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Central peak in the Excitation spectra of thin ferroelectric films
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The origin of a central peak in the excitation spectra of thin ferroelectric films is ascribed to the relaxation
of a surface mode. Contrary to the behavior in bulk materials the central peak appears even far from the
phase-transition temperature, where it dominates the energy spectrum. The results are based on an Ising model
in a transverse field. Applying a Green’s-function formalism the complete transverse dynamic structure factor
of ferroelectric thin films is calculated. That structure factor exhibits additional surface mode peaks, the
occurrence of which gives rise to a central peak already at low temperatures. The results are in reasonable
agreement with experimental data.
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I. INTRODUCTION

Although surface and size effects on the behavior of f
roelectrics, in particular in the vicinity of a phase transitio
had been discussed since the 1950s,1 it aroused a renewed
interest in that problem due to the rapid progress in
preparation and characterization of ferroelectric thin fil
and related composites. The influence of surface and
effects on the ferroelectric phase transitions had been ex
sively studied based on the Landau phenomenolog
theory.2–4 Whereas Tilley and Zeks4 studied in detail films
which offer a second-order phase transition, Scottet al.2 and
Wang et al.6 extended the analysis discussing first-ord
phase transitions. On the microscopic level, the pseudo
theory based on the Ising model in a transverse field~TIM ! is
a serious candidate to analyze the surface and size ef
and their influence on the ferroelectric phase transitions. C
tam et al.5 discussed the occurrence of surface modes
semi-infinite ferroelectrics, Wanget al.6,7 and Sy8 empha-
sized the role of the Curie temperature and its dependenc
a change of the different model parameters.

The phase behavior of a thin ferroelectric film, describ
by the TIM, was recently investigated by Wanget al.9,10 and
by one of us.11 The dynamical properties of thin films wer
explored within the random-phase approximation by Wa
and Smith12 however ignoring the effects of mode dampin
The authors demonstrated that films, characterized by a
duced surface interaction in comparison with the bulk,
hibit a soft mode which corresponds to a surfacelike mod
the ferroelectric phase but to a bulklike mode in the parae
tric phase. In the opposite case of films with an enhan
surface interaction, the soft mode is a bulklike mode in
ferroelectric phase and a surfacelike mode in the paraele
phase.

Klimpel and Dietrich13 studied the neutron and x-ray sca
tering structure factor of thin films near to the critical poi
of the corresponding bulk system. Nkoma14 developed a gen
eralized theory of Raman scattering by bulk and surface
laritons in semi-infinite geometry. Using the Green
function formalism Wesselinowa15 calculated the
0163-1829/2004/69~2!/024105~6!/$22.50 69 0241
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temperature dependence of the soft modes of thin ferroe
tric films based on the TIM including additionally dampin
effects. In particular, it was demonstrated in Ref. 15 that
soft-mode frequencies of thin ferroelectric films could be
duced, whereas the damping effects are enhanced comp
to the bulk behavior.

The structure and dielectric properties of ferroelectric th
films had been studied using different experimental te
niques, however, the lattice dynamics behavior related to
roelectricity in thin films is not understood completely. R
cently, several groups carried out Raman scatter
measurements to characterize ferroelectric thin films. As
main result they found that all transverse-optical-phon
modes show a pronounced tendency to depart from their
sitions in the bulk single crystal, indicating that differenc
might exist between thin films and bulk single crystals.16–21

Using Raman spectroscopy the temperature dependenc
the phonon modes for thin ferroelectric films of PbTiO3 is
discussed by Taguchiet al.19 and by Fuet al.20 In contrast to
the spectra in a single crystal, the Raman frequencies
ferroelectric thin films offer a significant shift to low fre
quencies and furthermore, the Raman lines are broade
Moreover, the spectrum is dominated by a remarka
central-mode-type scattering pattern at all temperatures.20 It
seems that the intense quasielastic scattering in thin films
be attributed to a relaxation process described by a or
disorder transition. Such a mechanism is also the underly
one for the TIM. However, it is not clear at present wh
low-dimensional systems, such as thin films as well as
trafine particles,21 exhibit such a significant central-mode b
havior at temperatures far from the phase transition. In v
of the experimental findings it is interesting to examine t
dynamic behavior of ferroelectric thin films in more deta
The aim of the present paper is to calculate the dyna
scattering function of thin ferroelectric films based on t
TIM. In order to study the central peak in thin ferroelectr
film we apply a Green’s-function approach. Our results
consistent with experimental reports and in contrast to
bulk behavior observed in Refs. 22–24.
©2004 The American Physical Society05-1
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II. THE MODEL AND THE MATRIX GREEN’S FUNCTION

Let us first introduce the model and the correspond
matrix Green’s function. We consider a three-dimensio
ferroelectric system on a simple cubic lattice composed oN
layers in z direction. The layers are numbered byn
51, . . . ,N, where the layersn51 andn5N represent the
two surfaces of the system. The bulk is established by
other layers. To take into account specific surface effects
start with the Hamiltonian of the TIM including both, bul
and surface properties:

H52
1

2 (
i j

Ji j Si
zSj

z2Vb(
i eb

Si
x2Vs(

i es
Si

x . ~1!

HereSx andSz are the components of a spin-1
2 operator, and

Vb andVs represent the transverse fields in the bulk and
the different surface layers, respectively. The sum runs o
the internal and the lattice points. Totally the system cons
of N8 lattice points. The parameterJi j is an exchange inter
action between spins at nearest-neighbor sitesi andj. To take
into account the effects originated by the finite thickness
the system, we introduce two interaction parametersJb and
Js . In case of an interaction between spins, situated at
surface layer, the interaction strength is denoted byJi j
5Js . Otherwise, the interaction in the bulk material is wr
ten asJb , which is for simplicity assumed to be the same f
the interlayer coupling between the surface layer and
bulk as well as the intralayer coupling between the differ
layers in the bulk. A similar notation is used for the tran
verse fieldV. The ordered phase is characterized by nonz
mean valueŝSx&Þ0 and^Sz&Þ0. It is appropriate to intro-
duce a new coordinate system by rotating the original o
used in Eq.~1!, by an angleu in the xz plane. The rotation
angle u is determined by the requirement^Sx8&50 in the
new coordinate system.25
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The retarded Green’s function, to be calculated, is defi
as

Gi j ~ t !5^^Bi~ t !;Bj
1~0!&&. ~2!

The operatorBi stands symbolically for the set (Si
1 ,Si

2 ,Si
z).

Performing the two-dimensional Fourier transform, t
Green’s functionGninj

(ki ,E) has the following form:

^^Bi
1 ;Bj

2&&E5
1

N8
(
ki

exp@ iki~r i2r j !#Gninj
~ki ,E!, ~3!

whereN8 is the total number of lattice sites in any of th
lattice planes;r i represents the position vectors at sitei. As
discussed above the numbern51, . . . ,N characterizes the
layer ordering beginning withn51 ~one surface! and termi-
nating with the other surfacen5N. The vectorki5(kx ,ky)
is a two-dimensional wave vector parallel to the surface. T
summation is taken over the first Brillouin zone.

Now we calculate the Green’s functions in an approxim
tion, which goes beyond the random-phase approxima
~RPA!, for details we refer to Refs. 11 and 15. In that a
proach the coupling between the transverse and the long
dinal relaxing mode is taken into account. Furthermore,
Green’s function reveals an imaginary part. Performing F
rier transformation we find that the Green’s function for
ferroelectric thin film, defined by Eq.~3!, obeys forT<Tc
the following 3N33N matrix form:

S H2~E! 2Q 2P

Q H1~E! 2P

P P M~E!
D S G12

G21

Gzz
D 5S s

2s

0
D . ~4!

In that equation the quantitiesH,M ,Q,P areN3N matri-
ces.H(E) is given by
H75S E7~v12 ig1
11! k1 0 0 0 0 •••

k2 E7~v22 ig2
11! k2 0 0 0 •••

0 k3 E7~v32 ig3
11! k3 0 0 •••

A A A A A A �

0 0 0 0 0 kN E7~vN2 igN
11!

D ~5!

with

kn5Jbsnsin2un , n51, . . . ,N,

vn52Vnsinun1
1

2
snJncos2un2

snJn

4
sin2ung~ki!1Jn21sn21cos2un211Jn11sn11cos2un11

1
Jn

Nsn
(
qi

$0.5sin2ung~qi!m̄n~qi!2@g~qi!cos2un20.5g~kiÀqi!sin2un#n̄n~qi!%2
Jn21

Nsn21
(
qi

g~qi!cos2un21n̄n21~qi!

2
Jn11

Nsn11
(
qi

g~qi!cos2un11n̄n11~qi!,
5-2
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gn
115

p

2N2 (
pi ,qi

†@Vn~qi ,ki2qi!1Vn~ki2pi2qi ,pi1qi!#
2$n̄n~pi!@sn1n̄n~pi1qi!1n̄n~ki2qi!#2n̄n~pi1qi!n̄n~ki2qi!%

3d„en~ki2qi!1en~pi1qi!2en~pi!2en~ki!…1$@Jn21g~qi!cos2un21#21@Jn21g~ki2pi2qi!cos2un21#2%$n̄n21~pi!

3@sn211n̄n21~pi1qi!1n̄n21~ki2qi!#2n̄n21~pi1qi!n̄n21~ki2qi!%d„en21~ki2qi!1en21~pi1qi!2en21~pi!

2en21~ki!…1$@Jn11g~qi!cos2un11#21@Jn11g~ki2pi2qi!cos2un11#2%$n̄n11~pi!@sn111n̄n11~pi1qi!1n̄n11~ki

2qi!#2n̄n11~pi1qi!n̄n11~ki2qi!%d„en11~ki2qi!1en11~pi1qi!2en11~pi!2en11~ki!…2sin2unVn~qi ,ki2qi!

3$Jb@g~pi!1g~pi1qi!#m̄n~pi1qi!@ n̄n~pi!2n̄n~ki2qi!#1Jb@g~pi!1g~ki2qi!#m̄n~ki2qi!@ n̄n~pi!2n̄n~pi1qi!#%

3d„en~ki2qi!1en~pi1qi!2en~pi!2en~ki!…2sin2un21@Jn21g~qi!cos2un211Jn21g~ki2pi2qi!cos2un21#

3$Jb@g~pi!1g~pi1qi!#m̄n21~pi1qi!@ n̄n21~pi!2n̄n21~ki2qi!#1Jb@g~pi!1g~ki2qi!#m̄n21~ki2qi!@ n̄n21~pi!

2n̄n21~pi1qi!#%d„en21~ki2qi!1en21~pi1qi!2en21~pi!2en21~ki!…2sin2un11@Jn11g~qi!cos2un111Jn11g~ki

2pi2qi!cos2un11#$Jb@g~pi!1g~pi1qi!#m̄n11~pi1qi!@ n̄n11~pi!2n̄n11~ki2qi!#1Jb@g~pi!1g~ki2qi!#

3m̄n11~ki2qi!@ n̄n11~pi!2n̄n11~pi1qi!#%d„en11~ki2qi!1en11~pi1qi!2en11~pi!2en11~ki!…‡,
en
e
s

n

g~ki!5 1
2 @cos~kxa!1cos~kya!#,

n̄n~qi!5
sn

2 F Jnsn

2en~qi!
S 120.5sin2ung~qi!coth

en~qi!

2T
21G ,

m̄n~qi!5
sn

2

8en~qi!
sin2unJng~qi!coth

en~qi!

2T
,

Vn~qi ,ki2qi!5Jn@cos2ung~qi!20.5sin2ung~ki2qi!#.

Here en(ki) is the transverse pseudospin energy of thenth
layer, which is related to the poles of the transverse Gre
function. The quantitygn

11(ki) is the transverse spin-wav
damping of thenth layer. Here we have used the notation
introduced above:J15JN5Js , Jn5Jb (n52,3,4, . . . ,N
21), V15VN5Vs , Vn5Vb (n52,3,4, . . . ,N21), J0
5JN1150. s(T) is the relative polarization in the directio
of the mean field and is equal to 2^Sz8&. The matrixQ is
given by the following expression:

Q5S d1 k1 0 0 0 0 •••

k2 d2 k2 0 0 0 •••

0 k3 d3 k3 0 0 •••

A A A A A A �

0 0 0 0 0 kN dN

D ~6!

with
02410
’s

,

kn5Jbsnsin2un , n51, . . . ,N,

dn52
snJn

4
sin2ung~ki!.

The matrixP reads

P5S t1 l 1 0 0 0 0 •••

l 2 t2 l 2 0 0 0 •••

0 l 3 t3 l 3 0 0 •••

A A A A A A �

0 0 0 0 0 l N tN

D ~7!

with

l n5
1

2N8
sin2unJn(

qi

g~ki2qi!~^Sqi

1SÀqi

z &n2^Sqi

2Sqi

z &n!,

tn5
1

2N8
sin2unJn(

qi
~^Sqi

1SÀqi

z &n2^Sqi

2Sqi

z &n!,

and the matrixM , included in Eq.~4!, is
5-3



M5S E2 ig1
33 l 1 0 0 0 0 •••

l 2 E2 ig2
33 l 2 0 0 0 •••

0 l 3 E2 ig3
33 l 3 0 0 •••

A A A A A A �
D ~8!
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0 0 0 0 0 l N E2 igN
33

with

l n5
1

2N8
sin2unJn(

qi

g~ki2qi!~^Sqi

1SÀqi

z &n2^Sqi

2Sqi

z &n!,

gn
335

p

16N8
(
qi

†sin4un@Jng~qi!1Jng~ki2qi!#
2@sn1n̄n~qi!1n̄n~ki2qi!#d„en~qi!1en~ki2qi!2en~ki!…

1sin4un@Jng~qi!2Jng~ki2qi!#
2@ n̄n~qi!2n̄n~ki2qi!#@d„en~ki2qi!2en~qi!2en~ki!…2d„en~qi!2en~ki2qi!

2en~ki!…#1sin4un21@Jn21g~qi!1Jn21g~ki2qi!#
2@sn1n̄n21~qi!1n̄n21~ki2qi!#d„en21~qi!1en21~ki2qi!

2en21~ki!…1sin4un21@Jn21g~qi!2Jn21g~ki2qi!#
2@ n̄n21~qi!2n̄n21~ki2qi!#@d„en21~ki2qi!2en21~qi!

2en21~ki!…2d„en21~qi!2en21~ki2qi!2en21~ki!…#1sin4un11@Jn11g~qi!1Jn11g~ki2qi!#
2@sn1n̄n11~qi!

1n̄n11~ki2qi!#d„en11~qi!1en11~ki2qi!2en11~ki!…1sin4un11@Jn11g~qi!2Jn11g~ki2qi!#
2@ n̄n11~qi!

2n̄n11~ki2qi!#@d„en11~ki2qi!2en11~qi!2en11~ki!…2d„en11~qi!2en11~ki2qi!2en11~ki!…#‡.
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III. THE TRANSVERSE DYNAMIC STRUCTURE FACTOR

In this section we present the transverse dynamic struc
factorSxx(ki ,E) which is obtained via the imaginary part o
the matrix Green’s functionG(ki ,E) after inversion of Eq.
~4!. To perform this calculation, as already stressed abo
one has to go beyond the conventional RPA which provi
an imaginary part, i.e., damping effects are incorporated.
Sxx(ki ,E) we get

Sxx~ki ,E!

5
4s~ek

112ek
12!

~12e2E/T!

ReGk
xx~E!

@E22ek
22ImGk

xx~E!#21@ReGk
xx~E!#2

.

~9!

ReGk
xx(E) and ImGk

xx(E) are the real and the imaginary par
of Gk

xx(E) which are related to the matrix elements ofH, Q,
P, andM . The quantitiese11, e12, e13 are obtained from the
matrices H, Q, P, defined in Eqs. ~5!–~7!, and ek

5A(e11)22(e12)2. The quantity

Gk
xx~E!52E~gs

111gb
11!1

i2~es
131eb

13!2E

E1 i ~gs
331gb

33!
~10!

describes the coupling of the transverse soft mode to a
gitudinal relaxation mode.24 It is eventually responsible fo
the occurrence of the central peak which is discussed be
02410
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In case of an infinite ferroelectric crystal a central pe
appears in the ferroelectric region at the energyE50 to-
gether with two soft-mode peaks with an energyE56vsoft

56Aek
21e13

2 as depicted in Fig. 1. At low temperatures th
structure factorSxx reveals only the sharp soft-mode pea
With increasing temperatureT the soft mode peak become
lower and broader and is shifted towards the origin. In
vicinity of the phase-transition temperatureTc a central peak
appears additionally to the soft-mode peak. A relaxing mo

FIG. 1. Transverse dynamic structure factorSxx(ki ,E) for an
infinite ferroelectric KDP crystal@Jb5495 K, Vb5124 K, Tc

5123 K ~Ref. 26!# as a function of the energyE for k50 and for
different temperatures: 1,T520, 2, 40; 3, 60; 4, 100; 5, 115; 6
120; 7, 122 K.
5-4
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associated with the central peak, appears below the s
mode line when the phase transition is approached. Nea
Tc the intensity of the soft mode peak is strongly reduc
whereas the intensity of the central peak is enhanced dr
cally. Thus, the soft-mode is underdamped at low tempe
tures and overdamped near and aboveTc . The additional
longitudinal mode becomes purely imaginary,E3352 ig33.

Now let us discuss the temperature dependence of
modes obtained for a ferroelectric thin film. Obviously, t
behavior of such material is strongly influenced by the
rameters of the surface. In particular, the critical proper
are highly sensitive to those parameters. They dominate
behavior of thin films at low temperatures more than in
bulk. The surface energy is much smaller than the energ
an inner layer. This can be ascribed to the lower coordina
number of a spin at the surface. In Fig. 2 the tempera
dependence of the excitation spectraek is presented. The
surface mode is clearly distinguished~curve 1! from the bulk
modes~curves 2, 3, and 4!. With increasingJs the difference
between the surface and the bulk modes is enhanced.
thermore, the damping of surface modes is much hig
compared to those modes observed at an inner layer.
considerable difference between the surface spectrum
the spectrum of the inner layer can be traced back to
occurrence of additional surface modes, the damping
which increases rapidly by crossing over into the bulk. T
spin-wave frequencies of thin ferroelectric films are smal
whereas the damping effects are larger in comparison to
bulk.15 The result is also in agreement with the experimen
data which had been demonstrated in a series of diffe
investigations.17,19,20In our case this observation means, th
for all temperatures, the transverse damping fulfills the re
tion gs

11.gb
11 whereas the damping of the longitudin

modes satisfiesgs
33.gb

33. As stressed already above, the o
gin of the central peak at low temperatures is different fr
that in the bulk case. It is related to the existence of a surf
mode. The width of the central peak,Gc , is obtained from

FIG. 2. Temperature dependence of the excitation spectra
thin (N58 layers! ferroelectric KDP film fork50, Js52Jb , Vs

50.2Vb for different layers: 1,n51;2, n52;3, n53;4, n54.
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the imaginary part of the quantityG, given in Eq.~10!. The
width is proportional to the longitudinal damping:

Gc5~gs
331gb

33!
ek

2

~vs
21vb

2!soft

. ~11!

The relaxation mechanism of the surface mode sets in be
the relaxing mechanism of the bulk mode. The surface of
thin film can be overdamped already at low temperatur
whereas the soft mode of the bulk is overdamped ma
nearTc . Therefore, the transverse dynamic structure fac
Sxx exhibits yet for low temperatures a central peak at z
energyE50 which is drawn in Fig. 3. The curves are
agreement with the experimental data obtained by Fuet al.20

Whereas for thin films the central peak appears already
T520 K, see curve 1 in Fig. 3, in the bulk material su
behavior is observed first atT5100 K as depicted in Fig. 1
~curve 4!. The origin of the different behavior is attributed t
the occurrence of a surface mode. The intensity of the cen
peak at low temperatures increases with decreasing
thickness and with increasing two-spin interaction const
Js . Simultaneously, the intensity of the sideband peaks
creases with decreasing film thickness.

The picture of the dynamic structure factorSxx(ki ,E) of
thin ferroelectric films is obtained by a superposition of tw
peaks. At low temperatures there are two sideband soft-m
peaks, which originate mainly in the bulk modes and furth
more there is a central peak due to the surface soft mo
The sideband soft-mode peaks are shifted to lower frequ
cies and are broader compared to those of the bulk. T
result is caused by the interaction of surface and bulk mod
ApproachingTc the sideband soft-mode peaks are shifted

or

FIG. 3. Transverse dynamic structure factorSxx(ki ,E) for a thin
(N58 layers! ferroelectric KDP film as a function of the energyE
for k50, Js51.2Jb , Vs50.2Vb ~full line! and Js52.0Jb , Vs

50.2Vb ~dashed line!, and for different temperatures: 1,T
520; 2, 50; 3, 100 K.
5-5
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J. M. WESSELINOWA AND S. TRIMPER PHYSICAL REVIEW B69, 024105 ~2004!
the origin and contribute to the central peak, i.e., nearTc
there is a central peak, generated by both the surface an
bulk modes. Note that the central peak in case of bulk m
terial occurs only in the vicinity of the critical temperature

IV. CONCLUSIONS

In conclusions, a Green’s-function formalism is used
calculate the dynamic structure factor of thin ferroelect
films based on the Ising model in a transverse field. We h
shown that the spectrum consists of a remarkable cen
mode at temperatures far from the phase transition in c
trast to the case of the bulk. The central peak at low temp
tures disappears when the thickness of the film increa
Moreover, the intensity of the central peak increases w
increasing the surface spin-spin-interaction constantJs , i.e.,
the central peak is caused predominantly by the surf

*Electronic address: julia@phys.uni-sofia.bg
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modes. This is a possible mechanism to explain the cen
peak observed in the excitation spectra of ferroelectric t
films. The results are in agreement with experimental fin
ings.

It will be of interest to investigate the influence of th
other interaction constants—tunneling frequency, four-sp
interaction constant—of the surface and of the bulk on
position, intensity, and width of the peaks. The interacti
between the pseudospins and the phonons should als
taken into account.23,24 This will be published elsewhere.
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