PHYSICAL REVIEW B VOLUME 57, NUMBER 11 15 MARCH 1998-|

Theory of surface spin waves in ferromagnetic semiconductors
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A Green’s-function formalism combined with the transfer-matrix method is used to calculate the surface
spin wave modes in semi-infinite ferromagnetic semicondudtvS’s) with a (001) surface and the surface
magnetization in the ferromagnetic pha$es T, . The theoretical results were applied to narrow-band as well
as to wide-band FMS'4.S0163-18208)02811-3

I. INTRODUCTION tion distribution across the layer and the thickness depen-
dence of the Curie temperature. Gopalan and Cdttarave
There has been considerable interest in the study of sut!sed thes-d interaction model to study the bulk and surface
face excitations in various magnetically ordered systems. [f1agnetic excitations of a semi-infinite FMS. Results are de-
is now established from theory as well as from experimenfliced for both narrow-band and wide-band FMS, buzt only
that the magnetic properties at surfaces may differ froniOr 10w temperaturesT<T,, where the magnetizatiof€’)

those of the corresponding bulk. In a semi-infinite ferromag-—
net or antiferromagnet the spectral intensity of the bulk spi
waves becomes modified and in addition to the bulk spi

wave excitations there may also be localized surface . ;
spin waves(SSW'9, the amplitudes of which decay expo- 25 Well as wide-band FMS's for all temperatures belbw
To our knowledge, there is no investigation on such a prob-

nentially away from the surface of the material toward the : .
interior (see for review Refs. 193 Several theoretical €M in the current literature.
studie§~’ have shown that the presence of a surface, at
which the coordination number is reduced, leads to a strong
enhanced magnetism. In some cases, this enhancement is
strong enough that the surface is magnetically ordered at In this section we present calculations for obtaining the
temperatures above the critical temperature of the bulk.  magnetic Green’s function for a semi-infinite FMS occupy-
Most of the SSW works are concerned with magnetic sysing the half-space=0 and described by the-d (or s-f )
tems. The semi-infinite magnetic semiconductors have beenteraction model:
not so intensively investigated. The magnetic excitations in
bulk ferromagnetic semiconducto{BMS’s) are obtained al- H=Hy+HegtHye. @
ready, where two different frequency spin wave branchesd,, is the Heisenberg Hamiltonian for the ferromagnetically
exist corresponding to “acoustic” and “optical” orderedd electrons,
branche$:® Shen and Li° have studied the SSW in a semi-
infinite antiferromagnetic and ferrimagnetic semiconductor
at low temperatures in the narrow-band limit, where the hop-
ing exchange interaction of conduction electrons can be . .
gm?tted. Thegdispersion relations of surface excitations ar(‘-,("h.eres and S+, are f[he spin opgrgtgrs for the localized
obtained by use of Green’s-function theory. The influence ofPINS at site$ and| + & n the sem|—|nf|n|te' system, the sum
thes-d (or s-f ) interaction on the SSW spectra is discussed?" g1is over neargst nelghbors onl&'!,y,w is the _exchange
Semi-infinite magnetic semiconductors with a site-diluteg'nteraction, ancj—io IS a static magnetic field _apphed in tize
free surface in the narrow-band limit and at low temperaturegIreCtlon (the direction of the statl_c mggnenzat)on .
have been investigated by Shen, Shen, ant Dihe mag- Hg represents the usual Hamiltonian of the conduction-
netic properties of thin films containing itinerant electronsPand electrons,
interacting with localized spins and the problem of interlayer
exchange coupling have been considered by He= 20 ti 14585814 50— JeitsHo ST, ()]
Urbaniak-Kucharczyk?1® Calculations are presented within o0 !
the frame of a Green’s-function formalism of the magnetiza-wheret, |, s is the hopping integral.

In this paper we will study the surface excitations in
MS’s using a Green’s-function techniqgue combined with
the transfer-matrix methotd;*® in both cases, narrow-band

II. THE MODEL AND THE MAGNETIC MATRIX
GREEN’'S FUNCTION

1
Hu==3 2 885~ 0reHoX &, (2
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The most important term in Eql) is the operatoH g,
which couples the two subsystert® and (3) by an intra-
atomic exchange interactidn,

HME=—2| I|Ss. (4)

The spin operators of the conduction electrons at sitean
be expressed as =a’a_, si=(a.a,—a a_)/2,

wherea,’ anda,, are Fermi-creation and -annihilation op-
erators at sitd, respectively;o==*1 corresponds to the

spin-up and -down state.
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index, respectively, and,=(k,,k,) is a two-dimensional
wave vector parallel to the surface. The summation is taken
over the Brillouin zone.

We assume for simplificity only nearest-neighbour ex-
change interactions and talkdg =J; 1;=1s; tj;=tg; (S)
=(S%); (sf)=(ss on the surface layeri €1) andJ;;=J;
Li=1; t;=t; (§)=(S; (sf)=(s?) in the bulk. As a result
the equation of motion for the Green’s functi¢® of the
semi-infinite FMS forT<T, has the following matrix form:

(0—H)G(k,®)=R, (11)

To study the magnetic excitations of the system we introwhereH, G, andR are« X« matrices.H can be expressed

duce two Green'’s functions,
Gij()={(S"(1);S; (0))) ©)

and

G/ ()=((s (1);S,(0))). (6)

It is easy to show that the equations of motion for the Fourier

transform of the Green’s function®) and (6) in the RPA
have the following form;

w—gMBHo—|i<s?>—25 Jiiv (S o) | Gij(w)

+ <S|Z>25 Jii+6Gi+sj(@)=2(S) 86— 1(S)G{j(w)

(7
and

(0—gemgHo—11(S))G{j(w)=1i(s))Gjj(w).  (8)

Combining Eqgs(7) and(8) we obtain

, 12(SP)(sf)
@~ GuaHo=li(sh w—GgetgHo— 1i(S))

—25 Jii+(S+5 |Gij(w)

=2<Sﬁz>5ij_<sﬁz>§5: JiitsGissj(w). 9

It must be noted that the random phase approximdfiA)

as
V -k, 0 0 0 0
-k U -k O 0 O
H=l 0 -k Q -k 0 o0
0 0 -k Q -k O
H : o0 X 0o
with
ki=J(Sh), k=S,
15(SD(s2)

V=gugHo+1(ss+
GusHot1(sy w—geupHo— (S5

+43(SH(A—y(k)+I(SY,
12(S7)(s?)

0—geugHo— (S

+4J(S) (1 —y(k)+I(SH+ IS,

U :g,lLBHo+I<SZ>+

14(S)(s?)
w—geugHo—1(S")
+43(SH(1— (k) +2I(S?),

Q=gugHo+1(s?) +

(k) = z[ cogksa) +cogkya)].

In order to obtain the solutions of the matrix equation
(11), we define two infinite-dimensional column matridgs
andR,, with the elements given byQ,),=Gm, and R,)m

is not so good very close td., but in our case where we =2(S%) S, SO that Eq(11) yields

want to obtain the temperature dependence of the magneti-
sations for all temperatures beldWy it is a good approxima-

tion. If we have to discuss, for example, the dependence of )
the critical temperature on the layeF,(n), for thin films  Which could be resolved easily by reference to the transfer-

then we must go beyond the RPA and must take into accourBatrix method:>*®We introduce the two transfer functions:
the correlation effects. On introducing the two-dimensional

(w_H)Gn:an (12

Fourier transfornGninj(kn,w), one has the following form: T1:G2i+l,m, T,= Gai,m (i=1). (13)
G2i,m GZiflm
2(SH) i .
FsTY = exd ik (ri—r)1G, n (K, o), SubstitutingT, and T, into one column of Eq(11), the
(s » N % Hiki(ri=ry)] ming following Green'’s functions can be obtained:
(10)
whereN is the number of_sites in any of thg lattice plangs, Gn:;' (14)
andn; represent the position vectors of sitand the layer w=V+kT,
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1 Analogously to the previous section, after a two-dimensional
22~ ) ourier transformation we get for the matrix Green’s func-
G K (19 Fouri formati for th ix Green's f
w—U +(kT1— ! V) tion the following expression:
(E-=N)g(k;,E)=I (22)
1 .
Gas= 12 , (16)  with
w=Q+[ kT, koK Ns k 0 0 0
RARGY N k 0 0
N= ’
and so on, where 0 k N kO
T,=— U+\/ u—akz 22 1 o
175 | TetUE\o-U- o—Q (170 where
k=ty(k)),
T,=n +Q= \/ a2 =2 18

o
Ns=—7 (GempHo+15(S5) +4tsy(k)),

As is well known, the poles of the Green'’s functions give
the dispersion relation of the spin waves; therefore, the SSW o
spectrum can be given from E@L4) by the following ex- N=— 7 (gersHot1(S)) +4ty(k).
pression:
ts=— W, andt=—W, whereW, andW are the conduction-
ws—V(ws) K To(ws) =0, (199 band width on the surface layer and in the bulk, respectively.

. . __For the different Green’s functions we obtain
which has to be numerically calculated. We get an equation

of the seventh degree. It must be pointed out, however, that 1
the seven roots obtained from E39) must be checked be- g“:—E— No—KT.'
i inli s 2
cause extra expressions have been multiplied. We must make
sure that the root does not make the expressiens-QU),
(ws—Q), etc. vanish. As a matter of fact, only two of the U0p=
seven roots satisfy these requirements and therefore repre-
sent the true SSW spectra, corresponding to the “acoustic”
and “optical” branches of FMS'’s.
The thus-obtained two solutions for the SSW can be used 1
for the evaluation of the relative localized-spin magnetiza- O33= K (25
tion of the surface SZ):2 E-N—k[ Tot ——— >
E—N-—

(23

1

(24)

E—N—k| T, +

E—NS)

2 1 E—Ns
()= X [(S+0.5cott((S+0.5 fo]
I

and so on with
—0.5 coth{0.58ws)]. (20) 2.5

However, the surface magnetization involves the SSM{'s -
which are dependingthroughV andT,, Q andU) on the 2 3 - 7 '
surface and the bulk magnetization and spin waves, the sur- | - T2
face and bulk conduction-electron magnetization and energy, 1.s ~ -
so that all expressions must be solved self-consistently. ®

Ill. CALCULATION OF THE ONE-ELECTRON
GREEN’S FUNCTION 0.

In order to obtain the conduction-electron magnetization
(sf) we must define the one-electron Green’s function
gijU(E)=<(ai(,;aj+U)). The equation of motion is given by

[E+0.50(gemgHot 1i(S))19ij,(E) FIG. 1. The spin-wave frequencies plotted againsk,a, (a
=1) for T=0, H=0, S=%, 1,=05eV, J,=J.=0.1eV, W
=54+ > t . 0. (E). 21 =0.375eV, t;=0.2t,, and differentlg values 1,1,=1.1,; 2,

ij 26 |,|+6g|+5,10( ) ( ) 15,: 3, 1-75b-
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FIG. 2. Temperature dependence of the localized-spin magneti-
zations(S}) (solid line) and(SZ) (dashed linesfor narrow-band
FMS's with H=0, S=3/2, |,=0.5eV, J,=J,=0.1eV, W
=0.1eV,1,=0.2, for differentts values 1,t;=0.%; 2, 2t,; 3,

FIG. 4. Temperature dependence 8f) and(S}) for wide-band
FMS’s with W=1eV, I,=2I,, and differentt; values 1,t,
:4tb‘ 2, 2tbv 3, OEib, 4, O]Ib

IV. NUMERICAL RESULTS AND DISCUSSIONS
E—N=(E—N)?—4k?

(26) In this section we shall present the numerical calculations
2k

of our theoretical results, which are obtained with the prod-

uct of MATHEMATICA . The spin-wave frequencies are plotted
The surface conduction-electron energy is given by thdor T=0 in Fig. 1 againsk,a for a semi-infinite ferromag-

poles of the Green’s functiog,; : netic semiconductor(the bulk spin-wave continuum is

shadedl Forl <I, we obtain only an acoustic branch, which

is localized under the bulk continuum. With increasind of

ﬂt- appears an additional optical spin-wave branch at lagge

values. Foi ;> 1, we get only an optical brandlfrig. 1). The

bulk spin waves each appear as a continuum with upper and

lower edges corresponding to=m/a and k,=0, respec-

tively, while the surface spin waves appear as discrete

branches that may be above or below the continuum depend-

wheren, andn_ are the numbers of conduction electrons ining on the ratiods/I,,. We find that the surface-d interac-

the spin-up and spin-down bands, respectiVélye expres- tion I affects greatly the SSW frequencies. This is consistent

sions(19), (20), (27), and(28) form a closed system of self- With the work of Shen, Shen, and ti A similar behavior in

consistent equations, the solution of which leads to thesthe dependence ob(k) on the spin-spin interaction con-

four quantities on the surface. So, through the renormalizegtantsJs/J, was obtained by Gopalan and CottahiThe

conduction-electron energy and the conduction-electroSSW energy decreases with rising of the hopping termin

magnetizatior(s2) we take into account thedependence of agreement with the results of Gopalan and Cottam.

the SSW spectrunil9) and our theoretical results can be ~ We have investigated the temperature dependence of the

applied to narrow-band FMS'8{<1S) such as CdGBe as  localized-spin  magnetizationS*) and the conduction-
well as to wide-band FMSW>1S) such as EuO. electron magnetizatiop of the bulk and the surface for both

T=Ty=

Es=Ns+KT,(Ey) (27

and can be used for the calculation of the surface conductio
electron magnetization:

n,—n_
(sh=—5—, 29

<85>

50 100 150

T{K) T[K]

FIG. 3. Temperature dependence of the localized-spin magneti- FIG. 5. The conduction-electron magnetizatignsand ps as a
zations(S}) and(S%) for the same parameters as in Fig. 2 but with function of temperatureT for narrow-band FMS’s withW
Is=2l, and differenttg values 1t;=0.%,; 2, 2t,; 3, 5t . =0.1eV,1,=0.2,, and differenttg values 1t;=0.5,; 2, 2t,.
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FIG. 8. Temperature dependence of and pg for W
=0.375eV, I,=1.2, and differentty values 1,t;=0.2,; 2,
0.5; 3, 1.2,.

FIG. 6. The conduction-electron magnetizatignsand pg as a
function of temperatur@ for W=0.1 eV, I;=2I,, and different
values 1t,=0.2,; 2, 2t,; 3, 5t.

narrow-band YW<0.9S) and wide-band \(>0.9S) tization in the case of wide-band FMS’s is demonstrated in
FMS’s. The Bloch bandwidtiw can be estimated from the Fig. 4 for W=1 eV andl;=2l,. With decreasing of the
measured red shift of the optical absorption etigeor typi-  surface magnetization rises, foy=2t, and 4, we get that
cal magnetic semiconductors it &W=2.00 eV (for EuO);  (S)<(S}), whereas fots=0.1t, we have(S{)>(Sf) for all
0.90 eV (for EuS; 0.55 eV (for EuSe; 0.45 eV (for EuTe;  temperatures. Fdg>t, the surface magnetization has a lin-
0.2 eV (for CdCrSe,). For CdCsSeg I,=0.5eV, S=3/2; ear temperature dependence.

for EuX 1,=0.2 eV, S=7/2. We shall discuss firgS*) (T) Let us now discuss the temperature dependence of the
for the simple cubic lattice. Figure 2 shows the temperaturgonduction-electron magnetizatignfor band occupatiom
dependence ofS?) for W=0.1eV (i.e., W<0.8S), I, =1 (0s=n=<2). We begin with the case of narrow-band
=0.5eV,S=1.5, andl;=0.2 (i.e.,1s<l,). The solid line  FMS’s. The bulk behavior is consistent with our results for
represents in all figures the bulk spin-wave magnetizationnfinite systems.We have to consider three different cases:
(SE), whereas the dashed lines—the surface magnetizatiow=0.5S.° Figure 5 showsp(T) for W<0.9S, for ex-
(S%). With increasing ofts the surface magnetization rises ample, W=0.1eV andl=0.21,,. From the curves can be
and moves to the bulk magnetization. Fge=0.5, we ob-  seen thatps<p,. With increasing of the surface hopping
tain that(S%) <(Sf). The thermal variation ofSZ) expresses termts (ts>tp) ps decreases. For small values ¢s<t,) we
the linear temperature dependence in the temperature regi@tain a linear temperature dependencepofn agreement
nearT?, as observed in many semi-infinite ferromagneticWwith the experimental data of Paat al*® For I =2l the
systems both theoreticalfy and experimentally? For w  behavior ofps is complicated. Fots>t, (Fig. 6, curves 2
=0.1eV butlg=2I,, i.e.,1s>1,, we obtain that the surface and 3 ps is zero afT =0, then increases with rising tempera-
magnetizatio S2) is always greater compared with the bulk ture T, and atT =T, is zero again. With decreasing tf ps
magnetization(S?) (Fig. 3. With increasing oft (S) de- ~ 9rows. Forts=0.2t;, is ps>p;, and decreases witli—T,
creases, what is the opposite behavior of the tasg, (Fig. ~ (curve 3. For W=0.85=0.375 eV we start with=0.2,,

2). Forl>1, we getT§>TE. (Fig. 7). For alltg we obtainps<py. At low temperaturep,

The temperature dependence of the localized-spin magng_lcreases WiFh rising te_mp_erature_, goes through a maximum,
and atT=T, is zero. With increasing df; p; decreases and,

1
‘
0.5
0.5
a
o
\\», 1
—
1 T
2 T
T T T - L ~
0 = — - o . ,—f‘{kx
50 100 150 0 ] L5
TK] 50 100 150

T[K]

FIG. 7. Temperature dependence of and pg for W

=0.375eV, I,=0.2, and differentts values 1,t;=0.1t,; 2,
0.5,; 3, 2ty,.

FIG. 9. Temperature dependence @f and p; for W=1 eV,
Is=1.21,, and differentts values 1t,=0.1t,; 2, 2t,.
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for example, forts=2t, nearly vanishes. Fdi,=1.2, (Fig.  EuO. To our knowledge, the results ¢&)(T) andp(T) for

8) we obtain a similar behavior as fdg=0.2,, but for  narrow- and wide-band FMS'’s are given for the first time.
small tg values,t;=0.2t,, ps is larger compared withy,, Most of the experimental studies of SSW to date have
ps>pp, at all temperatures and we obtain again a lineabeen for magnetic systems. It would be of considerable in-
temperature dependence @f. Finally we will discuss the terest to have experimental studies carried out f(_)r magnetic
wide-band limit (Fig. 9 for W>0.5S, for example W semiconductor materials that would bg wel! described by the
=1leV, andl=1.2,. Fort,=0.1t, we get thatp:>p,, for ~ S-d m_odel and the method employ_ed in this paper. S_wtable
all temperatures. AT=0 p, is maximum,ps=0.5, then it techniques for studying the excitations could include inelas-

decreases nearly linear with Fortg>t, ps vanishes. tic light scattering(Brillouin and Raman spectroscopgnd
magnetic resonancéferromagnetic resonance, spin-wave

resonance, etc.These methods have already been applied to
investigate surface and bulk spin waves in various magnetic
A Green's-function technique combined with the transfer-materials'-?

matrix method is used to study the SSW modes in semi- Several extensions of the present work are possible. These
infinite FMS’s with a(001) surface. We have obtained the include further investigations on semi-infinite antiferromag-
temperature dependence of the localized-spin andetic and ferrimagnetic semiconductors and in certain diluted
conduction-electron magnetization in the ferromagneticsystems by consideration of higher temperatures and both
phase. The theoretical results are applied to narrow-banlinit cases, narrow-band and wide-band magnetic semicon-
FMS’s, such as CdG8e,, and to wide-band FMS'’s, such as ducting systems.
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