,
will easily overcome the small energy increase due to the 'TY;:YT :
reorientation of the Fe moments in the FeMn layer. it e
Furthermore, we find that, compared to the bulk FeMn
case?? the intra-atomic noncollinear magnetism in the FeMn P
interface is strongly suppressed by the contact with the Co. B R
Figure 3 shows the spatial distribution of the calculated mag- Mn-2 — :EE,E, P
netizationm(r) on the(001) planes for the type Il Co/Fe \L A4 1 | (AN
interface structure. At Fe-3, which is far away from the in- ol
terface, the magnetization density has a complicated pattern [ .. ... ..
with the moment direction varying continuously on a smaller i ewwr. .
length scale inside the atoms as seen in bulk Féi.Fe-1 ..
of the interface, however, the moments inside the atom lie reeTYET -
almost collinear. We estimated the moments away from the e
average direction by calculatinfgr|m  (r)|dr, wherem , (r) ,
is the perpendicular component of the magnetization. These AR
result in 0.11 and 0.24 for Fe-1 and Fe-3, respectively, N2 Fe-3
corresponding to about 6% and 18 % of their total moments. - SRR
It is striking that the intra-atomic noncollinearity at the ~ J/
Fe-1 is considerably reduced compared to that of Fe-3.
The reorientation of Fe moments in the FeMn layer would - -
be induced mainly at the interface, i.e., close to the Co layer. ~ ?t: Rk
Indeed, the recent XMCD experimefftgletected the mag- BN
netic domain images of the Fe and Mn due to the existence

of their net moments when the FeMn was in contact with the

((j)o Iaygr; the maghnetlc asyn;r.nitry of the Fe d!splayi.ar?tro?g FIG. 3. (Color onling Spatial distribution of the calculated mag-
ependence on the FeMn thickness, presenting a high va Yftization m(r) on (001) planes for the type Il Co/Fe interface

for approximately the first 3 ML FeMn, decreasing continu- gy crure. Arrows represent the moment directions and their magni-
ously with increasing FeMn thickness, and reaching an apg,qes by lengths.

parently small value above 6 ML. Therefore, the bul® 3
structure may be recovered continuously when the FeMrenergy (Eyca). Here, theEyca is obtained as an energy
thickness increases above 3—6 ML. difference for changing the global magnetization orientations
It is now interesting to discuss the magnetocrystalline anas the average Co mome(and therefore the ferromagneti-
isotropy(MCA) at the Co/FeMn interface, since the reorien-cally coupled Fe momenbrients along th¢110] (in-plane
tation of the Fe moments at the interface and the induced neind [001] (out-of-plang directions.
moment in the AFM layer changes the spatial magnetic sym- The calculatedgyca is 1.54 and 1.23 meV/cell for the
metry, which leads to a large change of magnetic propertie€o/Fe and Co/Mn interface structures, respectively. Thus,
such as the MCA. In order to determine the MCA, we em-energetically the Cgand F@ moments point along the out-
ployed the second variational SOC metfotf using the cal-  of-plane direction. When considered individually, the MCA
culated scalar relativistic eigenvectors with 3456 spekial for the single Co film is known to have an in-plane MGA,
points in the Brilliouin zone; this sufficiently suppresses nu-and bulk FeMn with the @ noncollinear magnetic structure
merical fluctuations to less than 0.03 meV/cell of the MCA may have a small MCA due to the symmetry of the magnetic
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structure. Assuming Spidak and Hafner’s structwith par-  plane orientatiod’* Also, in the PermallogPy)/CoO sys-
allel Fe moments and canted Mn moments for bulk FgMn tem even though the Py layer has intrinsic in-plane MCA, the
we find that the calculate@, ., has a positive value of out-of-plane exchange bias was established with decrease of
0.23 meV/atom, which shows the out-of-plane MCA. There-the Py layer thicknes¥.In all these cases, out-of-plane AFM
fore, the out-of-plane MCA in the Co/FeMn case may arisespin components are necessary to obtain the out-of-plane ex-
from the reorientation of the Fe moments at the Co/FeMrchange bias.
interface. In support of this, recent experiments reported the
out-of-plane  exchange bias in CoFe/FeMn and We thank K. Kainuma and Y. Ishino for helpful discus-
FeNi/FeMn?%4! This may indicate that the out-of-plane sions. Work at Mie University was partially supported by a
MCA at the interface is induced by the reorientation of theGrant-in-Aid for Scientific Research from the Ministry of
moments in the FeMn layer as seen in our calculations.  Education, Science, Sport, and Culture of Japan, and per-
Significantly, an out-of-plane exchange bias has been olformed for computations at the Cooperative Research Center
served recently in FM Co/Pt multilayers with the out-of- and Center for Information Technologies and Networks, Mie
plane MCA when in contact with an AFM layer such as University, and the Supercomputer Center, Institute for Solid

Co(Q(111) and FeK(001) after field cooling along the out-of-

State Physics, University of Tokyo.
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