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Temperature dependence of doping-induced modes in Cu-O planes
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Measurements of the frequency-dependent conductivity confirm that unusual lattice vibrational modes
are induced by doping of several materials containing Cu-O planes. We find that the modes broaden rap-
idly with increasing temperature, consistent with the presence of a large linear component. This
broadening of these vibrational modes is similar to that of electronic modes found previously in these
same materials and analyzed in attempts to understand high-temperature superconductivity.

There are two recent suggestions that interesting
anomalies occur in the vibrational modes in Cu-O planes
due to the coupling to dopants. The first is the prediction
of electronic interactions in the dynamic tilting of the
Cu-O planar bond.! The second is the prediction of a
highly nonlinear feedback mechanism that enhances the
effect of the electron-lattice coupling on local distortions
in the Cu-O planar lattice.?

These theories follow a substantial body of studies of
the electron-lattice interactions in semiconducting, anti-
ferromagnetic precursors to the high-temperature super-
conductors.>™® Of particular importance is the series of
photodoping measurements on the differential absorption
which have indicated modifications of the vibrational
spectrum by the added carriers.*”7 Our experiments are
an extension of this work in that we also measure the
spectral change due to doping, but in addition we deter-
mine the absolute, frequency-dependent conductivity at
thermodynamic equilibrium by using static doping. We
confirm the previous indications of a reduced absorption
near the phonons of the pure material and an enhanced
absorption at doping-induced modes. In addition we can
measure the spectral weight, the energy, and the
linewidth of both phonons and new modes, and in partic-
ular, we can follow their changes as a function of temper-
ature. Of particular interest is a measurement of the
linewidth of a doping-induced mode as a function of tem-
perature.

To study the temperature dependence we have focused
on a particular doping-induced mode in a material with a
simple crystal structure (containing no chains). This
mode occurs at an energy just below the phonon that
arises'? from the opposing vibration (stretching and prob-
ably tilting) of Cu and O in the planes. The proximity in
energy of these two modes suggests that they may involve
similar atomic motions and may therefore be particularly
sensitive to the charge density which is added to the
planes. We find that the temperature dependence of the
linewidth of this doping-induced mode is much larger
than that of the phonons and is consistent with the pres-
ence of a substantial linear term. We find that this linear
component is not present in the linewidth of the nearby
phonon, and as a result the temperature change in the
linewidth of the doping-induced mode turns out to be
nearly 20 times larger below 100 K. The linewidth of the
doping-induced mode can be modeled as an effective de-
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cay rate due to interactions with the surrounding envi-
ronment.

In previous work, decay rates have been found to fol-
low a linear temperature dependence for the electrons in
the normal state of many high-temperature superconduc-
tors.>%1112 A gsimilar relaxation rate of the dopant
charges'® has been found in the insulating phase of this
same class of planar Cu oxides. In contrast, phonon de-
cay rates are usually dominated!* by a faster variation.
However, the phonon decay is known to be enhanced by
the addition of carriers.'®

We have measured both the phonons and doping-
induced modes with optical reflectivity on crystals of cu-
prate hosts which, at higher doping levels, can produce
high-temperature superconductivity.!® We have studied
these materials at dopant concentrations which are small
compared to those that are required for superconductivi-
ty, because at these low levels we can measure the vibra-
tional modes accurately without having to separate them
from large electronic contributions. The charges at
different concentrations are added by removing or adding
O atoms during crystal growth or by annealing in a con-
trolled O environment.

We have measured doping-induced modes in five
different crystals of three host materials: Ba,YCu;Oq¢ ,,
La,CuO,. ,, and Nd,CuO,,. Our observed changes in
the absolute spectra with doping confirm measurements
of the differential absorption spectra with photoexcitation
in similar materials.*”’ Some of our measured spectra
for these materials are shown in Fig. 1. In all cases we
have measured the reflectivity, R, an example of which is
shown in the left part of the figure. For Ba,YCu;Oq4,,,
the solid line is measured and the dashed line is a fit with
a set of Lorentzian oscillators of the usual form,® 1°
neglecting the Fano corrections!” due to the interaction
between the phonons and the electronic band induced by
doping.”!* The parameters of this fit show phonons,
characteristic of the x =0 materials consistent with pre-
vious measurements.>* These data were taken at room
temperature where the doping-induced modes are not
resolved as at lower temperatures. We did not measure
this crystal further, because we wanted to focus on ma-
terials where x could be controlled in the range near zero.

We found that we could make crystals with apparently
high dopant homogeneity at the desired lower values of x
in the Nd and La compounds. The spectra for these ma-
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FIG. 1. Phonon spectral region of five crys-
tals of insulating cuprates as labeled. The left
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terials are shown in the right part of Fig. 1. Here, our
measured reflectivities have been transformed into the
real part of the conductivity, o, using the conventional
Kramers-Kronig method.>®12 We have also fit R direct-
ly, and find the same results as discussed below, but
prefer to plot o for a discussion of the results. In all
cases the reflectivities in the limit of frequency approach-
ing zero were interpolated to the dc resistivity. All the
crystals shown in Fig. 1 were semiconducting and had o
near or below 10™% (Q cm) ! at low temperatures. The o
data in Fig. 1 are all for T =10 K. The values of x for
the four crystals on the right are estimated from the Néel
temperature and from the spectral weight in the mid-IR
to be (from top) <0.005, ~0.035, ~0.015, <0.005.
Here, also, the doping-induced modes can be seen in ad-
dition to the phonons. We singled out the Nd compound
for further study based on previous characterization of
these materials.>!> We further decided to concentrate on
the modes near 500 cm ! because these involve the Cu-O
stretch in the planes,'® and are thus a vibration that
might be expected to interact directly with the dopant
charges that reside in the planes.

Figure 2 shows the optical conductivity in the frequen-
cy region near the Cu-O stretch vibrations for two crys-
tals, the upper curves for a sample that is relatively pure
and the lower for a sample with 3% vacancies. The pho-
non allowed by symmetry in the perfect crystal peaks at a
frequency, @=511.1 cm ™! in the limit as T approaches 0
K as shown in the upper figure. The effects of the doping
can be seen in the lower part of the figure by the appear-
ance of a doping-induced mode at a lower frequency.

In both parts of Fig. 2, curves are shown for 7 =10,
180, and 300 K. With increasing T all the modes can be
seen to broaden, and the doping-induced mode becomes
unresolved at room temperature. We have fit all of these
curves with a set of Lorentzians, and shall focus on the
linewidths of the principal components, because these ap-
pear to be the most reliable and the simplest to interpret.

Figure 3 shows two examples of these fits. Here the

data are plotted as solid lines, the sum of the fitting
curves as solid points, and the individual fitting com-
ponents as light or dotted lines. These fits determine the
intensity (plasma frequency squared, w3), center frequen-
cy, and linewidth (whose 7-dependent part we interpret
as the T dependence of the lifetime, 1/7). Qualitatively,
these fits indicate that the phonon is asymmetric but
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FIG. 2. The temperature dependence of the vibrational
modes near 500 cm ™!, showing the broadening with 7 and also
the broadening with doping and the appearance of a doping-
induced mode.
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dominated by a strong component. The buckling that
occurs in similar materials suggests that the asymmetry
arises from a tilting of the Cu-O unit, with lower frequen-
cy absorption where the tilting is greater. Furthermore,
the intensity of the doping-induced mode is seen to in-
crease dramatically over this doping range.

We find from the fits as a function of T that the spec-
tral weights are essentially constant with 7. Further-
more, the ratio of weight of the induced mode to that of
the optical phonon is an indication of the dopant concen-
tration. For a dopant concentration of 3%, the induced
mode as analyzed in Fig. 3 has a spectral weight, which
we characterize by w3, that is about 20% of the phonon.
In the nearly pure crystal we do not have an accurate
measure of the dopant concentration, but the correspond-
ing % ratio is about 5%, which we interpret as
confirming the low-dopant density. The T dependence of
the center frequency w, is clearly observable as shown in
Fig. 2 and confirms the expected redshifts on heating.

The linewidths are plotted in Fig. 4, and illustrate the
principal result of this paper. The solid points are the
data and the solid lines are fits. We begin with the pho-
non in the nearly undoped crystal, shown in the bottom
part of the figure, where we have plotted the width of the
principal component of the line. (Analysis of this com-
ponent has the smallest uncertainty because its lower en-

500 — ; ,
Nd2CUO4
T=10K
400 -
300 - Cu-O stretch
phonon
200
100 -
€
9 s
0 f !
c NdpCuO,4.5
©
300~ -
L doping- |
200 induced
mode
100 |- v i
o A AN,

460 480 500 520 540 560
o (cm1)

FIG. 3. Fitting of the modes near 500 cm ™! at T=10 K, as
an example of the procedure used at each 7, showing the data as
the heavy curve, and the Lorentzians (light solid curves)
summed to produce the fit (solid circles). The asymmetry of the
phonon (both curves), the broadening with doping (lower
curve), and the appearance of the doping-induced mode are all
notable.
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FIG. 4. Summary of the linewidths derived from the fitting
as illustrated in Figs. 2 and 3. Solid circles are fitted values,
with uncertainties ~2-5 cm™!, lines are curves fitted to these
points for the principal phonon component (dashed) and for the
doping induced mode (solid).

ergy edge dominates the lower edge of the phonon line.)
We fit these linewidths, I', to the form

r=ry,+a(T/0), (1

where I’y is the constant width at T'=0 K, a is a constant
(presumably related to the conventional phonon broaden-
ing), and ® is a characteristic energy (also presumably
arising from the phonons). The fit determines I', of order
7+1 cm ™!, which partly arises from our spectral resolu-
tion of 1 cm™!. The fit also determines the product
a/®3, and, if we assume that ® is of order this phonon
energy, w,=511.1%0.5 cm™ !, a is 67+£5. Although the
T3 fit is satisfactory we find that other similar functional
forms can be used to fit the data, but that there is no
significant term that is linear in 7.

We analyze the phonon linewidth of the doped crystal
in the same way, using Eq. (1) and find a good fit with the
same value of the prefactor of the T3 contribution, as
shown in the lower curve in the upper part of Fig. 4. The
zero-T width is larger by about 2 cm ™! due to the in-
creased disorder arising from the doping.

The most interesting linewidth variation is that of the
induced mode which requires a different functional form.
(The T3 form does not give a satisfactory fit, as can be
seen by inspection of the upper set of points in Fig. 4.)
We assume a form equal to that of the phonons plus a
linear term:

r=T4+a(T/©P+bkyT , 2)

where b is a constant. We find that this form provides a
satisfactory fit, as shown in the figure, when we assume
the same magnitude of the T term as in the phonon fit,
and vary only I'y and b. We find that I'j is almost 3 times
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larger than for the phonon, indicating a larger sensitivity
of this mode to the environment around the dopants.
The fit determines the constant b to be 0.09+0.02. One
possible interpretation of this constant is that it is analo-
gous to the prefactor of the linear term due to electron-
boson coupling that enters the change in linewidth of the
electronic peaks near zero frequency and in the mid-
infrared.®>%!3 If we equate these terms we can define an
effective coupling constant, A, between the induced mode
and its environment according to b =27Ax. We include
the concentration of the dopants, x, since the mode is in-
duced by doping.!*!®> Given that a fraction, x, of the unit
cells contains a dopant, the relaxation rate from this pro-
cess is reduced by x from the full coupling, A. Assuming
this parametrization, the fit gives A=0.5+0.2.

This coupling constant is comparable to that found'
for another mode induced by doping at a higher energy.
This higher mode peaks at 0.162 eV, near the antiferro-
magnetic exchange energy and about 2.5 times the upper
phonon energy. The decay mechanism of this mode is
unknown, but its large spectral weight indicates that it is
an electronic excitation. The decay of this electronic
mode was found!® to be linear in T, with a prefactor
2mAky T and a fitted A of about 0.5.

The linear linewidth variation of the doping-induced
mode shown in Fig. 4 also resembles the scattering of the
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conduction electrons in the normal metallic state of a
number of related cuprate materials. Both the dc resis-
tivity and the Drude-like component of the frequency-
dependent conductivity have been analyzed®®!? in terms
of a scattering rate with a coupling constant of order 0.4.
The similarity of the linear contribution to the linewidth
of these three modes in planar cuprate crystals may be an
indication that a similar interaction plays an important
role in each case.

Recent theoretical work? has presented an approximate
model of how lattice modes can be induced by doping, in
qualitative agreement with our results. However, other
effects undoubtedly play a role both in explaining the
presence of the induced modes and in their broadening
with temperature. At this time, we know of no satisfac-
tory theoretical explanation for the mode broadening re-
ported here, although we suggest. that it may be related to
the important electronic decay rates in this class of pla-
nar cuprates.

We wish to thank R. N. Bhatt, B. 1. Halperin, and S.
Kivelson for helpful discussions at the Institute for
Theoretical Physics in Santa Barbara, where part of this
work was carried out, and also to thank A. J. Millis, P. B.
Littlewood, and J. Zaanen.

IN. E. Bonesteel, T. M. Rice, and F. C. Zhang, Phys. Rev. Lett.
68, 2684 (1992).

2y. 1. Anisimov, M. A. Korotin, J. Zaanen, and O. K. Ander-
son, Phys. Rev. Lett. 68, 345 (1992); K. Yonemitsu, A. R.
Bishop, and J. Lorenzana, ibid. 69, 965 (1992).

3S. Tajima, T. Ido, S. Ishibashi, T. Idoh, H. Eisaki, Y. Mieno, T.
Arima, H. Takagi, and S. Uchida, Phys. Rev. B 43, 10496
(1991); S. Herr, K. Kamaras, D. B. Tanner, S-W. Cheong, G.
R. Stewart, and Z. Fink, ibid. 10, 7847 (1991); T. Timusk, C.
D. Porter, and D. B. Tanner, Phys. Rev. Lett. 66, 663 (1991);
C. Y. Chen, R. J. Birgeneau, M. A. Kastner, N. W. Preyer,
and T. Thio, Phys. Rev. B 43, 392 (1991); N. W. Preyer, R. J.
Birgeneau, C. Y. Chen, D. R. Gabbe, H. P. Jenssen, M. A.
Kastner, P. J. Picone, and T. Thio, ibid. 39, 11563 (1989).

4G. Yu, C. H. Lee, A. J. Heeger, N. Herron, and E. M. McCar-
ron, Phys. Rev. Lett. 67, 2581 (1991); D. Mihailovic, C. M.
Foster, K. Voss, and A. J. Heeger, Phys. Rev. B 42, 7989
(1990); C. M. Foster, A. J. Heeger, Y. H. Kim, G. Stucky, and
N. Herron, Synth. Met. 33, 171 (1989); C. M. Foster, A. J.
Heeger, Y. H. Kim, G. Stucky, and N. Herron, Physica C
162-164, (1989).

5Y. H. Kim, S-W. Cheong, and Z. Fisk, Phys. Rev. Lett. 67,
2227 (1991); Y. H. Kim, A. J. Heeger, L. Acedo, G. Stucky,
and F. Wudl, Phys. Rev. B 36, 7252 (1987); Y. H. Kim, C. M.
Foster, A. J. Heeger, S. Cox, and G. Stucky, ibid. 38, 6478
(1988).

6J. M. Ginder, M. G. Roe, Y. Song, R. P. McCall, J. R. Gaines,
E. Ehrenfreund, and A. J. Epstein, Phys. Rev. B 37, 7506
(1988); H. J. Ye, R. P. McCall, W. E. Farmeth, E. M. McCar-
ron, and A. J. Epstein, ibid. 43, 10574 (1991).

7R. Zamboni, G. Ruani, A. J. Pal, and C. Taliani, Solid State

Commun. 70, 813 (1989); C. Taliani, R. Zamboni, G. Ruani,
A. J. Pal, F. C. Matacotta, Z. V. Vardeny, and X. Wei, in
High T, Superconductors: Electronic Structure, edited by A.
Bianconi and A. Marcelli (Pergamon, Oxford, England,
1989); X. Wei, L. Chen, Z. V. Vardeny, C. Taliani, R. Zam-
boni, A. J. Pal, and G. Ruani, Physica C 162-164, 1109 (1989);
C. Taliani, A. J. Pal, G. Ruani, R. Zamboni, X. Wei, and Z.
V. Vardeny, in Electronic Properties of High-T. Superconduc-
tors and Related Compounds, edited by H. Kuzmany, M.
Mehring, and J. Fink (Springer-Verlag, Berlin, 1990); C. Tali-
ani, R. Zamboni, G. Ruani, F. C. Matacotta, and K. I. Po-
khodnya, Solid State Commun. 66, 487 (1988).

8P. B. Allen, Z. Fisk, and A. Migliori, in Physical Properties of
High Temperature Superconductors, edited by D. M. Ginsberg
(World Scientific, Singapore, 1989), p. 214; T. Timusk and D.
B. Tanner, ibid., p. 339; D. B. Tanner and T. Timusk, ibid.
2nd edition (to be published).

9G. A. Thomas, in High Temperature Superconductivity, edited
by D. P. Tunstall and W. Barford (SUSSP and Adam Hilger,
London, 1991), p. 169; G. A. Thomas, D. H. Rapkine, S. L.
Cooper, S-W. Cheong, A. S. Cooper, L. F. Schneemeyer, and
J. V. Waszczak, Phys. Rev. B 45, 2474 (1992).

10ee, e.g., L. Genzel, A. Wittlin, M. Bauer, M. Cardona, E.
Schénherr, and A. Simon, Phys. Rev. B 40, 2170 (1989); E. T.
Heyen et al., Solid State Commun. 74, 1299 (1990).

1B, Batlogg, in High Temperature Superconductivity, edited by
K. S. Bedell et al. (Addison-Wesley, New York, 1990), p. 37.

123 Orenstein, G. A. Thomas, A. J. Millis, S. L. Cooper, D. H.
Rapkine, T. Timusk, L. F. Schneemeyer, and J. V. Waszczak,
Phys. Rev. B 42, 6342 (1990).

13G. A. Thomas, D. H. Rapkine, S. L. Cooper, S-W. Cheong



47 TEMPERATURE DEPENDENCE OF DOPING-INDUCED MODES. .. 11373

1197 (1989); J. G. Bednorz and K. A. Miiller, Z. Phys. B 64,
189 (1986); R. J. Cava, R. B. van Dover, B. Batlogg, and E.
A. Rietman, Phys. Rev. Lett. 58, 408 (1987); M. K. Wu, J. R.
Ashburn, C. J. Torng, P. H. Hor, R. L. Meng, L. Gao, Z. J.
Huang, Q. Y. Wang, and C. W. Chu, ibid. 58, 908 (1987).
17A. Zibold, M. Diirrler, A. Gaymann, H. P. Geserich, N.
Niicker, V. M. Burlakov, and P. Miiller, Physica C 193, 171

(1992).

and A. S. Cooper, Phys. Rev. Lett. 67, 2906 (1991).

143 H. Van Vleck and V. F. Weisskopf, Rev. Mod. Phys. 17, 227
(1945); C. Herring, Phys. Rev. 95, 954 (1954); C. Thomsen, in
Light Scattering in Solids, edited by M. Cardona and G.
Giinterodt (Springer-Verlag, Berlin, 1991).

I5p. G. Klemens, Proc. R. Soc. London, Ser. A 208, 108 (1951);
R. G. Breckenridge, in Imperfections in Nearly Perfect Solids,
edited by W. Shockley et al. (Wiley, New York, 1952).

16H. Takagi, S. Uchida, and Y. Tokura, Phys. Rev. Lett. 62,



