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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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[. INTRODUCTION temperature dependence of the soft modes of thin ferroelec-
tric films based on the TIM including additionally damping

Although surface and size effects on the behavior of fereffects. In particular, it was demonstrated in Ref. 15 that the
roelectrics, in particular in the vicinity of a phase transition, soft-mode frequencies of thin ferroelectric films could be re-
had been discussed since the 195@saroused a renewed duced, whereas the damping effects are enhanced compared
interest in that problem due to the rapid progress in theo the bulk behavior.
preparation and characterization of ferroelectric thin films The structure and dielectric properties of ferroelectric thin
and related composites. The influence of surface and siz#ims had been studied using different experimental tech-
effects on the ferroelectric phase transitions had been extemiques, however, the lattice dynamics behavior related to fer-
sively studied based on the Landau phenomenologicabelectricity in thin films is not understood completely. Re-
theory’~* Whereas Tilley and ZeKsstudied in detail fims cently, several groups carried out Raman scattering
which offer a second-order phase transition, Sebtil>and  measurements to characterize ferroelectric thin films. As the
Wang et al® extended the analysis discussing first-ordermain result they found that all transverse-optical-phonon
phase transitions. On.the microscopic level, the pseu.dospill%deS show a pronounced tendency to depart from their po-
theory based on the Ising model in a transverse fiel) is  gjtions in the bulk single crystal, indicating that differences

a serious candidate to analyze the surface and size effe ght exist between thin films and bulk single crystig

and their influence on the ferroelectric phase transitions. COtL'Jsing Raman spectroscopy the temperature dependence of

tam et al® discussed the occurrence of surface modes in . S .
semi-infinite ferroelectrics, Wangt al®” and S§ empha- the phonon modes for thin ferroelectric films of PbTi@3

; i+ o119 20
sized the role of the Curie temperature and its dependence (?ﬁscussed by_ Taguglelt al.” and by Fuet al. ™" In contrast t_o
a change of the different model parameters. e spectra in a single crystal, the Raman frequencies of

The phase behavior of a thin ferroelectric film, describedferroel_eCtric thin films offer a significant_ shift to low fre-
by the TIM, was recently investigated by Waagal®%and ~ duencies and furthermore,_the Ra_man lines are broadened.
by one of ust! The dynamical properties of thin films were Moreover, the spectrum is dominated by a remarkable
explored within the random-phase approximation by Wangentral-mode-type scattering pattern at all temperafiirés.
and Smitt? however ignoring the effects of mode damping. S€€ms that the intense quasielastic scattering in thin films can
The authors demonstrated that films, characterized by a ré€ attributed to a relaxation process described by a order-
duced surface interaction in comparison with the bulk, exdisorder transition. Such a mechanism is also the underlying
hibit a soft mode which corresponds to a surfacelike mode irone for the TIM. However, it is not clear at present why
the ferroelectric phase but to a bulklike mode in the paraeledow-dimensional systems, such as thin films as well as ul-
tric phase. In the opposite case of films with an enhancettafine particleg! exhibit such a significant central-mode be-
surface interaction, the soft mode is a bulklike mode in thehavior at temperatures far from the phase transition. In view
ferroelectric phase and a surfacelike mode in the paraelectriaf the experimental findings it is interesting to examine the
phase. dynamic behavior of ferroelectric thin films in more detail.

Klimpel and Dietrich® studied the neutron and x-ray scat- The aim of the present paper is to calculate the dynamic
tering structure factor of thin films near to the critical point scattering function of thin ferroelectric films based on the
of the corresponding bulk system. Nkotfideveloped a gen- TIM. In order to study the central peak in thin ferroelectric
eralized theory of Raman scattering by bulk and surface pofilm we apply a Green's-function approach. Our results are
laritons in semi-infinite geometry. Using the Green’s-consistent with experimental reports and in contrast to the
function formalism Wesselinowa calculated the bulk behavior observed in Refs. 22-24.
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Il. THE MODEL AND THE MATRIX GREEN’S FUNCTION The retarded Green'’s function, to be calculated, is defined
Let us first introduce the model and the correspondingas
matrix Green’s function. We consider a three-dimensional Gij(t)=<<Bi(t);Bf(O)>>. ?)

ferroelectric system on a simple cubic lattice composeN of

layers in z direction. The layers are numbered by  The operatoB; stands symbolically for the se§{ ,S~ ,S)).
=1,... N, where the layers=1 andn=N represent the Performing the two-dimensional Fourier transform, the
two surfaces of the system. The bulk is established by th&reen’s functiorG,, , (k,E) has the following form:

other layers. To take into account specific surface effects we H

start with the Hamiltonian of the TIM including both, bulk

1
and surface properties: (B ;Bf))Ezﬁ ; exr[ikH(ri—rj)]Gninj(kH E), 3
I
1
H=—= >, JijSIZSjZ—QbE SX—QsE s (1) whereN’ is the total number of lattice sites in any of the
29 ieb es lattice planesr; represents the position vectors at Sités
HereS* andS? are the components of a spineperator, and discussed above the number1, ... N characterizes the

Q, and Q) represent the transverse fields in the bulk and inf@yer ordering beginning with=1 (one surfacgand termi-

the different surface layers, respectively. The sum runs oveating with the other surface=N. The vectork;= (ky k)

the internal and the lattice points. Totally the system consist!$ & two-dimensional wave vector parallel to the surface. The
of N lattice points. The parametdy; is an exchange inter- Summation is taken over the first Brillouin zone. _
action between spins at nearest-neighbor sitewlj. Totake ~ Now we calculate the Green’s functions in an approxima-
into account the effects originated by the finite thickness ofion, which goes beyond the random-phase approximation
the system, we introduce two interaction paramefgrand (RPA), for deta|I§ we refer to Refs. 11 and 15. In that ap-
Js. In case of an interaction between spins, situated at thBroach the coupling between the transverse and the longitu-
surface layer, the interaction strength is denoted Jgy dinal relaxing mode is taken into account. Furthermore, the
— J,. Otherwise, the interaction in the bulk material is writ- Gréen’s function reveals an imaginary part. Performing Fou-
ten asJ,,, which is for simplicity assumed to be the same for "M€" transf(_)rma_tlon we f|n_d that the Green’s function for a
the interlayer coupling between the surface layer and th&erroelectric thin film, defined by Ed3), obeys forT<T.

bulk as well as the intralayer coupling between the differenthe following 3N< 3N matrix form:

layers in the bulk. A similar notation is used for the trans-

_ _ +-
verse field(). The ordered phase is characterized by nonzero H-(E) Q P G 7
mean valuegS*)#0 and(S*)#0. It is appropriate to intro- Q H.(E) -P G l=|-0o]. @
duce a new coordinate system by rotating the original one, p p M(E) G?2 0
used in Eq.1), by an angled in the xz plane. The rotation
angle 6 is determined by the requiremet®*)=0 in the In that equation the quantiti¢$,M,Q,P areNx N matri-
new coordinate systeff. ces.H(E) is given by
EF(vi—iyd) ky 0 0 0
Ky EF(vo—iys) Ky 0 0
H.= 0 ks E¥(vs—iv3) ks O 5
0 0 0 0 0 ky EF(uon—iy)
with

Ky=Jpopsinfd,, n=1,...N,

ondy

4 Sinzan'y(k\l)+Jnflo'nflcoszanfl'*'Jn+10'n+10032‘9n+1

) 1
vn=2Q,sind,+ Eaancoszan—

JIn

. _ T 3
+Nan ;H {0.5sirf 6, y(q)) mn( ) — [ ¥()) coS 6~ 0.5y(kj—qy sir? 6, 1Ny (0 } — No -

> ¥(qpcogb,_1n,_1(q))
H

n-1 ¢

Jni1

2 ’Y(QH)COSZaManJrl(QH),

Nop g q
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Vﬁl—ﬁ mE [[Va(ay k=) + Va(kj—py—d P+ a) 12{na(PPLon+ na(py+ a)) + (k= ap 1= Ny + ap Nk —ap}

X 8(en(Kj— )+ €n(py+d)) — €n(P)) — €n(kP) +{[ In-17(a)) COF Gy 112+ [In— 1 ¥(K|— pj— A c0S 0, 112H Ny -1 (p))
X[ 1+ N1 (P 0 + N1 (K== N1 (Py+ AN 1 (k= a))} SCen— 10Ky — A + €n1(Py+ ) — €n—1(py)

— en-1(KD)H{[In+ 1700 €08 04 112+ [ I 17(Ky =Py = 4 €OS O+ 112H{N 4 1 (PP s 1+ My 2 (P 0l + N 1K
— )1 N 2 (P + AP N 1(ky— ) 8+ 1(Kj— A + €0 1(Py+ ) — €ns2(P)) — €ns 2(Ky)) = SIP OV (ay Ky — )
X{3pL ¥(pp) + ¥+ ap) Ima(py+ AP LNa(py) — MKy — a1+ I v(py) + v(ky—ap Imi(ky— ) Lna(py) — Na(py 0 1}
X 8(en(Kj—ay) + €n(Py+ ) — €n(Py) — €n(K))) = SINP Oy 1[ I 17(0)) COS 1+ In_1¥(Kj— pj— ) COS B4 ]

X{3pL ¥(pp) + ¥+ ap) 1My 1P+ A [Mn - 1(Pp) = M- 1(ky= a1+ IpL ¥(pp) + v (k= ap) Imy 1 (k= ap) [Ny 1(py)
N2 (py+ a1} 8en— 1 (k= ) + €n— 1 (P + ) — €n—1(P)) — €n—1(K) = SiMP Gy a[ It 1 ¥(A) €O by 1+ In 1 1 ¥(K|
— P €0 b 1 H{IeL ¥(P) + (P AP IMy - 1(Py+ AP N 1(PP — M1 (Ky— a1+ IpL ¥(pp) + ¥k =]

X My 1 (Kj= AP 1(P) = N2 (P + 6 1 8Cens 1 (K= A)) + €0 1(P)+ ) — €ns2(P)) — €ns 1K),

y(k)) =3[ cogk,a)+cogkya)], kn=JponSinf,, n=1,...N,
_ on[ Jno ( en())
n = 1—-0.5sirf9 coth— J
02 - €n(q))
ma(q)) = (g )S' g JnY(qM)COth— The matrixP reads
Vi(qy.kj—a)) = Js[cos'6,y(q)) — 0.5sirf 6, y(k;— q))]. t, I, 0 0 0 O
Here €,(k|) is the transverse pseudospin energy of iiie l, t, I, 0 0 O

layer, which is related to the poles of the transverse Green'’s

. =0 I3 t3 I3 0 O
function. The quantityy'(k)) is the transverse spin-wave P S e ™
damping of thenth layer. Here we have used the notations, L
introduced above:J;=Jy=Js, J,=J, (n=2,34... N 0 0 0 0 0 Iy ty
-1), Q1=0y=Q¢, Q,=Q4 (n 2,34 ... N=-1), J
=Jn+1=0. o(T) is the relatlve polanzatlon in the direction with
of the mean field and is equal to&'). The matrixQ is
given by the following expression:
| —isinZe)J > (k= ap (St Shgin—(Sq SEn),
d, kk, 0 0 0 0 --- oo O VK= AP ESg 90— n ™ (5 5g)/n
k, d k, 0 0 O
Q= 0 k; d3 ks 0 0O --- (6) 1
S S S S S S tnzmsinzan\]n; ((Sgusz_q”)n (SqHSéH> ),
0 0 0 0 0 ky dy :
with and the matrixM, included in Eq.(4), is
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E-iy3 |, 0 0 0
I2 E_i'ygg |2 0O 0 O
M = I E-iy3® I3 0 0 (8)
0 0 0 0 0 Iy E-iyd
with
1. + oz -z
lnzmsngn‘]n;” ')’(kH_q||)(<SqHS—qH>n_<SqHSq”>n),
ity 3 L5007+ 30— ) L+ o)+ =) 1)+ ey =)~ )
+sint 0, 3n v(a) — Iny(k = A 12 na(a)) — Nk — A 1L 8Cen(ky— a)) — €na)) — enlky)) — S(en(ay) — enlky—a))
— en(kp) 1+ it 0,1 [0 17(a)) +In- 1 v(Ky= G 2L+ N1 (d)) + N1 (ky— a1 8(en 10 + €q—1(ky— )
— €n—1(kp)+ it 0,1 [In_17(A) = In— 1 ¥(Kj— AP 12N 2()) — Ny 2 (ky— ) 1L 8Cen— 2 (K —a)) — €n—1(a)
—en-1(kp)— 8(en—1(a)) — €n—1(kj— ) — €n—1 (k) 1+ It 0 4 1L In 1 217(a) + In s 17Ky — AP 12 Lo+ N1 ()
+ N 1K= A1 8(€n+1(a)) + €ns 2 (Kj— A — €0 1(k)+ it 0 1[I 17(A)) = I 1 ¥k — 4 12N 2 (a)
— N 1(ky = A 1L 8Cens1(kj— a)) — €ns 1A — €ns 1 (Kp) = 8(ens 1)) — €ns 1 (Kj— ) — €ns2(k)11-
|
Ill. THE TRANSVERSE DYNAMIC STRUCTURE FACTOR In case of an infinite ferroelectric crystal a central peak

In this section we present the transverse dynamic structurgPPears In the ferroelectric region at the enefgy0 to-

factor S*(k ,E) which is obtained via the imaginary part of g_eih\eyr_vath;wo Zoft—.mo(cjie_ p::ef';\kslwghlan Enegy = wsor h

the matrix Green's functio®(k,E) after inversion of Eq. _ - VékT €13aS depicted in Fig. 1. At low temperatures the
(4). To perform this calculation, as already stressed aboveStr,UCt,ure fac,to's reveals only the sharp soft-mode peak.
one has to go beyond the conventional RPA which providegIth increasing temperature the soft mode peak becomes

an imaginary part, i.e., damping effects are incorporated. F pwer and broader and is. §hiﬂed towards the origin. In the
S*(k; ,E) we get vicinity of the phase-transition temperaturg a central peak

appears additionally to the soft-mode peak. A relaxing mode,

Sxx(k” ,E) 8
do(e—€0) Rel"Y(E)
(1-e&T) [E?— e~ ImIH(E) P>+ [RelYH(E) ]2 6

© @

Rel'Y(E) and InT'(E) are the real and the imaginary parts :
of I'Y*(E) which are related to the matrix elementstdf Q,

P, andM. The quantitiess'!, €2, €' are obtained from the
matrices H, Q, P, defined in Egs.(5)-(7), and ¢

354

=J(eH?— (2. The quantity 0
0 10 20 30 30 50 60 70 80 90 100 110
i2(elP+ eés)zE E(em™*)
KE)=2E(vsH W)+ ——— = (10 .
E+i(ys™+ ) FIG. 1. Transverse dynamic structure fac&(k;,E) for an

infinite ferroelectric KDP crystal[J,=495 K, Q,=124 K, T,
describes the coupling of the transverse soft mode to a lon=123 K (Ref. 26] as a function of the energs for k=0 and for

gitudinal relaxation modé&' It is eventually responsible for different temperatures: T[=20, 2, 40; 3, 60; 4, 100; 5, 115; 6,
the occurrence of the central peak which is discussed belowt.20; 7, 122 K.
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FIG. 2. Temperature dependence of the excitation spectra for 0 20 40 60 80 100
thin (N=8 layerg ferroelectric KDP film fork=0, J;=2J,, Qg E(cm'])

=0.20,, for different layers: 1n=1;2,n=2;3,n=3;4,n=4.
FIG. 3. Transverse dynamic structure facg¥(k ,E) for a thin

: . N=8 layers ferroelectric KDP film as a function of the energy
associated with the central peak, appears below the so or k=0, J.—1.2J,. 0.~0.20, (full line) and J,—2.0J;. 0.

mode line when the phase transition is approached. Near tgolmb (dashed ling and for different temperatures: 1T
T. the intensity of the soft mode peak is strongly reduced_ 20: 2, 50: 3. 100 K.

whereas the intensity of the central peak is enhanced drasti-

cally. Thus, the soft-mode is underdamped at low temperag, o imaginary part of the quantiy, given in Eq.(10). The
tures and overdamped near and abdye The additional \yidth is proportional to the longitudinal damping:

longitudinal mode becomes purely imaginaBjs= —i ya3.

Now let us discuss the temperature dependence of the 5
modes obtained for a ferroelectric thin film. Obviously, the o= (7y3+ 3 (11)
behavior of such material is strongly influenced by the pa- ¢ S b (w§+ wg)soﬁ

rameters of the surface. In particular, the critical properties

are highly sensitive to those parameters. They dominate thehe relaxation mechanism of the surface mode sets in before
behavior of thin films at low temperatures more than in thethe relaxing mechanism of the bulk mode. The surface of the
bulk. The surface energy is much smaller than the energy ahin film can be overdamped already at low temperatures,
an inner layer. This can be ascribed to the lower coordinatiogfvhereas the soft mode of the bulk is overdamped mainly
number of a spin at the surface. In Fig. 2 the temperatur@earT,. Therefore, the transverse dynamic structure factor
dependence of the excitation spectais presented. The S exhibits yet for low temperatures a central peak at zero
surface mode is clearly distinguishézirve 3 from the bulk  energyE=0 which is drawn in Fig. 3. The curves are in
modes(curves 2, 3, and 4 With increasingls the difference  agreement with the experimental data obtained byiai 2°
between the surface and the bulk modes is enhanced. Fuwhereas for thin films the central peak appears already for
thermore, the damping of surface modes is much higheT=20 K, see curve 1 in Fig. 3, in the bulk material such
compared to those modes observed at an inner layer. Thgehavior is observed first &t=100 K as depicted in Fig. 1
considerable difference between the surface spectrum andurve 4. The origin of the different behavior is attributed to
the spectrum of the inner layer can be traced back to théne occurrence of a surface mode. The intensity of the central
occurrence of additional surface modes, the damping opeak at low temperatures increases with decreasing film
which increases rapidly by crossing over into the bulk. Thethickness and with increasing two-spin interaction constant
spin-wave frequencies of thin ferroelectric films are smallerds. Simultaneously, the intensity of the sideband peaks de-
whereas the damping effects are larger in comparison to thgreases with decreasing film thickness.

bulk.X® The result is also in agreement with the experimental The picture of the dynamic structure fac®f*(k,E) of

data which had been demonstrated in a series of differenhin ferroelectric films is obtained by a superposition of two
investigations."***%In our case this observation means, thatpeaks. At low temperatures there are two sideband soft-mode
for all temperatures, the transverse damplng fulfills the relapeakS, which originate main|y in the bulk modes and further-
tion ys'>vys" whereas the damping of the longitudinal more there is a central peak due to the surface soft modes.
modes satisfieg3>> y3>. As stressed already above, the ori- The sideband soft-mode peaks are shifted to lower frequen-
gin of the central peak at low temperatures is different fromcies and are broader compared to those of the bulk. This
that in the bulk case. It is related to the existence of a surfaceesult is caused by the interaction of surface and bulk modes.
mode. The width of the central peak,, is obtained from ApproachingT, the sideband soft-mode peaks are shifted to
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the origin and contribute to the central peak, i.e., nEar modes. This is a possible mechanism to explain the central
there is a central peak, generated by both the surface and tpeak observed in the excitation spectra of ferroelectric thin
bulk modes. Note that the central peak in case of bulk mafilms. The results are in agreement with experimental find-
terial occurs only in the vicinity of the critical temperature. ings.
It will be of interest to investigate the influence of the
IV. CONCLUSIONS other interaction constants—tunneling frequency, four-spin-
) _ ) _ interaction constant—of the surface and of the bulk on the
In conclusions, a Green's-function formalism is used toposition, intensity, and width of the peaks. The interaction

shown that the spectrum consists of a remarkable central
mode at temperatures far from the phase transition in con-
trast to the case of the bulk. The central peak at low tempera-
tures disappears when the thickness of the film increases.
Moreover, the intensity of the central peak increases with One of us(J.M.W) is grateful to the Deutsche For-
increasing the surface spin-spin-interaction consiant.e.,  schungsgemeinschaft for financial support. This work was
the central peak is caused predominantly by the surfaceupported by Grant No. SFB 418.

ACKNOWLEDGMENTS

*Electronic address: julia@phys.uni-sofia.bg 143.S. Nkoma, J. Phys.: Condens. Mattér 4093(1999.

Electronic address: trimper@physik.uni-halle.de 153 M. Wesselinowa, Phys. Status Solidi2B1, 187 (2002.

3. Jacard, W. Kanzig, and M. Peter, Helv. Phys. A6 521  167.C. Feng, B.S. Kwak, A. Erbil, and L.A. Boatner, Appl. Phys.
(1953. Lett. 62, 349(1993.

2JF Scott, H.M. DUiker, P.D. Belae, B. Pouligny, K. Dimmler, M. 17E_ Ching_Prado’ A. ReyneS_Figueroa, R.S. Katiyar’ S.B. Majum_
Darris, D. Butler, and S. Eaton, PhysicalB0, 160(1988. der, and D.C. Agrawal, J. Appl. Phy#8, 1920(1995.

3K. Binder, Ferroelectric85, 99 (1987). 8. sun, Y.F. Chen, L. He, C.Z. Ge, D.S. Ding, T. Yu, M.S. Zhang,

“D.R. Tilley and B. Zeks, Solid State Commu49, 823 (1984. and N.B. Ming, Phys. Rev. B5, 12 218(1997.

5 )
N(Ill(gégouam, D.R. Tilley, and B. Zeks, J. Phys. 17, 1793 19| agychi, A. Pignolet, L. Wang, M. Proctor, F. Levy, and P.E.

6 Schmid, J. Appl. Phys73, 394 (1993.
Y.G. Wang, W.L. Zhong, and P.L. Zhang, Phys. Re\63B 11 439

(1996 20D.S. Fu, H. lwazaki, H. Suzuki, and K. Ishikawa, J. Phys.: Con-
: dens. Matterl2, 399 (2000.
7 . y
C:[.el_r.;Nir;gé\é\i.;éghong, and P.L. zhang, J. Phys.: Condens. Maty;, Ishikawa, K. Yoshikawa, and N. Okada, Phys. Re3B5852
8H.K. Sy, J. Phys.: Condens. MattBy 1213(1993. . 1988 o o .
9C.L. Wang, S.R.P. Smith, and D.R. Tilley, J. Phys.: Condens. M.D. Fontana, H. Idrissi, G.E. Kugel, and K. Wojicik, J. Phys.:
Matter 6 9633(1994 Condens. MatteB, 8695(199])
’ ' 23 ;
10%.G. Wang, S.H. Pan, and G.Z. Yang, J. Phys.: Condens. Mattey 2-M- Wesselinowa, Phys. Rev. 48, 3098(1994.
11, 6581(1999. 243.M. Wesselinowa and A.T. Apostolov, Solid State Commidi,
113.M. Wesselinowa, Phys. Status Solidi2B3 737 (2001). 343(1997; Phys. Status Solidi 201, 529 (1997).
2C L. Wang and S.R.P. Smith, J. Phys.: Condens. M&t&075 ZW. Haubenreisser, W. Brodkorb, A. Corciovei, and G. Costache,
(1996. Phys. Status Solidi B3, 9 (1992.
13, Klimpel and S. Dietrich, Phys. Rev. &0, 16 977(1999. ?%p, peercy, Phys. Rev. & 4868(1974.

024105-6



