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Surface-induced low-field instability of antiferromagnetic multilayers
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We discuss the surface-induced low-field instability of the antiferromagnetic phase of magnetic multilayers.
The threshold field is calculated analytically for multilayers of arbitrary thickness containing an even number
of layers. We show that the threshold is given By~ \/HeHa+H§, whereH, andH, are the effective
exchange and anisotropy fields. The effective anisotropy fielJdmay include both uniaxial and fourfold
crystalline anisotropy. Numerical simulations of the equilibrium phases, based on a self-consistent effective
field method, are used to obtain the magnetization pattern. We find that thick uniaxial multilayers display a
three-stage transition from the antiferromagnetic to the field-aligned phases, whereas in thin multilayers the
transition is from the antiferromagnetic to a nearly spin-flop structure, which gradually aligns with the applied
field. If the films composing the multilayer have uniaxial and crystalline anisotropy, the magnetization profile
in the multilayer and the nature of the transition depend on the relative values of the uniaxial and crystalline
anisotropies[S0163-1829)11301-9

I. INTRODUCTION plored and terms proportional to the anisotropy field were
neglected. In the bulk the AF phase becomes unstable at an
The properties of magnetic multilayers have recently atapplied field strength dflgg=y2H H,+ Haz. H. andH, are
tracted a great deal of research interest. This is largely due tihe exchange and anisotropy fields atgk is the bulk spin-
the technological potential of the measured giantflop field. Therefore the surface-mediated instability occurs
magnetoresistantef transition metal multilayers. Also the at a field much lower than the bulk spin-flop field for low-
possibility of tailoring a wide class of magnetic multilayers, anisotropy antiferromagnetic materials.
with films down to a few atomic planes thicknesses, has Recently it has been shown that a low-field surface-
motivated basic research. New phases not encountered in theduced spin-flop transition also occurs in uniaxial antiferro-
parent materials have been found. The magnetic properties afiagnetic films. These results were for two-sublattice
these structures depend significantly on the layering patteroniaxial antiferromagnetic fluorides (FgF CoR,, MnF,).
and have been the subject of a great deal of experimental amt a field strength lower than the bulk spin-flop field a phase
theoretical work in the last decade. transition is nucleated at the surface where spins point oppo-
A large fraction of phenomena in magnetic multilayerssite to the applied field. The same threshold field was found
has been so far studied by assuming invariance in the direder films containing an even number of planes, no matter
tions parallel to the interfaces, since the main features inhow large is the number of planes.
duced by surfaces originate in the magnetization variations For antiferromagnetic films with an odd number of layers
in the direction perpendicular to the surface. Therefore thessize effects are relevant. In this case the surface spins are
systems have most commonly been modeled by a stacking @bfter and more easily kept parallel to the applied field.
inequivalent moments, each representing a layer parallel tPherefore the threshold field for AF instability is larger than
the surface, coupled through an effective exchange field anghe bulk value. We have showithat the threshold field for
subjected to anisotropy fields. This covers aspects of majahe surface-induced spin-flop transition is thickness depen-
interest, like surface and interface effects, size effects, andent. For thin films the transition requires large applied
mutual stabilization between components of magnetidields. For thick films the threshold field was shown to be

superlattices. equal to the bulk spin-flop field.
Surface effects are particularly relevant to the stability of To our knowledge, there is no experimental report on the
the antiferromagnetic phase of antiferromagnéfi€) mul-  surface-induced instability of antiferromagnets. However, a

tilayers. Surface spins are softer and can more easily bstacking of thin uniaxial ferromagnetic films coupled through
turned in the direction of the applied field. In fact a surface-nonmagnetic spacers can be regarded isomorphic to a two-
nucleated field-induced phase transition has been predictegiblattice antiferromagnet, if the interfilm coupling favors an
for two-sublattice uniaxial antiferromagnétand shown to  antiferromagnetic alignment of neighboring films. The first
occur at a lower field strength than the bulk spin-flop field. Inexperimental verification of the surface spin-flop transition
this work the equilibrium equations were solved for a semi-was reported on transition metal multilayers. The simulta-
infinite system of spins coupled antiferromagnetically,neous analysis of Magneto-optic Kerr effddOKE) and
through an exchange field,, and subjected to an external superconducting quantum interference dey®@UID) mag-
field along the easy axis of the uniaxial anisotropy. It wasnetization curves of a Fe/Cr multilayer demonstrated clearly
shown that the phase transition occurs when an external fielghat the transition is nucleated at the surface where spins
of magnitude given byH .= \VHH, is applied antiparallel point opposite to the applied fiefd.

to surface spins. In this work the limit df ,<H. was ex- Brillouin light scattering as well as ferromagnetic reso-
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nance(FMR) provide useful information regarding the ex- zero applied field. However, if the number of ferromagnetic
change and anisotropy fieldsTypical values of the ex- films is even, then the net magnetization of the multilayer is
change and anisotropy fields in transition metal multilayerszero. We show presently that the magnetization jump at the
are found in recent experimental d&t® and review field-induced transition is controlled by the nature of the an-
articles® In a number of metallic multilayers of current in- isotropy of the ferromagnetic films composing the
terest the magnetic symmetry is controlled by a combinatiomultilayer.

of crystalline anisotropy and surfacéer strainy induced We restrict our present analysis to multilayers with an
uniaxial anisotropy. The relative strength of these contribueven number of layers. For these multilayers, in the antifer-
tions to the effective anisotropy of thin films depends on aromagnetic state, the spins of one of the surfaces are opposite
number of factors, including the growth process itself, thetg the spins of the other surface of the multilayer. Therefore
substrate, and the crystallographic orientation of the stackingpe of the surfaces of the multilayer has spins opposite to the
of films. The surface contribution typically varies as the in-eyiernal field. The instability of the antiferromagnetic state is
verse of the magnetic film thickness, leading in some casescleated at this surface. This is a genuine surface effect and

t? a cross;)ver, atl:] th|cll<ne.sTes.oftthe ordec; t%f a fevtv I?_ngr'equires a lower value of the external field strength, com-
stroms, between the uniaxial-anisotropy- and the crystallin€q ;a0 the bulk spin-flop field. Therefore it may have in-

anisotropy-dominated regimes. terest for the study of multilayers designed for devices that

The orientation of the surface-induced anisotropy eas hould respond at low field values. Furthermore, the value of
axis with respect to the crystalline anisotropy easy direction%h ; pl field st th which ' d th " tability i
is of particular interest. In a recent report the magnetic prop- € external Tield strength which proguces the instabriity 1S

erties of Fe/C211) superlattices grown on Mg@10) sub- independent of the multilayer thicknes3hus, it is possible
strates were studied It was shown that Fe films exhibit a (O calculate analytically the threshold field as a function of

. . - L the characteristic field¢exchange and anisotropyf the
strong uniaxial anisotropy along tfé,1,1] direction in the

Fe211) plane, with the easy axis making an angle of ap_mululayer.

proximately 40° with the easy axis of the crystalline anisot- h If the mul?lahyer contalnshan IOdg numﬁer.of Iaé/_?rs, trer?
ropy. Therefore the uniaxial axis is nearly in the hard direct e hature of t € process t_ af[ eads to_t e mst'a. lity of the
antiferromagnetic state is distinct. In this case it is not pos-

tion of the crystalline anisotropy. In this work the authors® ) ) ;
found an appreciable change in the uniaxial anisotropy if thé&iPle to single out a particular layer where the nucleation of
Fe thickness is varied from 14 t®% , while the reported the instability occurs. Instead, the multilayer as a whole re-
values of the crystalline anisotropy are practically equal toSPonds to the external field, and the value of the threshold
the bulk value. The crossover inverse thickness, for whicHield is dependent upon the surface to volume ratio of the
the uniaxial and crystalline anisotropy energies are equal, igwltilayer. For a multilayer wittN magnetic layers, the sur-
around 0.04 A1, This corresponds to an Fe film thickness face to volume ratio is 2N —2). For large values o the
of tre=25 A (see Fig. 3 of Ref. 1)1 contribution of the surface region to the magnetic energy is
The field dependence of the giant magnetoresistance afegligible. In this limit the threshold field is equal to the bulk
transition metal antiferromagnetic multilayers is associatedpin-flop field. However, for small values &f surface ef-
with the changes in the relative orientation of the magnetifects are relevant. The surface spins, with lower coordina-
zations of the ferromagnetic layer3herefore the threshold tion, are more easily kept parallel to the external field. Thus
field for instability of the antiferromagnetic phase of thesethe effect of surfaces in odd-numbered thin multilayers is to
multilayers is a key parameter. The effective exchange oincrease the threshold field for instability of the antiferro-
transition metal multilayers varies with spacer thicknessmagnetic state. We have found that in this case the threshold
Therefore the value of the anisotropy energy is not necessafield for instability of the antiferromagnetic state may be
ily small compared to the effective exchange energy. Thenuch larger than the bulk spin-flop fieldVe have shown
anisotropy to exchange ratio may vary significantly accordthat as the surface to volume ratio is decreased, the threshold
ing to the stacking pattern. Thus, it is useful to obtain afield drops and reaches the value of the bulk spin-flop field
general expression for the threshold field, valid for any valfor sufficiently thick multilayers. Therefore thin multilayers
ues of the exchange and anisotropy fields. have large values of the threshold field. This case is less
We presently investigate the low-field surface-induced in-attractive for current applications, since modern devices
stability of the AF phase of an antiferromagnetic multilayer.based on magnetic multilayers are designed to respond at
The results apply to two-sublattice uniaxial antiferromag-low values of the external field strength. Furthermore, it is
netic thin films as well as to antiferromagnetic multilayersnot practical to calculate analytically the threshold field,
constructed with thin transition metal films. We show that,since it depends on the multilayer thickness. Thus, we pres-
for AF multilayers with an even number of ferromagnetic ently concentrate on a study of multilayers with an even
layers, the threshold field for instability of the AF phase isnumber of layers.
not dependent on the multilayer thickness. Therefore it pro- The basic structure of the calculation is initially set for an
vides one more function of the exchange and anisotropwantiferromagnetically coupled stacking of ferromagnetic lay-
fields for the interpretation of the magnetic properties of an-ers with uniaxial anisotropy in Sec. Il. In Sec. lll the theory
tiferromagnetic multilayers. is extended to include a contribution from fourfold symmetry
Furthermore, the large variation of magnetization in thecrystalline anisotropy. In the last two sections we discuss the
field-induced instability of the AF state might be of practical nature of the transition according to the relative strengths of
relevance. Antiferromagnetic multilayers with an odd num-the uniaxial and crystalline anisotropies and present our con-
ber of ferromagnetic films exhibit finite magnetization at clusions.
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Il. FIELD-INDUCED INSTABILITY o

We consider each layer of the multilayer represented by a My = (N+ arcos6)cosd; — 5

single spin variablé;ih, with components only in the plane p.
, ; , : +cog6-6i:1)],

of the layer. We consider only nearest neighbor interactions
and call z the uniaxial axis and/ the axis normal to the
surface. The external field is along the uniaxial axis and only
multilayers with an even number of layefl) are consid- m;j = COS 6 — 0;))(0ji+11 6ji-1), (©)
ered.

We use the principle of induction to examine the stability
of the antiferromagnetic configuration. First a system conWhered,n is the Kronecker delta function.
sisting of a pair of layers is considered. Then a multilayer In the AF phase the matrix elements; are constructed
with four layers is studied and finally we show that the from Egs.(3), with 6;— ¢;,,= . For surface spins the ex-
threshold field for a multilayer wittN+ 2 layers is the same change part in the diagonal elements,, contains only one
as that of a multilayer witiN layers. Thus, the threshold field Of the cosine terms. If the applied field is smaller than the
is an intrinsic value. It is defined by the exchange and anIthShO'd for |nstab|||ty of the AF phase, all the eigenvalues
isotropy fields of the multilayer, and is not dependent uporPf the matrix M are positive. Instability occurs when one
the number of layers\l. eigenvalue becomes zero. In this case the madrixecomes

The internal energy, written in units @fugHgS, where singular. The elements of the matfik depend on the value

HE is the exchange field Coup”ng neighboring |ayers] isOf the magnetic f|9|d, and the critical field for |nstablllty of
given by the AF phase is calculated by finding the lowest field value

for which the determinant d¥1 is zero.
N1 a For a multilayer withN ferromagnetic layersM is an
E=2 50 0= bns1) — ECOSZ #,—hcosé,;. (1)  NxN matrix and, except for the matrix elements of the prin-

=t cipal diagonal and the two secondary diagonals, all the ma-
The first term corresponds to the exchange coupling betwedix elements are zero. The elements of the principal diagonal
adjacent layers, the second is the uniaxial anisotropy energg@ternate between those corresponding to positive and nega-
and the third term is the Zeeman energy=H,/H, andh tive values of the Zeeman energy. Also the matrix elements
=H/H, are the uniaxial anisotropy field, and applied field, in m;; and myy are distinct by having only half coordination
units of exchange field. The exchange term is not includednd, therefore, half the exchange of the others.

1
Sin20i - E[COS Hi, 6i ,1)

for the Nth layer. For a pair of layersv is given by
The magnetic phases are described by the angles
=1,... N}. A given profile corresponds to an extremum of a b
the energy ifoE/96,=0 for i=1,2,...N. The relevant M,= ) (4)
equations are b c
E =(h+ a cos6,)sin 6; — Esin( 0,— 6,)=0, where we have usedf —h+a+1/2, c=h+a+1/2, and _
d6, 2 b=—1/2. These matrix elements correspond to choosing

6,= and 6,=0. The AF instability occurs wheac=b?.

JE 1 i ied fi i
2= —(h+ @ cost,)sin b, Esin(ez— 6,) This corresponds to an applied fighs g given by

a6,
+5in(6,— 0) =0, 2 Hssk= VHeHat H3. (5)
JE ) 1 ) . )
Y (h+ a cosés)sinf;— Esm( 03— 0,) Notice that the decrease in the threshold field, compared
8 to the bulk valuey2H H .+ Haz, corresponding to an infinite
+sin( 63— 6,)=0, stacking of layers, results from the reduced exchange of both
spins.

For a multilayer with four layers we have

JE

1
— =(h+a cosfy)sinfy— = sin(Oy— Oy_1)=0. a b 0
a0y 2
b c-b b O
The N conditions imposed by Eq$2) are automatically M= 0 b a-b b ©®)
satisfied in the AF phase, where the angl®s) (alternate 0 b c

betweens and 0. However, in order to satisfy the condition
for a minimum of the energy it is necessary that all the ei-
genvalues of the matrii, formed with elements given by We use elementary matrix algebra to write the determinant
m;; :(92E/00i&0] , be positive'® The matrix elementsy; are  of M as the product of the diagonal elemedfsof the upper
given by triangular matrix
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a b 0 0
b2
0 c—b—— b 0
b2
o o ab- b? b
D,= C—b—g (7
b2
C_
b2
0 0 0 a—b— =
c—b——
a
Therefore
2 b2 b2
Det(M,)=a c—b—g a—b— A 5| [ c— 0 (8)
‘7 a azbm
c—b—;

In this case it easy to show that the lowest field value for

which the determinant oM, is zero is the field for which
ac=Db?, as in the case of a pair of laye&q. (5)]. By in-
spection of Eq(8) we find that the factors in De¥{,) are
given bya, —b,a, and 0 ifac=Db?. The odd-numbered di-
agonal elements are given byhgget a+0.5 (with hgge
=Hgse/He), while thed,=0.5 andd,=0.

The threshold field for a multilayer withl layers is also
found by puttingM into an upper triangular form. The de-
terminant ofM is then simply the product of diagonal ele-
ments €@,) of the transformedupper triangularmatrix Dy .
We have

Det(My)=d1dpd3- - -dy_1dy . C)

The diagonal elementslf) are the following functions of

h:
d1=a,
b2
c—b-— for 2<n<N (n even,
dn—1
dn_ b2
a—b— for 3=n=N—-1 (n odd),
dn—l
(10)
b2
di=c— .
N dn-1

We usedy for the Nth diagonal element oDy for a
multilayer with N layers. The first and last elemerds and

The recurrence relation between the diagonal elements of
the matrixM [Egs. (10)] is obtained from a composition of
two continued fractions. The structure of the equations incor-
porates the fact that in the AF phase the spins directions
alternate along the field and opposite to it. For the discussion
that follows it is convenient to group the diagonal elements
[d,(H)] into two sequences, one corresponding to odd val-
ues ofn and another corresponding to even valuesnof
Therefore the sequences correspond to spins pointing in the
direction of the applied fiel§even sequengeand opposite to

it (odd sequenge The recurrence relations for the even and
odd sequences are

’

b2
C_b______T?_ for 4<n<N (n even,
a—b-
dn—2
d,= b2
a—b—————j?— for 3=n=N-1 (n odd),
c—b-
\ dn—2
b2
a—b-
dN*Z

The elementsl; andd, are given by Eqs(10).

If h=0, thenc=a and both sequences are described by
the same continued fraction. In this case we verified that all
d’'s are positive and thatl;>d,>d;>--->dy_,>dy,
with d;=a+1/2 (see Fig. L

dy correspond to surface spins, the first pointing opposite to We have found that foh>0 each element of the even
the field direction and the last aligned along the field, in thesequence initially increases with field and then decreases to

AF state. The absence of thaerm in the expression faiy,
results from the reduced coordination. The expressiom for
comes from the same fact.

converge to 1/for any value ofn<N) at the threshold
field. The elements of the odd sequerif® any value ofn)
decrease and converge teh+ «+1/2 at the critical field
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=0.05. The elements of the even sequente€ §) converge

to 0.5 (at the threshold fieldwhile the elements of the odd
sequence converge to hgget @+ 0.5. Notice that for any
value of H, dj is smaller then all the other elements. The
choice ofa=0.05 andN =8 is a matter of convenience. The
basic features displayed in the field dependence of the diag-
onal elementsl,, (n=1,2,...,8), inFig. 1, are also found

for any other value oN (even and a.

Ill. CRYSTALLINE ANISOTROPY

00 02 04 06 08 10 Metallic multilayered structures comprising alternating
H/H ssk ferrom_agnetlc and. nonferroma_gne_tm layers are nearly iso-
morphic to an antiferromagnetic film. There are, however,
FIG. 1. Field dependence of the diagonal elemahjsfor a  special features of the metallic multilayers that may lead to
stacking of eight layers. The applied field is shown in units of thesignificantly different magnetic behavior. In a metallic
surface spin-flop field. The numbers by the curves indicate the valmultilayer the effective antiferromagnetic exchange, cou-
ues ofn. Open symbols are used for=0dd and solid symbols are pling neighboring ferromagnetic layers, can be varied by or-
used forn=even. The lines are just a guide to the eyes. ders of magnitude by choosing the spacer thickness appro-
priately. Furthermore, the anisotropy of the individual
which makesac=Db?. Furthermore,df=0 for h=hggsr.  ferromagnetic layers may have a complex structure. Most
Thereforehgge is the lowest value of the applied field for commonly there are two major contributions to the effective
which the determinant df1y vanishes. This is the threshold anisotropy: a uniaxial part induced by strains during the film

field for instability of the AF state. growth or due to surface effects and a crystalline part which
At the threshold fielch=hggf, the limits of the even and s intrinsic to the material?
odd sequences can be derived from E@6) and(11). Start- We consider multilayers with the magnetic moments in

ing with d;=a we obtain, from Eqgs(10), d,=—b if ac  the plane of the films. The actual form of the crystalline
=b2. For the even sequence, from E@$1), for any value  anisotropy depends on the crystallographic orientation of the
of n<N, we haved,=c—b—b?a if d,_,=—b. Sinced, stacking. We presently study a particular case when the crys-
=—b whenac=Db?, any element of the even sequence con-talline anisotropy has fourfold symmetry in the plane of the
verges to the same valuel{=—b). It is also clear from layers. In this case the crystalline anisotropy contributes to
Egs.(11) that, for this value of the applied field and any eventhe magnetic energy with a term, for each layer, of the fol-
value ofN, df=0. lowing form:

A similar analysis of the limit of any elementf) of the
odd sequence, dsapproachefisgg, can easily t.)e' made. All ECZEKcsﬁxsﬁz- (13)
the elements of the odd sequence are finite ferhO 2
<hggp.

V?/%Fnow show, using the principle of induction, tajs We made _this particular choice of the symmetry Qf the
is independent oK. In other words, the threshold for insta- crystalline anisotropy term to allow a simple discussion of
bility of the AF phase is the same for multilayers with an rélévant features of the magnetic pattern for applied fields
even number of layers. We start by proving thatfis zero just abqve the threshold f|eld. for instability of the antiferro-
for a multilayer withN layers, therdy, , is also zero. magngtlc phhase of the mulnlg?]/er. The r:esflfjlts can be ex-

From Egs.(11) we find that for a multilayer wittN+ 2 tended to other symmetries without much effort.

lavers the last element of the diagonalafd* is related For the present discussion we assume that the uniaxial
Y X 9 | N2 anisotropy determines the orientation of the magnetization of
to the corresponding element of a multilayer withlayers

dina t the ferromagnetic layers in the absence of applied fields. We
according to also assume that the equilibrium configuration, in the ab-
sence of an external field, consists in an antiferromagnetic

2
X —c— b _ (12) arrangement of the.ferr(_)magnetic layers. .Notice_z thel jf
b2 >0, then the easy directions of the crystalline anisotropy are
a-b-— W 0=0,=7/2,7, while if K;<O0, then the easy directions of
- N

the crystalline anisotropy aré= =+ 7/4,+37/4.
In order to extend the results of Sec. Il, we write the

By inspection of Eq(12) we find that ifd{, =0 at the field crystalline anisotropy per layer as

value for whichac=b?, thendy, ., is also zero at the same
applied field value. From Eq(4) we have thatd}=c K.S* _ )
—b?a. Thusd} =0 for ac=b?. Then it follows by induc- Ec=—5—[cog6,)sin(0n)]"=
tion that the result is valid for any even value [éf

In Fig. 1 we show the field dependence of the two se- The contributions of this new term to the equilibrium
quences of diagonal elements @g. We selected a equationg§Eqgs.(2)] as well as the contributions to the matrix
multilayer with eight layers and an anisotropy ratie M [Eqgs.(3)] are easily calculated. We note that

K:S'
5 sin(26,)%. (14
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9’E 0.3
= =K S*cog46,). (15)
962 I
10

Therefore, in the AF phased(=0 for n=even andd,
= for n=o0dd) the above terrfEg. (15)] just adds a con-
stant to the diagonal elements of the second derivative matrix
obtained from the exchange, Zeeman, and uniaxial anisot-
ropy energie$Eqgs.(3)]. This corresponds to defining an ef-
fective anisotropy parameter which includes the anisotropy
field amplitudes for the uniaxial and crystalline contribu- i 160
tions. . | ' | .

We definea,=K.S?/2] whereJ is the AF exchange cou- 003 08 0.8 10
pling, and obtain the threshold field for instability of the AF ' ' H/H
phase. In units of the exchange field, the critical field is given
by hgs=  @etit aesz, with an effective anisotropy constant  FIG. 2. The magnetization curves for multilayers of various
defined byagii=a+ a;. thicknesses and a single value of the uniaxial anisotropy to ex-

The effect of adding a contribution from the crystalline change ratio ¢=0.15). The numbers by the curves indicate the
anisotropy is to introduce a shift in the calculated thresholchumber of layers. The applied field is shown in units of the bulk
field given by Eq.(5). The remaining results of Sec. Il are spin-flop field Hsg), and the magnetization is shown in units of the
not modified. However, compared to the system with onlysaturation magnetization.
uniaxial anisotropy, the actual spin profile after the threshold
field may differ considerably if the crystalline energy is com- anisotropy of the ferromagnetic layers is composed of
parable to the uniaxial energy. As we shall discuss belowuniaxial and fourfold crystalline anisotropy contributions,
this aspect is relevant for the interpretation of MOKE mag-then the nature of the phase transition fier hgse depends
netization measurements in metallic multilayers. on the orientation of the uniaxial anisotropy field relative to

Our discussion centers on the existence of a givenhe crystalline anisotropy easy directions.
uniaxial anisotropy; then the possible effects of crystalline The spin profiles are calculated for arbitrary field values
anisotropy are introduced. This corresponds to the situatioby a numerical self-consistent algorithm, which consists of
that might be found in thin film transition metal multilayers. finding the equilibrium configuration by allowing the spins
We consider two distinct cases according to the orientatiorto align with the local effective field. This method has been
of the crystalline anisotropy easy axis with respect to theused to study antiferromagnetic films, and the reader is re-
uniaxial axis. ferred to Ref. 3 for details.

We note that ifK >0, then the uniaxial axis is an easy  For purely uniaxial multilayers we have found that al-
axis of the crystalline anisotropy. In this case the AF state ishough the critical field is given by E@5) for any value of
further stabilized by the crystalline anisotropy and thethe anisotropy to exchange fields ratie€ H,/H,), the spin
threshold field for instability increases. If the uniaxial axis is profile just after the threshold field is dependent upon the
a hard axis of the crystalline anisotropi {<0), the effec- values ofN and a.
tive anisotropy parametet.s; decreases and the instability  In Fig. 2 we show the magnetization curves for various
occurs at a lower fieldcompared to the purely uniaxial values ofN and a fixed value ofr=0.15. The magnetization
casg. If the magnitudes ofx and a, are comparable, the is shown in units of the saturation magnetization, and the
threshold field may turn out to be weak compared to theapplied field is shown in units of the bulk spins flop field
exchange field. (Hsp). For the chosen value af the surface spin-flop field

We have found that the order of the phase transition, as given byHgs=0.73Hgg. As seen in Fig. 2 the instability
well as the width of the surface modified region, containingof the antiferromagnetic state occurs at the same value of the
the layers directly affected at the transition, depend on thapplied field H/Hgg=0.73) for all the multilayers chosen.
magnitudes of the anisotropies and the relative orientation dfor the multilayers witiN=10 andN= 20, there is a single
the easy axis. These two aspects are relevant to the interpmagnetization jump. For these two cases whenH gg-the
tation of MOKE magnetization measurements and will bemagnetic pattern consists of a surface-modified spin-flop

02

Magnetization

0.1

SF

explored in examples in the next section. phase(SMSP in which, except for a few layers near the
surfaces, the structure resembles a spin-flop pattern.
IV. SPIN PROFILES AND THE NATURE For the multllayerr? witiN>20 t?er_e are twa jumps in t_he
OF THE TRANSITION magnetization. In these cases fBr=Hggr the magnetic

phase consists of an almost antiferromagnetic pattern near
In this section we discuss the magnetic structure when ththe surface with spin, in the AF state, parallel to the applied
external field strength is equal or larger than the surface spifield, and a region with spins canted towards the field direc-
flop field (hgsp. We divide the discussion into two parts. In tion, near the other surface. When the field is increased, be-
the first part we consider purely uniaxial multilayers. In thisyond the threshold value, the canted region moves without
case the anisotropy of each ferromagnetic layer is uniaxiahppreciable change in width to the center of the multilayer.
and forh=hggewe find a first-order transition with a jump By further increasing the applied field the canted region wid-
in the magnetization. In the second part we show that if theens up, initially very slowly until another critical field value
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is reached when the canted region spreads over the whole
multilayer, leading to a surface-modified spin-flop phase. In (a)
this phase, except for the surface region, the spins are in the
spin-flop state. However the angles of orientation with the
applied field differ from those for a bulk spin-flop state.
These results conform with those reported for Fe/Cr
multilayers®

The second jump of magnetization in Fig. 2, K
~0.9Hg, corresponds to the canting of spins largely con-
centrated in the center of the multilayer spreading over the
whole multilayer, leaving the system in a SMSF phase. The
major fraction of the spins of thick multilayers is in an al-
most AF state for lower field§above the critical value
Hssp; therefore there is a considerable increase in magneti-
zation in passing to the SMSF state. The threshold field for
this transition is size dependent. This is not clearly seen in
the picture due to small value of anisotropy=0.15) used.

We also note thaH* is not the bulk spin-flop transition
field. H* is smaller than the bulk spin-flop field. For thick
multilayers, when the transition must show unambiguously,
the magnetic state before the transition occutisde<H
<H*) consists of a mixed phase with most of the multilayer
in an almost AF state but a fraction of spins in the center of
the multilayer is in a canted state similar to a spin-flop phase.
The existence of this region of canted spins lowers the sta-
bility of the phase with respect to further increase in the
applied field, if compared to a purely AF state. Therefore the 180 |- | | |
second transition occurs for a field strength lower then the 0 10 20 30
bulk spin-flop field H* <Hgp). |ayer number

We have found that for a given value of there is a
critical number of layersN.) below which the above three-  FIG. 3. (8) The magnetization of a 30-layer AF multilayer for
stage process turns into a two-stage processN~oN,. the positive and negative values af, (see text for details The applied
surface-modified spin-flop state sets in just above the thresiiteld is shown in units of the surface spin-flop field¢sg and the
old field. The critical valueN, decreases with increasing Magnetization is shown in units of the saturation magnetization.
uniaxial anisotropy. Th_e uniaxial anisotropy ig=0.2 and tvvp values of the effective

We now discuss the nature of the field-induced phas@niSOropy parameterre, corresponding toa=0.1 and a.
transition, forH=Hssr, when the anisotropy of the ferro- _ _ O-1. are indicated by the numbers by the curfbs Profile of
magnetic layers is the sum of two contributions, one witht"® inglewn, shown in degrees, W'E thwaxis. Open symbols for
uniaxial symmetry and another with fourfold symmetry. In @err=0.3 and solid symbols fotee(=0.1. The lines through the
Fig. 3 we show the total magnetization, for field applied points are just a guide to the eyes.

along the uniaxial axis, and profiles of the layer magnetizay e aimost perpendicular to the applied field. The middle of
tions for an AF multilayer with 30 layers. We have choseny,e mytilayer displays a spin-flop pattern and there are small
a=0.2 anda.=*0.1. The chosen values of the crystalline gifications near the surfaces. The magnetic state consists
anisotropy .=*0.1) are of the same order of magnitude ¢ 5 SMSF state. The formation of this state is responsible
as that of the uniaxial anisotropy. As a result there are relsy, ihe jump in the magnetization seen in Figa)3for i
evant differences in the magnetization profile, near the_g 3
threshold field, if the sign oé is changed. For a.= —0.1 an almost AF state is seen. The majority of
In Fig. 3(@) the applied field is shown in units éfssefor  gping is in an AF phase. Only near the surface where spins
convenience. Notice that;=0.1 corresponds ta(=0.3  noint opposite to the applied field is there a small field effect.
and a.=—0.1 corresponds tave;=0.1. Forac,=0.1 the  Therefore the total magnetization is rather small, as seen in
transition is of first order and the magnetization jump at the,:ig_ 3a) for ae;=0.1. For this value ofxe(; the magneti-
threshold field corresponds to a transition to a surfaceyaiion increases continuously near the threshold field. Upon
modified spin-flop state which covers all the multilayer. Forg, iher increase in the applied field the almost AF state
a.=—0.1 the transition is to an almost AF state with weakeyolves continuously to a pattern in which a region of canted

modifications near the surface with spins opposite to the apspins s formed near the surface. This turns into a SMSF
plied field. In this case the transition is of second order withgiate for larger field values.

a continuous increase in the magnetization.

In Fig. 3(b) we display the angles with theaxis at the
threshold field. This picture is complementary to Figa)3
The magnetic profiles at the threshold field€ Hsgp help We presented a calculation of the surface-induced low-
to identify the nature of the transition. Fag,=0.1 the spins field instability of the AF state of a multilayer with negative
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V. CONCLUSIONS
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bilinear coupling between the layers and in-plane anisotro- We have also examined the influence of fourfold symme-
pies. The results are valid for any value of the effective an4ry crystalline anisotropies. For magnetization in the plane of
isotropy parameterdyss), provided the equilibrium configu- the layers, we considered a particular kind of symmetry
ration for H=0 is an antiferromagnetic arrangement of which amounts to adding to the energy of each layer a term
spins, aligned along the uniaxial easy axis, and for any valugf the form K .S?cos(6,)sir?(6,). This term affects the en-
of the multilayer thickness, if the number of spins is even. ergy of the spin-flop-like phase, which forms for applied
We started by setting the basic structure of the calculatiofiields beyond the critical valuélsse, and also the actual
for uniaxial antiferromagnetic multilayers. These resultsspin pattern beyond the critical field. However, we have
were extended to include contributions from crystalline anshown that for multilayers containing an even number of
isotropy, so as to apply to the metallic multilayers of currentferromagnetic layers the threshold field for instability of the
interest. AF state is not thickness dependent. The critical field is
In the case of a purely uniaxial antiferromagnetic given by Eq.(5) with an effective anisotropy parameteg;;
multilayer, the presently calculated threshold fiebtlsgp) is  incorporating the uniaxial and crystalline anisotropy energy
the field that makes surface spin waves soft, as shown byontributions.
Saslow and Mills for a semi-infinite uniaxial  We have shown that either a first-order or a second-order
antiferromagnet® We have presently shown that the critical phase transition may occur for a field-induced instability of
field is thickness independent for finite multilayers, providedthe AF phase of finite antiferromagnetic multilayers. For
there is a surface layer with spins opposite to the appliegnultilayers comprising an even number of thin ferromag-
field. netic films with uniaxial anisotropy, the transition is of first
The first reports on surface-nucleated field-induced phasgrder with a jump in the magnetization. In this case the width
transitions of AF systems referred to two-sublattice uniaxialof the surface-modified region depends both on the
antiferromagnetS.These works dealt with the phase transi- multilayer thickness and on the strength of the uniaxial an-
tions of a semi-infinite antiferromagnet. Under the assumpisotropy field.
tion of a small anisotropy to exchange field ratio, the ener- |f the anisotropy energy of the ferromagnetic fims have
gies of the antiferromagnetic state as well as the energy afoth uniaxial and fourfold symmetry contributions, then the
the surface-modified spin-flop state were calculated and thgature of the phase transition depends on the relative orien
threshold field was found as the value of applied fieldtation of the easy axis as well as on the relative strength of
strength which makes these energies equal. W&tra). re-  the anisotropy fields. We have found that if the magnitude of
ported experimental verification of the surface-induced instathe anisotropy constantsa(and a.) are comparable, as
bility of the AF phase of finite multilayer3By simultaneous might be expected for thin films, and the easy axis of the
MOKE and SQUID measurements of the magnetization o{njaxial anisotropy is along a hard direction of the fourfold
Fe/Cr multilayers with even number of Fe films, it was pos-anisotropy, then the transition is of second order, with a con-
sible to identify in a clear manner the surface-induced instatinuous variation of the magnetization. Furthermore, in this
bility. The narrow width of the surface modified region was case the critical field may turn out to be rather small, since

explored to identify the surface-induced instability. the critical field is a function of the effective anisotropy pa-
Our results are consistent with these previous reportsameteraqr=a— ar.
Furthermore, we have shown thbitssg is determined by The relevant changes of the giant magnetoresistance

the values of exchange and anisotropy energies per layer agdl transition metal multilayers set in at a field value
is independent of the multilayer thickness. In some caseghich makes the AF state unstable and saturates at a field
the experimental results indicate that the transitionstrength comparable to the exchange field. We hope
occurs when the applied field strength is such that the enegyr present results will be helpful in studying the low-field

gies of the antiferromagnetic and spin-flop-like phases ar@imit, since Hgsr is an upper bound for the stability of the
equal, as pointed out by Wareg al® The magnetic energy of AF state.

finite AF multilayers is thickness dependent. Thus it is valu-
able to have an upper bound for the threshold fieldgris
a fixed upper bound for the stability of the AF state and
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