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Simulations of ferroelectric polymer film polarization: The role of dipole interactions

Chun-gang Duafh? W. N. Mei,! Wei-Guo Yin} Jianjun Liu}? J. R. Hardy}? Stephen Ducharmeand P. A. Dowbeh
IDepartment of Physics, University of Nebraska at Omaha, Omaha, Nebraska 68182-0266, USA
°Department of Physics and Center for Materials Research and Analysis, University of Nebraska at Lincoln, Lincoln,
Nebraska 68588, USA
(Received 11 December 2003; published 21 June P004

We present a systematic study of the dipole alignment in the polyvinylidene flu@dBF) films using
first-principles total energy calculations. The ground state of a single layer film is a state with all the dipoles
lying parallel to the film plane. This can also be explained by a dipole-dipole interaction model. The induced
mirror charges on conducting substrates or substrates with a non-negligible dielectric response play an impor-
tant role in aligning the polarization perpendicular to the film. From fittingathénitio calculations, we obtain
an effective monomer dipole moment of 471073° C m. This corresponds to a spontaneous polarization of
0.087 C/n%, which agrees with other theoretical and experimental values. Simulation reveals a more complex
behavior for molecular bilayer. We studied three molecular multilayer structures to compare the total energy
and model calculations. Close examination of these results provides a better understanding of PVDF film
growth and dipole orientation on different substrates.

DOI: 10.1103/PhysRevB.69.235106 PACS nuniber77.84.Jd, 71.26:b, 68.55--a

I. INTRODUCTION treated in the generalized gradient approximafio8GA) of

The pursuit of nonvolatile random-access memory de-the density functional theory. We have used the same ap-

vices and nanoscale electronic devices has provided impet proach to study the energy band structure, band symmetries,
to the study of ferroelectric thin film’s? Ferro?electricit isp ahd optical properties of thé phase of PVDF2'The cal-
difficult e%erall to maintain when fhe size of theyferro- culated results agree well with photoemission experiménts.
electric, n?aterial iys’greatly reducédrurthermore, the growth The electronic properties of PVDF films are simulated by
of thin insulating films depends strongly on the substtte. a periodically repeated slab model based on the crystal struc-

. S . . .. ture of the ferroelectric phagg@ phase of PVDF, which is
Igr'; g;%léﬁtthe fabrication of the ultrathin ferroelectric film an alltrans planar zigzag structure with all chain dipoles

. - . oriented along the twofold axi$. To simplify the calcula-
Fgrroelectrlc poI.ymer$ponV|nyI.|dene fluorlde(PVDF)] .tion, we ignore the 7° deflections in the PVDF chain; thus
provide an alternative way to fabricate high-quality ultrathin

crystalline ferroelectric film§.For most device applications, the lattice constard (the chain directionof the supercell is

12 ; _
the polar direction has to be perpendicular to the film. Thehalf of thec of crystal. “ The lattice constant of the super

) . cell is set to be 24.6 A, 5 times that of the(polar axig of
PVDF ponmgr films can t_)e grown on conductors !|ke graph—the crystalB phase, which ensures the layers are well iso-
ite, and the dipoles are aligned generally perpendicular to th%ted Theb of the supercell has the value of the lattice
surface] but on some substrates like KCI, for vinylidene X

. : o S constanta of the crystal PVDF.

fluoride (VDF) oligomer thin films, the electric dipole mo- As in previous calculation®13the muffin-tin(MT) radii
ments are parallel to the substrterecise nanoscale polar- of C. H. and E atoms are ch’osen as 1.1 0.7. and 1.4 a.u
IcZ;rtrli%ré ?l?tné%utlﬁggg fﬁr&%&%?g:uﬁ;arné%ﬁxg}?% gi\éelgfepespectively. The energy cutoff for plane wave expansions in
tice shift are observed by flipping the polarity of the SCan_the interstitial region is above 18 Ry. The upper limit of the
ning tunneling microscop€STM), clearly demonstrated lo- angular momentumly,g,=10, is adopted in the spherical-

L g harmonic expansion of the Kohn-Sham functions inside the
cal polarization reversal. The mechanism of the molecular

reorientations has not been conclusively establi$hed atom spheres. Eigfit points in the irreducible part of the
y ) . Brillouin zone are used in the self-consistent calculation. The

TO. bet'ter understand the origins of preferep'ual dipole Orl'convergence obtained is up to 0.2 meV of the total energy.
entation in the ferroelectric polymers, we carried out theoret-

ical simulations. Based oab initio total energy calculations I1l. SIMULATION ON MONOLAYER PVDF SLAB
on PVDF slabs, we introduced a dipole model that simplifies

the chain-chain interaction in the PVDE film. We first carried out the total energy calculation on a

monolayer slab. Noticing that the dipoles only rotate around

the chain axi$,we then studied the relationship between the

Il CALCULATIONAL APPROACH AND MODEL total energy(per unit cel) and the dipole roltation gngle with .
STRUCTURE respect to the surface normal. The chain-chain spacing is
kept as constant during the rotation. The results are shown in

The first-principles band structure approach applied inFig. 1(a).

this work is the full-potential linear-augmented-plane-wave In the ground state of the single PVDF layer, we find that
(FLAPW) method® with the exchange-correlation potential all the dipoles lie flat and parallel to the surface plane. This
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FIG. 1. Calculated energy of monolayer PVDF film as a function of the dipole rotation around the PVDRwhaie 0° is along the
surface normalusing the FLAPW(solid), dipole (dasheg, and point chargédotted calculational models. The chain-chain spacing @je
8.58 A, (b) 4.91 A, (c) 4.3 A. The energy bases are -554.2160, —554.3141, and —554.3388 Ry, respectively. Insets are the demonstration
plots of the supercells.

conclusion is supported by experiments of VDF oligomerfinal dipole orientations of the monolayer film depend
thin film growth® but does not agree with the experimental strongly on the interaction between the dipoles and substrate.
observations of Ref. 7. Hence the choice of substrate appeafs we know, the PVDF polymer dipoles are large, and the
to be a major consideration. The substrates used in Ref. dipoles would certainly induce mirror charges on a conduct-
were generally conductors, e.g., graphite or highly dopedng substrate. These induced mirror charges exert an extrinsic
silicon, while those for VDF oligomer are alkali halide such vertical electric field on the adsorbed slab, causing the di-
as KCI, which are insulators. Thus, it is easy to see that th@oles to stand on the surface plane. Therefore, in this sense,
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the Langmuir-Blodgett monolayer PVDF film is actually an carbon bonded to H and F, respectively. We noticed that
extrinsic ferroelectric. This is an example of the way inthese values differ only slightly from those applied to the
which a conducting layer provides the surface charge neceserce field calculation: -0.54, 0.18, 0.70, and -0.26, by
sary to cancel out the depolarizing field which otherwise supKarasawa and Goddatf.The cutoff distance 1000 A ap-
presses ferroelectricify. On an insulating substrate such as pears to be good enough to obtain the accuracy needed in
KCl, there are little or no mirror charges, and the film growscurrent calculation, indicating that the complicated accelera-
with all the dipoles lying flat in the surface plane. This doestion method for lattice sums such as the Ewald technique is
not imply that there is no interaction between an insulatingnot necessary. As can be seen from Fi@),lconsidering the
substrate and the PVDF dipole orientation and placement. Imultipole effect does lead to a better agreement with the total
contrast, as observed in VDF oligomer thin films on a KClenergy calculation, but it still could not account for the rest
substraté the F atoms of the PVDF monomer are located onof the discrepancies, which might result from the exact
K* and H atoms on Clalong the KC[110Q] directions, charge density distribution.

clearly indicating a strong electrostatic action between the As observed in the VDF oligomer on KE&lthe lattice
sample and substrate. And this kind of interaction tends tspacing on the same layer is actually the crystal lattice con-
strengthen the tendency to align the dipoles parallel to thstantb. Thus we also repeated the same procedure men-
substrate. tioned above on a supercell with lischanged to the value of

Describing the PVDF chain as an infinite dipole array, wecrystal lattice constart (4.91 A). The results are shown in
then modeled the interaction between PVDF chains as thEig. 1(b). As we can see from the figure, the same conclusion
sum of the dipole-dipole interaction across the chains. It isas in previous case can be drawn, just the discrepancies be-
well known that the interaction energy between two dipolegween the total energy calculation and dipole model calcula-
is given by® tions became larger. This disagreement could not be caused

by the multipole effectas shown in point charge model cal-
D1 Pa— 300 -p)(n - py) culation); thus a more plausib!e explanation is thg d_ipol_e
W,,= 3 , (1) moment change, or, more precisely, the charge redistribution
ri—rs caused by the distance shortening and chain rotations.
Similarly, in Fig. 1(c) we depict our calculated result for a
wherep, andp, are dipole moments, amis a unit vector ~ supercell with 4.3 A in-plane spacing, as observed experi-
in the direction (r;—r,). In order to compare with the mentally on the surface crystal structdPeThis time, be-
FLAPW total energy calculations of the slab, the quasi-threecause of the reason mentioned above, the agreement between
dimensional(3D) effect should be taken into account, i.e., these three approaches are not as good as those in the previ-
we should also sum along thedirection. Convergence of 0us examples, indicating that assuming the dipole and point
the lattice sum over this PVDF slab structure is good. Wecharges to be constants during the rotation is unsatisfactory
found that there is no more than 1% difference between th#hen the chain-chain spacing becomes small. Nevertheless,
results obtained by a cutoff distance of 1000 and 5000 Aall three calculations provide similar trends of the energy
After fitting the energy base and dipole mome¢note that ~change with rotation.
we use this dipole moment throughout the entire pgpamr
dipolar simulation results agree well with the total energy
calculationg[see also Fig. B)]. IV. SIMULATION ON BILAYER PVDF SLAB

We would like to point out that the so obtained dipole
moment can be directly compared with experimental obser- To study the interlayer coupling effect, we carried out
vations. The fitted monomer dipole moment is 4.7 calculations on a two-layer PVDF slab. As expected, the situ-
X 10729 C m, which corresponds to a spontaneous polarizaation becomes much more complicated. We chose three typi-
tion of 0.087 C/m for the crystal8 phase. Experimental cal structures to elucidate our analysis: in the first d&ag.
values of the remenant polarization are varied from 0.05 t®(a)], the PVDF chains of the top layer were located 4.91 A
0.065 C/n%, depending on the puritygenerally 50% and  above those in the grourhterface layer, where the dipole
crystallinity of the samples used in experiments. Recent exerientations are pinned normal to the film surface. The di-
periments on a highly crystalline two-dimensional PVDF poles of the top layer were then allowed to rotate from O to
film obtained a value of 0.1 C/ff Our calculation agrees 180°. As we can see from the figure, the dipole and point
quite well with experimental observations. In addition, ourcharge model predict the energy maximum at 180°, which
effective dipole moment also agrees well with the valueagree with the FLAPW calculations. But both of their
4.62x10%° C m, obtained in a sophisticated way that in- minima locate at 60°, mismatched with the FLAPW value,
volves calculation of the Lorentz factor of an orthorhombicO°.
crystall6.17 To simulate the crystaB phase, in the second cafég.

To examine whether the small difference between thes@(b)], the chains in the top layer were horizontally shifted by
two results was caused by the multipole effect, we also used.29 A, half of the lattice constaitof the supercell, and the
the point charge model to calculate the energy variations. Byertical spacing drops to 2.46 A. This time we see that all
fitting the total energy curve, we obtained the charges assdhree calculations give the energy minimum closglyound
ciated with each atom aQcy=-0.52 (electron unity Qg 120°). But the energies given by model calculations at 0° and
=0.17,Q.=0.68,Q-=-0.25, where CH and CF indicate the 180° are quite different from the FLAPW calculations. We
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FIG. 2. Same as Fig. 1, except this is for a two-layer PVDF film and the dipoles of the ground layer are pi@édXf dayer spacing
4.91 A, no horizontal shift between two layerd) 0°, layer spacing 2.46 A, horizontal shift: 4.29 Ag) 90°, layer spacing 4.29 A,
horizontal shift 2.46 A. The energy bases are, -1108.4322, —1108.4307, and —1108.6387 Ry, respectively.

also noticed that in this case the curves given by the poinpinned at 90°, and the top layer was located 4.29 A above
dipole and point charge calculations have different shapeshe ground layer and was shifted horizontally by 2.46 A. The
indicating the significant finite size dipole effect. This is alsoFLAPW calculation predicted that to achieve the ground
supported by the calculation of Purvis and Taytor. state of this two-layer structure, the dipoles of the top layer

In the third casdFig. 2c)], we tried to simulate the situ- should also be parallel to the surface and ground layer di-
ation of the crystal growth on insulators, where the dipolegpoles, which agrees with experimental observations and
lie parallel to the surfac@The supercell lattice constabtis ~ model calculations. Actually both model calculations predict
chosen to be crystdd with the dipoles of the ground layer a double-well structure for the energy variation of the dipole

235106-4



SIMULATIONS OF FERROELECTRIC POLYMER FILM. PHYSICAL REVIEW B 69, 235106(2004)

rotation. The point charge model calculations gives two en- For the freestanding monolayer case, the PVDF dipoles
ergy minima at 90° and 240°, same as those of the FLAPWend to lie on the film surface. Dipole orientations become
observations. In dipole model calculation, those two minimacomplicated when the PVDF film is placed on conducting
are 90° (paralle) and 270°(antiparalle). It gives a little  substrates. First-principles calculations involving the interac-
higher energy at 90° than that at 270°. But if we ignore thetion between conducting substrates and the PVDF film are
slab model effect, the dipole model would also predict thegyrrently too difficult to be undertaken. We can, however,
lowest energy at 90°. Furthermore, the dipole model calcuastimate the effect of the substrate by comparing the isolated
lation also demonstrated that this minimum is actually a gloxja model calculation and experimental observations. Based

along the surface normal. If the electric field at the interface
with the substrate is not very strong, dipoles in the polymer
thin film might be canted with respect to the film normal, as
V. DISCUSSIONS AND CONCLUSIONS a result of the interplay between two competitive mecha-

he ab b . found th h nisms influencing dipole orientations.
From the above observations, we found that our theoreti- In considering recent STM observatichsince we found

cal calculations can well describe the crystal growth on th‘%hat the behavior of the PVDF chains and dipole orientation

more insulating substrate. The energy minimum in this CaS%ould be described reasonably well as a dipole-dipole inter-

[_SleleOBFégé72%]/ v%'hvlig ; Sb 3{0\,\52? th';';ﬁ';x\é e %z?l(;#éag?r:] er 'EN Oaction and the estimated effective dipole moment agrees well

cases(—1108.4322 and -1108.4307 RyThis indicates that with experiments and pther calculationg,, the pict.ure became
the ground state of a substrate-free bilayer slab is a state wiffuch cléarer. We believe that the lattice shift induced by
all the dipoles of two layers lying parallel to the film surface. 1PPINg the STM tip bias voltage was caused by the flipping
This is a nontrivial conclusion, since the interlayer interac-Of the local dipole underneath the STM tip when the voltage
tion would become more and more important when the layefVas reversed. The reversal of such a dipole would involve a
thickness increases. Thus, similar to the monolayer case, ipcal structural change in which nearby dipoles are forced to
the film grows on a conductive substrate, the substrate effe¢ptate 90°, and render a lattice shift in the STM image. Since
has to be considered. For example, since the energy diffeit requires a finite electric field to overcome the energy bar-
ence given by the FLAPW calculation at 0 and 120° is onlyrier and flip the dipole, no lattice shift was observed when
1.5 mRYy, the mirror charge would easily align the dipoles ofthe tip bias is too low(<0.1 V). On the other hand, if the tip
the top layer to be normal to the dipole surface, as observellias is too large, the polarization reversal is no longer a local
experimentally® behavior, i.e., the entire top layéat least a quite large range
To explain the discrepancies between the total energy ang polarized; hence the lattice shift will not be observed ei-
model calculations, we believe the charge redistribution durther.
ing the rotation is essential, i.e., keeping the dipole moment | conclusion, ourab initio total energy calculations on

fixed in the study is only an approximation to the real situa-the pVDF slab shows that the ground state of an isolated
tion. As can be seen fromoFlg((z, model calculations give  pypF film is a state with all the dipoles lying flat and par-
same values at 0 and 180°, but the FLAPW calculation givege| to the surface plane. However, this is not the case for

a much lower energy at 180° than at 0°. Considering thesy b itrathin films on the conductive substrate, because
close proximity between the top and ground layer, the Chargfarnage dipoles tend to force the PVDF dipole to orientate

distribution on each atom at these two states will not remair) . .
) , X . . ) along the surface normal. The interaction between the sub-
identical. Remembering that the interaction energy is propor-

tional to the square of dipole moment, this would result ir]strate and the PVDF film plays a crucial role in orientating

significant discrepancy between the total energy and mod pe P\./DF dipole dllrectlon. Introducing the dipole-dipole in-
calculations. teractions to explain the results of the total energy calcula-

Overall, we have found that the dipole model could wellion @ppears to be effective. We have found that the dipole
present the PVDF chain-chain interaction. It agrees with th&"0del describes satisfactorily the behavior of the PVDF
total energy calculations especially well for the monolayerCha'”'Cha'” interactions. Our studies provide |n5|ght_ into the
case, when the PVDF chains are separated far en@igh mechamsms_aﬁecfmng the grovvth of PVDF ultrathin films
>5.0 A). As we have pointed out in our previous pafhe gnd dipole on_entanons on dlfferent.substrates and the behav-
energy dispersion of the valence band is very small along thi@" of PVDF films under the STM tip.
direction perpendicular to the PVDF chain, which indicates
weak chain-chain interactions. Here the successful applica-
tion of the dipole model further demonstrates that the PVDF ACKNOWLEDGMENTS
chain-chain interaction is mainly electrostatic. Similar situa-
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