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Deformations of the phonon spectrum of a 1-2-3 YBaCuO compound due to variations in the
free carrier concentration caused by both Ca doping and changes in the oxygen content

have been studied using inelastic neutron scattering. We have found that the cutoff energy of the
phonon spectrum rises as the number of free carriers decreases. There is satisfactory

agreement between the experimental phonon spectrum cutoff energy and a calculation using a
simple model that takes into account screening of the interaction among ions by free carriers.

© 1996 American Institute of Physics. [S1063-7761(96)01301-6]

1. INTRODUCTION

By now, properties of cuprate high-T'. superconductors
have been studied extensively in numerous experimental and
theoretical works. Nonetheless, there is no universal ap-
proach to the mechanism of superconductivity in these ma-
terials. Specifically, there are no fundamental constraints on
vibrations of the crystal lattice taking part in coupling among
free carriers,! and the BCS theory, which was developed for
“common” superconductors. It is not surprising, therefore,
that attention is focused on properties of the electron and
phonon subsystems and on the effects on the electron—
phonon interaction in high-T. superconductors. A feasible
line of research in this field is to study the correlation be-
tween the spectrum of lattice vibrations and electronic prop-
erties of the system, e.g., when they vary with the free carrier
concentration.

The concentration of free carriers in YBa,Cu30;_, and
other cuprate HTSC can be changed both by doping with
atoms of a different valence and by varying the content of
oxygen, since the carrier concentration drops with y, and at
y>0.5 the material is a dielectric.>?

The effect of doping on the phonon spectrum of LaCuO
and YBaCuO has been studied experimentally, e.g., via the
effect of Sr, Ca, and Ba doping on the phonon spectrum of
LaCuO* and of Zn and Ag doping on the YBaCuO
spectrum.S“7 In addition, the effect of the metal—dielectric
transition due to low oxygen concentration on the spectrum
of thermal excitations in the crystal lattice of YBaCuO has
also been investigated.*® In all cases both the substitutional
doping and variation in the oxygen concentration changed
the spectral distribution of phonon modes, primarily its cut-
off energy.

In all cuprate high-T. superconductors, the curve of T,
versus concentration of free carriers has a maximum.” More-
over, on the left slope of this curve there is a correlation
among three parameters, namely, the critical temperature T’
drops with concentration, and the phonon spectrum cutoff
energy increases. A question arises about how the phonon
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spectrum will be affected by doping that yields more free
carriers, so that their concentration corresponds to the maxi-
mum, or even the descending slope of this curve, i.e., the
system is overdoped.

In a 1-2-3 compound this can be done by doping with
Ca, since the substitution of Ca for Y at constant oxygen
content leads to a higher carrier concentration, hence a lower
T, .10

In the present work, we have used inelastic neutron scat-
tering to study the effect of free carrier concentration on the
YBaCuO phonon spectrum by both doping the material with
calcium and varying the oxygen content over a wide range.

2. EXPERIMENT

Polycrystalline YBa,Cu;0;_, and Y gCag,Ba,Cu304.9;
samples were manufactured from oxides of yttrium, barium,
and copper by the conventional solid-state synthesis
technique,'® which yields reproducible single-phase samples
with a predetermined composition.

A dedicated effort was undertaken to maximize the oxy-
gen content in Ca doped samples. To this end they were
annealed at low temperature in an oxygen atmosphere. The
oxygen content was derived from measurements of the lat-
tice parameters using published data on their variations due
to changes in the oxygen concentration. In case of oxygen
deficiency, samples were additionally annealed in an oxygen
atmosphere. We found using the thermogravimetric tech-
nique that a Ca doped sample could be saturated with oxygen
to 7—y=6.92. Thus the oxygen content could be made
equal in both Ca-doped and undoped samples.

The technique of varying the oxygen content in samples
was described in detail by Parfionov and Konovalov,> who
studied electronic properties of YBaCuO samples with oxy-
gen deficiency synthesized in the same way as our samples.

The oxygen content was ultimately determined using the
thermogravimetric technique with an uncertainty Ay=0.01.
According to x-ray diffraction data, all the samples were
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FIG. 1. Phonon density of states in YBa,Cu;0,_,: measurements at
y=0.08 (O); y=0.28 (@); y=0.93 (O).

essentially single-phase, and their lattice parameters were in
a good agreement with published data on materials of similar
composition.

The superconducting transition temperature in a Ca-
doped sample, 7.=80*1 K, was determined independently
by three techniques, namely from measurements of the resis-
tance and magnetic susceptibility versus temperature, and of
the jump in specific heat. The critical temperatures obtained
by the three methods agreed to within the experimental un-
certainty.

Inelastic neutron scattering experiments were conducted
at room temperature on samples of YBa,Cu;0;_, (y=0.93,
0.55, 0.42, 0.28, and 0.08) using a time-of-flight spectrom-
eter with a cold neutron source,'' and on YBa,Cu;0¢,, and
Yo3Cag,Ba,CusOg9, samples using a KDSOG-M back-
scattering spectrometer'? with the beam from an IBR-2
pulsed reactor. Experimental data recorded at various scatter-
ing angles were processed in the noncoherent approximation
to obtain a generalized (neutron-weighted) phonon density of
states, G(w)* (Figs. 1 and 2).
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FIG. 2. Phonon density of states in Y,_,Ca,Ba,Cu;0¢g,: measurements at
x=0 (@®); x=0.2 (O).

3. DISCUSSION

The basic features of phonon spectra of materials with
different oxygen concentrations studied in our work fully
coincide with those reported in other publications.®'*'* Fig-
ure 1 shows spectra of compounds with y=0.08, 0.28, 0.93.

Variations in the oxygen concentration (Fig. 1) lead to a
redistribution of intensity among the 23, 27, and 33-meV
peaks. The phonon density of states in the 40—60 meV range
decreases with decreasing oxygen concentration, and a new
feature emerges in the form of a peak at 15 meV, which is
most prominent at the minimum concentration (y=0.93).
Given partial phonon spectra of copper atoms in
YBa,Cu30;_, 14 and model calculations,'> we assume that
the peak is due to oscillations of copper atoms at Cul sites.
One can see that the high-frequency edge of the phonon
spectrum shifts to higher energies'S as the oxygen concentra-
tion decreases. Figure 3(a) shows the cutoff energy of the
phonon spectrum plotted as a function of 7—y in the range
studied in this work.

Variations in the intermediate frequency range of the
phonon spectrum of Y, gCag ,Ba,Cu;Og 9, can be seen in Fig.
2. In the 40-50 meV energy range, the phonon density of

FIG. 3. a) Cutoff frequency of the phonon
spectrum in YBa,Cu;0;_, versus oxygen
concentration: measurements of this work
(O); Ref. 8 (@); b) concentration of free
carriers in YBa,Cu;0,_, versus oxygen
content (Ref. 3).
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states decreases with Ca doping and new modes emerge at 58
and 67 meV, whereas the cutoff energy remains unchanged.

According to calculations by Chaplot,' the phonon
spectrum of YBaCuO is highly anisotropic, and high-energy
phonons around 80 meV are due to oscillations of oxygen
atoms and polarized in the CuO, plane. On the other hand, it
is well known that charge transfer takes place in layered
cuprate superconductors predominantly along CuO, planes.
Therefore one should expect that carrier concentration ef-
fects are more pronounced around the cutoff energy.

Since carrier concentration drops with oxygen content,
variations in the cutoff energy of the phonon spectrum (Fig.
3(a)) might be linked to the screening effect of free carriers
on the interaction among ions. In the dielectric phase
(y>0.5), the ion—ion interaction is not screened, and the
phonon frequencies are constant with oxygen concentration.

The data plotted in Fig. 3(b) are taken from Ref. 3,
which reported on the room-temperature carrier concentra-
tion derived from Hall measurements at various oxygen con-
tents. An important point is that the interpretation of the Hall
measurements without accurate data on the electron spec-
trum near the Fermi level is not quite correct. On the other
hand, some experimental studies!”'® indicate that, except for
the heaviest doping, the Hall measurements yield accurate
estimates of the free hole concentration in YBaCuO. More-
over, measurements of the number of holes in the CuO,
plane versus the oxygen concentration in single crystals ob-
tained by x-ray absorption spectroscopy (Ref. 19, Fig. 10)
and spin-dependent neutron scattering (Ref. 20, Fig. 15)
agree over the range 0.15<y=<0.5 with the curve in Fig. 3(b)
to within the experimental uncertainty.

Comparing the curves in Figs. 3(a) and 3(b), one can see
that changes in the cutoff energy reflect changes in the car-
rier concentration. This correlation indicates that our as-
sumption about the effect of energy renormalization on the
highest-energy mode is quite legitimate.

The dependence of the cutoff energy w., on the carrier
concentration N, can be estimated using the model described
by Pines,! in which the screening action of free carriers on
the ion interaction is treated in terms of the static dielectric
function &(q,0) of the electron gas:

2 _ 2 2

0oy = 0y (0) — Q[ e(q,0)—11/e(q,0), (1
where w,(0) is the frequency of the high-energy mode in
the dielectric phase, w, is the modified phonon frequency,
and Q2 describes the electron—ion interaction potential.

The free-electron model is in good agreement with ex-
perimental data on the electron density of states at the Fermi
level for a wide range of high-T superconductors.22 If the
Fermi surface is isotropic, the q-dependent static dielectric
function is described by the formula®!

4(3mN,)"?
83D(Nc)=l+(—§)—x(q,kﬁ), )
04
where a is the Bohr radius, x(q,kr) is the Hartree function,
and kp=(3m2N_)"".
Therefore the cutoff frequency can be expressed in terms
of the free carrier concentration:
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FIG. 4. Cutoff energy of the phonon spectrum versus carrier concentration:
measurements of this work in YBa,Cu;0,_, (O); in YgCag,Ba,Cu;304 0,
(0O); measurements in YBa,Cu;0,_, from Ref. 8 (@); three-dimensional
calculations are given by the solid curve; two-dimensional calculations are
given by the dashed curve.

wfu:(Nc)=w3ut(0)”93[8(1\’c)— 11/&(N,). (3)

The experimental curve of w.(N.) was approximated by
the function in Eq. (3). The wave vector q in Eq. (2) was
selected with due account of the YBa,Cu;0,_, phonon
spectra,”® which indicate that the highest-energy mode has a
wave vector aligned with the [ £{0] axis at the Brillouin zone
boundary. The only fitting parameter Q, in Eq. (3) has a
clear physical meaning;: it follows from Egs. (2) and (3) that
in the long-wavelength limit, g—0 and g€—%, we have
wgz‘u((Nc) = wfut(o) - ‘QZ .

Taking into account that the screening free carriers form
a quasi-two-dimensional system,24 we have calculated the
static dielectric function in the approximation of a cylindrical
Fermi surface. In this case the function (N.) has the form?

2
2D _ (1 _AL2 1.,2\0.5
e2P(N,) I+ o k.Re[ 1 —(1—4k2,/q%)°],

where

k,=2mlc, c¢=11.6A, ko,=(2mcN)".

Two- and three-dimensional calculations are shown in
Fig. 4. A sharp knee in w?°(N,) corresponds to 2k = gq.
The fitting parameters in the two- and three-dimensional
cases are 02?=32 meV and Q;°=37 meV. In the long-
wavelength limit, the phonon energies derived from these
parameters are 73 and 76 meV, which are close to the experi-
mental value of 72 meV.?

At low carrier concentration, the curve calculated with
the two-dimensional model is in better agreement with the
experimental data. On the other hand, at large N, the curve
derived from the three-dimensional model better conforms to
the experimental data. This may be due to the system of
current carriers gradually acquiring three-dimensional fea-
tures as the carrier concentration increases.
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The satisfactory agreement between the experimental
curve of w.,(N.) and calculations with Eq. (3) (Fig. 4) pro-
vides further evidence that the shift in cutoff energy is most
probably due a renormalization of phonon mode energies by
the free-carrier screening of the interaction among ions in the
lattice.

As noted above, the Ca doping of YBaCuO does not lead
to a clear shift in the phonon spectrum cutoff energy (Fig. 2).
Estimates using Hall measurements indicate that the number
of free carriers per elementary cell in Y gCag,Ba;CuyOg g5 is
N.=1.3%0.2, which is notably higher than in undoped
YBaCuO, Nc=0.8i0.1.3 On the other hand, the critical
temperature 7, in Ca-doped samples is 80 K, whereas in
undoped samples it is 90 K. Thus at 20% doping with Ca, the
superconductor is overdoped, which corresponds to the de-
scending slope of the T, curve plotted versus carrier
concentration.” The graph in Fig. 4 indicates that the drop in
the cutoff energy expected at this carrier concentration is
within the statistical measurement uncertainty. Therefore we
interpret the equality between the cutoff energies of YBaCuO
phonon spectra in Ca-doped and undoped samples in terms
of the saturation of screening at high carrier density. This is
consistent with data on the electron density of states at the
Fermi level derived from low-temperature measurements of
the specific heat. These data lead to the conclusion that 20%
Ca doping has little effect on the electron density of states at
the Fermi level. As regards the correlation between changes
in the cutoff energy and 7, mentioned above, it is probable
that in an overdoped system, some mechanism decoupling
free carriers becomes more important.

To sum up, we have shown that

1) 20% Ca doping of YBa,Cu;0;_, does not change the
phonon spectrum cutoff energy; the cutoff energy drops with
oxygen concentration in the range y<<0.5, and at y>0.5 the
cutoff energy is constant;

2) the experimental cutoff energy versus free-carrier
concentration is in satisfactory agreement with a simple
model that includes the effect of free-carrier screening of
interaction among ions;

3) no correlation between changes in the cutoff energy
and T, has been detected in Ca-doped YBaCuO.

In conclusion, we express our gratitude to K. A. Kikoin
and A. S. Ivanov for helpful discussions, to A. V. Irodova, O.
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anovskii, V. Ya. Vasyuta, I. F. Kokin, and V. G. Fedorov for
their participation in the neutron scattering experiments.

This work was supported by the State Program on High-
Temperature Superconductivity, projects Nos. 93161, 93118,
and 93078.

'v. L. Ginzburg and E. G. Maksimov, Sverkhprovodimist’: Fizika,
Khimiya, Tekhnologiya 5, 1543 (1992).

2W. Weber and L. F. Mattheiss, Phys. Rev. B 37, 599 (1988).

30. E. Parfionov and A. A. Konovalov, Physica C 202, 385 (1992).

‘M. G. Zemlyanov, O. A. Lavrova, P. P. Parshin et al., in Progress in
High-Temperature Superconductivity, Vol. 21, p. 47 (1988).

SP. P. Parshin, V. P. Glazkov, M. G. Zemlyanov et al., Sverkhprovodimist’:
Fizika, Khimiya, Tekhnologiya 5, 451 (1992).

SILN. Kudryavtsev, K. E. Nemchenko, V. A. Finkel’ e al., Sverkhprovodi-
mist’: Fizika, Khimiya, Tekhnologiya 5, 2249 (1992).

7W. Reichardt, D. Ewert, E. Gering et al., Physica B 156—157, 897 (1989).

8B. Renker, F. Compf, E. Gering et al., Z. Phys. B 73, 309 (1988).

°H. Zhang and H. Sato, Phys. Rev. Lett. 70, 1697 (1993).

1Y, Zhao, H. K. Liu, and S. X. Dou, Physica C 179, 207 (1991).

'M. G. Zemlyanov, A. E. Golovin, S. P. Mironov e al., Prib. Tekhn. Eksp.
5, 34 (1973).

12G. Baluka, A. V. Belushkin, S. I. Bragin et al., Preprint JINR No. P13-
84-242 [in Russian] (1984).

3M. Arai, K. Yamada, Y. Hidaka et al., Phys. Rev. Lett. 69, 359 (1992).

4P, P. Parshin, M. G. Zemlyanov, O. E. Parfenov, and A. A. Chernyshev,
JETP Lett. 51, 433 (1990).

158, L. Chaplot, Phys. Rev. B 42, 2149 (1990).

16p, P, Parshin, M. G. Zemlyanov, O. E. Parfionov, and A. A. Chemyshev, in
Proceedings of the Institute of Atomic Energy [in Russian], Vol. 1, p. 86
(1989).

17p, P. Konstantinov, V. N.-Vasil’ev, A. T. Burkov, and V. B. Glushkova,
Sverkhprovodimist’: Fizika, Khimiya, Tekhnologiya 4, 295 (1991).

8M. W. Shafer, T. Penney, B. L. Olson et al., Phys. Rev. B 39, 2914 (1989).

'9H, Tolentino, F. Baudelet, A. Fontaine et al., Physica C 192, 115 (1992).

20§, Rossat-Mignod, L. P. Regnault, P. Bourges et al., Physica B 192, 109
(1993).

2'D. Pines, Elementary Excitations in Solids, W. A. Benjamin Inc., New
York—Amsterdam (1963).

22R. Jayaprakash, S. S. Kushwah, and J. Shanker, Phys. Stat. Sol. (b) 183,
K19 (1993).

L. Pintschovius, N. Pyka, W. Reichardt et al., Physica C 185-189, 156
(1991).

24yu, E. Kitaev, M. F. Limonov, and A. G. Panfilov, Phys. Rev. B 49, 9933
(1994). )

yu. Kagan and A. M. Afanas’ev, Zh. Eksp. Teor. Fiz. 43, 1456 (1962)
[Sov. Phys. JETP 16, 1030 (1963)].

Translation was provided by the Russian Editorial Office.

Chumachenko et al. 110



