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Electron and hole polaron asymmetry in a two-band Peierls-Hubbard material
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A combined experimental and theoretical analysis of the quasi-one-dimensional mixed-valence in-
sulator [Pt(en),][Pt(en),Cl,]-(ClO4), (en=N,C,Hy) is given. Three intragap absorptions, observed
directly by near- and mid-infrared single-crystal transmission experiments and indirectly by
resonance-Raman excitation profiles, can be quantitatively accounted for with an extended Peierls-
Hubbard chain model incorporating %-ﬁlling of two bands, with striking asymmetry between elec-

tron and hole polarons. Analogies are drawn to modeling other strong-correlation novel materials,

including oxide superconductors.

The physics of narrow-band strongly correlated insula-
tors, and their pressure-, photoexcitation-, and doping-
induced intragap states continues to attract considerable
interest, especially in low-dimensional (D) materials such
as charge-transfer salts, conducting polymers, and oxide
superconductors. Strong competitions for broken-
symmetry ground state are controlled by electron-phonon
(e-ph) and electron-electron (e-e) interactions and by
dimensionality. These factors need to be understood
theoretically, and tuned experimentally, if the ‘“novel”
states of matter are to be utilized efficiently for special-
purpose materials. Here we report on a successful in-
tegrated making-measuring-modeling approach to a class
of materials of this type: ab initio and band-structure in-
put to a many-body Peierls-Hubbard Hamiltonian has
yielded quantitative agreement with ground- and excited-
state experimental data.

The large class of materials' having the form of
halogen-bridged transition-metal linear-chain complexes
(MX chain complexes; M, metal, X, halogen) offers an ex-
citing possibility to systematically vary the competing
forces through a very large range of single-crystal
materials—using pressure, doping, and chemical varia-
tions of M, X, and the ligand structure. The ligands are
attached to the metals and hold the chains of alternating
M and X into anisotropic three-dimensional (3D) struc-
tures. Thus, PtCl (i.e., M=Pt, X=Cl) compounds typi-
cally' have a ground state in which a large-amplitude di-
merization of the Cl sublattice displacements is stabilized
by an equally strong-valence dimerization on the Pt sub-
lattice. The strength of this charge-density-wave (CDW)
distortion decreases as X is replaced with Br and I toward
the valence delocalized (weak-distortion) regime.? Indeed
Pt,Br (based on the MMX monomer) under pressure’ and
NiBr (Ref. 4) are undimerized, and a spin-density-wave
(SDW) ground state probably occurs.

Tuning through the transition regions between ground
states is especially interesting, as seen in recent studies of
high-temperature superconducting oxides.® In fact, the
MX class has much in common with current modeling of
oxide superconductors. At stoichiometry, both are nomi-
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nally 3-filled, hybridized two-band materials in which
both e-e and e-ph interactions are important, described by
similar model Hamiltonians—the similarity with
Ba,_,Pb, BiO, is especially direct.® This analogy extends
to electron or hole doping of the broken-symmetry
ground states leading to discussion of polarons, bipo-
larons, excitons, and domain walls as self-trapped local
defect states (bags).

In this work we report results for
[Pt(en),][Pt(en)Cl, J(ClO,), (hereafter referred to as PtCl;
en=N,C,H;). Early experimental studies of polaron
states in MX materials focused on high-energy intragap
absorption features (“4” and “B” bands).” We now find
these to be accompanied by a much lower-energy (“C”)
band.® We argue that resonant Raman (RR) profiles
resolve the 4 and B bands into distinct absorptions for
electron and hole polarons. Direct comparisons between
experiment and theory show (i) a 1D extended Peierls-
Hubbard model Hamiltonian with 2-filling of two bands
is in quantitative agreement with experiment, (ii) photoex-
citation above the intervalence charge-transfer (IVCT)
band-gap results in localized electron and hole polarons,
and (iii) asymmetry exists between electron and hole pola-
rons in terms of both their characteristic vibrational
modes and their intragap absorption transitions. Previ-
ous theoretical studies®”'® focused on approximate 1-
filled one-band models which do not exhibit this asym-
metry. The importance of electron-hole asymmetry has
also been suggested in recent studies of quasi-2D oxide
superconductors.“

Synthesis of PtCl was achieved using previously report-
ed methods.'> Infrared (ir) transmission difference spec-
tra of oriented single crystals obtained before and after
photoexcitation into the IVCT band at 20 K (Ref. 8)
show the growth of a new feature ca. 3200 cm™! (C
band). The increase in intensity of this new feature, even-
tual saturation at long photolysis times, and decay upon
warming the sample to room temperature all correlate
with the behavior of the 4 and B bands. It has not been
possible to obtain transmission spectra in the 4 and B
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and the C regions simultaneously. However, separate ex-
periments on crystals with the same approximate thick-
ness indicate that the C-band intensity is significantly less
than that of the 4 and B bands; the relative intensities es-
timated from observed absorbences are depicted in Fig. 1.
We attribute these intragap features to polarons as (1)
they grow in and decay at the same rate as paramagnetic
defects observed in EPR, (2) the energies of the 4, B,
and, in particular, the mid-IR (C) bands can only be con-
sistent with polaronic defects, and (3) the energies, inten-
sities, and line shapes of the intragap absorptions quanti-
tatively agree with calculations using polarons (see
below).

RR spectra polarized along the chain axis of single
crystals held at 15 K were obtained using excitation ener-
gies varying from 1.2 to 2.5 eV. Defect states in the as-
grown crystals were studied by tuning the excitation en-
ergy from the red'’ towards the IVCT band edge in order
to avoid complications from metastable photoexcited
states. Photoinduced defect states were studied using a
probe beam to the red of the IVCT after photoexcitation
into the IVCT. Focused laser intensity at the sample
was, in all cases, less than 5 mW. Further experimental
details are given elsewhere.!* !> Vibrational features were
observed about 287, 272, and 263 cm ™~ .

RR studies of crystals before photoexcitation into the
IVCT show evidence for weak vibrational modes that can
be attributed to defect states.'* Here we focus on the
features about 287 and 263 cm~!. RR experiments per-
formed using excitation to the red of the 4 band (1.3-1.5
eV) before and after photoexcitation into the IVCT tran-
sition show that both the 287- and 263-cm ™' features
show the same growth and decay rates as the 4, B, and C
bands.!® Accordingly, we attribute them to local modes
of polarons. On the basis of expected!” changes in the
Pt-Cl force constants upon oxidation of PtII (hole)
versus reduction of Pt IV (electron) sites, we attribute the
vibrations at 287 and 263 cm ! to hole and electron pola-
rons, respectively. The feature at 287 cm ™! exhibits two
distinct regions of enhancement centered slightly to the
red of the A band (1.4—1.7 eV) and slightly to the red of
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FIG. 1. Intragap optical absorption features for

[Pt(en),][Pt(en),Cl,]-(ClO,), with RR enhancement regions
(1-5) superimposed. The RR data separates the optical data
into distinct features for electron (regions 1 and 4—dotted—
enhancing a phonon at 263 cm ™) and hole (regions 2 and 5—
solid—enhancing phonon at 287 cm ™) polarons. Region 3—
dashed —enhances a phonon a 272 cm ! (see text).
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the IVCT band edge (2.17-2.5 eV). In contrast, the
broader RR feature at 263 cm ™! is enhanced in a region
further to the red of the 4 band (1.28-1.43 eV) and in
the region corresponding to the B band (1.92-2.1 eV).
These distinct enhancement regions are also depicted in
Fig. 1.

Turning to our theoretical modeling, we consider an
isolated MX chain. Focusing on the metal d , and halo-

gen p, orbitals and including only near-neighbor interac-
tions, we use the following two-band tight-binding
many-body Hamiltonian:'?

H=3 [(—ty+ah,)c/ c1iy ot 10e1)
l,o

F(=Dleg =B (A +A, el er0)
+3 Unjny +1KS A
! !

FLK X Ay +8y 1) ()
]

M and X atoms occupy even and odd sites, respectively.
A, is the deviation from uniform lattice spacing between
sites / and [/ +1. Here parameters are the difference be-
tween M and X electron affinities (2e,=g,, —¢€y), elec-
tron hopping (¢,), on-site!® (B,,,By) and intersite (a)
e-ph coupling, on-site e-e repulsion (U,;, Uy), and finally
effective M-X (K) and M-M (K ;) springs to model the
elements of the structure not explicitly included: Ky,
accounts for the rigidity of the M (plus ligands) sublat-
tice. Since photoinduced defects have the same experi-
mental spectra as those in the dark, we have not chosen
to model trapping on preexisting defects.

The general model is capable of supporting several
ground states:'® period-4 CDW, SDW, bond-order-wave
(BOW), spin-Peierls, as well as intriguing long-period (su-
perlattice) patterns.’® For PtCl, a combination of
ground-state experimental data [the Cl sublattice distor-
tion amplitude (0.38 A), the o(Cl)—>do* absorption for
the oxidized monomer (4.7 eV), and the IVCT band edge
(2.5 eV)] and quantum chemical calculations?' on small
PtCl clusters (including ligands), appropriate to the high-
ly valence localized limit, lead us to the following
Hartree-Fock (HF) effective (U =0) parameter set for the
Hamiltonian (1): 1,=1.6 eV, a=2.4 eV/A, ¢,=0.96 eV,
By =0.16 eV/A, K=3.9 eV/A% and K, =. For
Ky R K our results are insensitive to K, and By. For
U0, these values must be adjusted so that the same uni-
form band structure results. For small to intermediate U,
agreement of exact diagonalization and HF or perturba-
tion theory is excellent (for both ground- and defect-state
structure and optical absorption). This is a consequence
of the 3-filling in a CDW regime and is to be contrasted
with the discussion of 1-filled one-band models, where
true e-e correlation effects dominate. We anticipate
U~1-2eVin PtCL

Figure 2 shows the optical absorptions predicted for
hole and electron polarons and bipolarons calculated on a
100-site chain with one or two electrons added or sub-
tracted from 3-filling. The combined electron-lattice
Hamiltonian was allowed to relax (adiabatically) to the
new ground state and the absorption was calculated from
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FIG. 2. Optical absorption spectra, with the IVCT scaled to
unity and uniform absorption subtracted, for the electron (dot-
ted) and hole (solid) polaron (P) and bipolaron (BP) (PtCl pa-
rameters). Note the electron-hole asymmetry.

the Golden Rule—the results were Lorentzian smoothed,
but no inhomogeneous broadening was included. We find
three distinct intragap'® absorption features for each po-
laron species and one and two intragap features for the
hole and electron bipolarons, respectively. Correspond-
ing results have been obtained for negatively charged,
positively charged, and neutral kinks, and for excitons, as
described elsewhere.'® Figure 3 shows the associated lo-
cal lattice distortions and charge distributions. Note the
X sublattice distortion follows the CDW on the M’s, and
for the bipolarons the lattice distortion is 180° out of
phase at the bipolaron center. While all defects are high-
ly localized structural distortions (consistent with the
valence localized ground state), the charge distortion is
significantly shared with neighboring atoms only for the
hole defects. EPR experiments?? suggest the spin density
is spread over approximately two Pt sites. We also re-
mark that the defects are accompanied (for K, 7 o ) by
a small local BOW (M sublattice) distortion even though
the ground state is purely CDW.

Comparing Figs. 1 and 2, we conclude that the agree-
ment is excellent and supports the interpretation of hole-
polaron absorptions at 4, ~1.5 eV and B, ~2.3 eV (RR
profiles 2 and 5, enhancing the vibration at 287 cm ™),
with electron-polaron absorption at 4,~=1.3 eV, B,~2.0
eV, and C,~=0.4 eV (RR profiles 1 and 4, enhancing the
softer vibration at 263 cm™!). The predicted C, struc-
ture is too broad to be detected by the experimental tech-
nique used here and will need an alternative experimental
probe. The A4 band observed to grow in upon photoexci-
tation corresponds to hole and electron polarons with the
electron polarons contributing to the red edge of this in-
tragap transition. Further, the B band is dominated by
the electron polaron while the expected B, absorption is
within, and unresolved from the IVCT band edge.
Single-crystal transmission experiments”® have shown no
evidence for a resolved A-band feature for the electron
polaron, although this is a difficult region owing to poor
instrument response. Our RR results are important in
that they demonstrate that electron and hole polarons
have distinct vibrational modes which, in turn, have dis-
tinct excitation profiles.

Although our theoretical treatment has centered on
self-trapped electron and hole polarons on an otherwise
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FIG. 3. Lattice positions of the metal (O ) and halogen (< ,
displacement exaggerated by a factor of 2 for clarity), excess
charge density (solid line), and the excess spin density (dotted
line) for the defects of Fig. 2. Note the electron-hole asym-
metry.

undistorted chain, several experimental details, such as
the EPR signal®? and long lifetimes of photoinduced po-
laronic states, suggest trapping on preexisting defects
(such as adjacent reduced metal centers). Preliminary
studies show that weak pinning potentials do not affect
the calculated A4-, B-, and C-band absorptions—in par-
ticular the asymmetry —significantly. More detailed ex-
perimental and theoretical studies are underway.

The assignment of the peak observed at 272 cm !,
enhanced in region 3, is not yet clear. Although this ab-
sorption region coincides with that predicted for electron
bipolarons (see Fig. 2), lattice dynamics calculations do
not support this assignment.!” Rather, the electron bipo-
laron should yield a Raman-active phonon that is lower
in energy than the electron polaron mode at 263 cm ™'
However, preliminary studies of the temperature depen-
dence of the MX chain defect phonons show that, upon
warming from 12 K, the signal at 272 cm™! is dimin-
ished, while the signal at 263 cm ™' gains intensity. This
suggests that the 272-cm™! phonon is due to an
unidentified defect that is converted into electron pola-
rons upon warming.

In conclusion, we have demonstrated the validity of an
extended Peierls-Hubbard, 2-filled, two-band model for
isolated chains of [Pt(en),][Pt(en),Cl,](ClO,),. We have
shown that model parameter values extracted from quan-
tum chemical calculations and ground-state experimental
data can quantitatively explain observed intragap absorp-
tions. We stress that a %-ﬁlled, two-band model is essen-
tial in explaining the striking asymmetry observed be-
tween electron- and hole-polaron absorptions.”* The les-
sons and techniques used here will be important in other
MX materials and more generally in novel low-D materi-
als with strong competitions for broken-symmetry
ground states, including the analogous 2D and 3D oxide
superconductors.’
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