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Photoinduced self-localized structural distortions in YBa;Cu3z07- 5
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Photoinduced absorption measurements of YBa,Cu307—5 (6 =0.75) from 150 to 4000 cm ~! are
reported. We observed photoinduced infrared-active vibrational modes, associated phonon bleach-

ings, and an electronic transition from a self-localized gap state.

The results indicate a local

tetragonal to orthorhombic distortion around the charge carriers. The dynamic mass associated
with the distortion is smaller in YBa;Cu3O7-;5 than in La;CuQOs. The photoinduced structural
distortion and the associated self-localized gap state demonstrate that the photoexcitations are po-
larons or bipolarons. Since these photoinduced absorption features are not observed in the iso-
structural compound La;NiOs we conclude that polaron (or bipolaron) formation may play an
important role in the high-temperature superconductivity.

INTRODUCTION

Research on the superconducting copper oxides has fo-
cused on identifying the mechanism(s) responsible for
high T.. Determining whether the mechanism involves
pairing via phonons, pairing via electronic excitations, or
whether a totally new mechanism is involved is of funda-
mental importance. The absence of an isotope effect! in
YBa,;Cu3;07-5 and the relatively weak isotope effect? in
La;-,Sr,CuO,4 were interpreted as evidence that the
electron-phonon interaction is not the dominant pairing
mechanism. On the other hand, photoinduced infrared
(ir) absorption data® on La,CuO4 provided direct evi-
dence of the electron-phonon interaction and demonstrat-
ed the formation of a unique local distortion around the
carriers.

For strong electron-phonon coupling, charge carriers
(introduced by doping or photoexcitation) form polarons
which attract one another via overlap of their structural
distortions. This attractive interaction can lead BCS-like
superconductivity with an enhanced 7, (due to the rela-
tively long range of the localized distortion);* or to forma-
tion of polarons or bipolarons that Bose condense® or
pair.® Even if other pairing interactions dominate (e.g.,
resonating valence bond,’ electronic exciton,® or magnet-
ic® mechanisms, etc.), the electron-phonon interaction
could still play an important role.

In the previous study? of the photoinduced ir absorption
in La;CuQy, the importance of the electron-phonon in-
teraction was emphasized. Photoinduced infrared-active
vibrational (IRAV) modes and phonon bleachings were
observed, together with a broad photoinduced electronic
absorption that peaked at ~0.5 eV. The former indicated
the formation of a localized structural distortion, while
the latter indicated the formation of a localized electronic
state in the energy gap. The association of this gap state
with the localized structural distortion formed around the
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photoinjected charge carriers was implied by the common
temperature and intensity dependences of the photoin-
duced spectral features.

To probe more deeply into these phenomena, we have
expanded this study to the YBa;Cu3O7-5 system; we re-
port the presence of photoinduced ir absorption in
YBa,Cu3;07-5 (6§=0.75) implying the existence of a
tetragonal-to-orthorhombic structural distortion around
the photogenerated charge carriers and an associated pho-
toinduced electronic absorption peaked at ~0.13 eV.
These data provide direct evidence of the importance of
the electron-phonon interaction in the YBa;Cu307 -5 sys-
tem. Moreover, the smaller dynamic mass (~11.4m,)
and the more weakly bound gap state (~0.13 eV) found
in YBa;Cu3O7—5 as compared with La,CuQO4 (~23.8m,
and ~0.5 eV, respectively) suggest a longer-range distor-
tion around the carriers in the higher-T, system. The
broad 0.13-eV peak and a partial IRAV mode spectrum of
Y Ba,Cu;307 -5 have been independently reported in a pub-
lication'® that appeared after the completion of our stud-
ies.

In both La;—-,Sr,CuO,4 and YBa,Cu3Oq -5, a structur-
al phase transition occurs as the number of carriers is in-
creased either by doping (increasing x causes a transition
from orthorhombic to tetragonal) or by removal of the ox-
ygen vacancies (decreasing & causes a transition from
tetragonal to orthorhombic), respectively. In both cases,
the correlation of the orthorhombic-tetragonal phase tran-
sition with 7, demonstrates the importance of structural
distortions (caused by changes in x or §) to the supercon-
ductivity. Our results demonstrate that even when charge
carriers are injected by photoexcitation, a localized dis-
tortion forms around the carrier, and that associated with
this localized distortion there is a localized electronic state
in the energy gap. These spectral features demonstrate
the formation of self-localized polarons (or bipolarons),
and they imply that the semiconducting phase is
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sufficiently close to the structural instability that even a
single carrier locally changes the structure to that charac-
teristic of the metallic (and superconducting) phase.

EXPERIMENTAL TECHNIQUES

The tetragonal semiconducting YBa,Cu;O;—;
(6=0.75) samples were prepared by heating orthorhom-
bic superconducting material (7, =92 K: a=3.8170 A,
b=3.8888 A, c=11.6721 A, ¥'=173.26 A% in air at
850°C in an alumina boat for 3 h followed by rapid
quenching to room temperature. The resulting sample
was not a superconductor; resistivity measurements gave
the high dc value and characteristic temperature depen-
dence of §=0.75. X-ray powder patterns indicated a
tetragonal unit cell: a=3.8590 A, 5=3.8590 A,
c=11.7949 A, V=175.65 A3 The oxygen content was
determined by comparing these values with the lattice
constants given by Tarascon et al.!'! For photoinduced
absorption, the sintered pellet was then reground to
micrometer-sized crystallites and mixed at a concentra-
tion of 2 wt.% with KBr powder (for the spectral range
from 400-4000 cm™') or 1 wt.% with CsI powder
(120-500 cm ~!). The mixture was pressed into thin dark
grey semitransparent pellets, which were then reground
and repressed to achieve greater homogeneity. This pro-
cess was repeated until satisfactory transparency and
homogeneity was achieved.

An IBM/98 (Bruker) Fourier-transform ir interferome-
ter, modified to allow access onto the sample of the exter-
nal beam from an Ar™ laser, was used to cover the spec-
tral range from 120 (0.015 eV) to 4000 cm ~! (1 eV); the
Csl cutoff set the low-frequency limit. For temperature
control, the sample was placed on the cold finger of an Air
Products Heli-tran system. The sample was optically
pumped by the laser at 2.7 eV with a power level of 30
mW/cm?, and the fractional changes in ir transmission
were measured'? (with resolution of 2 cm ! in the far-
infrared region and 4 cm ~! in the mid-infrared region).
The net change in the absorption coefficient (5a) was
determined from the photoinduced change in transmission
(AT); for small AT, —AT/T =5(ad) where d is the sam-
ple thickness. To obtain an acceptable signal-to-noise ra-
tio, signal averaging (~2 h) was required.

EXPERIMENTAL RESULTS

Figure 1 shows the photoinduced absorption spectra for
the semiconducting tetragonal phase YBa;Cu3O7—;
(6=0.75) obtained in the spectral range from 120 to 4000
cm ! at 15 K, with the inset showing the photoinduced
IRAV modes in greater detail. We found three major
IRAYV modes at 396, 436, and 520 cm ~! and four major
photoinduced bleachings at 192, 219, 362, and 598 cm ~!.
In addition, a broad electronic absorption peak at 1050
cm ~!' (~0.13 eV) was observed.

In Fig. 2 we compare the ir spectra of YBa;Cu3O7-5
(6=0.75) at 15 and 300 K, with the ir spectrum of super-
conducting YBa,Cu307-;5 (8 <0.2). For §=0.75, vibra-
tional modes were found at 164, 191, 216, 252, 361, 472,
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FIG. 1. Photoinduced absorption spectrum of Y;Ba;Cu3zO7-5
(6=0.75) at 15 K (2.7-eV pump at 30 mW/cm?); inset shows
detailed IRAYV features.

532, 583, and 632 cm ! with the sample at 300 K. Upon
cooling to 15 K, we observed an increase in oscillator
strength of the 359-cm ~! mode and a 19-cm ~! blueshift
of the 583-cm ™! mode, consistent with values reported
earlier.!®> For the orthorhombic phase (5§ <0.2), we ob-
served relatively weak ir vibrational features at 336, 454,
493, 528, and 602 cm ~! at 300 K. They appear weak in
transmission due to the strong free-carrier background in
the highly conducting sample. Reflectivity data'4 show
quantitatively that the 528- and 602-cm ~! absorptions
are relatively weak compared to the modes below 400
cm ~!. In contrast, for the tetragonal phase we find that
the modes at 532, 586, and 632 cm ~! are much stronger
than those in the far-infrared region. The ir modes associ-
ated with the two structures can be compared with the
photoinduced features shown in Fig. 1 (IRAV modes at
396, 436, and 520 cm ~! and bleachings at 192, 219, 362,
and 598 cm ~!). In particular, the bleaching frequencies
suggest that photoexcitation locally converts the structure
from tetragonal to orthorhombic.

Artifacts associated with the photoinduced absorption
technique can be generated by sample heating by the in-
cident laser pump beam. In systems such as oxide super-
conductors, small changes in the “dark” ir absorption
caused by a strong temperature dependence can be in-
correctly interpreted as photoinduced absorptions. Small
shifts in frequency with changes in temperature would ap-
pear as derivative-shaped signals in the photoinduced
spectra; changes in linewidth would appear as second-
derivative-shaped signals. Similarly, a decrease in intensi-
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FIG. 2. Infrared spectra of YBa;Cu3O7-5 (a) 6 <0.2 at 300
K (top); (b) 6=0.75 at 15 K (center); (c) §=0.75 at 300 K
(dotted curve).

ty accompanying an increase in temperature will appear
as photoinduced bleaching. That the photoinduced
features observed in Fig. 1 result from the photogenerated
charge carriers (and do not arise from sample heating)
can, therefore, be inferred from the lack of a derivative
shape to the photoinduced bleachings and from the ab-
sence of second derivative features even though the tetrag-
onal phase modes exhibit a strong temperature depen-
dence.

Nevertheless, as confirmation, we carried out detailed
measurements of the dark ir spectrum as a function of
temperature and generated from these data numerical
(—AT/T) spectra that would arise from heating. As
shown from the comparison of the two spectra in curves
(a) and (b) in Fig. 3, the heating-induced spectral
changes are clearly different from those in the photoin-
duced absorption spectrum. The thermal difference spec-
trum shows all the derivative features expected from sam-
ple heating artifacts; compare curve (b) with the ir ab-
sorption spectrum reproduced as curve (c) in Fig. 3.
Moreover, the broad electronic transition that peaked at
0.13 eV is completely absent in the thermal difference
spectrum. We conclude that the photoinduced spectrum
of Figs. 1 and 3(a) is a genuine indication of the change in
ir absorption due to photogenerated carriers.

It is known that small metallic particle effects arising
from random depolarization factors in highly anisotropic
metallic grains in ceramic samples can lead to artifacts in
the infrared reflection (and absorption) spectrum.!® In
such a case, the features in AT/T should be in one-to-one
correspondence with the features in 7. As shown in Fig.
3, curves (a) and (c), this is not the case. Since the sam-
ples used in the photoinduced absorption experiments are

0.8 | —
\
\4 NJ'\/\/VJ
A |
'Vl L r
[ hoy ‘\ |
< AT
| | | a \ (.
I A ./\fw‘\}: h Uy b
oo - @ widli 1Y Y |
(Y \ II“
7 ! |
= i
S [ | ﬂ‘ J/\' i
g ® i wfa N
5 TSNS
S N ?
a-o0s8 t ;“\
| SR \
/ \V_‘/ \ i
N \,\/_(/!
| ]
//‘
© /
-1.6 . e
0.0 200.0 400.0 600 0 8000

Frequency (cm™1)

FIG. 3. (a) Photoinduced absorption spectrum (15 K); (b)
thermal difference spectrum (between 15 and 300 K); (c) ir ab-
sorption spectrum obtained at 15 K.

insulating micrometer-sized crystallites embedded in an
insulating medium, such small particle effects will not
affect either the infrared spectrum or the photoinduced ir
absorption spectrum where the measured AT/T are of or-
der 10 73,

In Fig. 4 we compare the temperature dependences of
the IRAV mode at 520 cm !, the phonon bleaching at
598 cm ~!, and the broad electronic absorption that
peaked at 1050 cm ™! (~0.13 eV). The common temper-
ature dependence indicates that all originate from the
same charged species (the dependence in Fig. 4 is prob-
ably due to the temperature dependence of the carrier life-
time). This was confirmed through the intensity depen-
dence; an I'/2 dependence was observed for all of the spec-
tral features. We conclude that the IRAV modes, the
mode bleachings, and the broad electronic transition that
peaked at 1050 cm ™' (~0.13 eV) arise from the same
photogenerated charged excitation. This implies that the
gap state is self-localized and originates from the carrier-
induced structural distortion as a result of electron-
phonon coupling.

POLARON (OR BIPOLARON) PHOTOEXCITATIONS

The nature of the structural distortion associated with
photogenerated charge carriers can be inferred from the
photoinduced spectra. The four photoinduced bleachings
at 192, 219, 362, and 598 cm ~! correspond to ir active
modes in the tetragonal phase (§=0.75), and the three
major photoinduced IRAV modes at 396, 436, and 520
cm ~! correspond to Raman modes of the tetragonal phase
which are in 1:1 correspondence with the ir modes of the
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FIG. 4. Temperature dependence of the photoinduced elec-
tronic absorption at ~0.13 eV, the photoinduced bleaching at
598 cm ~!, and the photoinduced IRAV mode at 520 cm ™.

orthorhombic phase. We conclude that the presence of a
photoinduced charge carrier distorts the original tetrago-
nal structure, locally forming the orthorhombic phase.
Thus the photogeneration of charge carriers is qualitative-
ly equivalent to increasing the number of carriers by re-
ducing 6.

The origin of the photoinduced IRAV modes in con-
ducting polymers and their relation to resonant Raman
active modes has been clearly established.'® The 1:1
correspondence between IRAV and Raman modes arises
because photogenerated charges induce ir-active localized
phonons associated with the symmetric Raman modes.
Examination of the Raman spectrum'? of the tetragonal
phase of YBa;Cu307-5 reveals a similar 1:1 correspon-
dence. Assignments of some of the photoinduced IRAV
features can be made based upon the ir studies!’ of
SmBa,Cu3;07-;s For example, the photoinduced bleach-
ing at 598 cm ~! and the IRAV mode at 520 cm ~! are a
specific fingerprint of the structural change from tetrago-
nal to orthorhombic of the Cu-O plane. The bleachings at
190 and 219 cm ~! can be assigned to deformation of the
Cu-O plane coupled to the Y sites in the tetragonal phase.
Thus, when charge carriers are added, they couple to the
Cu-O plane which then locally distorts.

An estimate of the dynamic mass of the photoinduced
structural distortion was obtained from the ratio of the in-
tegrated oscillator strength of all the IRAV modes
(I'rav) to that of the subgap electronic transition (Z,),
my = (I3/I}rav)m., where m. is the electronic band
effective mass. We find my~11.4m,, which is consider-

ably smaller than the corresponding dynamic mass ob-
tained for La;CuO4 of ~23.8m,.. This result and the
smaller energy of the electronic transition (0.13 eV as
compared with 0.5 eV for La,CuQy) suggest that the dis-
tortion around a charge carrier is more widely spread in
YBa;Cu307-5 Based on our experience obtained from
analogous studies of conductive polymers,'® in order to
transfer so much oscillator strength into the IRAV modes,
the distortion must extend over several lattice units.

The photoinduced ir absorption features observed in
YBa;Cu307-5 and La;CuQy4 appear to be characteristic
of the superconducting oxide systems. Our initial infrared
photoinduced absorption studies of metallic La,NiO,4
(tetragonal phase) gave null results while the semicon-
ducting La,;NiQO4 (orthorhombic phase) yielded extremely
weak signals (essentially at the noise level) that are much
smaller in magnitude than YBa;Cu3;07-5 or La,CuOj,.
This implies that the dynamic mass of the self-localized
excitation (if any) in La,NiOy is an order of magnitude
larger than that of the copper-oxide systems.

SUMMARY AND CONCLUSIONS

In summary, we have demonstrated that the charge car-
riers in YBa,Cu307—; are polarons (or bipolarons) which
have a relatively small dynamic mass, m;~11.4m,. Pho-
toinduced IRAV modes and associated phonon bleachings
were observed, indicative of a local distortion from tetrag-
onal to orthorhombic in the vicinity of the charge carrier.
The subgap electronic transition in YBa;Cu3O7-5
(6=0.75) implies a self-localized electronic state and
occurs at a significantly lower energy (~0.13 eV) than
that observed for La,CuO4 (~0.5 eV). The reduced dy-
namic mass, the smaller gap-state binding energy, and the
implied spatially extended distortion are important com-
ponents to an understanding of the high 7.

Based on the results obtained from the dilute concentra-
tion of photogenerated carriers, we speculate on what hap-
pens at a higher concentration of holes corresponding to
x> 0.15 or § <0.2. At these high carrier concentrations,
there is no well-defined peak in the ir absorption (nor in
the frequency-dependent conductivity) for high-quality
samples; '° the oscillator strength associated with the elec-
tronic transition shifts toward zero frequency and be-
comes (at least a part of) the free-carrier absorption. This
implies that the hole polaron (or bipolaron) level broadens
and probably merges with the valence band. On the other
hand, the IRAV modes remain, with enhanced intensity; 2
a situation remarkably similar to the metallic state in con-
ducting polymers.'® The enhanced IRAV modes suggest
that in the superconducting phase the holes carry overlap-
ping distortions (like polarons or bipolarons), leading to
an average distortion plus large local fluctuations about
that average. Whether the implied attractive interaction
is sufficient to yield high-T. superconductivity remains to
be seen. However, since these features are not observed in
the isostructural compound La;NiO,4, we conclude that
polaron (or bipolaron) formation may play an important
role in the high-temperature superconductivity.
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