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Abstract. Propmies of surface spin waves are studied in  an FeBr2 fieid-induced metamagnet 
that consists of femomagnetically ordered layen, with inhalayer nearest-neighbaur ferromagnetic 
exchange coupling, inhalayer next-nearest-neighbour antiferromagnetic exchange coupling and 
interlayer antiferromagnetic exchange coupling as well as strong three-ion anisotropy. A Green- 
function method is applied to calculate surface spin-wave modes for the (001) surface and for 
the paramagnetic phase at low temperatures. By allowing the surface exchange parameters to 
deviate from the bulk values, the full richness of the surface spin-wave spectra is found. The 
problem of the stability of the ground state of the system is also discussed. 

1. Introduction 

In recent years the semi-infinite layered structures of field-induced metamagnets ( m s )  have 
been the subject of theoretical studies of their surface properties and it has been shown that 
in addition to the bulk spin-wave excitations at low temperatures T < TN, also surface spin- 
wave (ssw) modes localized near the surface may occur in both the antiferromagnetic (A) 
and the paramagnetic (P) phases. The numerical results obtained in [I] for the (001) surface 
of the FeBrz and FeCIz FM compounds revealed a strong dependence of SSW properties on 
the crystal structure of these materials. On the assumption of the same exchange interaction 
and anisotropy on the surface and in the bulk of the sample, the full-zone acoustic-type 
ssws were predicted to exist in the A phase, whereas only the optical-type dispersion curves 
(full-zone ssws for FeBr2 and truncated ssws for FeC12) were found in the P phase. 

In [2,3] the spin-wave characteristics for the above-mentioned m crystals were 
investigated within a more general model where the difference between the effective bulk 
and surface anisotropy fields were assumed. This enabled the effect of anisotropy on 
ssws to be analysed and consequently the modification of the frequency separation between 
the surface and bulk dispersion curves was obtained. Moreover, by allowing the surface 
anisotropy parameter to deviate from the bulk value it has been found that in the P phase, 
acoustic-type ssw branches lying below the bulk band may also appear in the spectrum. 

In this paper we extend the previous studies by investigating the low-temperature 
properties of ssws in the semi-infinite FIM crystal with disturbed surface exchange 
parameters. In order to cany out formal solutions for the ssw and bulk spin-wave 
characteristics of our FIM system, a generalization of Cottam's [4] Green-function procedure 
is proposed. For the specific case of the P phase in the FeBrz structure it will be shown 
that when the intralayer exchange parameters describing the coupling of surface spins are 
allowed to differ from their bulk values, the full range of ssw qualitative features, including 
new physical solutions, is displayed. 
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Moreover, as a consequence of competition between the surface inhalayer and interlayer 
exchange interactions the problem of the stability of the ground state of the system is under 
discussion. By constructing the stability diagram we have found different types of critical 
ssw (below which the surface reconstruction occurs) corresponding to different values of the 
interlayer exchange parameter. Thus, these diagrams determine the area for experimental 
and theoretical exploration by imposing l i t s  on the exchange parameters and determining 
their values sufficient to provide the surface spin stability. 

2. General considerations 

2.1. The model 

The system under study is a semi-infinite FIM filling the half-space z 2 0 with 
ferromagnetically ordered layers parallel to the (001) surface. In the A phase each layer is 
oriented in a direction opposite to that of the neighbouring layers. If the magnetic field H 
is applied perpendicular to the surface, then, at a threshold field HAP, a transition occurs 
to the P phase of high magnetic moment. The system will be represented by the following 
Hamiltonian, known from [5] as the three-ion model of a FIM: 

~ ~ = - ~ C I ~ . . . ( S , = . S ~ ' . + O - ' S ~ . S : . ) + ~  JTn.n-i(STn .&,-I +aS:,%.-l) 
TP'* m . n - 1  

- g f i B H  s: + %+,"-I + ' 6 n , n + 1  (1) 
1.n 

where 

31+n,"-I = f D~~.....-I[sf.s:,-l(s:..)2 + s:"sL($"-l)zl (24 

31w'n,ntl = 4 Dr..n,ntl[S:nS:n+l(Sf.n)Z + S;nS;fl+l(S;nt,)zl. (2) 

w'*,"-l 

r..n."+l 

Here r denotes the two-dimensional position vector of spins belonging to a given layer 
labelled by the index n, where n 2 1, and n = 1 denotes the surface layer. The summations 
in (1) and (2) always run over different lattice sites. I denotes the ferromagnetic iutralayer 
exchange parameter, whereas J is the antiferromagnetic interlayer parameter. 

We assume that the exchange parameters I and J take their bulk values Ib and Jb 
everywhere except for the surface where they have the values Zp and Js, respectively. 
Moreover, note that, in the case of the properties of ssws in the FeBrz crystal discussed later, 
it will be essential to consider the exchange coupling represented by I as a superposition of 
two competing intralayer interactions: the nearest-neighbour ferromagnetic interaction ( I s ,  
and Ibl in figure 1) and the next-nearest-neighbour antiferromagnetic interaction (ISz and 
in figure 1). The coefficients a and a' in (1) characterize the uniaxiaf two-ion anisotropy 
terms, and H is the applied magnetic field in the z direction. The terms (2) describe the 
three-ion anisolropic interactions between adjacent layers and for clarity we shall assume 
henceforth that the anisotropy parameter takes the same value D in the whole sample. 
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I, 

Figure 1. The crystal lattice of the FeBo metamagnet with the (001) surface, showing the 
triangular ordering of Fe2+ ions (0) in femmagnetically orde?ed layers. The exchange constants 
beween nearest-neighbour and next-nearest-neighbour spins on the surface layer are 1,i and la, 
respectively. All other inmalayer exchange cot"& have the bulk value Ib.  The exchange 
constant beween spins on the surface and the second layer is Js.  All other interlayer exchange 
constan& have the bulk value Jb ,  The symbols n and CO denote the lattice constant and the layer 
separation, respectively. 

2.2. Green-function formalism 

The translational symmetry of our semi-infinite metamagnet in individual layers enables 
us to impose cyclic boundary conditions and to introduce 2D Fourier-transformed Green 
functions F,,.,(Fq, w )  defined by 

where lcli = (kx ,  ky) and T = ( x ,  y )  are the two-dimensional wavevector and position vector 
parallel to the crystal surface, respectively, and N is the number of sites in any layer. The 
position-dependent Green function at energy w is G(T,  T'; w) = ((S:; S;))u, in standard 
notation, and it satisfies the equation of motion 161 

(4) 
1 

2rr wccs:; S J ) u  = --crs:, SJ) + ((1s:; XI; SJL. 



3310 

Moreover, we define the following summations for the exchange interactions: 
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where 6 in (5b) is a vector connecting any site in layer n with its nearest neighbours in 
layer n + 1. 

In order to carry out the surface mode calculations, explicit analytical expressions for the 
Fn,n,(kll, o)-values are required. We have found them from a formal solution of equation (4) 
at T << TN, by extending an approach used previously for semi-infinite ferromagnets 141. 
Below we present general results of ow calculations for a FIM system in the P phase. 

Using (3) together with (4) and evaluating the Green function (([S:; 7fl; SJ)m on the 
right-hand side of equation (4) by means of the Sablikov random-phase approximation as 
well as the Lines decoupling scheme (for details see [2]) we obtain a set of linear coupled 
equations for the quantities Fn.",(kl1, U).  Next we express these equations in a matrix form 
as 

(A+ A)f = b (6) 

where f and b are infinitedimensional column matrices with elements given by 

fn = Fn,n, (7) 

Note that these matrix elements are taken for the index n > 1 and for n' fixed. Moreover, 
A in (6) denotes a tridiagonal matrix given by 

A =  

d -5-l 0 0 0 0 . .  
--t d -5-l 0 0 0 . .  
0 --5 d -r-I 0 0 . . 
0 0 --t d -5-l 0 . . 

. . .  

. . .  

. . .  

with 
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The perturbing effects due to the surface are formally contained in the matrix A: 

Finally, we obtain the explicit results for the spin Green functions F.,,,(kll. w )  as 

M = r3A4x3 + r(TAiA4 - TAzA3 + s*Az + A3)x2 + r(Al + A4)x + 1 (17) 

and where the complex parameter x is defined by 

t x  + ( m ) - l  = d 1x1 < 1. (18) 
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For later discussion it will be convenient to express the results for the Green functions 
Fn&1, w )  in terms of the generating function G5,(kll, w )  specified by 

where s and t are complex parameters sufficiently small in modulus for the double 
summations to be convergent. Using (15) together with (19) it may be shown that the 
explicit expression for the generating function is 

Now we can deduce the dispersion relations for the corresponding excitations by 
examining the poles of Gst(k,l, w). From (20) it can be seen that G,t(kll, w )  has poles 
for the x-values satisfying 

(1 - s r zx ) ( l  - t x ) M  = 0. (21) 

From [7] it is known that the bulk spin waves correspond to 1x1 = 1 and thus, in OUT 
case, the bulk solutions are obtained by considering the factor 1 - srzx or 1 - tx in the 
denominator of (20). Hence, the solutions for the parameter s or f are deduced by putting 

or 

into equation (18). The symbol kz in (22) stands for the third component of the three- 
dimensional wavevector k = (kll ,kz),  and CO denotes the distance between the layers 
(figure 1). 

The remaining poles of the generating function Gs,(kl,, w )  come from the equation 

M = 0. (23) 

The solutions of (23) are determined by the parameters A,,  A2, A3 and A4 and together 
with the condition 1x1 < 1 they give ssw modes. 
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Figure 2 Dispersion relations of s w s  and bulk spin waves in FeBn for the P phasse, taking 
g f i ~ H  = 4 cm-I for the applied field and the parallel vector kli along fhe x diredim. The 
shaded area includes the bulk modes. The different ssw curves (--- -) are as follows all with 
la = 2 em-': curve A, 1.1 = 7.24 cm-'; curve B, 1.1 = 6 cm-'; curve C. 1.1 = 5.5 cm-'; 
curve D, 1,' = 5.07 em-': e w e  E Is' = 4.5 cm-'; curve F, 1.1 = 2 cm-'. 

3. Numerid results for FeBrz 

Now we shall apply the general formulae introduced in section 2 to calculate the spin-wave 
characteristics for the specific case of the FeBrz (S = 1) metamagnet. The crystallographic 
lattice of FeBrz can be considered as a system of parallel hexagonal layers of iron atoms. 
The Fezt ions in one layer are vertically above and below those in adjacent layers (figure 1). 

The Fourier transformation of the exchange sum (5a) representing the bulk intralayer 
interaction p(ko) can be expressed as follows: 

pb(k1]) = 2zbl[COS(kXa) 4- 2cos(kZa/2) cos(k,0&/2)] 

+ 2Zb2[cos(kya&) + 2 c o s ( k y d / 2 )  cos(3kXa/2)] (W 
where zbl and Zb2 denote nearest-neighbour ferromagnetic and next-nearest-neighbour 
antiferromagnetic intralayer exchange interaction, respectively, and a stands for the nearest- 
neighbour distance in the layers (figure 1). A similar formula can be written for surface 
exchange couplings by substituting zbl and Z ~ Z  in (24) by Z,, and Za, respectively. The 
exchange sum (5b) is given by 

U y ( W  = J y  (Y E S, b) (25) 

so that T in (1 1) now reads 

5 = 1 .  (26) 
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Figure 3. Dispersion relations of ssws (----) and bulk spin waves (B) in FeBrz for the P 
phase, taking g p ~ H  = 4 cm-' for the applied field and the parallel vector kll along the I 
direction. The different spin-wave curves are as follows: C U N ~  A, 132 = 0 cm-'; c w e  B, 
la = -0.5 cm-I; curye C, la> = - 1  cm-I: c w e  D, lrz = -2 cm-'; curve E, 1 , ~  = -3 cm-l; 
curve F, lu = -4 em-', The values of the exchange parameter 1.1 are (a) ISl  = 2 cm-I 
(&I < h), (b) 1,1 = 5.07 cm-' = Ib l )  and ( c )  I,, = 6 cm-' (&I > I ~ I ) .  

The antiferromagnetic exchange interaction Jb.% in (25) couples nearest neighbours in two 
adjacent layers. At this point let us assume that Jb = Js = J for all layers. This leads 
to considerable simplification of the general results obtained in section 2 for the spin-spin 
Green functions, namely 

A z =  A3 = A4 =O. (27) 

.Hence, using (17) together with (IS), we find the equation for the surface branches 
w,(kll) needed in the P phase: 

ws(k11) = 7 - SJ(AI  +  AI). (28) 

The localization condition 1x1 < 1 for these surface curves reads 

lA11 > 1. (2% 

In a similar manner we calculate the expressions for the bulk spin-wave characteristics 
by putting (22) into (18): 

Mkil )  = I I  + SJcos(k,~o). (30) 

To discuss the basic features of the ssws in FeBr2 we select several representative sets 
of our results. Numerical calculations were carried out by taking the lattice constants as well 
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Figure 4. Dispersion relations of Ssws (- - -  -) and bulk spin waves i.1 in FeBrz for lhe P 
phase. taking g m H  = 4 cm-l for the applied field and lhe parallel vector k, along the y 
direction. The different spin-wave curves are a? follows: curve A. lS2 = 0 cm-l; cme B, 
IQ = -0.5 cm-l; c w e  C 1,2 = -1 cm-1; curve D, fS2 = -2 cm-1; curve E, IB2 = -3 cm-1; 
curve F, IQ = -4 cm-I. The values of h e  exchange parameter I s ]  are (0)  = 2 cm-l 
( I s 1  < 1 ~ ) .  (b) I, ,  = 5.01 Cm-' (Is1 = &I) and (c) 1,) = 6 an-' ( I , ,  z I N ) .  

as the exchange and anisotropy parameters, according to [8-10], as follows: CO = 1.238 nm, 
a= 0.375 nm, Z ~ I  = 5.07 cm-', IbZ = -1.21 cm-', J = 1.45 cm-I, o = d = 0.28 and 
D = 2.45 cm-'. 

Figure 2 presents the dispersion relations in the applied field g p d f  = 4 cm-I 
(Hap = 3.7 cm-') and for the case of the parallel wavevector lcll along the x direction. 
The shaded area in figure 2 represents the bulk spin-wave modes, whereas the dashed lines 
A-F represent the surface branches calculated for selected values of Is' and for the case 
ISz I I , ~  (the value of Is2 is the same for all Is,) .  Different qualitative features of the ssws 
provided by the condition (27) are as follows: 

0) The full-zone optical SSW (represented by curve A): the acoustic full-zone ssw 
branches were predicted to exist for other combinations of and Isz (see figures 5 and 6 
later in  this section. 

(ii) The huncated ssw (curve E): these excitations exist only over a limited region of 
k( space. 

(iii) The multitruncated SSW (curves B-D in figure 2): the difference between this case 
and that represented by curve E is that the surface branches intersect the bulk band more 
than once and they appear in either the acoustic or the optical regime depending on the 
competitive relation between inealayer exchange couplings. 

(iv) 7'he soj? SSW (curve F): in this case the ground state of the system becomes unstable 
and the spin arrangement within the surface of our metamagnet has a symmetry lower than 
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F i w  6. Different types of critical dispersion curve from the stability diagram corresponding 
to I = 1.45 cm-I in figure 5. The surface branch A (1.1 = 7.11 cm-I; la = -3.63 em-') 
determines the ground smte for %[k = (0.0.~)1, whereas C U N ~  6 ( I , ]  = 1.02 cm-'; 
Ia = -0.43 cm-l) corresponds to the ground-state energy equal to oJkn = 0) .  The shaded 
area includes the bulk modes 

that in the bulk of the material. 
Figures 3 and 4 give a systematic illustration of changes in the abovedescribed 

SSW properties in the x and y directions, respectively, of the parallel wavevector ICll 
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and for different relations between the values of the exchange parameter Z,, and Zsz. 
The consequence of competition between the surface exchange interactions is that, with 
increasing Z.,, the surface modes shift from the acoustic regime (figures 3(a) and 4(a)) 
in the direction corresponding to high-energy optical excitations (figures 3(c) and 4(c)). 
Simultaneously, we observe qualitative modifications of ssw features, e.g. the soft ssw 
(curves D in figures 3(a) and 4(a)) transforms into the truncated and multitruncated ssws 
(curves D in figures 3(b), 3(c), 4(b) and 4(c)). 

Moreover, by varying both Is, and Zsz we have constructed diagrams which show regions 
in the (Z*I+ Z,z)-plane where the collinear ferromagnetic arrangement of surface spins is 
stable, and where it is not. The results of this study are summarized in figures 5 and 6. 
In figure 5 the critical boundaries dividing the (Z,, , I,+plane into the surface spin-stability 
and the surface spin-instability area are plotted for different values of the parameter J .  We 
have found that for suficiently small values of J (J = 0.5 and 1.45 cm-' in figure 5 )  
the ground state of the system is determined by the surface frequencies touching both the 
%[k = (0.0, a)]-values (bottom of the bulk band, curve A in figure 6) and the o,(k,l = 0)- 
values (the full-zone acoustic ssw, curve B in figure 6). 

With increasing J the system becomes, as expected, more stable, and simultaneously 
in diagrams from figure 5 the number of critical points corresponding to the ground-state 
energy equal to %[k = (O,O, a) ]  increases. The stability diagram for J = 3 cm-' in 
figure 5 presents the case when the ground state is determined only by the bottom of the 
bulk band. 

4. Conclusions 

This paper provides a theoretical study on the properties of ssws in the FeBrz 
semi-infinite FIM with a (001) surface at low temperatures T << T,. The crystal 
considered reveals the presence of competing intralayer nearest-neighbour ferromagnetic 
exchange coupling, intralayer next-nearest-neighbour antiferromagnetic exchange coupling 
and interlayer antiferromagnetic exchange coupling as well as strong three-ion anisotropy. A 
generalization of the Green-function procedure used previously in [4] for the ferromagnetic 
case provided us with formal solutions for dispersion relations required to investigate the 
magnetic properties of the system in the P phase. By allowing the surface exchange 
interactions to deviate from the bulk values the full range of the ssw spectra has been 
displayed. We have found that, in addition to the previously evaluated full-zone acoustic 
and optical ssws in FeBrz, truncated branches can also exist either above or below the bulk 
spectrum, depending upon the values of Zs, and 152. An intresting fact is the finding of 
the multitruncated branches which, to our knowledge, has not been predicted earlier. It 
is also worth noting that the modification of exchange constants is essential to increasing 
the frequency separation between ssw and bulk modes. The justification of this becomes 
evident when we compare the results presented here with those obtained in [ l ,  31. 

On the basis of ssw excitation spectra analysis we have constructed stability diagrams 
for the gorund state of the system. As a result of a competition between surface inhalayer 
and interlayer exchange interactions the (Is1. Z,Z)-plane is divided by the critical curves 
into the stability region and the area where the surface reconstmction occurs. We have 
found that the ground state is determined by the w,(kl, = 0)-value or by the bottom of 
the bulk continuum, %[k = (0.0, a)] .  Moreover, from the graphical illustration in the 
preceding section (figure 5), one can easily see that, the stronger the interlayer parameter 
J, the more the ground state tends to be determined by the bottom of the bulk band and 
that simultaneously we observe enlargement of the spin-stability region. 
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The results obtained in this paper as well as the results of earlier studies [1-3] provide 
much material for experimental verification, e.g by light-scattering techniques. The critical 
curves in figure 5 together with different types of dispersion relation indicate the area where 
one should expect surface spin stability when searching for ssws lying in the acoustic or 
optical regime. Moreover, these results allow us to establish the conditions for a sample 
to provide the splittings of SSWs above or below the bulk modes sufficiently large for 
experimental detection. 

From the viewpoint of the theory, there is a number of possible extensions to this work. 
We consider it worth reproducing the above analysis for the A phase in FeBrz as well as 
for other FIM materials, e.g. Fe% of different crystal structures. Also, such problems 
as the quantitative description of the reconstruction and the calculation of light-scattering 
intensities are still open to discussion. 
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