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Exchange-dominated spin waves in simple cubic antiferromagnetic films
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A study is made of the role of surface orientation in determining the spectra of surface spin waves in
antiferromagnetic films. The calculations apply to the exchange-dominated regime and are based on a spin-
wave operator and Green-function technique. The method exploits some properties of (hadidgdnal and
pentadiagonal matrices in order to find analytical expressions for the spin-wave frequencies. Theoretical
results are presented for films with a simple cubic structure and surfaces corresponding to three different
orientations of the crystal planes, namely01), (011), and(111), for which the surface spin-wave character-
istics are found to be quite distinct. This work generalizes previous calculations for semi-infinite simple cubic
antiferromagnets witli001) surfaces.
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[. INTRODUCTION between the magnetic sites, the equations of motion can be
written in a form that involves banded matricesg., tridi-

It is known that the spin dynamics of a large class ofagonal, pentadiagonal, etd.he method consists of rewriting
ordered magnetic materials can be well described by modeke equations of motion in such a way that the corresponding
that include the short-range exchange coupling betweefatrix equation can be recast into a form with a known ana-
magnetic sites but disregard the long-range magnetic dipoldytical solution. The approach is different from, and simpler
dipole interactions. This is often the case for antiferromagthan, that used by Wolfram and Dewames for a semi-infinite
nets in appropriate wave-vector regimes and results from th&imple-cubic antiferromagnet with(@01) surface’ By con-
greater strength of the exchange coupling as compared to tHeast, it enables us to obtain calculations for finite-thickness
other interactions in the systefsee, e.g., Ref.)L The dipo-  films and for other surface orientations.
lar interactions eventually become important for the spin- We present results showing the effect of finite film thick-
wave dispersion at very small wave vector. In the exchangeless in coupling the SW modes localized near the two sur-
dominated regime the dynamics of the |Ow-|ying Spinfaces, Ieading to a splitting of several of the surface SW
excitations depends sensitively on the crystal structure, sind®@ode branches that occur in the semi-infinite limit. Also in a
that determines the positions of nearest neighbors for eadim the bulk SW modes become quantized. The results are
magnetic site. obtained for films with surfaces corresponding to three dif-

For thin films another factor that influences the propertiederent crystallographic planes, namel{01), (011, and
of the magnetic excitations is the orientation of the crystal(111). It is discussed here how each orientation modifies the
planes at the surfaces. This determines the number of mis§oupling scheme between the sites in each layer and the
ing bonds per site at the surfaces and also modifies the syngguivalence of the sublattices, as well as introducing direc-
metry of the interactions between the layers in different di-tional effects in the dispersion relations of the SW modes.
rections on the Surfacég_AS a consequence, the spectra of In order to introduce the basic method, let us first review
the magnetic modes in a film might display distinct featureshe case of a ferromagnet in the exchange-dominated regime.
that depend on the orientation of the growth direction. ThisThe Heisenberg Hamiltonian has the form
should be particularly the case in antiferromagnets where
there are two sublattices of spin sites. 1

Usually, in order to obtain the spin way8W) spectrum __ = e .o _ z .
from a microscopic approach, one constructs the linearized H= 2 .E, JiS-S g’“BHOZi S Hanis @
equations of motion for either the spin operators at each crys-
tal site or, alternatively, for the spin-dependent Green ) . i )
functions? Often the spin operators are transformed to a rephereJ;; is the exchange coupling between sitesdj, and
resentation in terms of boson creation and anihilation opera-o is an applied magnetic field in thedirection (the direc-
tors. The resulting system of coupled equations can then béon of spin ordering The term7,,s represents uniaxial
written as a matrix equation. In these formalisms the calcuSingle-ion anisotropy, which may be different at a surface.
lation of the frequencies of the surface SW modes on a filmfVe consider a film geometry with the magnetic sites occu-
with N atomic layers depends on the inversion daN (or ~ PYing layers in thexy plane that are labeled by the index
large matrix which cannot, save in some particular cases(wheren=1,2,... N for a film with N layers. The SW
be carried out analytically. dispersion relations can be studied by writing down the op-

In this paper we describe an analytical procedure for cal€rator equation of motion fof obtained using and the
culating the frequencies of SW modes in simple cubic antitandom phase approximation &< T, while assuming S)
ferromagnetic thin films in the exchange-dominated regime=S for the ferromagnet. Taking a time dependence such as
We use the fact that, due to the short range of the couplingxp{wt) wherew is the mode frequency, we have
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O —0 = 11=1
w—g,uB(H0+HAi)—S; Jij 3++s; J;S' =0, /T AZJ

)
where H,; denotes the effective anisotropy field at site ) O /.-n=2
Next, using the translational symmetry parallel to the layers, /( - 0
we write S = s, (k) exp(—ik- r‘i‘) wherek = (ky ,k,) is a two-
dimensional (2D) in-plane wave vector and!‘z(xi i) a ;
Equation(2) may then be expressed in matrix form as a” O ./o_"”‘

LC/‘ / S
(A-R)s=0, (3) —— z

wheres is the column matrix witrs, in the nth row, A is a S

NN matrix involving only the bulk parameters of the film, Y

and R describes the perturbing effects due to the surfaces g, 1. schematic view of an antiferromagnetic film with sc
(i.e., due to missing exchange bonds, as well as due to modigrycture and surfaces corresponding to @1 crystallographic
fied values of the surface exchange and anisotropy paramganes.

eters. DenotingB=A"1 and rearranging Eq3), it can be

showrf that the surface SW modes of the film can be ob-

tained from the condition H=i2j \]ijSi'Sj_gMBEi (HotHa)S

det(1 —-BR)=0. (4)

_ o _ _ —gus (Ho—Hu)S, (6)
For example, in the application to a simple-cutso) fer- ]
romagnetic film with (001 surfaces and nearest-neighbor where J;; is now the nearest-neighbor exchange between
exchange coupling only,A is a tridiagonal matri¥, sitesi andj on opposite sublatticedabeledu andd for spin
i.e., its nonzero elements can be written[&s), »=Dd,m  “up” and spin “down,” respectively, andH; andH ,; are
—6_1m— 8+1m, Where D=6—2[cosk)+coska)]-[w effective anisotropy fields. The magnitudes of the anisotropy
—gug(Ho+HA) S with a andH, denoting the lattice pa- field (equal and opposite on the two sublatticase taken to
rameter and the bulk anisotropy field, respectively. The elehave the bulk valudd, everywhere, except in the surface
ments of the inverse oA are given explicitly b layers where it may take the value,g andH s for n=1
andN, respectively. Likewisd;; has the bulk valug, except
when both spins are in the same surface layer and it has the
valuesJg and Jg. Calculations for the surface SW gemi-
(5)  infinite sc antiferromagnets were made by Wolfram and
) , 71 Dewame¢s. By contrast the matrix technique, as later em-
where the complex parameters defined byx+x“=D and  pjoyed here, is more straightforward, allowing us to extend
|x|=<1. The matrixR, on the other hand, has elements equakhe’ studies to thin films where the presence of two surfaces
to zero everywhere except in two small blocks of d'mens'orbrovides coupling effects between the modes.
Ny X Nng located at the ends (_)f the leading diagonal. Typically, ag before, the equations of motion for 1§ operators
for a sc (001 ferromagnetic film,ny may be 1, 2, or 3, gre transformed to a representation using the 2D wave vector
depending on the missing bonds and on assumptions regarg-ang layer indexn. Additionally, the operators now have a
ing the modified exchange and anisotropy parameters neafpjattice label § or d). In this surface orientation, each
the surface$.The solution of Eq(4) then reduces to solving layer contains botl andd sublattice spins. The spin ampli-

a Zgﬁ_xzﬁé)_ deterrlninant_al CO”hdit(ijO”-_ her i o " tudes are then transformed to symmetric and antisymmetric
is tridiagonal matrix method, either in conjunction with o by defining,=s" +s@ ands,=s— @

the operator equation of motion or the Green function eqUATL . squations of motion become
tion of motion, has been applied to a range of problems q
involving exchange surface SWeé.g., see Refs. 4-7, and
references therejnin the following examples we generalize
the procedure to sc antiferromagnetic thin films, where the
presence of two sublattices generates equations with more
complicated banded matrices.

Xl+m_X\I—m|+X2N+2—I—m_X2N+2—\I—m\

[Ail]l,m:

(1_X2N+2)(X_X—l)

Es;=[1+€(4— )+ ws]s;—S,,
ES,=(6+wa— Y)Sn—Sn-1—Sn+1, 1<N<N,
Esy=[1+¢€ (4= 1)+ o5lsy—Sn_1, (7

IIl. SIMPLE CUBIC ANTIFERROMAGNETIC FILMS Es =[1+ e(4— 1) + ws]S; + S
WITH (001) SURFACES

Let us consider a two-sublattice antiferromagnetic thin ES=(6+wa= 7)SnFSn-1F8n11, 1<n<N,

film with N atomic layergin the xy plane, sc structure and _ , ,
(001) surfacessee Fig. 1L The Hamiltonian is written as Esy=[1+¢€" (4= »)+ wglsytSn-1, (8)
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where we have defineg, = 2[ coska)+cosk,a)] as a struc-
ture factor, wpa=gugHA/SJ, and E=(w—gugHg)/SJ.
The surface parameters aress=gugHas/SJ g

=gugHpadSJ €=Js/J, ande’ =3¢/ J. Thes terms can now

be eliminated from these two sets of coupled equations. The
result(for thes,) may be expressed in the same form as Eq.
(3), except thatA becomes a pentadiagonal matrix, i.e., its
nonzero elements occur in a band of five diagonals centered
around the leading diagonal. However, we find that this pen-
tadiagonal matrix is expressible as the product of two tridi-
agonal matrice#A; and A,, plus a difference term that is
absorbed in the definition d®. The two tridiagonal matrices
have elements defined by

[Al,Z-le: D1,25I,m_(5lfl,m+ 5|+l,m)1 (9) 0'0 0I2 0(4 0I6 0'8 1.0
with D1 oK Ky, @) == ¥+ oo, where g k.aln
=(wa+6)?—EZ? These matrices obey the relatiok,
—A,=(D;—D,)l and as a consequence, the inverse of their FIG. 2. SW dispersion relations for sc antiferromagnetic films
product satisfies with (001) surfaces, takingp,=10 2, 0=1, e=1, andN=8. The
bulk modes are those within the shaded region.

(A1A,) 1 (A;1—-AY. (10

=|y|=1. The SW modes in this case are all doubly degener-

] ) o _ate whenH,=0. For the(001) case the resulting dispersion
Thus, using Eq(5) for the inverse of a tridiagonal matrix, rejation is expressible in the form

the elements oB=(A;A,) ! are

“(D;-Dy)

E?=(wa+6)?—4[cogk,a)+cogk,a)+cog aa)]?,

[B]I :(zwo)il yl+m_y|I7m|+y2N+27lfm_y2N+27|I7m| (14)
m 2N+2 -1
L=y )=y ) wherea takes a set of real discrete values{@< =/a) that
My li=ml |y 2N+2-1-m_  2N+2—[1-m can be deduced from the determinantal condition. Ms
— , (1)  — the bulk modes become closer together, forming an
(1—x2NT2)(x—x"1) effective continuum.

Numerical results are shown in Figs. 2 and 3, where the

71_ 71_ .
wherex+x"*=D, andy+y~*=D, (with [x|<1 and|y| values of w/SJ for the surface SW branches are plotted

<1).

The matrixR has only a few nonzero elements, which are
listed in the Appendix. The implicit SW dispersion relation
becomes de€=0, whereC is a 4X4 matrix with elements
defined in the Appendix. The dispersion relation of the sur-
face SW modes are now found as the solutions correspond- 6
ing to |x|<1 and|y|<1 (a localization condition There is
some simplification of the analytical result in the case of
films with symmetric surfaceso(= ¢’ ande=¢€'), when the
determinantal condition yields

R11(B1,1=Bin) +(R1 2T Ry ) (B o= Bon) —R1 Ry [ (By o
+Byn)?— (B Bin)(BaotBoy-1)]-1=0. (12 2

8

w/SJ

The upper and lower sets of signs in E#j2) refer to modes
that are symmetric and antisymmetric, respectively, with re-
spect to the midpoint of the film. Also, we note that in the 0 - - - .
limit of N— the element8; y, Byn_1, andB,y vanish, 0.0 0.2 0.4 0.6 0.8 1.0
and the surface SW dispersion relation can be expressed as k.aln

Ry 1(y—X)+(Ry+R 2—x2)+ Ry Ry 4(wg) *
1Y =X)F (Riz+ o)y ) 12R24(wo) FIG. 3. Comparison of surface SW dispersion relations for sc

X (Yy=%)?(1—Xy)— wp=0. (13 antiferromagnetic films with(001) surfaces, takingo,=5x10" 2
and o=1. The sets of curves correspond é&1 (solid), e=0.5
By contrast, the frequencies of the quantized bulk modesdotted, and e=1.5 (dasheil The region containing the bulk
of the film are found as the solutions of @0 with x|  modes is shaded.
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’z Es;=[2+2¢+ 05— enP]s;—ns,,
x ¥ — — N7e — (e N
Es,=[6+w S Sp—1tS , 1<n<N,

57 —» / —nel Sh=I A™ Yk ISn Y (Sn-1FSnt1)
« N _ _
I g d p: A Esv=[2+2€' +ws— €' nPlsy—nPsy-1, (15

/‘ /“ /‘.
! _
1V /l' /I Cne3 Esi=[2+2¢+ w5t en®lsit n sy,

—— - Es,=[6+wat %nPIsa+ 1 (sn-1+S011), 1<n<N,

FIG. 4. Representation of an antiferromagnetic film with sc
structure and surfaces corresponding to (@#1) crystallographic
plgnes. T_he di§tange between each Iaybmsvx_/herebza V2. The  with nM=2 coska), y V=2 coskya/\/i), and other defi-
ne'ghbor'ng sites in the same layer are ‘.j'recuy coupled by th(?ﬂtions as Sec. Il Thgn amplitudes are then eliminated as
nearest-neighbor exchange only along xfexis. before and another product of two tridiagonal matrices is

obtained by decomposing a pentadiagonal matrix. The tridi-
againstk,a/, taking k=(k,,0). In fact Fig. 2 shows both agonal matrices are defined as
the quantized SW bulk modémside the shaded argand )
the surface SW mode®utside the shaded apefor a film [Aolim=D128m= %Y (S-1mt Si11m), (17
with 8 layers, takingu,=10"2, o=1 ande=1. The surface
SW modes are seen to split into two branches for small wave The dispersion relation is again obtained from = 4
vectors, as expected from E(L9), and they become ap- yeterminantal condition which is formally the same as in
proximately degenerate at larghf' Figure 3 d|splays the Sec. I, but with the above redefinitions. From the expres-
surface SW modes for three d|ff_erent vzillzues'sobgam for  sjons for the matrix elements, it can be seen that the direction
symmetric film surfaces, taking,=5x10"“ and with other ¢ rohagation of the SW modes along the surface plays an
parameters as before. Again the shaded area corresponds;{g,ortant role in this case, since tkgandk, components of
the region occupied by the bulk modes, but the individual,s \yave vector are present in different diagonals. The bulk

modes are not shown since these would be different for eac) yqes are the solutions with|=1 and|y|=1, which leads
value of e. For e=0.5 and 1, the branches correspond to;, o dispersion relation of the form '

acoustic surface modes and are situated below the bulk re-

E;N:[2+2€,+(1),S+E,'}/k(x)]SN+ ’yk(y)SN*l (16)

W|th Dl,2: - ,yk(X) =+ wq.

gion. Fore=1.5 we obtain two degenerate optical surface E2=(wA+ 6)2—[2 cogk,a)
modes(above the bulk regionthat are truncated. For suffi-
ciently small values ot (wheno=1), the assumed antifer- +4 cogk,ay2)cod @ay2/2) 17, (18)

romagnetic ground state can become unstable, correspondi%erea takes discrete values
to a reorientation of spins near the surfaces. This is analo- :
gous to the type of surface reorientation phase transition di
cussed by Mill§ in certain anisotropic ferromagnets. In our
case it only occurs when the surface perturbatiinsex-
change or anisotropyare large, and it can in principle occur
for other surface orientations.

Numerical results are shown for the surface SW modes in
SIfigs. 5 and 6, where the values ©fSJare obtained for the
propagation wave vectdt along thex andy axes, respec-
tively. In these examples we have taken a symmetric film
with N=8, w,=10"2 ando=1. Figure 5 displays the re-
sults for propagation along thedirection for two values of
e. For e=1.0 there are two acoustic surface SW modes
I1l. SIMPLE CUBIC ANTIFERROMAGNETIC FILMS (dashed Iine)sthat become degenerate for Iarger wave vec-
WITH (011) SURFACES tors, while fore=2.5 we find two optical, truncated, surface
SW branchessolid lineg. The shaded region corresponds to
We next consider a sc antiferromagnetic film widll)  the region of quantized bulk modes. Figure 6 shows the sur-
surfaces, described by the same Hamiltonian as in(Bq. face SW branches for modes propagating alongytdeec-
What distinguishes the formalism for this orientation fromtjon for surfaces withe=1.0 and 1.5. Fore=1.0 (dashed
the previous one is that the spins in each layer now form gnes) the branches show a similar behavior to those in Fig. 5.
rectangular 2D net with sides of lenggh(along thex axis,  However, in contrast with the previous figure, there are no
and.2a (alongy). More important, the terms describing the optical modes untik>4 (for o=1).
interactions of nearest neighbors in adjacent layers are dif-
ferent in thex andy directions(see Fig. 4. As a result, there IV. SIMPLE CUBIC ANTIEERROMAGNETIC EILMS
are distinct properties expected for the SW modes propagat- WITH (111) SURFACES
ing along each direction. The formalism for obtaining the
SW frequencies is, however, similar to the previous case. In the (111) orientation, each layer of the film contains
Each layer in the film contains equal numbers of sites fronsites of only one sublattice type, with the “up” and “down”
both sublattices and the spin amplitudes are transformed t@yers alternating, while the spins in each layer form a trian-
obtain the equations of motion gular 2D net with sides of lengtay2 (see Fig. 7. As a
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0.0 0.2 0.4 0.6 0.8 1.0

k.al/z FIG. 7. Schematic representation of an antiferromagnetic film
with sc structure and surfaces corresponding to(1Hg) crystallo-

FIG. 5. Surface SW dispersion relations for sc antiferromagnetigraphic planes, vieweda) parallel and(b) perpendicular to the
films with (011) surfaces, for propagation along theaxis, taking  surface planes. The magnetic sites in each layer are arranged in a
N=8, w,=102, and o=1. The curves correspond te=1.0 triangular lattice. The black dots correspond to sites of sublattice
(dashed and e=2.5 (solid). The region containing the bulk modes and the white and shaded dots are sites of sublattiCEhe layer
is shaded. numbering is shown.

consequence, the characteristics of the SW modes depeR@mber of layers, denotiny=2M whereM is an integer.

not only on the number of layei$ but also on whether this 11,5 ysing assumptions about the surface perturbations in

number is even or odd. In the latter case both surfaces are gfg exchange and anisotropy field as before, the linearized
the same sublattice tyie.g., bothu), whereas in the former  equations of motion for the spin amplitudes become, in ma-
case the two surface layers are of different sublattice typegix form

(oneu, oned). In order to make explicit this difference in the
equations of motion, the layers for each sublattice are indi- A dW=[=, —A,]¢?), A, D= [, —A* ]V,
vidually labeled as in Fig. 7. (19
Let us consider initially the case of a film with an even
where the elements of tHd X M matrices are defined as

[Al]m,n:wlﬁm,n"'gﬁl,n'l'hléM,nr (20
[Az]m,n:wzgm,n_g’5M,n_h51,nr (21)
[Ek]m,nzgkam,n"'fk* 5mfl,nv (22)

[Admn= &l (1= €)d1nt (1~ €") O nl- (23

Due to the triangular geometry within each layer, the dy-
namic aspect of the exchange interaction is now described by
a complexstructure factor

éc=exp ik,a 3 +2 cos k,a Eex —ikya 5/

. . . : (24)
0.0 0.2 04 0.6 08 1.0 and the other terms are;=E—(6+w,), w,=E+(6
kb/x twp), g=[6-3e+(l-0)wp], h=3(1-¢), g'=[6
—3€e'+(1-0")wa], andh’'=3(1—-€"). From Eq.(19) we
FIG. 6. Surface SW dispersion relations for sc antiferromagneticc@n now obtain two dmatrlx equations similar to Ea_) one
films with (011 surfaces, for propagation along theaxis, taking  for s*) and one fors'®, that yield the SW frequencies. The
N=8, wa=10 2, ando=1. The curves correspond t&=1.0(dot-  equations can be written in the form
ted and e=1.5 (solid). The region containing the bulk modes is
shaded. [A-R@])=0, (25)

w/SJ

174431-5



J. MILTON PEREIRA, JR. AND M. G. COTTAM PHYSICAL REVIEW B33 174431

where o denotesu or d, A is an asymmetrictridiagonal  the surface effects are containedRff’? andR(®, which are
matrix defined in the Appendix. By analogy with the previous cases,
_ B 2 e %2 the dispersion relation of the SW modes can be deduced
[Alnn=Ddmn=(80"0m-1a= (&) Ome1n: 20 g0 ihe determinantal conditions de{RWB)=0 or
and the diagonal elements are giveny: —2&&* + 3. det( —R@B)=0, with B=A~1. Generalizing Eq(5), the
Note thatA depends only on the bulk parameters, while allelements of th& matrix are

,82|X|+m—Xm_|+IBN+2_2mXN+2_|_m—ﬁN+2_2m+2IXN+2_(m_I)

Blim= ,I=m, 27)
[Blim 61— BN 2N T2 B2x—x 1] (
2IXI+m_ 2(I—m)XI—m+ N+2—2mXN+2—I—m_ N+2XN+2—(I—m)
[BI m=B a P b . I>m, (28)
' ng[l_BNJrZXNJrZ][IBZX_X*l]
|
whereB=&.* /&, and &) *x+ (£*)?x 1=D. The determi- V. CONCLUSIONS

nation of the SW modes then reduces to solving@iét In summary we have investigated the influence of surface

=0 or detC'®=0, whereC™") andC‘® are 3<3 matrices in  ,iantation in the spectra of spin waves in antiferromagnetic
the present cas@ee the Appendix , films. This represented a generalization of earlier work on
WhenN is odd(denotingN=2M + 1) the influence of the  antiferromagnets to incorporate the new effects arising due to
Nth layer can be treated as an effective energy-dependefhijte film thickness and surface orientation. The physical
surface perturbation applied to the previous case for an eveportance of each was demonstated by the analytic results
number of layers. This comes about by means of the identitynd numerical examples.
The calculations were performed by a method that ex-
tends the equation-of-motion formalism involving tridiago-
€ &r § nal matrices to apply to more complicated exchange-coupled
PE——— @y, (29 systems. Specifically, we obtained results for the exchange-
E-(3¢'+wg) dominated surface SW spectrum in films corresponding to sc
antiferromagnets with surfaces on 1), (011), and(111)

sWyi1=

which follows from the original equations of motion.
The two determinantal conditions are found to give the 8
same result, due to degeneracy of the SW modes in this case.
Some numerical results are shown in Figs. 8 and 9 for the
values ofw/SJ of surface SW modes in films with symmet- 6
ric surfaces é=¢',0=0") having 8 and 9 layers, respec-
tively. The propagation is chosen to be along xrairection
with w,=10 2 and o=1. The shaded area corresponds to
the region of quantized bulk modes. In Fig. 8, for a film with
N=8, there is just one acoustic surface SW branch &or
=1 (solid line). However, if the value ot is decreased there
are two acoustic surface SW branches, with the higher fre-
guency ones emerging from the bulk region for large wave
vectors, as can be seen for 0.5 (dotted lines. On the other
hand, fore>1 the higher-frequency branch may occur as an
optical surface SW, as is shown fer=1.5 (dashed lines
Figure 9 shows the results for a film wibh= 9, taking other
parameters as before. One can notice that the surface SW
modes in this case behave in a way that clearly contrasts with
the results for eveiNl in Fig. 8. For example, foe=1 (solid

lines) the two surface modes are approximately degenerate riG. g. Surface SW dispersion relations for a sc antiferromag-
for large wave vectors, but are clearly split for small wavenetic film with (111) surfaces and an even number of layeks (

-
v
~

3

vectors. A similar behavior occurs fer=0.5 (dotted line$  =8), takingw,=10"2, o=1 ande=0.5 (dotted, e= 1.0 (solid),
ande=1.5(dashed lines However, for the parameters used, and e=1.5 (dashefl The region containing the bulk modes is
there are no optical surface SW branches. shaded.
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our recent work for ferromagnetic Ni films witti112)
surfaces?!
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APPENDIX

w/SJ

For the (001) case, the matrbR has only six nonzero
elements, namely,

Rpa=A A~ (N + A ) (0at+6)+2(1—€) ¥,

Ri=—A-, Rpi=hy,

RNfl,N:)\Lr , Run-1= -\,

Run=MN A o= (N + N )(wat+6)+2(1—€') 92,
FIG. 9. Surface SW dispersion relations for sc antiferromagnetic (A1)

films with (111) surfaces and an odd number of layefé<(9),  wherex.=1+(1—¢€)(4* y)+(1—0)wa and\.=1+(1

taking w,=10"2, o=1_ande=0._5_(dotted, e=1.0 (solic_d), ande _ e’)(4£ )+ (1= 0 )wa, With o=Has/Ha “and o

=1.5(dashegl The region containing the bulk modes is shaded. _ H/AS/HA' Also C is a 4x 4 matrix with elements defined

by

crystallographic planes. For t{801) and(011) orientations,

the equations of motion were simplified by using symmetric C11=R1B11+tRiBo1—1, C1o=Ry1B1 o+ RyBo o,

and antisymmetric combinations of the spin amplitude opera-

tors. In addition, the resulting pentadiagonal matrices were Ci13=R11BontRiBon-1, C14= Ry BintRiBon,

decomposed into products of tridiagonal matrices, and this

allowed us to find analytical expressions for the dispersion Co1=R21B11, C=RyiBi1>—1,
relations. In the(111) case a different approach was em-
ployed in which the matrix equations of motion were written C2s=R21Baon,  Cos=RziBin,
in a tridiagonal form by a suitable labeling of the film layers.
We obtained results that show a strong dependence of the Cs1=Rn-1nBin, C3=Ry-1nBan,
surface SW modes on the direction of propagation in the
(012) orientation, as well as the effect of the inequivalence of Ca3=Rn-1nB12— 1, C3=Ryn-1nBi,
the sublattices in th€111) film case, which is shown to
introduce significant modifications on the propagation prop- Ca=RynBintT Ryn-1Ban,
erties of the surface modes. The formalism presented here is
valid for any number of layers and the semi-infinite limit can Ca2=RunBanT Ry n-1Bon-1,
be easily obtained by making— «, in contrast with previ-
ous calculationd, where a semi-infinite medium was as- Cs3=RynB1 2t Ry n-1B22,
sumed.

This formalism can be applied to antiferromagnets such as Cs=RynB11tRyn-1B1o—1. (A2)

NiO (Ty~523 K) or the perovskite-structure KNjH Ty
~245 K). In both of these materials the magné€tit) ions
lie on a simple cubic lattice, and the exchange interactions R, .= (,+6)(6,+6_)+ 6. 0_+(0,—6_) ™,
are very strong making the use of a Heisenberg-type Hamil- ’

tonian appropriate. Since the splitting of the acoustic SW Ri,= 0. %Y, Ry;=—0_»W,
surface branches is most apparent for small wave vectors, ' ’
these surface effects in films can in principle be studied ex-
perimentally by light scattering techniques. Bulk samples of
the above two materials have already been studied exten- _ / / o Y, (x)
sively by Raman and Brillouin scatteriig® A generaliza- Riun=(@at8)(f: +07)+ 6% 6=+ (0, = - )m A3)
tion of the present theoretical work could involve the inclu-

sion of further exchange interactiofs.g., between second where §.=2e—4+(1—o)wpr=(1—¢) %™ and 0. =2¢€
nearest neighboysand application to antiferromagnetic sys- —4+ (1— o' )wa*(1— €)1, X. For the (111) orientation,
tems with different layer coupling schemes, by analogy withthe nonzero elements & are

For the(011) case we have the redefinitions

Rv-in=—0" %Y, Ryn-1=0, %Y,

174431-7



J. MILTON PEREIRA, JR. AND M. G. COTTAM

RY=gw,—ho;—gh+ (e—1)26* &— (3—2€) & &,

(6—1)w2+h
RI3=(e- D&, REd=|———— —|(&")%
2
R~ e RWuam (g7
2,2 (1)2—h k Sk M,M-1 w5 k '

R{u=—0"w1+h 0,—g'h"+ (e —1)25* &

!

g

and the elements @&“ are
ciy= R(ll,?Bl,ﬁ' R(ll,ng,l_ 1,
ClY=R{B1,+R{B,,,
Cl=R{"B1w+R%Bo,

C(zli) = R(zl,?Bl,ﬁ' R(zL,J%Bz,L

PHYSICAL REVIEW B3 174431
CH=RYB1 ;+RYB, 1,
CH=RBy+RBoy
CEY=R{PwBm 1+ RWM-_1Bu-11,
cyy= RE\/LIJ,)M By ot R(le,)m ~1Bm-12,

C(S%):RF\;I],)MBM,M—FRg\/LIJ,)MleM,Mfl_l- (A5)

w5 —2(e' - 1)}@* &k (A4) R andC@ are given by similar expressions. The formal-

ism for a(111) film with an odd number of layers is similar

to the even case. For example, in the odd case the elements
of theR") matrices are obtained by making the replacements
h’—0 andg’'—f', where

f'=3-3€e'+(1—0')wp E- G+l (AB)

and substitutingR{)y = — ' ;= (' w,) £ & .
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