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Evidence of dynamic Jahn-Teller distortions in two-dimensional crystalline molecular films

Jaewu Choi, P. A. Dowbeh,C. N. Borca, Shireen Adenwalla, A. V. Bune, and Stephen Ducharme
Department of Physics and Astronomy, Behlen Laboratory of Physics, Center for Materials Research and Analysis,
University of Nebraska-Lincoln, Lincoln, Nebraska 68588-0111

V. M. Fridkin, S. P. Palto, and N. Petukhova
Institute of Crystallography, The Russian Academy of Sciences, 117333 Moscow, Russia
(Received 27 February 1998; revised manuscript received 12 May) 1998

The surface electronic structure in crystalline copolymer films of vinylidene flugri@es with trifluoro-
ethylene(30%) has been studied by photoemission and inverse photoemission as a function of alkali metal
(sodium doping. Sodium doping introduces at least two new states into the (80N O-LUMO) gap well
away from the Fermi level. While the sodium-doped copolymer is observed to resembitya@ semicon-
ductor, the change in electronic structure with temperature suggests that dynamic distortions lead to a photo-
emission initial state splitting of the lower Hubbard-like bands. There is a decrease in the effective Debye
temperature with sodium doping which may, in turn, enhance the dynamic Jahn-Teller distortion.
[S0163-182699)06603-3

I. INTRODUCTION An increase in the ability to resolve the two photoemission
states with increasing temperature would support the models
There exist a large number of studies of the alkali dopingof dynamic Jahn-Teller distortion in molecular systems such
of large organic molecular overlayers. Upon doping, newas those proposed by Santoro and co-worRers.
states should appear at the chemical poteritiz Fermi Recently, a new ferroelectric phase transition was ob-
|eve|) in the absence of a correlation energy, as in the case cﬂerved at 20 OC, distinct from the bulk transition ferroelectric
alkali doped poly-hexyl-thiophenfeln fact there are many transition at 80 °C, in two dimensional films of ferroelectric
examples where alkali doping creates states below the Ferriinylidene-fluoride polymerS This new transition was dem-
level (the occupied side but within the host materiaithe ~ ©nstrated to be a surface ferroelectric transition accompanied
undoped materialband gap, i.e., between the highest occu-by @ change in the surface electronic structure, using a com-
pied molecular orbitalHOMO) and the lowest unoccupied bination of photoemission and inverse photoemission
molecular orbital(LUMO) of the undoped system. The ap- measurement®. In this work we characterize the influence
pearance of states in the HOMO-LUMO gap has been reof cumulative alkali doping on the change in surface metal-
ported for alkali doping of poljpara-phenylenevinyleng  licity and eIectromp structure, as a function of temperature in
a,o-diphyltetradecaheptaeié, ~ poly(pyridine-2,5-diy),>  crystalline 5-ML films (5 ML) of P(VDF-TrFE 70:30, a
poly(2,2 -bipyridine-5,3-diyl) (Ref. 5 and 1,2- random copolymer of vinylidene fluoride with trifluoro-
dicarbadodecaborafiéThese alkali induced states have been€thylene, —consisting of all trans [(-CHy-CFo ¢
variously ascribed to the formation of lower Hubbard bahds, (CHF-CFx-)o.ad o~ chains?*'~*2
bipolaron states? and a soliton-antisoliton pair?

. The observation 0}‘ two photoemission states, in plgce ofa Il EXPERIMENT
single molecular orbital, can be a consequence of either the
photoemission initial state or final stat@r indeed have con- The films were formed by Langmuir-Blodgett monolayer

tributions from both. Such multiplication of the expected deposition from a water subphase as described elsewhere.
number of photoemission features is a known result of symThe films were deposited on silicon for photoemission stud-
metry breaking in the photoemission processd other final ies and on an aluminum-coated glass substrate with a sput-
state effects. Initial state effects such as a soliton-antisolitotered aluminum top electrode for dielectric studies. The in-
pairs or bipolaron formatidn® have also been invoked, but verse photoemission(IPES and photoemission(PES
such initial-state effects, as well as final-state effects, arstudies were performed in a U.H.V. chamber described in
generally unlikely to exhibit substantial temperature dependetail elsewherd with a base pressure better than 1
dence and certainly these effects are unlikely to becomex 10 1° Torr. The films were prepared by gentle annealing
more pronounced in photoemission with increased temperae 200 °C in vacuo and surface composition characterized
ture (quite the opposite is generally expecteHor soliton-  with core-level spectroscop§XPS). The valence-band pho-
antisoliton pairs, static Jahn-Teller distortions, bipolaron for-toemission spectra were acquired with a helium lamp oper-
mation or symmetry breaking in the spectroscopy final stateated at the He | emission lif@1.2 e\j and a Physical Elec-
increasing temperature should lead to a decrease in the abitonics model 365A hemispherical analyzer. The combined
ity to resolve the two photoemission states as with increasingesolution was 50 meV, as determined from the Fermi edge
temperature the polarons should unbind and broadening ebf gold. The photoemission spectra shown in this work were
fects due to dynamic motion should play an increasing roletaken with 60° incidence angle and normal emission.
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FIG. 1. The sodium & core level after(@) deposition of 1 ML 203

equivalent of sodium on vinylidene fluorid€70% with tri-
fluoroethylene(30%) and (b) after annealing to 423 K.

For the IPES studies, a Geiger-Mar detector with a . — .
Cak, window was used in conjunction with an Erdman-Zipf -10 E. Ei 4 8
electron gurf® The overall energy resolution was400 E-E (eV)
meV. All IPES spectra were collected with the electrons in-
cident normal to the surface. The Fermi level for both in- FIG. 2. Normal incidence inverse photoemission spegteght)
verse photoemission and photoemission was established (&?d normal emission photoemission spected) of a 5-ML crys-
ing a gold reference and the temperature was determindglline copolymer film of vinylidene fluorid€70%) W|_th trifluoro-
using a chromel-alumel thermocouple. A SAES Na gettelethylen_e(30°/f)). The spectra were taken as a function of temperg—
was used to dope theWDF-TrFE) film. The sodium cover- _ture. Ll.ttle difference was observed between s_pectra taken with
age was determined using a quartz crystal thin film monitof"c"€asing temperature as opposed to decreasing tempefature
calibrated by XPS. The films were annealed to ensure a unhySteres'}5
form distribution of alkali metal throughout the film. XPS

measurements were taken using magneskinradiation Photoemission and inverse photoemission spectra have
(1253.6 eV and the binding energies are with respect to thebeen taken following deposition of 1-, 2-, and 4-ML equiva-
Fermi level of the gold reference. lents of sodium and annealing to 423 K with the most
heavily doped samples shown in Fig. 3. Difference spectra
Ill. ALKALI DOPING that subtract out the contributions of the undopd&df -

TrFE 70:30 indicate that alkali metal doping introduces an

The sodium, as deposited on a 5-ML film dMDF-TrFE  occupied density of states in the valence-band region at
70:30 (70% vinylidene with 30% trifluoroethyleneat 200 about 5 eV binding energy with respect to the common
K, exhibits a Na & line shape with two distinct features Fermi level, as seen in Figs(al—4(d). With increasing tem-
characteristic of an inhomogeneous distribution of alkaliperature and large doping levels, this sodium-induced den-
metal, as seen in Fig. 1. In addition, there is a clear plasmorsity of states can be resolved into two distinct features at 3.5
like loss feature at 1077 eV binding energy characteristic ofind 5.5 eV binding energy with respectBq . This is simi-
sodium clustering® Annealing the film following sodium lar to the sodium-induced states in orthocarborame-
deposition leads to a far more uniform distribution of alkali dicarbadodecaborahpat 2.8 and 4.3 eV binding energy with
metal without any evidence of metallic cluster formation. Asrespect to the Fermi levisbut is at far greater binding energy
seen in Fig. 1, upon annealing to 350 ¢t above, the Nak  (with respect to the Fermi levethan was observed with
core level exhibits only a single feature and suppression oélkali-metal doping of pol§para-phenylenevinyleneat 0.9
the plasmonlike loss. This is characteristic of a uniform dis-and 2.8 e\? «,w-diphyltetradecaheptaene at 0.9 and 1.7
tribution of alkali metal at roughly equivalent binding sites. eV,>** poly(pyridine-2,5-diy) at 0.9 and 3.1 eV, and

In Fig. 2 we present a series of PES and IPES spectra qfoly(2,2 -bipyridine-5,3-diyl) at 0.9 and 3.3 eV.All of
an undoped 5-ML film of P/DF-TrFE 70:30. The inverse these large molecular systems exhibit, in common, a large
photoemission places the Fermi lev#he chemical poten- HOMO-LUMO gap. The similarities, in the influence of
tial) near the unoccupied conduction band, while little or noalkali-metal doping for various systems, are indicated in
density of states is observed near the Fermi level in photoFig. 4.
emission, characteristic of antype semiconductor as noted  The fact that alkali doping introduces similar changes in
elsewheré? With a film only 5 ML thick, charging is not all of these molecular systems suggests that similar mecha-
likely to be a dominant effect and we found no evidence fornisms are involved and that the correct model should be
surface photovoltage effects. insensitive to the molecular structure. Yet the models used to
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FIG. 3. Normal incidence inverse photoemission spegtcgnt)

and normal emission photoemission specledt) of a 5-ML crys- FIG. 4. The valence-band difference spectra of the 4 ML sodium

talline copolymer film of vinylidene fluoridé70%) with trifluoro- doped RPVDF-TrFE) film with respect to the undoped valence-band

ethylene(30%) doped with 4 ML equivalent of sodium. The spectra spectra(obtained by subtracting the PES spectra without alkali-

were taken as a function of temperature. metal doping from those spectra with alkali-metal dopiagtem-
peratures of(a) 423 K, (b) 393 K, (¢) 293 K, and(d) 203 K,

explain these alkali induced states are diverse. We have ar]espect_ively. The correspon_ding valence-band spectra are shown for
ready noted that the alkali-metal states have been attributd§ Sdium doped DR%,-diphenyltetradecaheptadrtaken from
to lower Hubbard bandpipolaron stated® or a soliton- ~ RefS: 3, 4(f) potassium doped on the Hipply(pyridine-2,5-diy)]

o .3, : : taken from Ref. 5, (g) potassium doped on the
antisoliton pair** While the models are not necessarily mu- L :
tually exclusive, a model cannot be generally applicable unPBPYpoly(2,2-bipyridine-5,8-diyl) taken from Ref. 5, andh) so-
. L dium doped on the orthocarborat@osc 1.2-dicarbadodecaborane
less it applies in all of the above molecular host systéons
. . : taken from Ref. 6.
at least most Insight into the most applicable model can be,
in part, gained through an inspection of the temperature de- | =1 pexp — 2W) )
pendence of the sodium induced states in the HOMO-LUMO 0 '
gap, as indicated in the Introduct_ion. A defi_nitive compar?so_mvherew is proportional to the mean square displacement of
among all of these systems requires combined photoemissiahe atoms due to the thermal vibration. This vertical dis-
and inverse photoemission data so that the relative positionslacement is a function of the effective Debye temperature
of the chemical potentidthe Fermi level relative to the con- ¢, and the sample temperatufeas®
duction and valence bandsan be ascertained in each. Core-

level spectroscopy demonstrating a uniform distribution of 5 3h%T
alkali metal is also essential. (Arf)= Am2MKa 62 @
BYD
whereM is the mass of the scattering center, in this study,
IV. EVIDENCE FOR STRONG the carbon that forms the polymer chain is chosen as a scat-
ELECTRON-PHONON COUPLING tering center. The Debye-Waller factdfis a function of the

5momentum transfeik and the mean-square displacement of

From the valence-band features shown in the photoemi .
Fhe atoms according to

sion spectra in Figs. 2-5, in particular, the molecular orbital
at 12 eV binding energy with respect to the Fermi leipals- _ 2/ Ap2

sibly related to the C-F bod®), we can extract an effective 2W=AKX(Ar). @
Debye temperature with increasing sodium doping. The efAs shown in Figs. 2, and 5, the intensity of the features at
fective Debye temperatures can be deduced from the changeound the binding energy 12 gf6r 0 ML Na doping, and

of the photoemission intensity as a function of 11 eV (with higher levels of Na dopingdecreased with in-
temperaturé’ 8 The vertical dynamic motion of the surface creasing of the sample temperature. The dependence of the
atoms influences intensity of the photoemission featuredntensity on temperature is shown in Fig. 5. The effective
which exponentially decays with Debye-Waller factr'® Debye temperatures for each sodium coverage was fit to the
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Such an influence of the phonon modes on the electronic
structure is not entirely unexpected and has been, to some
extent, anticipated by theofyNot all aspects of sodium dop-
ing are consistent with expectations. We would anticipate
that the dielectric response would increase with sodium dop-

ing. This should lead to a damping of the cooperative phonon
{ modes and an increase of the effective Debye temperature.

1.2

-,
-
>

o
1

Ln(K(T)/K(25K))

d

— r r While there are some indications that the Debye temperature
0 100 200 300 may rise with very high sodium doping levels, this is not
Femperat”re K clearly observed nor are the results at this stage definitive.
The sodium doping may also lead to the loss or diminution

of the possible conformational change could be the origin of
the shift in the lowest unoccupied molecular orbital binding
energy below 20 °C.

Dynamic or static, increased Jahn-Teller distortions could

split the lower Hubbard band, similar to the alkali-metal-

{ induced states, into more than one feature. Since the ob-
served splitting of the alkali-metal-induced states occurs with
increasing temperature we cannot attribute this effect to a
Jahn-Teller distortion or symmetry breaking introduced by

FIG. 5. The relative intensities of the photoemission features athe photoemission proce$d’he change in the alkali-metal-
12 eV (0 ML Na doping, and 11 eV(2 and 4 ML Na dopingwith induced features with increasing temperature result in two
respect to the intensity at 203 K as a function of temperature. Th&tates each with a smaller width than the single valence-band
solid lines correspond to effective Debye temperaturgsdf53 K feature observed at lower temperatu¢egy. 4). This cannot
(0 ML Na), (®) 21 K (2 ML Na), and(H) 29 K (4 ML Na). The  be explained by the Debye scattering due to the limited reso-
inset is the effective bulk Debye temperature of 69 K fitted to datalution of the experiment, though the diminution of these pho-
from neutron scattering for an undoped film nominally 50 ML thick toemission features with increasing temperature is consistent
(Ref. 20. with a low effective Debye temperature.
Symmetry-lowering ferroelectric phase transitions are

Debye formalisn{Eq. (1)] yielding approximately 50 K for usually attributed to Jahn-Teller or pseudo-Jahn-Teller dis-
0 ML Na doping, 20—30 K with Na doping, representative of tortions where doping tends to lower the transition tempera-
dynamic motion normal to the surface. ture by weakening the Jahn-Teller interactféi> Ferroelec-

Confirmation that the temperature dependence of thidlcity in PVDF and |ts_cppolym¢rs has be‘?” modgleq
photoemission feature is indeed representative of the effe Statistically based on steric interactions, strong intrachain di-
tive bulk Debye temperature, from motion normal to the. edral fprces coupled with a mean field of relatively weak
film, comes from comparison with neutron Scatteringmterchaln van der Waals forcéThe present results sug-

measurementS shown in the insert to Fig. 5. An effective gest tha_t these _models should be examine_d_ for the appear-
Debye temperature of 693.5K, obtained from neutron ance of intrachain soft modes near the transition temperature.

scattering, compares well with an effective Debye tempera- Whatever model is applied to alkali doping of molecular

ture of 53t 11 K obtained from photoemission for the un- systems, we must account for a strong tempergture depen-
doped RPVDF-TrFE 70:30 film. The differences have been dence. This suggests that electron-phonon coupling p!ays an
attributed to greater surface sensitivity in photoemission almportant role in these systems. We postulate the existence
well as possible systematic errors from the analysist the of Jahn-Teller distortions in these systems at the higher tem-

data but in any case, this value is much higher than theperatures. This has important implications for the interpreta-

anticipated effective surface Debye temperature of approxif[-'on of the ferroelectric-paraelectric phase transition exhib-

mately 26 K based on inverse photoemissidn. ited by the RVDF-TIFE) systemt:
There is a decrease in this effective bulk-like Debye tem-
perature with sodium doping. This may also explain the
changes in the binding energy of the lowest unoccupied mo-
lecular orbitals with temperature. In lattices dominated by The influence of temperature on the electronic structure in
dynamic Jahn-Teller distortions, cooperative Jahn-Teller disthe 5-ML RVDF-TrFE 70:30 film is quite pronounced in
tortions are to be expected—driven by the intermoleculalPES, as seen in Fig. 2. With increased temperature, the un-
elastic couplind. Such cooperative distortions could be staticoccupied molecular orbitals of(DF-TrFE) shift to lower
and become manifest in the molecular crystal as a conformainding energies, driving the conduction band into the Fermi
tional chang& in the molecular B/DF-TrFE 70:30 chain.  level. Substantive changes in the unoccupied density of
The all-trans configuration of(WDF-TrFE 70:30 (Refs. 11, states are observed as a function of temperature in the vicin-
21) might be enhanced or suppressed at low temperatureity of the Fermi level, as summarized in Figaf This re-
Steric and electrostatic intramolecular interactidiSmight  sult, taken in conjunction with the shift of the unoccupied
be overcome by cooperative Jahn-Teller distortions if thedensity of states toward the Fermi level, indicates that the
effective Debye temperature of the chain conformation isnsulator gap is closing with increasing temperattire.
sufficiently small. The increase in the observed density of states at the Fermi

o
o
1

Relative Intensity

o
[e)}
1

0.4 1

1 T 1 1 1 1 1
200 250 300 350 400 450 500
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V. OTHER TEMPERATURE-DEPENDENT EFFECTS
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occurs at increasingly lower temperatures with increasing so-
dium doping levelgFig. 6). With increasing sodium doping,
there is a pronounced shift away from the Fermi level then
back toward the Fermi level with increasing temperature
(Figs. 4 and B These effects are least pronounced at the
highest doping levels. While these changes may be associ-
ated with a coupling of the surface ferroelectric to paraelec-
tric transition with a semiconductor-to-semimetal—like tran-
sition, as was shown with the undoped filfishe changes in
conductivity as well as the surface ferroelectric transition in
the sodium doped (WDF-TrFE) crystalline polymer films
have not been characterized. Nonetheless, the dramatic in-
crease in the unoccupied density of states right at the Fermi
energy, observed in inverse photoemission, is persistently at
approximately 0—20 °C independent of the sodium doping
level.

N (Ep)

E-E; (eV)

N (E;)

N (E;)

VI. SUMMARY

We find evidence in support of strong electron-phonon
coupling in two-dimensional films of the copolymer of vi-
nylidene fluorideg(70%) with trifluoroethyleng(30%). This is
evident in the correlation between the measured effective
' Debye temperature and the extent of the binding energy
: shifts in the lowest unoccupied molecular orbitals with tem-
perature. The splitting of the occupied gap states, which were
introduced by sodium doping, with increasing temperature
suggests that at least some of the electron-phonon coupling is
FIG. 6. The binding energy shifO) of the LUMO states and associated with dynamic Jahn-Teller distortions. Such split-
the summation of the occupied and unoccupied density of statedngs of states induced by sodium doping may have been
near the Fermi leve(®) for 0 ML (a), 1 ML (b), 2 ML (c), and 4  incorrectly interpreted in some experimental systems in the
ML (d) sodium doping. past and similar temperature-dependent studies of these sys-

tems are indicated.
level and a shift in binding energy of the LUMO states to-  The electron-phonon coupling may be manifest in con-
ward the Fermi levelFig. 6@)] in the crystalline ferroelec- figurational changes in the polymeric chain that occur as
tric po|ymer coincides with the ferroelectric transition ob- COOperative distortions but structural studies are Certainly
served at 20 °Clon heating.g’lo The surface ferroelectric Nneeded at this stage if these issues are to be further clarified.
phase T<20°C) is characteristically insulating with a While static Jahn-Teller distortions, bipolarons, or
clearly established band gap. Since we observe no increase@tisolition-soliton pairs cannot be eliminated based upon
the occupied density of statésom PES for the undoped our data, the strong temperature dependence of the photo-
films with increasing temperature, we cannot conclusivelyemission and the low Debye temperatures implicate dynamic
say that the corresponding surface paraelectric phdse (Motion as a major contribution to the experimental electronic
>20°C) is metallic but given the changes in conductivity Structure.
and electronic structure, it certainly resembles a highly
doped semiconductaisemimetal.l® Thus this ferroelectric
phase transition at about 20 °C is accompanied by a change
in electronic structure that closely resembles a nonmetal-to- This work was supported by the National Science Foun-
metal transition in many respects. dation, the Office of Naval Research, and the Nebraska Re-

A change in the unoccupied density of states near theearch Initiative through the Center for Materials Research
Fermi level is also observed with Na doping of the film. Theand Analysis. S.P.P. and N.P. were supported by INTAS
dramatic increase in the density of states at the Fermi leveProject No. N93-1700.
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