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Phase transition in the surface structure in copolymer films of vinylidene fluoride(70%)
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Surface structures and a surface structure phase transition are identified that are distinct from the known bulk
ferroelectric-paraelectric phase transition of crystalline copolymer films of vinylidene flu¢right) with
trifluoroethylene(30%). The temperature-dependent changes in the surface structure are accompanied by the
physical rotation of the polar groufCH,-CF,). These changes in the surface structure are compared to the
bulk phase transition. We show that the bulk structural transition, while distinct from the surface, is qualita-
tively similar in both thick and thin Langmuir-Blodgett-grown films.

[. INTRODUCTION a high electric field and mechanical drawing to convert the
chain conformation from the nonpolarphase-*14?The
Surface structural transitions, accompanied and likelyphase consists of an alternatimgns(T) gauche/G) bonding
driven by changes in band structure, are well known forconfiguration (or TGTG pattern arranged in a nonpolar,
metal surface$.Among the best characterized examples ofparaelectric, structuré*?° The weakly polars and y
such surface reconstructions are (#00),>* W(100,>* and  phases and other nonpolar phagparticularly the helical
Mo(112).° These examples appear to be mediated by bandshase of polyethylene and other hydrogen-rich composi-

that cross or closely approach the Fermi level. Ferroelectrigions) are not known or expected to take part in a ferroelec-
transitions have long been anticipated to drive changes ific transitionl2-22

band structure as wéllso a surface ferroelectric transition, Surface structures can be different from bulk even if com-

distinct from the bulk, could accompany a surface structural,ysjtionally the same. This is true of both the clean semicon-
phaRse tratr|13|t|on that :cs d'St'?Ct frolm ?9"‘- h N i ductor surfaces that exhibit surface structural transitions re-
has ecbegeri/, izenﬁ:‘Jiregcein er&ﬁfafﬁi:c cg gf'“:nerrar}ﬁ'ngnlated to the surface nonmetal to metal transition that occur
of polyvinylidene fluoride  with triﬁugroethylene with increasing temperatuteand the surface reconstructions
- ) 0/ 20 7 .~ in metals that undergo a surface-temperature-dependent
(CHyCR,:CHP-CR,, 70%:30%. The surface ferroelectric o, transformation, as noted for M60),> Mo(112),°

transition at 20 °C is distinct from the bulk ferroelectric to 4 W100.2 In thi K h hat th I
paraelectric phase transition at about 80 °C, and is accompé?t‘-n W100." In this work, we show that the crystalline co-

nied by a change in metallicfyand a doubling of the surface POlymer RVDF-TIFE 70:30 has a reconstructed surface
Brillouin-zone siz€ While surface phase transitions, associ-Structure and undergoes a su.rface structurE}ILphase transition
ated with changes in the electronic structure and metallicity2cross the surface ferroelectric phase transtidn.
may be associated with a host of critical phenom@rathe
ultrathin copolymer films are the first ferroelectrics to show
such connections. II. SAMPLE PREPARATION AND EXPERIMENTAL

The bulk ferroelectric-paraelectric phase transition in DETAILS

polyvinylidene fluoride (PVDF) with trifluoroethylene _ )
(TrFE) has long been associated with bulk structural changes '€ films of the RVDF-TrFE, 70:30 mol% copolymer

and the appearances of piezoelectric and pyroelectri?€ré prepared using a ggrizonFaI Langmuir-Blodgett method
effects!? 13 Several distinct bulk crystal structures of ferro- s described elsewhefé The films were deposited on sili-
electric PVDF and F/DF-TrFE) have been postulatéd:'®  con(11) for photoemission studies, on an aluminum-coated
The simplest conformational structure is formed in the ferro-glass substrate with a sputtered aluminum top electrode for
electric B phase, where the polymer chains havetrhs  dielectric studies, and on cleaved graphite for scanning tun-
conformation and, each monomé&€H,-CF,) is aligned neling microscope studies.

roughly perpendicular to the polymer chain and has its own The angle-resolved inverse photoemission spectroscopy
permanent dipole moment, directed from the negative fluoARIPES, angle-resolved x-ray core-level photoemission
rine to the positive hydrogen. The ferroelectg@cphase is  spectroscopy, low-energy electron diffractitEED), and
usually observed below a ferroelectric Curie temperaturavork-function measurements from the energy of the cutoff
(that is higher for higher VDF contenfiollowing poling with  edge of the secondary electron in the photoemission were
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performed in the same ultrahigh-vacuum chamber with a
base pressure better thax 20 1°Torr. The angle-resolved

x-ray photoemission spectroscopy was conducted by gener- )

ating photoelectrons with the Mg-, line (1253.6 eV from 5 16° C
a PHI Model 05-548 dual-anode x-ray source, and measuring ‘; .
the electron energy with a large hemispherical electron en- = 960 c
ergy analyzer(PHI Model 10-360 precision energy ana- 5 76°C
lyzer. The angle between the x-ray source and the electron £ 61°C
energy analyzer was fixed at 60°. The kinetic energies of the - 46°C

photoelectrons from carbonsland fluorine & core levels . . 26°C
are about 963 and 563 eV, respectively, for excitation by the

Mg-K, line (1253.6 eV. The cross-section ratio of the 51 s b
core level to the C & core level is about 4.26 for excitation ‘o
by the MgK, line.?® = 30r

The ARIPES spectra were obtained by using variable en- D .
ergy electrons, from a source based on the Erdman-Zipf O 20 J\_’\1 16°C
design?® For the ARIPES studies, the UV Geiger-Mar de- > 96° C
tector was employed with a mixture of iodine gas and helium '@ 10 ;_/""/\ 726° C
gas at a pressure of 12 Torr. The iodine gas acts as a high § % 56°C

[ 0

pass filter, while a CafFwindow was used as a low-pass
filter.2” In this scheme, 9.8-eV photons were detected with A8 5 5 20 21
the Geiger-Mller tube with a~400-meV bandwidth. The

overall energy resolution in inverse photoemission was 26(degree)

~4350 _meV. T.he .Conductlon-ban(_j spectra were taken by FIG. 1. X-ray-diffraction data ofa) a 5-ML and(b) a 150-ML
changing the kinetic energy of the incidence electrons from %pr_TrFg) film with increasing temperature.

to 19 eV. The wave-vector dependence was obtained by

changing the electron incidence angle from@rmal to the ) - . .
surface to 55° off-normal. increasing temperature, as shown in Fig. 1. These diffraction

In the LEED measurements, angle-resolved core levapeaks are generally accepted to be an indication of the inter-
photoemission and angle-resolved inverse photoemissioldyer spacing along the polad10 axis (normal to the film
studies, the 5-ML films of &/DF-TrFE) were thin enough to  plang,*"**and are consistent with x-ray-diffraction studies
conduct charge to the substrate at low-beam currents, thf P(VDF-TrFE) fabricated by a variety of different
avoiding significant surface charging that would affect thetechniqueg3~*°
LEED or various electron spectroscopies. The Fermi level While qualitatively similar to the published
for photoemission, inverse photoemission, and core-leveliteraturé?=°2?2 and the results from thicker crystalline
photoemission was established using a gold reference in co(VDF-TrFE) films [Fig. 1(b)], the 19%1°(26)(010) peak
tact with the sample substrate. The temperature was detesf the 5-ML films occurs at a slightly differenté2angle,
mined using a nickel-chromium vs nickel-aluminu{T,)  corresponding to a smaller lattice spacing between layers,
thermocouple with an accuracy3°C. The films were pre- 443 A as compared to a spacing of 4.48 A for the thicker
pared by gentle annealing to 150°C in vacuo, and surfacgsg-ML Langmuir-Blodgett films at room temperature.
composition was characterized with core-level x-ray photo- There is a strong annealing effect in theg®/PF-TrFE)
emission spectroscopy. _ _ Langmuir-Blodgett films. Annealing the 5- and 150-ML

The scanning tunneling microscop8TM) images were  samples for an hour at 120 °C results in almost a factor of 3
obtained on 2-ML films of BVDF-TrFE) with sufficient tun- increase in the room-temperature Bragg diffraction peak
neling current to obtain images with atomic resolution on aheight. We believe the annealing results in a diminution of
Digital Instruments Nanoscope Ill STM. X-ray-diffraction yoid volume and an increase in domain size, so that the
measurements were done using the KCp-line (N structural coherence length perpendicular to the film is effec-
~1.54A) of several theta-2 theta diffractometers. tively increased®?® Once adequately annealed, we observed

Dielectric measurements were made at 1 kHz with an HRyg further changes to the film properties, apart from those
4192 impedance analyzer. A Keithly 498 current amplifierchanges associated with thermal expansion and with the re-
was used for conductance measurement at 0.1-V bias. TReysible ferroelectric-paraelectric bulk phase transition.
pyroelectric measurements were conducted by measuring the Figyre 1 shows the temperature dependence ofQhé)
ac sample current due to heating from an Ar-ion laser modugragg peak for both the 5- and relatively thick 150-ML
lated at 1 kHZ.® P(VDF-TrFE) films across the 80°C bulk ferroelectric
transition”812-15At low temperaturegbelow 40 °Q and at
high temperature&@bove 100 °Q, only one phase is present,
either the low-temperature ferroelectric phased£219.5°
for the thicker 150-ML films and 2~20° for the thinner

Studies of the bulk layer crystal structure were made fos-ML films) or the high-temperature paraelectric phasé (2
two film thickness. The 1921°(26) x-ray-diffraction re- ~18.1° for the thicker 150-ML films and @<18.4° for the
flections were studied from 5- and 150-ML samples withthinner 5-ML filmg. At temperatures between 40 and

e N TS
oF

; T T 26°C

lll. LAYER CRYSTAL STRUCTURE AND THE BULK
STRUCTURAL TRANSITION
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FIG. 2. Change of the layer spacing along {0&0 direction 60 61 62 63
with increasing temperature faf; (ferroelectric phase®) andd, Angle 26 (degrees)

(paraelectric phase)), and with decreasing temperature fdy

: . FIG. 3. Rotating anode x-ray scattering data for a 100-ML film
ferroelectric phasel) and d araelectric phas for (&) a
fS-ML and (b) 2150_:/?'_ film 2 (P phasd.)) @ of P(VDF-TrFE). Note the presence of the odd order diffraction

peaks and the absence of the even orders. The slit aperture was

°C th . . fth h ith increased fon=2 and 3 ovem=1 to increase the count rates for
100°C, there is a mixture of the two phases present, wit ONfe high-order reflections. The indgbp righ) is a schematic of the

growing at the expense of the other. This can be clearly seef},,in packing, end on to the chaiftse chains run into the page

in. Fig- 1, Wh.iCh shows the Chang_es. in the x-ray d?ffraction-rhe layer-to-layer spacinghe horizontal rows of filled symbojlss
with increasing temperature. This is characteristic of they g A

structural change in the(PDF-TrFE) bulk that accompanies
the dielectric phase transitidA:** The bulk paraelectric in- , , o
terlayer d spacing, (,=4.88 A for 150-ML films andd, L_an.gmuw—BIodgett ﬁlms Qf P/DF-TrFE) are qualltat|vely.
—=4.83A for 5-ML fiims), is larger than that in the bulk similar. The.x—ray-d|ffract|on data show a clear .broadenmg
ferroelectric phasedy=4.48 A for 150-ML films andd, qf the_peak in the Iow—temperature phase. Possible explana-
=4.43 A for 5-ML films), as is now accepted=**The gen-  tions _mclude the existence of a mixture of (0%()100)
eral explanation is that the buckl@dG TG chain combina- domains or a change in the coherence length. The (010)
tion of the paraelectric phase is “thicker” than the more *+(100) spacings are close, 4.48 A as compared to 4.29 A,
compact linear all-trans conformation of the ferroelectricbut not identical. The peak widths tend not to support the
phase*?°°The region of coexistence of the two phases isfirst explanation, as the two domains would be manifest as
highly dependent on the rate of warming and codffrgs  two separate peaks. A calculation of the coherence length
would be expected for a first-order phase transition. using Debye-Scherrer formuld {=0.9\/A26 cos6ég) gives

The temperature dependence of the lattice constants, cad-coherence length e£300 A in the high-temperature phase
culated from the x-ray-diffraction peaks in Fig. 1, is shownand ~100 A in the low temperature phase in the 150-ML
in Fig. 2. Once again the large hysteresis in the region ofilms.
coexistence is a consequence of the first-order phase transi- The coherence length is large enough for us to observe
tion. An interesting point is that the lower curve is almosthigher-order diffraction spots for the 100-ML film, as seen in
completely flat with temperature, indicating that the inter-Fig. 3. In addition to the fundamental peak at 19(83rre-
layer spacing of the ferroelectric phase is constant as a funsponding, as noted to approximately the 4.5-A layer spacing
tion of temperature, particularly for the thicker films. For the higher-order peaks are also present. The absence of the
bulk paraelectric phase, denoted by the upper part of theecond-order peakiand presumably all even-numbered
loop, there is a strong temperature dependence. This diffefgeaks can be explained by a super-periodicity due to a shift
from the results on spin-cast film&;**which show a small  of the longitudinal chain spacing in one plane to the next.
temperature dependence in both phases. It is possible th@his is consistent with a shift of of a -CH,-CF, monomer
differences in microstructure and crystallite sizes in the spinspacing(or 2 of 2.56 A) or the: unit-cell phase slip observed
cast films, as opposed to our Langmuir-Blodgett fabricatedn the surfacdFig. 4(a)]. Consider the unit cell, as shown in
films, is the origin of these differences. The structural hys-the inset of Fig. 3, in which the polymer chains are perpen-
teresis of Fig. 2 is also observed in the very thick spun filmdicular to the plane of the paper. The chains depicted in filled
as thick as 0.5 mn¥4 black are displaced half a monomer unit along the chain

These x-ray-diffraction results establish that the bulkdirection with respect to the open symbols. This slippage
layer spacing for both thick150 ML) and thin (5 ML) results in a destructive interference between the x-rays scat-
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FIG. 4. (Color) The surface structure of crystalliné\/DF-TrFE) Langmuir-Blodgett films(a) A scanning tunneling microscope image
(40x 40 A?), recorded at 295 K, of a 2-ML(WR'DF-TrFE) film on a graphite substraté) The Fourier transform of the STM imada). (c)
The low-energy electron-diffraction image of a 5-MIMDF-TrFE) film on silicon taken at 200 K.

tered off the filled black and open symbol layers; hence onlywhat smaller than is generally observed in the bulk crystal

the odd harmonics remain. structure'>~°because intervening layers in the bulk keep the
chains further apart. The STM image suggests that there ex-
IV. SURFACE CRYSTAL STRUCTURE ists a surface reconstruction or relaxation of the sublayer of

polymer chains toward the surface, as schematically shown
Surface crystal structure was studied using multiple techin Fig. 5a).
niques. ThE€STM) image, recorded at room temperature, for  Along the chain, as determined from the STM image, the
a 2-ML P(VDF-TrFE) film on a cleaved graphite substrate, is spacing between monomers is about2®G1 A, in good
shown in Fig. 43). The in-plane spacing between the poly- agreement with the bulk crystal structdfe’® The observed
mer chains is distributed from 3.5 to 4.3 A, which is some-chain structure appears to correspond to thératis surface
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43 A (010) chains inplane appears shifted bylimer spacing. Since the
unit cell consists of two dimers, this corresponds tbumit-
e 0 W‘ % @ surface cell phase slip. Because of the surface relaxation, the slip
) O @) O ® relaxed layer from cham to chain at the surface is not _expected to be
O O O present in the bulk layers, but rather is manifest as a longi-
@ @) o O tudinal slip from one plane to the nexfhis is the origin of
L Substrate - | the x-ray data discussed above.
The LEED imagegFig. 4(c)] of 5-ML films of P(VDF-
a) TrFE, 70:30 on Si111) taken at 200 K are, as expected,
qualitatively similar to the Fourier transformatighig. 4(b)]
of the real-space surface crystal structure O¥[PF-TrFE)
film taken by a scanning tunneling microscofég. 4(a)].
The disorder of interchain spacin(gerpendicular to chajn
in real space is represented as stripes in momeiuspace
in both Figs. 4a) and 4b). Because of this disorder, the
scanning tunneling microscopy and low-energy electron-
diffraction studies are consistent with surface primitive cells
that are either a rectangular or a pseudohexagonal structure.
These two possible surface crystal structures are consistent
within the experimental error with the Brillouin-zone critical
points determined from the experimental conduction band
mapping, as listed in Table I. As yet, neither potential struc-
ture can be definitely eliminated. In spite of problems with
disorder, the LEED data reflect a periodicity of the interchain
spacing(or a modulation in the stripgsiot apparent in the
STM image, as summarized in Table I.

In the low-energy electron diffraction, the unit-cell di-
mension is actually two -CHCF, monomer units longa
dimen. The low-energy electron diffraction is sensitive to

FIG. 5. Schematic diagram of the surface crystal structure ifhe orientation of the fluorine orbitals which may alternate
real space based on the scanning tunneling microscopy and tetween=7° with respect to the chain axis, and x-ray scat-
low-energy electron-diffraction studies in an &ns conformation ~ tering is insensitive to this variation within the layer spacing
of P(VDF-TrFE). A relaxation of subsurface layer occug based  as is scanning tunneling microscopy. The two possible real-
on STM while the surface layeb) could be described by either a space surface lattice structures are shown in Fig). 5he
rectangular primitive cell with eight CHCF, monomers as a basis potential rectangular surface structure packing scheme con-
or an obligue primitive cell with eight CHCF, monomers as a tains eight monomers. This structure is postulated based on
basis. The lines irfb) indicate the chain direction, and a possible, the scanning tunneling microscopy study and low-energy
but not unique packing of the GHCF, monomers with respect to  electron-diffraction studyFig. 4), with lattice constants,
the =7 tilt (see textis indicated by shading. and a, as indicated in Fig. ®). The choice of the basis

vector alonga;, as twice the distance between monomer
ferroelectric phase of the random copolymer of vinylideneunits (rather than the distance between monomer yniss
fluoride (70%) with trifluoroethylene  (30%  dictated by the experimental band-structure mapping which
[ (-CH,-CF,)o —(CH,-CHF-)y5]. The relative longitudinal will be discussed in a later section. The primitive lattice con-
position between the CHCF, dimer pairs in neighboring stant along the; direction from the band structure is4.8

TABLE I. Comparison of the modeled surface Brillouin zones at the surface ferroelectric phase based on
scanning tunneling microscopy and a low-energy electron, diffraction study with a conduction-band structure
obtained from angle resolved inverse photoemission. All units are’ih Along thea} direction of the
Brillouin zone, LEED must be considered the most definitive value.

* *

Critical points/ ay as a3
Structure directions A™Y A™Y A
STM Zone center to 1.26-0.04 0.73:0.1 1.26£0.1
zone center
LEED Zone center to 1.26£0.04 0.370.05 1.46:-0.05
zone center
Experimental Zone edge 0.650.04 - 0.75-0.05
band structure
Zone center to 1.30£0.04 - 1.26:0.05

zone center
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a; Another possible surface lattice structure resembles a dis-
torted hexagon. This structure is suggested by the Fourier
® transform[Fig. 4(b)] of the real surface crystal structure, and
‘ also cannot be excluded based upon the available data for the
Y O surface primitive cell of the copolymer films of(WWDF-
TrFE). This pseudohexagonal surface lattice structure in real
& space can be described using the matrix relation
~Q3; }
a;| (2 1\ (b, 3
X a) 2 1 /\by)" (3)
, The reduced reciprocal-lattice structure from H) is
' shown in Fig. 6b). The semi-hexagonal structure krspace
I is represented as
.— 1 1
* = — = *
al . 4 2 bl 4
£ _<% %)(b’z*)' ?

Even though these two possible surface lattice structures,
based on scanning tunneling microscopy and low-energy
electron-diffraction studies, have two different effective
Brillouin-zone shapes and sizes, the critical points are con-
sistent with the conduction-band-structure studies. The
conduction-band structure agrees somewhat better with the
pseudohexagonal surface structure rather than the rectangular
structure, but, given our experimental uncertainties, this is
not compelling. Conduction-band mappifgee consistent
with this surface structure.

Angle-resolved inverse photoemission spectra were taken
along three high-symmetry directiona , a5 , anda3 , indi-
cated in Fig. @). With some directional uncertainty;5°,

FIG. 6. Schematic diagram of the surface crystal structure ifhis band structure for 5-ML ®DF-TrFE) films grown on
k-momentum space of the dfians conformation of PVDF-TrFE)  Si(111) substrates, as detailed elsewhedees provide some
of (a) a rectangular primitive cell with eight monomers per unit cell, insight into the surface structure. The conduction-band dis-
and (b) of an oblique primitive cell with eight monomers per unit persion of the lowest unoccupied molecular-orbital states
cell. The polygons show the first Brillouin zone at the ferroelectricalongaj , a5 , andaj directions(adapted from Ref. Qare
phase in each case. summarized as a function &f, the wave vector parallel to

the plane of the surface, in Fig. 7. Figuréa7shows the
A (in the surface ferroelectric phaséence the two choices dispersion of the first unoccupie@onduction bany state
of unit cell. along the polymer chainal) below (200 K, circles and

The real-space primitive translation.vectors of the surfacgypgye (320 K, squaresthe surface ferroelectric transition.
can be expressed in terms of the projected real-space tranghe amplitude of the conduction band dispersion is about 1.5
lation vectors,b;=2.5A andb,=8.6 A (Ref. 22 onto the ey in hoth phases. The period of conduction-band dispersion
(010 plang® **by the matrixR(A=]B) (Ref. 3] for the  ahove the surface ferroelectric phase transition temperature

possible rectangular surface structure as (at 320 K is clearly shorter(in k space than below the
surface ferroelectric phase transition temperatate200 K).
&) _ 2 0)(b1) 1) Along the aj high-symmetry direction of the surface Bril-
& 0 2/\by) louin zone(parallel to the polymer chaipsthe distance from

The surface reciprocal-space primitive translation vectors arBriIIouin-zone center to zone center decreases by nearly half
_ recip pace pr - ffom 1.30+0.04 to 0.73-0.05 A~ * across the surface ferro-
obtained using the matrix relationshig" =R~ "B*, where

_ atflz - ) = electric transition. Figure (¢) shows the conduction-band
the projected bulk primitive reciprocal-lattice ~\/ectors,km dispersion along (see Fig. 6 for the lowest unoccupied
space, ard; =2.51A"* andb; =0.73A"* and® "' is the  molecular-orbital state. The dispersion alogiy is qualita-
inverse transpose ok (Ref. 29 as tively similar to the band dispersion aloaj [parallel to the

polymer chain; see Fig.(@)], showing the same halving of
0 b} the Brillouin zone(doubling of the real-space peripétom
b3 | 2 1.26+0.05 to 0.86-0.05 A~ ! across the surface phase tran-
sition. The amplitude of the band dispersion along #e
This postulated surface crystal structure,kirspace, is as direction(about 1.3 eV is again large, as is the case along
shown in Fig. 6a). the direction of the polymer chaimj (1.5 eV).

Il
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FIG. 7. The band dispersion of the lowest unoccupied 0.0 T T J 6'0
molecular-orbita(LUMO) states in the surface ferroelectric phase OEmissigr? Angle (()ee)
(@) at 200 K, and in the surface paraelectric phdiigat 320 K(a)
along thea; direction of the Brillouin zonealong the chains (b) FIG. 8. The intensity ratio of the fluorinesicore-level spectra

along thea; direction of the Brillouin zongperpendicular to the intensity to carbon & core-level spectra intensity as a function of
chaing, and(c) along theaj direction of the Brillouin zondsee  the photoelectron emission andi®) at 200 K and(l) 320 K.

Fig. 6(b) for the labelling of the Brillouin-zone symmetry direc- ] )

tions]. The wave vector of the Brillouin-zone edge is indicated by larger in the low-temperature surface ferroelectric phase than
SBZE and the Brillouin-zone center By The dashed lines indicate the distance from the Brillouin-zone center to the Brillouin-

the Brillouin zone centers and zone edges in the ferroelectric angOne center of the high temperature surface phiaige 7(@)].
paraelectric surface phases. Adapted from Ref. 9. The Brillouin-zone size doubling is possibly the result of the
conformational structure change from antadlns (TT)con-

The magnitude of conduction-band dispersion perpenfiguration to an alternating gaucheans(TGTG) configu-
dicular to the chaing?) is relatively small <200 meV, and ration*?***Such a change implies a significant periodicity
the Brillouin-zone edge cannot be determined, as shown ighange along the polymer chain from 5 A, at low tempera-
Fig. 7(b). From low-energy electron diffraction, we antici- tures, to 9.2 A or nearly double, at higher temperatures. The
pate that there is a surface Brillouin-zone edge alahgat TG TG chains are slightly shorter overall than thé chains
about 0.19-0.05A" . This is based upon the LEED inten- due to the longitudinal contraction of tH®@ and G bonds
sity modulation along this direction. The small conduction-relative to theT bqnds. This too is consistent with our data.
band dispersion amplitude alorg is an indication of the _ The conformz_it_mnal changes across the surface ferroelec-
weak interaction(hybridization of molecular orbitajsbe-  tric phase transition, by necessity, change the surface com-
tween polymer chains and the disorder between chains, arfRPsition as the gauche bonds move atoms to and from the
may also be limited by finite experimental resolution. surface. The surface composition changes are revealed by

The surface Brillouin-zone edgd/ or X in Fig. 6 along angle-resolved core-level photoemission spectroscopy across
a* and the surface Brillouin-zone edge aloat in the all- the surface phase transition. The core-level spectra are sur-
trf’;ms conformation. are at about 0.6® 04 and 0.42 face sensitive and therefore emission angle de_pendent, be-
+0.05A 1 respecti\'/ely. Theg, Wave-veétorlscanning aiong cause the mean free path of the photoelectrons is small, usu-

. SR ally less than 10 A, and roughly proportional to the square
a3 could cross another zone edgk)(which is placed at oot of the emerging electron kinetic energy within the en-

0.71x0.05A~*. The Brillouin-zone edgeNl or Y in Fig. 6)  ergy range of 100 eV to 6 Ke¥ The escape probability of
alonga} is about 0.18-0.05A™ %, and there is no apparent the photoelectron emission decreases, with increasing angle
change of the Brillouin-zone size aloa§ across the surface 6, of emission, as cosf). Therefore, the intensity and angle
phase transition. As shown in Table |, the surface Brillouin-dependence of core-level photoemission serves as a useful
zone critical points, derived from three independent meameasure of the relative position of the source at3fri&.
surements:, scanning tunneling microscopy, low-energy elec- This is illustrated in Fig. 8, which shows the angular dis-
tron diffraction, and angle-resolved inverse photoemissiorribution of the ratio of the fluorine 4 core level(binding

spectroscopy, are consistént. energy ~686 eV, kinetic energy~563 e\) photoelectron
emission intensity to the carbors ore level(binding en-
V. SUREACE COMPOSITION CHANGES ergy ~286 eV, kinetic energy-963 e\) photoelectron in-

tensity both below(200 K) and above(320 K) the surface

The observed large amplitude and period doubling of theferroelectric phase transition temperature. Since polymer
conduction-band dispersion along the polymer chain of th&onformation change does not cause a net displacement of
copolymer films of PVDF-TrFE) is similar to theoretical carbon, the fluorine/carbon core-level photoelectron intensity
calculations of the conduction-band structure as a function ofatio is a measure of the surface fluorine density.
the conformational structural change along the polymer Below the surface ferroelectric transition temperature, the
chain of polyethylene and polytetrafluoroethyléfe® The  core-level intensity ratidcircles in Fig. 8 falls off rapidly
conduction-band structure suggests that the Brillouin-zongvith increased emission angle, showing that the fluorine at-
size, alongg; (along the polymer chajnis almost two times  oms are predominantly below the surface carbon atoms. The
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FIG. 9. The conduction-band structure above the bulk phaséemperathe ta_ke(a) at the Brillouin-zone cented_() and(b) at the
transition temperature at 90 °@) along,a; and(b) a3 . surface Brillouin-zone edgéx or M).

surface layer polarization is therefore directed outward@above the surface ferroelectric transition cannot be directly
pointing from the buried fluorine to the hydrogen on top. Inassociated with the bulk transition.
contrast, above the surface ferroelectric transition tempera- The conduction-band spectra, recorded at the zone center

ture, the intensity ratio is almost independent of emission and at the zone edge for the low-temperature surface ferro-
angle indicating that as many of the fluorines are now abovgectric phase along? (the polymer chain axisare shown
the surface as below or that fluorine and carbon are coplangf, rig. 10. The shift of the density of states toward the Fermi
Since the TGTG conformation of the high-temperature |evel, as the temperature is increased, is seen at both points
phase has an equal distribution of fluorine on both sides o, reciprocal space. It is this shift in the density of states that
the surface layefconsidering the sublayer relaxatiorthe  js responsible for the change in metallicity shown eafiier.
flat intensity ratio(Fig. 8, squaresis consistent with either These electronic structure changeensity of states near
normal or in-plane orientation of the carbon backbone.  Fermi level in the unoccupied side and the position of the
The observation that the fluorine atoms are below th@owest unoccupied molecular orbitaére compared to the
plane of the surface in the ferroelectric phase, even withousylk properties as functions of temperature in Fig. 11. The
applying a polarizing field, is a satisfying confirmation of density of states near the Fermi level at two different points
preViOUS observations that films thinner than 15 ML prefer'in the Brillouin zone, at the zone Cent(@pened Circ|e)sand
entially polarize with the hydrogens on top and the fluorineat the zone edgéfilled circles show a significant change
buried7'24'34'39Additi0nal evidence for this deOIe alignment around the surface phase transition tempera(urao °C)_
change across the surface transition can be found from thenhe change of the density of states at the zone edge is more

work-function change, as noted elsewhfe. dramatic than at the zone center, as expected, from the shift
of the lowest unoccupied molecular orbital states and the
VI. TEMPERATURE-DEPENDENT DISORDER instability of the Brillouin-zone edge as shown in Fig. 7.

N Near to the surface phase transiticn20 °C), the electronic

Above the bulk phase transition temperature, thesirycture(density of states near the Fermi level and shift of
conduction-band dispersion at 90 °C alaganda; of the  |owest unoccupied molecular-orbital statedramatically
Brillouin zone (see Fig. 6 are shown in Fig. 9. The ampli- changes but further significant changes in electronic struc-
tude of the band dispersion in both directions is less than 50fre, related to the bulk ferroelectric transition at 80 °C, are
meV and the Brillouin-zone periodicity is difficult to ascer- not observed. As noted elsewhér®® we conclude that in-
tain. The relatively small dispersion amplitude compared tojerse photoemission is surface sensitive. Thus the
the results at several lower temperatufiélg. 7), and dimin-  conduction-band structure, as indicated in the preceding dis-
ishing resolution of the Brillouin-zone dispersion periodicity cussion, is representative of the surface, not the bulk.
are a good indication of disorder connected with structure There are, nonetheless, strong indications of both surface
(spatial or temporalfluctuations as the orderddsTGchain  and bulk phase transitions of the 5-MI(MDF-TrFE) films.
structures undergoes dynamic distortions to other conformaBoth surface(~20 °C) and bulk(~80 °C) phase transitions
tions with increasing temperature. While the “bulk transi- of 5-ML P(VDF-TrFE) films are observed in the dc conduc-
tion” may be manifest in films as thin as 2 Mlthere is no  tivity as shown in Fig. 1(c). The pyroelectric response
compelling evidence of the 80 °C bulk transition in inversechange of the spontaneous polarization due to temperature
photoemission. This may be because angle-resolved inverseodulation shows, for 5-ML &DF-TrFE) films, both the
photoemission is a surface-sensitive spectroscopy, and tteurface and bulk phase transitions as shown in Figc)11
changes in band structure with ever increasing temperaturhe changes of the transport properties, dc conductivity, and
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SR Tt 1.° is identical to that of pure PVDF in the ferroelectric state,
- - - i.e., an orthorhombic symmetf}.However, in most copoly-
» mer mixtures, there is a mixture of two crystalline phases

that coexist- an orthorhombic structutthe so-called low
temperature phag@nd a distorted hexagonal structytke
cooled phasg™ The proportion of phases at a fixed tempera-
ture is dependent on both the method of cooling as well as
the ratio between the two copolymers. These results are for
bulk samples, while in our LB films, the growth conditions
and the presence of a minimal amount of amorphous phase
may lead to very different structures. In the LB thin films
only one structure may dominate the bulk of the film. In

f

g 4l cag 5 '0 sputtered thin films of the copolymé&t the orie_ntation of the
- z" ..o i : films depends on the thickness. For such thin filless than
=24 £161 o® 5 6 ML) the chains lie normal to the film surface. As the thick-
° L : ' ness increases, the chains disorder, until they finally lay flat
0 441 — - on the surface. Our LB-grown films show no evidence for
0 100, 0 100, this behavior—the x-ray structure suggests that, for all thick-
Temperature ( C) Temperature ( C)

nesses ranging from 2 ML up to 150 ML, the chains lie

FIG. 11. Temperature dependence of several physical quantitiggarallel to the surface.
showing one or both of the surface phase transitiG@sThe inte- The possible bulk crystal structures postulated for the
grated density of states within a binding energy of 0.5 eV above thd(VDF-TrFE) copolymer in the ferroelectric phase include
Fermi level derived from inverse photoemission at the zone centemonoclinic, orthorhombic and distorted hexagoHaOur
(@) and at the zone edd®), in 5-ML P(VDF-TrFE) films. (b) The  data on the surface structure does not provide a conclusive
binding-energy shift of the LUMO states abokg . (c) The con-  resolution to this controversy, but the LEED and band-
ductivity through a 5-ML film.(d) The pyroelectric currente) The  structure results are consistent with the monoclinic bulk
capacitance(f) The work function. structure proposed.

The surface structure, probed using scanning tunneling
pyroelectric current across the surface phase transition amicroscopy, low-energy electron diffractio(Fig. 4) and
consistent with changes of the unoccupied electronic bandonduction-band structure mappiffig. 7), is distinct from
structuregFigs. 11a) and 11b)]. Capacitance measurements the bulk. There is evidence for relaxation of the first sublayer
of 5-ML P(VDF-TrFE) films [Fig. 11(e)] also show peaks at toward the surface. The resultant surface primitive cell of the
both the surface and bulk ferroelectric-paraelectric phaseopolymer films BPVDF-TrFE, 70:30 consists of eight
transitions”® The surface phase transition is consistent withmonomers and its size is aboux@8 A2. This is consistent
the slow change of the work function with respect to thewith the postulated alfrans structure, with a “zigzag” in
sample temperature across the surface phase transition, #ag projection of the polymer chain onto tl€10 plane
shown in Fig. 11f). from a 13° deviation(=7°) from the polymer chain line

Three bulk measurements—dc conductivity, pyroelectriccaused by steric hindrance between fluoritiés. The
current, and capacitance measurements—show that there igleubled periodic lattice constant along the chain could come
low-temperature phase transition which is demonstrably thérom such a zigzag chain structure and the repeated periodic
surface phase transition, as shown by the surface-sensitiistance along the chain would be not 2.5 but 5.0 A. With the
spectroscopiegangle-resolved inverse photoemission, angledayer-by-layer growth of the film, the misfit in the placement
resolved core-level photoemission, and diode work-functiorof the chain to chain placement in the surface results in a
measurements The studies, using these surface-sensitivesuperperiodicity from layer to layer in the bulk. The differ-
spectroscopies, indicate that the surface is increasingly dience in the visualization of this chain to chain displacement
ordered with increasing temperature. in the surface versus the bulk is a consequence of the surface
sublayer relaxation.

Structural conformation changes, across the surface ferro-
electric phase transition, are also consistent with the ob-

The bulk crystal structure and the structure changes acroserved changes in the angle-resolved core-level photoemis-
the ferroelectric to paraelectric phase transition of the cosion and the work function. The change in structural
polymer poly vinylidene fluoride-trifluoroethylene(\MDF-  conformation is accompanied by shortening of the
TrFE, 70:30 films grown by the Langmuir-Blodgett method conduction-band dispersion period and shifting of the lowest
are qualitatively similar to films fabricated by the other unoccupied molecular orbital states toward the Fermi level in
methods, such as a spin casting or melt drawind’Thisis ~ P(VDF-TrFE), as shown in Fig. 7. The shift of the lowest
demonstrated in Figs. 1 and 2, though the crystal order in thanoccupied molecular orbital states was also observed across
Langmuir-Blodgett(LB)-grown films is significantly greater the surface phase transition in previous work.
and a superperiodicity is evident, as seen in Fig. 3. Well above the surface transition temperature, the dimin-

The bulk crystal structure of the(YDF-TrFE) copoly-  ishing resolution of the Brillouin-zone dispersion periodicity
mers has been a subject of some contrové&tdgitial x-ray  and the large shifting of the lowest unoccupied molecular
studies suggested that in the ferroelectric phase the structuegbital are an indication of increasing structural disorder, as

VII. DISCUSSION
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indicated in Fig. 9. The loss of the Brillouin-zone periodicity P(VDF-TrFE), copolymer films as thin as 5 ML have quali-

with increasing energy is strongly suggestive of a low acti-tatively the same bulk layer structure as thicker films. The

vation barrier to rotation and a low Debye temperature.  surface structure of these Langmuir-Blodgett films is, how-
A surface phase transitidn-20 °C) distinct from the bulk  ever, distinct from the bulk structure and there is a surface

phase transitioi~80 °C), can be understood partly as a con- phase transitio~20 °C) which is distinct from the bulk

sequence of the distinct surface crystal structure compared fghase transitiori~80 °C). The surface sublayer of(YDF-

the bulk structure. The surface also has smaller coordinatiomrFE) films is believed to be relaxed toward the surface.

number and a lower effective Debye temperature, though

indeed both are very lowabout 26 K for the surfaéeand

53-67 K for the bulk}). The coupling of the electronic ACKNOWLEDGMENTS
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