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Abstract. Using a microscopic approach, we study the elementary excitations for 2 untaxial
antiferromagnetic film with an external magnetic field X applied along the easy axis. For H
greater than a critical value, Hy, the system has a non-uniform ground state which is obtained,
very rapidly and with high accuracy, in terms of a two-dimensional area preserving map, where
the surfaces are introduced as appropriate boundary conditions. The consequent spectrum is
calculated in the whole Brillouin zone and the behaviour of the localized surface modes is
carefully analysed. It is possible to observe that the lowest-energy modes have substantially a
bulk character for low values of k; (the wavevector in the plane paralle] to the surfaces), whilst
the localized surface modes have the lowest energy for high values of k. The relevance
of our results for the superlattices composed by ferromagnetic films antiferromagnetically
coupled across non-magnetic layers, which present the giant magnetoresistance phenomenon,
is discussed, too.

1. Introduction

In recent years much attention has been given to the development of thin magnetic films
and the investigation of their properties. For a complete comprehension of these systems,
it is essential to determine their elementary excitations that, in the direction normal to the
film, are standing waves owing to the absence of translational invariance [1].

Usually, assuming a uniform ground state, in addition to the bulk modes one has different
numbers and types of localized surface excitations, characterized by an exponential decay of
the amplitude of the spin fluctuations [2, 3]. It is worthwhile to note that, also in the presence
of dipolar interaction, the surface modes have lower energies with respect to the volume
ones in almost the whole Brillouin zone [4], and consequently they are very important for
the thermodynamics.

In a film with some competitive interactions, the lack of translational invariance can
produce an inhomogeneous ground state. It should be very interesting to study the properties
of the elementary excitations in such a situation, and in particular it is reasonable to expect
that the localized surface modes are the most strongly influenced by the non-uniformity of
the ground state.

In this paper we present a microscopic study of such a phenomenon in the case of a
uniaxial antiferromagnetic film with an external magnetic field # applied along the easy axis
and with the spins in each plane belonging to the same sublattice. For the assumed model, it
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is now well established [5-7] that, owing to the competition between the antiferromagnetic
exchange and the magnetic field, one can have an inhomogeneous ground state and low
fields can be sufficient to obtain the surface canting. Many different materials can be
represented by this model depending on the crystal stucture and the surface orientation: fec
lattices like NiO, MnQ, and CoO [8] with (111) surfaces, and bee lattices such as MnF;
and FeF, [9] with (001) surfaces, However, our analysis presents the greatest relevance for
superlattices composed by ferromagnetic films antiferromagneticaily coupled across non-
magnetic layers, which present the giant magnetoresistance phenomenon [10]. In these
systems, parallel and antiparallel configurations are the only ones commonly considered but,
on the other hand, all the main experimentally measured quantities are strongly dependent
on the spin configuration, so that an exact knowledge of the ground state of the system is of
great importance. Moreover, the giant magnetoresistance effect decreases with increasing
temperature, as a consequence of a stronger spin mixing for the electrons which is primarily
due to the interactions between electrons and spin fluctuations in the magnetic material,
and important information on this behaviour can be gained from the excitation spectrum of
magnons [11], Furthermore, it is worthwhile to note that in these systems the non-uniform
ground state can be modified through an external parameter, at variance with other systems,
like Gd, where the phenomenon of surface magnetic reconstruction is due to the different
direction between surface and bulk anisotropies [12].

In an infinitely extended antiferromagnet, it 1s well known [13] that when H exceeds
a critical value, Hpsp, a sudden nearly m/2 rotation of the spin vectors occurs, which
drives the system into the so-called bulk spin fop phase. This first-order phase transition
is announced by a soft mode for H = Hggr [14].

In the semi-infinite system, assuming an antiferromagnetic ground state with the surface
spins antiparallel to H (AF;,), in addition to the BSF transition, one has that the surface
mode softens for ¥ = Hy ~ Hg_g}:‘/»\/i [15,16]. In this case, the AF;, state is only a
metastable one for H < Hjy, while the configuration with the surface spins paralle] to H,
AFj44, is the true ground state for H < Hpgr. In a previous paper [7], we have argued that
for H = Hjy the AF, state becomes unstable with respect to the nucleation of a domain wall
which interchanges the two sublattices, so that the system evolves, through non-equilibrium
configurations, towards the AFy; ground state, This description holds for systems in which
the uniaxial anisotropy is much lower than the exchange. In such a situation the surface
spin flop phase predicted earlier in the literature [17, 18] does not exist [7]. When the
two quantities are instead comparable, the domain wall is very narrow and non-uniform
metastable states due to the discreteness of the lattice can arise [19].

For a film with a finite number of planes, N, one has two surface modes, localized at
the two surfaces, and two different possibilities arise.

For a film with odd N, the situation is analogous to the semi-infinite system: the
excitations caleulated with respect to the AF state with the spins on both surfaces parallel to
the field (ground state)} are unstable only at H ~ Hpgr, as we will show in the following,
while an instability at # =~ Hy is found if H is reversed, as it was shown by LePage and
Camley [20).

For a film with even N, starting from the antiferromagnetic configuration, for H = Hs
one observes a complete softening only for the surface mode localized at the surface with
the spins antiparallel to the field. Obviously, becavse of the complete symmetry between
the two sublattices, no interchange can occur, so that for A > Hg the system undergoes a
phase transition to a non-uniform ground state.

Again, a marked difference exists between the case in which the anisotropy is much
lower than the exchange and the one of comparable quantities. In the first situation the
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non-uniform configuration is always symmetric with respect to the middle of the sample
{71, while in the second one surface-localized canted configurations can arise [6, 19,21, 22].

In this paper we will concentrate on the low-anisotropy case for a film with even N,

In order to calculate the excitation spectrum in an aceurate way, the new ground state
must be determined with great precision. In a very recent paper [7] we have shown that this
problem can be formulated as a two-dimensional area preserving map [23-25], where the
surfaces are introduced with appropriate boundary conditions [26]. In this way, the non-
uniform ground state is obtained very rapidly and with high accuracy, and the excitation
spectrum can be calculated. Such a high precision turns out to be necessary in order to
obtain correctly the spectrum of excitations in the low-energy limit, and in particular the
zero-frequency Goldstone mode.

In the non-uniform ground state situation, our most interesting results are the following
ones:

e many modes show a hybridization phenomenon;

o the localized surface modes are not the lowest-energy ones for low values of &y, but
they do become the lowest-energy modes on increasing of the wavevector, by means of
successive hybridizations.

A similar study was previously performed by Nortemann ef al and Camley and Stamps
[27,28], but they investigated a model where the uniaxial anisotropy is absent, and they only
analysed the A dependence of the gap in the spectrum of the excitations and the behaviour
of the eigenfunctions for a fixed value of the wavevector.

The layout of the paper is as follows. In section 2 the model is introduced and, for
the sake of completeness, the method to determine the ground state in the mean-field
approximation is briefly reported, too. The formal treatment for obtaining the excitation
spectrum is developed in section 3, and the results obtained starting with a uniform and a
non-uniform ground state are reported in sections 4 and 5, respectively. Finally, in section 6
the conclusions are summarized.

2. The model and the ground state

‘We want to describe a bee two-sublattice Heisenberg antiferromagnet with nearest-neighbour
exchange interaction. 'We consider a film with an even number of planes, ¥, and (100)
surfaces, so that the first plane belongs to the A sublattice, while the last one belongs to the
B sublattice (see figure 1). In order to consider the excitations of the superlattice structure
we will confine our attention to the limit where the ferromagnetic films can be regarded as
very thin, so that each of them will be associated with a single plane of the antiferromagnetic
film structure. Moreover, we will suppose the spins belonging to a given ferromagnetic film
to be linked together by a very strong intrafilm exchange. The Hamiltonian is thus given
by

H = —H[ZS;; + ng] —~ K[Z(S§)2+ Z(sg)z] +IY > Sa+Sats
b 13 b 1] a &
—%[ZZS,,-S,,+50+2§Sb-5b+50] M

a & b

where J > 0, K > 0 are the exchange interaction and the single-ion uniaxial anisotropy,
respectively, and Jy > 0 denotes the infralayer ferromagnetic exchange interaction which
is present only when the superlattice structure is considered, whilst it is set equal to zero
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in the antiferromagnetic film case. & denotes the vectors connecting an A spin to its z
nearest-neighbour B spins: a + 6§ = b (z = 8); & denotes the two-dimensional vectors
connecting a spin to its zo next-nearest neighbours belonging to the same plane (zg = 4).
In the following we will present extensive results for the antiferromagnetic film (ie. for
Jo = 0) and we will then show the effect of the intralayer ferromagnetic exchange.,

/ /,
» :/:
/r
'/ Figure 1. Lattice and moagnetic structure of the
B considered system.

We chaose the x axis perpendicular to the surfaces, while the yz plane is the film plane
{see figure 1). It will be useful to introduce an index n = 1,2,..., N to enumerate the
different planes, so that

ap

ay =2(n — 1)—2-— (2a)
by = (Qn — 1)% (2b)
&=m% @, = £1) ©c)

and in the following we will always put gy = 1. We decompose each vector into its yz and
x components. For example:

a = (ay, ay) (3)

and it is clear that the x component is fully specified by the plane index ».

For the determination of the ground state we assume that all the spins belonging to the
same plane are ferromagnetically aligned. In this way the energy for a film with & planes
reduces to the energy of an N-spin chain:

E

N N
s HEy | cos(dn — $n-1) — 3_[Ha cos® gy + 2H cos oy @)
n=2 =1
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with Hg = 2JS, Hy = 2KS. In the following we will always adopt Hz = 100 kG
and Hy = 09 kG, so that we have Hggr = /2HsHg+ H} = 13.45 kG and

Hs = /HsHg + H; = 9.53 kG. (We have put gugz = 1, so that the energies will be

measured in kG.)
The equilibrivm configurations are obtained by derivation with respect to the angles ¢,:

H Hy |

(1= 8} Sin(nst — o) + (1= ) sin(Bpos — 6) + 22— singy + 22 sin26, =0 (5)
E E

withe=1,...,N.

Defining s, = sin(¢, — ¢,—1), the previcus equations can be written, for n =
2,..., N —1, as a two-dimensicnal mapping

Gt = P + i (8001) (6a)

Sppl = Sy — 2}% sing, — g—; sin 2¢, (6b)

and the terms with the Kronecker §, which represent the presence of surfaces, are taken
into account, introducing two fictitious planes n = 0 and # = N + 1, so that we have the
following boundary conditions:

51 =sin{ — o) =0 (7a)
Sn+1 = Sin{@y41 — o) = 0. (7b)

Among all the trajectories obtained from (6), which are the same as those of the infinitely
extended system, the physical ones, representing equilibrium configurations for the film,
must have two intersections with the § = ( axis separated by exactly N steps of the
recursive mapping: a very selective condition. Of course if more trajectories satisfy these
conditions, the ground state is that one which is stable with respect to spin wave excitations
and has the lowest energy.

For H <« Hg (which is a value slightly lower than Hy because of the metastability region
associated with the first-order nature of the phase transition the system undergoes [14]), the
ground state for the film is the usval antiferromagnetic one, represented by the fixed points
PLF (that is (—ur, 0) and (0, 0)).This configuration always satisfies the boundary conditions
(1), but, for H > Hg, it cannot be a minimum for the system, since it turns out to be
unstable with respect to a linear spin wave analysis. So, there must be other equilibrium
configurations representing the ground state. In fact, in this case, we have non-homotopic to
zero curves that cross the s = 0 line in two different points. For any fixed N one and only
one among these curves satisfies the corresponding boundary conditions. The associated
spin configuration is stable and its energy is smaller than the antiferromagnetic one and
thus we obtain the new, non-uniform ground state. In figure 2 we report the phase portrait
for Hy < H < Hpgr with the non-homotopic to zero curves giving the ground state for
different values of N. The corresponding spin configurations are reported in figure 3. For
sufficiently thick films, the spins on the two surfaces tend to be aligned with A producing,
close to the surfaces, two nearly antiferromagnetic regions which are separated by a domain
wall in the middle of the sample.

For H > Hpsr the phase portraits and the ground state configurations are shown in
figure 4 and figure 5 respectively. We note that, for thick films, the spins in the middle
region present the typical bulk spin flop configuration, represented by the PZ%F fixed points
(that is (£, = sin2¢), where cos¢ = H/(2Hg — Ha)).

So, both for H smatler and larger than Hpgr, a large part of the spin configuration
is nearly uniform. This occurs close to the surfaces at low fields and in the interior at
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Figure 2. Phase portrait obtained from mapping (6), for H = 10 kG. (a) The inflowing and
outilowing orbits (denoted by the arrows) associated with the hyperbolic fixed points, elliptic
orbits (1) encircling the homonimons fixed points, and non-homotapic to zero curves (2) are
shown. (b) Enlargement of (a) around the s = ( axis, Theé non-homotopic to zero curves
providing the ground state configuration for 2 N = 52-plane film and a ¥ = 20 one are

reported.

higher fields. This is due to the different location of the P£F and P25 fixed points and to
thetr different nature for low and high field. A uniform configuration corresponds to many
steps of the map in proximity to the hyperbolic fixed point. For H < HESF the PAF are
hyperbolic and they lie on the boundary condition line, so that the uniform region takes
place close to the surface. In contrast, for H > H25F, the PESF are hyperbolic but they
do not belong to the s = 0 axis, so that a surface canting must be present before reaching
the bulk spin flop phase in the middle of the sample. In this sense, a surface magnetic

reconstruction is present only for H 2 Hpgr.

3. Elementary excitations: general treatment

In this section we determine the dynamical matrix which must be diagonalized in order
to obtain the dispersion curves of the excitations and their relative eigenvectors. Taking
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Figure 3. Ground state configuration for
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Figare 4. Phase portrait obtained from mapping (6} for H = 15 kG. The AF and BSF fixed
points have interchanged their character with respect to figure 2. Again, the non-homotopic to
zero curves providing the ground state configuration for a N = 52-plane film and a N = 20 one

are reported.

into account that in the general case each plane has a characteristic canting angle we must
introduce a local reference frame (x,¥,Z) so that the spin components can be writien as:

S, =87

853 = 87 c0s 63— + SZsin b,y
5 = 8% cos by — S sinbrn_q

S5 =8

S} = S} cos6a, + S sin 2,

= Sfcos by, — S sinby,

(8a)
(8%)
(8c)
(8d)
(8e)

(&)

whete @ is the angle the spins in each layer form with the direction of the applied field, and

n runs now from one to N /2.
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B2 the magnetic field.

Introducing the operators
+ _ oF ¥
Sawy = Szt + Sagy )]

and performing a Fourier analysis in the yz plane (where the system maintains translational
invariance), so that

1
8 = — Y exp(iky - a)S8E(ky, n, ¢ 10
a W;P(lﬁﬂ)a(ﬂ ) (10)
1
St = —— % exp(Fiky - b)SE(Ry, 1.t 11
5 m%} p(Fiky - by)SE (key, 1, 1) an

the linearized Hamiltonian is given by

iz
2SH = 3 Y TS5k v, 085 Ry, m. 1)

ky n=1n'=l

T (85 (ky 0!, S ey, m, 1) + 85 (y, ', S5 (K 1, 1]

F
=
I
=~.
[

+
[~
M
B

T?.Z

nn

Sz (ky, n, t)S;(k", n,t)

+
Muﬁz
Mwlz

=
E]
I
-
]
I,
Il
—

T24

n.n'

[Sg (ky, ', )55 (ky, 1, 1) + S5 Ry, 1, 1S5 (Ry, 1, )]

+

x|~
M»{e
t\[;’]ma

=
i
3
I

N N
T 7T
+ S TS ey, ', )SE (og n, 1) + S5 Ry 0, S5 ey, 1, 8)]
ky r=ln'=l
+ E T;}[Sj(ku, H,, :}Sg(kﬂ! n, t) + S;(k"! H’, t)'s;(kllv L, t)]

&
]
1
-
B
1
-

(12)
where the explicit expression for the (N/2 x N /2) matrix T is reported in the appendix.
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From the equation of motion in the Heisenberg representation (% = 1):

‘"‘SA(BJ [Sxwy 1 (13)
and assuming a plane-wavc-llke time dependence
Syem oy 1, 1) = exp(—iENSy g (Key, 1) (14)
we obtain for the linearized equation of motion
Tll T12 T13 Tl4 SX 52-
__(TIZ)T _T22 _(T14)T _T24 SE _E SE (15)
T3 _p1e _pil 12 ST S;
(THT 7% (Pt T2 Sy st
which can be rawritten as an eigenvalue equation in terms of the (2N x 2N) T matrix
TS =ES. (16)

For a film with N planes we have N positive and N negative eigenvalues. Because T
is real and non-symmetric it is necessary to distinguish between right (Sg) and left (S1)
eigenvectors

TSy =ESy an
S§;T=ES (18)

so that the normalization factor turms out to be
= [81(T, EY] % [Sr(T, E)) = [Sa(T", E)]" x [Sk(T, E)]. (19)

In the following we will consider only the positive eigenvalues. However the negative ones
are fundamental in order to obtain the correct zero-point contribution to the thermodynamical
properties, like the T = 0 spin reduction [3, 29].

4, Elementary excitations: uniform ground state

With a uniform AF ground state we have

a1 =7 Vn (202)
B2, =0 Vn (208)

so that the expressions for the T matrices become much simpler:
‘La =[~H +2K5+ @IS/ + (1 = 8,1)) + 2005 (1 ~ yoky b (21a)
T2 =[+H +2KS + (27 S/2)(1 + (1 — 8p.n/2)) + 204051 — yok)) e (21b)
T2 = ZJ Sy (kp)San—1+8,.2n (21¢)
Ty =Tow =Ty =0. 214)

Gomg back to the absolute reference frame, we have two separate systems of equations for
the §* operators:

11 12 + +
[ _(?12)1' _TTzz ][ g’f‘r :I =E[ gﬁ» ] (22)

o iy Sl I Sy
In fact, owing to the rotational invariance in the yz plane, the eigenvector components
§* and §~ are completely decoupled and they differ only by a phase factor A¢ = .
Consequently, the excitations have a circular polarization [4] and it is sufficient to specify

only one component.
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e H=0, J; =0. We have N/2 eigenvalues which are doubly degenerate owing to
the perfect equivalence of the two sublattices. In figure 6 we report the dispersion curves
obtained for a N = 52-plane film. The lowest curve corresponds to the two surface modes,
each of them localized close to only one surface, as is evident from figure 7(a,b) where the
respective eigenvectors are reported, respectively for k) = 0 and &y = (w/4, n/4). With
the growing of k) the localization increases, because—as will be clearer later on—adjacent
planes are less coupled. At ky = 0, the localization is entirely due to the anisotropy (i.e.
there is a complete delocalization if H, = 0).

100 ===

H=0

E(kG)

o " ()
0.00 0.50 1.00

k,=k, (11 uniis)

Figure 6. The energy spectrum for a & = 52-plane film for /f = 0. BEach line is doobly
degenerate. The lowest curve refers to the two degenerate surface modes,

The log plot of figure 7(c) clearly shows the exponential decay of the amplitude, while
figure 8 refers to a bulk mode, whose amplitude is an oscillatory function of the plane index
r. The components of the amplitude of each mode on the two sublattices are opposite in
phase, because of the AF nature of the system.

The dispersion curves show a strict analogy with those found in a semi-infinite system
[15, 16], the only difference being a continuum in the semi-infinite system for the bulk
modes. In fact, for the surface modes we have numerical evidence (analytical for n = 2)
that the gap is given by

E(k) =0) = [HsHg + H})'? (24)

which equals the one found for the semi-infinite system.

Finally, for k, = = andfor ky = 7 only two distinct frequencies exist. All the modes
are lgcalized exactly on a plane: the two outer ones for the lower energy and an inner one
for the (N — 2) modes of higher energy. A similar result was also obtained for different
wave vectors k) in ferromagnetic films [3]. This happens because, at the boundaries of the
2D Brillouin zone, adjacent planes are exactly decoupled:

yik) = %cos(kz/Z) cos(ky/2) =0 if k=2 or ky = Fm (25)

so that the dynamical matrix becomes diagonal.
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Figure 7. (a) Amplitude on both the scblattices of the eigenvectors associated with the two
surface modes for ky = 0. The full (open) circles refer to the A (B) sublattice comnponent of
the eigenvector associated with the mede localized on the first plane. The full (open) squares
refer to the A (B) sublattice component of the eigenvector associated with the mode localized
on the last plane, {b) The same as {2) for ky = (/4, #/4). The solid lines provide a gnide for
the eyes. (c) The log plot of the amplitude on the A sublattice of the surface mode localized on
the first plane for ky =

e (0 < H < Hs, Jy = 0. The application of a field breaks the equivalence of the
two sublattices and removes the degeneration. This is clearly seen in figure 9 where the
dispersion curves are reported. It must be stressed that it is possible to speak of the same
modes because in the present collinear ground state the field modifies only the diagonal
elements of the matrix T, and consequently the eigenvectors are not modified. The removal
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&

Fignre 8. Amplitude on both

the sublattices of the eigenvector

1 asgoclated with a bulk mode for
1 n 52 ky=0-

0.00 0.50 1.00

k,=K, (I units)

Figure 9. The cnergy spectrum for a N = 52-plane film for H# = Hg. The field has removed
the degeneracy of figure 6, The frequency at ky = 0 of the surface mode relative to the surface
with spins antiparallel to K goes soft. The dashed line refers to the two degenerate surface
modes for H =0.

of the degeneracy is particularly important for the surface modes. Their gaps become
Ay =[HpHg + H)* — H (26a)
Ag=[HaHp + Hi]l’lz +H (26b)

where the sign - (+) refers to the mode localized on the surface with the spins antiparallel
(parallel) to the field, i.c. on the first (last) plane of the system, due to the conventions we
have adopted. Of course, when H = Hg = [H,Hg + H31'/2, we have a complete softening
of the first one (just this case is reported in figure 9), which signals a change in the ground
state. In fact, for this value of the field, using the method outlined in section 2, we obtain
a non-uniform ground state,

It is important to note that the removal of the degeneracy of the bulk modes presents
the same characteristic as the surface ones. In fact, at the Brillouin zone boundary we have
still 2 complete localization but with different energies between the two sublattices.
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100 —_—

H=0

k,=k, (TT units)

ky=k; (11 units)

Figure 10, The energy spectrum for a N = 53-plane film for H = 0 (2) and H =~ Hayr (b).
Only some modes are reported. In (b) the dashed line refers to the surface modes for H = 0,
the dotted line refers to the surface modes for H =~ Hpgpe. It is evident that it is a bulk mode
that shows a complete softening for H =~ Hgsr.

‘We conclude this section by noting that the different behaviouor for the two surface mode
gaps given by equations (26) summarizes the results obtained for the semi-infinite system
[15,16]. In the latter case we have only one surface mode, which shows a full softening
for H = Hg only if the spins on the surface plane are antiparallel to the field. Otherwise,
when the surface spins are parallel to H, we have a full softening of the lowest-energy bulk
mode for H = Hgsr. A further confirmation of this behaviour is obtained considering a
film with an odd number of planes. Assuming that the surface spins ate parallel to H we
see from figure 10 that in this case it is a bulk mode which shows a complete softening for
H = Hpgp, as it was already observed by LePage and Camiey [20].

e H <« Hg, Jy # 0. The excitation spectrum pertinent to the case of the superlattices
composed by ferromagnetic films antiferromagnetically coupled is reported in figure 11,
where we have assumed Jy/J = 20. In particular, in order to emphasize the effect of the
antiferromagnetic coupling, in figure 11 we have reported the energy E’ obtained from the
acteal energy £ of the system by the subtraction of the quantity zoJo.S(1 — yo{ky)), which
represents the energy excitation of a ferromagnetic plane. We can observe that the spectrum
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100

H=0, J /J=20

0 1 ‘ 1
0.00 Q.50 1.00

k,=k, (N units)

Figure 11, The energy spectrum for a superlatice composed by N = 52 ferromagnetic films
antiferromagnetically coupled for H = 0 and Jo/J = 20, after the subtraction of the energy of
a ferromagnetic plane 25JpS(1 — yo(ky)).

shows the same behaviour found for Jo = 0 (see figure 6): the eigenvalues at the Brillouin
zone centre (i.e. for k) = 0) and at the Brillouin zone boundary (i.e. for &y = x and/or
k, = m) have exactly the same value as in the previous case, but in the present case we have
a stronger dispersion at low wavevectors followed by a large kj-region where the energy
is substantially constant. In order to gain some information about the kj-dependence of
the excitation energies let us consider a simple bilayer in the absence of anisotropy and
magnetic field. The energy E’ is given by

E'(ky) = —20J08(1 — yolley)) + 20JoSI(1 — yolk)))? + (2d4r/22040)2(1 — 4¥E (k)
+ (2dar/20d0)(1 ~ vl ). 1))

For ky = k; = k — 0, the previous equation gives E'(k() = \/(zJo247S?/2}k. From
the comparison with the equivalent result obtained for Jo = 0, E(ky) = (zJarS /Zﬁ)k,
ope can see that the presence of ferromagnetic coupling determines a steeper growth of the
energy with the wavevector. The similarity with the Jy = 0 sitvation is confirmed by the
analysis of the eigenvectors: the same character and evolution as in the antiferromagnetic
film case, shifted for lower values of the wavevector, are found.

5. Elementary excitations: nen-uniform ground state

In section 2 we have determined the non-uniform ground state of the system when H > Hg.
Introducing in the T matrix (15) the thus-obtained angles, the eigenvalues and eigenvectors
can be determined. In figures 12 and 13 the dispersion curves for a film with N = 52 and
for two different fields, Hy < H < Hpsr and H > Hgsr, and for Jo = 0, are shown. We
label the various modes with an index m = 1,..., N from the lowest one in energy to the
highest one, for each value of kj. We can observe some general characteristics.
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Figure 12. (a) The energy spectrum for & = 10 kG assuming the non-collinear éround state of
figure 3. (b) Details of (a} showing the hybridization phenomenon of the lowest eight modes. The
localized eigenvectors corresponding to the modes indicated with A-D are shown in figure 14.

o Degeneracy is absent, even though the energy difference between two modes is so
small that it is not resolved at the scale of figures 12, 13.

o Owing to the rotational symmetry around the easy axis z the system presents a
Goldstone mode and the energy vanishes linearly with ky. We would like to stress that
the accuracy with which the correct £ = 0 limit is obtained is a measure of the precision
of the ground state calculated in section 2. Quantitatively, in order to obtain zero energy
within at least six significant figures it is necessary to determine the ground state within
machine double precision. The eigenvector corresponding to the Goldstone mode is reported
in figure 14 where it is possibie to observe the bufk character and of course the absence of
nodes.

e The separation at & = 0 of the two lowest-erergy modes decreases on lowering
of the field. In fact, decreasing the field to H., the non-uniform configuration becomes
unstable and the systemn undergoes a transition to the collinear ground state. This transition
is signalled by the full softening for k) = 0 of the second mode.
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Figure 13. {(a) The energy spectrum for / = 15 kG assuming the non-collinear ground state of
figure 5. (b) Details of (a) showing the hybridization phenomenon of the lowest eight modes.

e For low values of k) the Jowest-energy modes have a bulk character, while the
localized surface modes have a higher energy (see figures 12(b), 15). Increasing the
wavevector, we observe successive hybridizations, so that for sufficiently high wavevectors
%y the localized surface modes do have the lowest energy. In contrast to the collinear case,
each of the two surface modes is localized close to both the surfaces: the 82'( ) component
of the associated eigenvector close 0 the first (last) plane, and the S5, component close
to the last (first) plane. In figure 15 the eigenvectors associated with the surface modes are
reported for different values of k. We can observe from figure 15 that for a very low value
of the wavevector the surface modes present a low degree of localization; this is due to the
substantial isotropization of the spin space induced by the external field for H =~ Hgsr, s0
that the localization is present in a clear way only for higher values of &y (remember that
in the collinear phase the localization appears only for ky 3 0 if Hy = 0, see section 4).
In figure 16 the evolution of the eigenvectors of the four lowest modes involved in the
last hybridization (C/D in figure 12(b)) is shown. For greater values of the wavevector, the
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Figure 14, The $* components (in-
distingnishable) on both the sublat-
tices of the eigenvector correspond-
ing to the Goldstone mode for i =

Figure 15. Amplitude of the localized eigenvectors for # = 10 kG and different values of k.
The circles {squares) refer to the $§* (™) components on the A sublattice of the eighth and
seventh mode in A, of the sixth and fifth mode in B, of the fourth and third mode in C, and

finally of the second and first mode in

eigenvectors relative to the two lowest modes always maintain a localized character.

D.

o Finally, from the comparison of the dispersion curves shown in figures 12(a), 13(a),
we can note a difference between the Hy < H < Hpgsr case and the H > Hgsp one. In
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Figure 16. The St (crosses) and S~ (circles} components on the A sublattice of the first
(m = 1), second (m = 2), third (m = 3), and fourth (m = 4) mode for &y = (0.2080x, 0.2080x),
and for k; = (0.2086:, 0.2086x), for H = 10 kG. The eigenvectors corresponding to the two
lowest-energy modes acquire a localized character after this last hybridization,

-1

the first case, the dispersion curves nearly condense at two different values at the Brillouin
zone boundary. This is reminiscent of the collinear behaviour (see figure 9), and it is a
consequence of the nearly parallel or antiparallel orientation with respect to the field of
a large number of the spins in this regime, though the configuration is non-uniform (see
section 2 and figure 4). In contrast, for # > Hpgr, the orientation of a large number of
the spins is close to the bulk spin flop configuration (i.e. almost perpendicular to the field)
and consequently the dispersion curves do not present such a behaviour.

Again, for Jo % 0 (see figure 17), the only significant difference from the
antiferromagnetic film case is the stronger dispersion of the energy spectrum for low value
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Figure 17. The energy spectrum for a superiattice composed by & = 52 ferromagnetic films
antiferromagnetically coupled for # = 15 kG and Jy/J = 20, afier the subtraction of the
energy of a ferromagnetic plane zpfpS{l — yo(ky)), assuming the non-collinear ground state
configuration of figure 5.

of the wavevector ky, as already discussed in the collinear ground state situation.

In our calculation we have neglected the dipolar interaction {21,27]. This fact does not
present any conseguence on the ground state, if—as we have assumed—the easy axis lies in
the film plane. On the contrary the dispersion curves are modified by the dipolar interaction
since the rotational invariance is not present, and therefore a Goldstone mode is absent.
However, since the dipolar energy has the same order of magnitude as the anisotropy, the
magnetostatic region is confined to very small ky. For this reason, the hybridization between
the lowest modes should not be modified.

6. Conclusions

In this paper we have studied the elementary excitations of a uniaxial antiferromagnet with
a magnetic field along the easy axis. The absence of translational invariance in addition
to the presence of competitive interactions (maguetic field and antiferromagnetic exchange)
implies, for H greater than a critical field, a non-uniform ground state, in the sense that
the surface order is different from the bulk one. For a film with an even number of planes
this surface reconstruction is obtained for H > Hg ™~ +/HgH4 and it is announced by a
full softening of a surface mode. In the odd case we have instead a phase transition only
for H > Hpsr =~ /2HgHy, as in the translationally invariant infinitely extended system,
with a full softening of a bulk mode [20]. The consequent non-uniform ground states
are obtained with high precision and the relative excitation spectrum and eigenvectors are
calculated, too. We showed the localized surface modes are the most strongly infiuenced
by the non-uniformity of the ground state, as argued in the introduction. In particular, we
showed that a hybridization phenomenon for many modes occurs, and that the localized
surface modes become the lowest-energy ones on increasing of the wavevector, by means
of successive hybridization.
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Furthermore, in order to apply our treatment to ferromagnetic multilayers
antiferromagnetically coupled, we took into account a strong intralayer ferromagnetic
interaction and we discussed its effects both on the excitation spectrum and the
cigenfunctions. Our result can be relevant to the study of the giant magnetoresistance
phenomenon [10] displayed by these systems. First, the correct non-uniform ground state
obtained for # > Hs is fundamental in order to reproduce the field dependence of the
resistance for A fower than the saturation value for which a ferromagnetic order is reached,
and secondly, the calculation of the spectrum in the whole Brillouin zone is very important
in order to obtain the temperature dependence of the resistance itself.

Appendix. Explicit form of the matrices T/

i SJ
T, = | + H cosfpe + 2K S cos? Byt — K Ssin? Oyq — %—(cos(a% — 630-1)

+ (1 = 84,n) cO8(Bonmz — B2n1)) + 2040 S(1 — }'a(ksr))]5n.n= (Ala)

J
T2 = | +H cosfay, + 2K S5 cos? 6y — K Ssin? Gy ~ %—(cos(ﬁ';,, -5, 1)

nn

+ (1 = 8, 1) cos(Pons1 — 62n)) + 20J08(1 — Vo(k[|))]5n,nf (Ald)
T2 = (K Ssin? 62,_1)8n (Alc)
T2, = (KSsin®6:,)3, (Ald)
57
1%, = =y ()1 — c08(Oun-1 = 2e))éan-vrsy (Ale)
57
T = z—z—)’(ku)(l + c08(f2n—1 — Baw))02n—1+4,,2¢ (AlH
where
1
yUep) = - D exp(—iky - 61) = § cos(h/2) cosky /2) (A20)
&
1 _ .
yolky) = = > exp(—ik - 80) = §(cos(k;) + cos(ky)). (A2b)
&y

Finally, we observe that in order to take kinematic consistency into account [30], it is
sufficient to replace the anisotropy constant K by the effective value K(1 — 1/25) both in
the ground state equations and in the dynamical matrix T.
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