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Origin of complex exchange anisotropy in FAMnF, bilayers
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An analytical model of exchange anisotropy in epitaxial ferromagnetic/antiferromagnetic bilayers was de-
veloped. The model demonstrates that the high symmetry exchange anisotropy terms in ferromagnetic/
antiferromagnetic bilayers originate from a partial domain wall in the antiferromagnetic layer. Application of
the model to the experimental data analysis enables one to separately determine the fraction of uncompensated
interfacial spins in the antiferromagnetic layer and the interfacial exchange coupling energy between spins in
the ferromagnet and in the antiferromagnet. The model provides a quantitative description of complex ex-
change anisotropy recently observed in Fe/MbHayers.
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Exchange coupling between ferromagngfg and anti-  strates results in a twinned epitaxial AF layer and a polycrys-
ferromagnetio/AF) material$ is an outstanding problem in talline Fe layet! with the easy axes of both AF twins in the
magnetisnf. Below the Nel temperature [y) of the AF  plane of the sample at 90° to each oth&he hysteresis loop
materials this coupling results in dramatic changes of the@fan Fe(12 nm)/Mng65 nm) bilayer field cooled in 1 kOe
magnetic properties of the ferromagnet which include a hysand measured at=10 K is shown in Fig. (). The angular
teresis loop shift, an enhanced coercivity, and an asymmetfependence of the EA energy in the Fe/Mnbilayers,
of the magnetization reversal for the increasing and decreasea(«r), was measured by a technique utilizing the aniso-
ing magnetic fieldd:° Since the energy of the AF/system  tropic magnetoresistan¢aMR) (Refs. 12 and 18 details of
depends on the direction of tHe magnetizationM,, the e measurements are given in Ref. 7. Figuf) Bhows
AF/F exchange coupling results in a magnetic anisotropyFea(@F)_Of Fe/MnF, obtained by this technique at
called the exchange anisotropiA). Although some phe- =10 K This compleﬁEA(aF) may t.)e phenomer]olc_)glcally
nomena originating from the AF/ coupling are qualitatively described as a combination of unidirectional, uniaxial, three-

L . ; fold and fourfold components.
understood, a quantitative microscopic theory of the RAF/ In order to calculat&ga(ag) in Fe/MnF, we have per-

formed numerical simulations of the EA in this system. Fig-

g re 2a) shows the spin structure of MpRand the AF ex-
the angular dependence of the EA energy of Rbilayers change integrals; , Jar, andJs. Since bothV ¢ and the AF

with an epitaxial AF layer. The model explains the origin of easy axes are in the plane of the sample, the AF spins are
the high symmetry EA terms recently observed in epitaxialy|sg jn the sample plaffé.Thus, the direction of an AF spin
AF/F bilayers’™® These high symmetry terms play impor- may e described by a single angleS, where SL

tant roles in determining the magnetic properties of thefAF/ _ (A B) denotes the AF sublattice aine (1.N) enumerates

asymmetric magnetization reverSathile the fourfold EA
term gives rise to an enhanced coercivity of the bilayets.

Application of the model to the experimental data analysis 1 (@) ~§ (b)
allows one to separately determine the fraction of uncompen-é, f g 03 T
sated interfacial spins in the AF laye$, and the exchange = ¢ g
coupling energyl;, between an interfacial AF spin aid. = J 8 01 ¥
This is demonstrated on an example of Fe/MriHayers T=10K “<‘ Y210k Y
with an epitaxial Mnk layer. The model provides a good w -0-1

. o - -400 0 400 0 90 180 270 360
guantitative description of a surprisingly complex angular

Magnetic Field [Oe] Magnetization direction [deg]

dependence of the EA recently found in this sysfém.

MnF; is a uniaxial AF material with _M?f’ ions (S=3) _ FIG. 1. (a) Hysteresis loop of Fe/Mnfbilayer atT=10 K; the
forming a body centered tetragonal lattice. The AF easy aXige is a guide to the eydb) Angular dependence of the exchange
is along the crystallographic axis (lattice constantsa  anisotropy energy per area of Fe/Mnisilayer atT=10 K. Circles
=4.87A, c=3.30A), Ty=67K, and the magnetocrystal- are experimental data obtained by the AMR technique; the line is a
line anisotropy K ap=4.6x 10° erg/cn?.’® Growth of the fit to the experimental data using E@) and a phenomenological
Fe/MnF, bilayers bye-beam evaporation on Mg@00) sub-  uniaxial anisotropy terni, cos(2x).
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FIG. 2. (a) Spin structure, lattice constar(s, ¢), and exchange
integrals (;,Jar,J3) of MnF,. The Mr* ion in the center is
exchange coupled vid,e to four Mr?t ions in the samg110)
plane and to two M#" ions in each of the two neighboring10
planes.(b) Definition of the AF spin directionganglesa’ and «®)
with respect to the AF easy axis in thia AF (110 plane of Mnk.
The anglear defines the direction of th& magnetization. This
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illustration is consistent with an antiferromagnetic coupling be-

tween theF and the two AF sublatticeldl1].

2(b)].1° In order to model the uncompensated interfacial
sping® and unidirectional EA/ the spin of one of the A
sublattices in the interfaciali€1) AF (110 plane is as-

sumed to bes(1+ §) while the spin of the other sublattice is

S(1— 8).*® The uncompensated spins may be induced by th&"9

AF/F interfacial roughnes¥ Only the exchange integral
Jar=—0.152 meV is important in determinirgea(ag) be-
cause the angle between the spins coupledJyiaemains
180°, andJ; is small (J3=—0.004 meV)?° Therefore, the
EA energy per area may be written as

1 N
Eea=% BIArSPY, co o~ al)+4J, S

i=1
N—1
x 2 [cogaf~af.y) +coda?—afly)]

N
+ KAF21 [Sir?(al) +sir(af)]+23;,,S(1+ 5)cog o

—ap)—23;,S(1- d)cog af— ag) |, (1)

where S is the AF spin,N is the number of the AF110)
planes in the AF grainN=16 was used in the calculations

since the EA energy was found to be essentially independe

of N for N>16), A=v2-a-c is the surface area per two
spins in an AF(110) plane, kar=Kara?c/2, and 2;,S(1

+6) COS(aiSL— ag) is the coupling energy between an interfa-

cial AF spin and thd layer with J,,= 4J ¢ .2! The first term
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FIG. 3. Angular dependence of the EA energy for a single MnF
grain () and a twinned Mn§ layer (b) coupled to an Fe layer

AFcalculated numerically using E€l) (circles and analytically using
£ Edq. (3 (line). (c) Depth profiles of the spin canting angte™

(circles and domain wall angle®V (squaresin the MnF, grain
for Mg at 45° to the AF easy axigd) The AF partial domain wall
IeaiDW calculated as a function of tHemagnetization direction,
ag, using Eq.(2) for §=0.044 and two values af,: Jin,=4Jac
(squaresandJ;,=6.7J5¢ (solid line).

applied to the full width at half maximum of the in-plane
X-ray diffraction at grazing incidence givek~10 nm,
which results ins~0.022324

The energy given by Eq1) was minimized with respect
to o and a? (i=1,...N) for each value ofar, and the
global energy minimum of the system was foudndlhese
calculations giveEga(ag) for a single AF grain shown in
Fig. 3(@). Assuming equal twin populations, the EA energy
for a twinned AF layer given byELN(ar)=[Ega(ar
+ 7w/4)+ Ega(ag— 7/4)]/2 is shown in Fig. &). Compari-
son of ELy (ag) to the data in Fig. (b) shows that the model
gives a qualitatively correct result for the angular depen-
dence of the EA energy.

Equation (1) includes all the relevant energies for the
AF/F exchange coupling, however, an analytical model can
be constructed by recasting E@.) in another form which
consists of three terms: the AF spin-canting enéfdy;°the

AF domain wall energy* and the direct ARFF exchange

coupling energy. For the analytical model, we define two
angles, &%= (a—aP)/2 and o= (al*+ aP)/2, where
aiSC gives the degree of spin canting between the two sub-
lattices whileaP" characterizes the uniform rotation of both

in Eq. (1) is the coupling energy between AF spins in theAF §ub|atticsecs in thgi\kh AF plane[Fig. 2b)]. The depth
same(110) plane, the second term describes coupling beProfiles of o™ and ;"™ calculated from Eq(1) for M at

tween AF spins in neighborin@ 10 planes, the third term is

45° to the AF easy axis are shown in FigcB As can be

the AF magnetocrystalline anisotropy energy and the last twseen, the value of> rapidly decays and it is reasonable to

terms describe the AF/ interfacial coupling®® The fraction

consider the spin canting to occur in only the first two inter-

of uncompensated interfacial spins was determined from théacial layers®® In contrast, the decay ofiDW is much slower

AF grain sizeL, using the random field modék 1/2\/ng,°
where ng=v2-L?/a-c is the number of AF spins at the
AF/F interface of the AF grain. Scherrer

(this is expected since the AF anisotropy energy is much
smaller than the AF exchange enexgyhe anglesx?" de-

analysis scribe a domain wall in the AF layer with its rotation in the
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plane of the sample. The energy stored in the AF is given bygame parameters as those used in the numerical calculation.
the sum of the spin canting and the domain wall energies It is clear that the analytical expression given by E3}.is in
5 an excellent agreement with the numerical resultg; lfand
JIscS cog aPV 6 are large so that the condition of smaff®and " is not
A 2 v satisfied, Eq.(2) must be numerically minimized with re-

where o is the 180° AF domain wall energy o SPect toat“andat" in order to obtairEga(ar).

= 4JAgxKar, With Agy=2|Jae|S?/c), and Jgc is the spin The key parameter determining the magnitude of the EA
canting energy. Therefore, the EA energy per area is terms of a higher than uniaxial symmetrydsindeed, ifo is
large ((r>4J§1/JSCA), the expression in curly brackets in

Eq. (3) tends to unity andEg(ag) is described by a combi-
nation of unidirectional and uniaxial terms. For the twinned
AF layer, the uniaxial terms cancel and one is left with a
purely unidirectional EA. If, howeveiy is small, the higher
symmetry EA terms appear in E(). Expanding Eq(3) in
) ] ] ) ~_a Fourier serie§Egp(ap) = —2,K, cosfag)], we find that
Assuming that oné)é the spin-canting angle in the first in-¢, In<iIsho, Ks~8-S-33/IsAa, and K,~J%/
terfacial AF plane.ay™, is nonzero, one can calculate the j2 A ;28 Thege expressions clarify the role of the partial AF
spin-canting energy per area. This energy consists of thre&omain wall @PV<m) parallel to the AFF interface in
terms: the exchange enzergy big”’fe” AF spins in the interfaﬁetermining thelEA. Previously it was shown that a 180° AF
cial AF plane, (1ﬁ]_AF|S /',A‘)(al )_’ the exchange ENeI9Y  gomain wall results in the unidirectional EA proportional to
between the spins in the interfacial plane and the second (;.29 |t is clear from Eq.(3) that for a partial AF domain wall
=2) plane, (43a¢|S?/A) (1% and the magnetocrystalline ihe ynidirectional EA is proportional td),- &, while o deter-
anisotropy energy (2xr/A)(a79)% Adding these terms, we mines the magnitude of the higher symmetry EA terms.
obtain Jsc=5|Jag| + (kae/2S7). Retaining nonzero values These terms determine such properties of the bilayer as the

(o2

EAF: -2

cog2a59—

E ——5{23 ?cog2a5%) —23,,S[(1+ 6 h—
EAT T A scS° cog2ay) inS ( Jcod ay — af)

~ (1~ 5)008 af — ap) ]} ~ 5 cog ™). 2

for both o and 5 and minimizing the coupling energy enhanced coercivity,) (Ref. 9 and the asymmetric mag-
with respect to a3, we obtain Jsc=2|Ja  netization reversalKs).’ They also contribute to the com-
+(37kal725%), where the terms of the orde;(,iF/JAFS2 plex angular dependence of the hysteresis loop shift and
were neglected. coercivity>?3! Since K3 /K ,~Jgc 6-S/J;,, Ks is expected
For small values ofr$¢anda?", each term in Eq(2) is  to dominate oveK, if the AF/F couplingJ;, is weak andd
expanded in a Taylor series with respecta@‘: and a'fW, is large. For roughness-induced uncompensated AF $pins,

and all terms of order higher than quadratic are neglecteéhe odd symmetry EA terms are expected to be more sensi-
with the exception of the largest cubic term tive to the AFF interfacial roughness than the even symme-

(23;,5/A) a3N(a?")? sin(ag). Retaining of this term im- Uty terms.

proves the model for larger values aﬁc and a?w; this The origin of _the_unusual threefo_ld EA term may be ex-

term may be approximated by a quadratic term plained by considering the expression of the EA due to the

uncompensated AF spins: 4 5-S/A)cos@F—af). For

g(i_ 1) (aPW)? large AF magnetocrystalline anisotropy, ~0 for any value

4 17 of g and the EA due to the uncompensated AF spins is
purely unidirectional: (4;,- - S/A)cos(g). For a smaller

where AF anisotropy, a partial AF domain wall is formed, ang
. Bsirt(ag) becomes a function ofyg. The resulting EA: (4;,- 5-S/
n =1+ 1—y(1+N)codar)— Bcod(ap)’ A)cos{aF—a’f(aF)] is a complex function ot with higher

, 4 F F ,,; Symmetry odd terms presetft®?
B=4Ji/IsAa, y=88-S-Jjy/Ac, and A=Acg/16)5cS". SinceK;~ Jj,- 6 andK 4~ J# /32 Ao, the data in Fig. (b)

Minigncizing the expanded and simplified E@) with respect  gnaple us teeparatelydetermines andJ;, while the hyster-
to a?andaz", we obtain an analytical expression for the es;s loop shift only gives their product,- 5. The solid line
EA energy, in Fig. 1(b) is the fit of the expressiofE(ar)=[Ega(ar
1 + 7l4)+ Egalag— ml4)]/12— Kz cos(2ug), With Eea(ag)
Eea(ap)= _{45. S-J;,cod af) given by Eq.(2) to the experimental data, with,, &, andK,
A as fitting parameters. Inclusion of a phenomenological
2 uniaxial  anisotropy term K,cos(Zg) with K,
Jin { 1t yncosar) =—0.056 erg/crh improves the fit to the experimental data.
1= y(n+)\)cos ag) — 7 coS (o) As predicted by a recent theoretical stifdyhe uniaxial an-
isotropy termK, may originate from an inhomogeneous ex-
, (3  change coupling over the AF/interface. The values of
=0.044 andJ;,=6.7J,r obtained from the fit are large
where small terms proportional t8* were neglected. The enough so that the conditions;“<1 and «?"'<1 are not
solid lines in Figs. 8) and 3b) are given by Eq(3) with the  satisfied, and Eq2) is used to fit the data instead of E).

Jsc

X sirf(ag)
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This fitting procedure with three fitting parametéé J,, Jin=6.7Jar, a?"" abruptly changes sign via an out-of-plane
and K,) gives a better fit to the data than a phenomenovotation® asM passes the AF easy axis, resulting in sharp
logical ~ expression E(ag)=—K;cosl)—K,cos(zg)  peaks of the EA energy.

—K3cos(3ve) —K, cos(4xe) with four fitting parametersK ;, An analytical model describing exchange anisotropy in
K, K3, andK,) as used in Ref. 7. This is because the latterAF/F bilayers with an epitaxial AF layer was developed. The
expression does not reproduce the sharp EA energy peakdodel explains the origin of the high symmetry exchange

along the AF easy axes of the MaRwins. The origin of
these sharp peaks is the abrupt change of sigm%f as the
AF domain wall changes its chirality wheM; rotates
through the AF easy axiS.This is clarified in Fig. &), that
shows the AF domain wall angle®" calculated from Eq.
(2) as a function ofar for §=0.044 and two values af;, :
Jin=4Jar (squares and J;,=6.7J,¢ (solid line). It is clear
from this figure that fordj,=4Jxr, 2" continuously goes
through zero asM g passes the AF easy axis. However, for

anisotropy terms in AR bilayers as arising from a partial
AF domain wall parallel to the AR interface. Application

of the model to the experimental data analysis of exchange
anisotropy in Fe/Mnf bilayers allows one to separately de-
termine the fraction of uncompensated interfacial spins in the
AF layer and the interfacial exchange coupling energy be-
tween the AF andr spins.
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