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The infrared reAectivity of sintered YBa2Cu307 z, prepared under carefully controlled oxidation
conditions, has been measured between 20 and 10000 cm ' at temperatures between 10 and 300 K.
In this paper we analyze in detail the temperature- and frequency-dependent far-infrared part of the
spectrum. A Kramers-Kronig analysis allows us to compare the phonon part of the spectra with
lattice-dynamical calculations. There is fairly good agreement concerning the assigned eigenfre-
quencies. The oscillator strengths of the experimentally observed phonons, however, are all
stronger than those from a lattice-dynamics model which assumes ionic charges close to the formal
ones. This is especially so for the lowest phonon found at 155 cm ' which shows a strength
S =60+5 being about 15 times higher than theoretically expected. A possible origin of this effect is
discussed qualitatively in terms of a Cu(1)-O(IV) charge shift during the vibration induced by the
polarization field. The electronic background of the spectra has been analyzed by a Mattis-Bardeen
type of dielectric response below T, . The best fit yielded, for low T, a gap distribution in the range
from about 160 to 370 cm ', corresponding to 26(0)/k~ T, values between 2.6 and 6.0.

I. INTRODUCTION

Experimental studies of the far-infrared (FIR)
reflectance in the superconducting YBa2Cu307 & have
produced numerous results. ' Due to constant progress
in the quality of the ceramic superconducting samples
and their characterization, the FIR data obtained recent-
ly in various laboratories now agree quite well, but there
still remain some uncertainties in their interpretation,
especially concerning the position of the energy-gap re-
gion. Since the available single crystals of YBa2Cu307
are still rather small for reliable FIR measurements, their
studies were concentrated mainly on the middle and near
infrared where, similar to the ceramic material, a broad
and temperature-independent reflectance band around
3000 cm ' is found which disappears in the nonmetallic
YBa2Cu306 phase. The FIR spectra of superconducting
YBa2Cu307 & ceramics show a very pronounced phonon
structure in contrast to films and single crystals of this
material which have the c axis perpendicular to the
reflecting surface. This may indicate that the phonons
observed are only those with their eigenvector in the c
direction, while a-b phonons do not show, up due to the
high electronic screening if the electric vector lies in the
a-b plane.

The existence of lattice-dynamical calculations al-
lowed us to assign most of the phonons observed in the
FIR and by Raman scattering. ' This assignment could
be supported by replacing the yttrium by most of the
rare-earth metals"' and by the partial substitution' of
60 b 18

In the present paper, we report measurement of the
temperature and frequency dependence of the infrared
refiectance of ceramic YBa2Cu307 g with emphasis on
locating the energy-gap region and on the quantitative

analysis of the position and strengths of the phonons in
comparison with lattice dynamics. The paper is organ-
ized as follows: In Sec. II we describe the sample
preparation and characterization. The infrared spectra
and their Kramers-Kronig (KK) analysis are presented in
Sec. III. Section IV describes the detailed investigation
of the phonon response, while Sec. V is devoted to the
electronic behavior.

II. EXPERIMENTAI.

High-purity (99.999%) powders (Alfa Products, Mor-
ton Thiokol Co. Inc. , USA) of Y203, BaCO3, and CuO
were used as starting materials. Each compound was
heated in air at 400'C for about 6 h to remove moisture
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FIG. l. Oxygen coeKcient n of YBa3Cu30, as a function of
temperature for heating (1.9'C/min) and cooling (1.5'C/min);
the inset shows a magnified representation of the very small hys-
teresis loop.
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FIG. 2. Typical crystallite structure (6—20 p size) at the sample surface; the horizontal width of the figure corresponds to 80 P

and to oxidize the CuO completely. A stoichiometric
mixture of about 4 g was manually ground for at least
half an hour with the help of a WC mortar and loaded
afterwards onto a gold pan of a recording balance. The
pan was hung in a vertical silica glass tube which was
fiooded with high-purity oxygen (99.999%%uo) at a rate of
110 cm /min. For synthesis of the yttrium barium cu-
prate the material was heated to 928 C at a rate of
2. 2 C/min, fired at that temperature for 26 h and finally
cooled to room temperature at a rate of 1.7 C/min.
With the use of only 928'C, the formation of a liquid
which might lead to undesired compounds was avoided.
Under the assumption of complete CO2 removal, the final
wei. ght indicated an oxygen deficiency of 6=0.60 at the
applied calcination temperature and 6=0.05 at room
temperature, respectively. When the reaction product
was examined with an optical microscope it appeared
uniformly black without any detectable green phase
(Y~BaCuO~).

After extended manual grinding, the synthesized cu-
prate was pressed into pellets of 1 cm in diameter and
thickness of 1 —2 mm at a pressure of 8.8 kbar and heated
at a rate of 1.9 C/min to 937 C under Bowing 99.999%
pure oxygen at a rate of 110 cm /min. After an anneal-
ing at that temperature for 48 h the sample was cooled to
room temperature at a rate of 0.8'C/min. The oxygen
deficiency changed during this procedure from 5=0.65 at
the beginning of firing to 0.76 at the end of firing and to
0.14 at room temperature. Again the values were calcu-
lated from the weight change under the assumption of
completed CO2 evolution. Thus the estimated high oxy-
gen content of 6.95 for the synthesized cuprate powder is
assumed to result from not completely evolved CO2. A
second repeated heating cycle led to a nearly reversible
oxygen exchange as shown in Fig. 1, where the
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FICr. 3. FIR reAectivity at various temperatures between
room temperature and 10 K; the inset shows the MIR and NIR
range at 300 K. The data are normalized with respect to the

0
reAectivity of the same sample after evaporation of a 5000-A
gold 1ayer.

stoichiometry is drawn as a function of temperature for
pure-oxygen environment at 1 atm. The values were ob-
tained from weighing the sample whose initial oxygen
coefficient had been estimated from the weight of the
starting compounds. The derivative of the temperature-
weight curve revealed a maximum rate of weight change
at 655'C and at 5=0.42. Superconducting samples have
been characterized by x-ray measurements, dc conduc-
tivity, and temperature dependence of magnetization
measurements. All samples were orthorombic with lat-
tice constants a =3.8195+0.0008, b =3.8886+0.0008,
and c =11.6759+0.0025 A. They show superconducting



2172 L. GENZEL et al.

transition at 89 K (zero resistance) and approximately
90% diamagnetic shielding at 10 K. The sample surface
has been studied by electron scanning microscopy. A
typical picture, shown in Fig. 2, reveals that the sample
surface contains a large portion of small (6—20 pm) crys-
tallites. Their orientation appears to be random. There-
fore, we assume that the crystallites at the surface of our
samples are not oriented.
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III. RESULTS

The reflectance measurements were made at tempera-
tures between 10 and 300 K over the range from 100 to
10000 cm=' with a Bruker IFS 113v interferometer. The
reflectance measurements were performed with an alumi-
num mirror as well as with the gold-coated sample as a
reference. In the 20—650 cm ' region a medium-
pressure Hg arc as source and a He-cooled silicon bolom-
eter as a detector were used. They were replaced in the
400—5000 cm ' region by a globar source and a deuterat-
ed triglycine sulfate detector and above this region by a
tungsten lamp and an InSb photodetector. The data from
different source-detector setups showed a mismatch of
about 5%. Since the FIR spectra are most important for
the KK analysis, we slightly scaled the high-frequency
reflectance data to produce a smooth spectrum. More
serious are errors in the absolute reflectance R in the
low-frequency range below 100 cm ' which occur even if
the gold-coated sample was used as a reference. It is
difticult to reduce the error of different measurements of
R to less than +2%. The KK analysis reacts to this with
rather serious artifacts below 100 cm ' (see also Ref. 8).
We should mention that an extensive study of
YBa2Cu307 &, which we performed in the mm-wave
spectral range, yielded even at He temperatures an ab-
sorption 3 =1—R of the order of l%%uo, similar results
have been reported by other groups also. ' We will pub-
lish these results elsewhere since they seem not to inter-
fere too much with the results of this paper, although
they may be of vital importance for applications of the
superconductors.

We„ therefore, extrapolated the reAection data below
100 cm ' with a Mattis-Bardeen fit (see Sec. V). A typi-
cal result of a reAectance measurement in the range from
100 to 650 cm ' and at several temperatures between 10
and 300 K is shown in Fig. 3. The inset gives the 300-K
reflectance spectrum up to about 10000 cm '. Except
for smaller differences of the absolute R values and de-
tails of the phonon features, our data are similar to those
published by other groups. '

In order to extract the physical information from the
reflectance data, two methods can be used: a KK
analysis, ' and a fit with the help of a model dielectric
function. We used the first method to extract the phonon
information and then the second for the interpretation of
the electronic part of the KK analysis. Figure 4 shows
the frequency dependence of the real part o

&
of the con-

ductivity between 100 and 650 cm ' and for 10 and 120
K, according to the KK analysis of the data of Fig. 3.

In Fig. 5 we present the KK data of cr& for 10 K with
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obtained by KK analysis of the data presented in

Fig. 3 above {120K) and below {10K) T, .

extended frequency scales around the phonon structures.
It is apparent that all phonon modes show some asym-
metry which is probably caused by the Pano effect. ' In
the case of the 155-cm ' mode, however, we find also an
inAuence on the asymmetry of the aforementioned
reflectance uncertainty at low wave numbers.

IV. PHONONS
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at 10 K for the
strongest phonon modes {KKanalysis).

The assignment of the TO-phonon modes of
YBa2Cu307 & has been discussed by several authors. '
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TABLE I. Experimental values of the phonon eigenfrequencies, half-widths, and oscillator strengths of YBa2Cu307 for 10 K ob-
tained by a Kramers-Kronig analysis.

v~ (cm ')
r (cm-')
S'

154.8
1.6-1.8
19-22

191.5

-0.3

194.5
—1.3

0.6-0.7

275
9

2.6-2.8

288

)0.1

311
8

6.9-7.1

569
12-15

0.8-0.9
'The actual oscillator strengths are three times larger since the measurements were made on a nonoriented ceramic material.

In the present work we shall follow the assignment given
in Ref. 17 and we will compare the measured eigenfre-
quencies and oscillator strengths with the lattice-
dynamical calculation. Table I shows our observed pho-
non frequencies v, half-widths I, and oscillator
strengths S at 10 K and Table II represents the same in-
formation, given in Ref. 8 at 2 K. It should be noted that
our measurements were made on almost unoriented
ceramic material with the consequence that S in Table I
is a spatial average of the actual oscillator strength S;,
thus yielding Sj 3Sj.

The result of the lattice-dynamical calculation concern-
ing eigenfrequencies and relative displacements for four
slightly difterent charge distributions A D(see T—able
III) is presented in Table IV together with calculated os-
cillator strengths. Our definition of the oscillator
strength S of mode j is based on the contribution of that
mode to the complex dielectric function

S.v.J
v2 —v2 —ivtJ J

Due to the orthorhombic D2& point-group symmetry of
YBa2Cu3Q7 & one finds from lattice dynamics that the
eigenvectors of the various modes in X, Y, and Z direc-
tions are decoupled. Thus the oscillator strengths in Eq.
(1) can be written as'

2
ek kkj

4~
c g mkgk~~j~

k

where V, is the volume of the unit cell, ek and mk are the
charge and mass of the ion k, respectively, and
represents the displacement of particle k in mode j.
Equation (2) for S has been used for the calculated
strengths of Table IV containing the important modes.

To compare this with experiment one first has to speci-
fy the assignment. Starting from the high-frequency end
we attribute the observed mode at 569 cm ' to the mode

labeled 12 in Table IV and the observed mode at 311
cm ' to the mode labeled 11. In spite of the strength of
the observed 275-cm ' mode we assign it tentatively to
the mode labeled 7, although the agreement between ex-
perimental and theoretical values is not particularly
good. The observed phonon at 194.5 cm ' is clearly
identified as the "yttrium" mode, labeled 6, since it shifts
drastically down by replacing the yttrium with the
heavier rare-earth ions. " A weak phonon found at 191.3
cm ' is not found as Z mode. The very strong and sharp
phonon found at 154.8 cm ' should best be assigned to
the "barium" mode labeled 3, although some other as-
signment has been given in the literature. ' The rather
strong mode 1 of the calculation are not observed by us,
probably because the reAectance is already so high that
the phonon structures are suppressed.

A comparison of the observed and calculated strength
S shows a remarkable discrepancy: All observed S are
larger than the calculated ones and this is especially so
for the "barium" mode at 154.8 cm ' which appears to
be 15 times stronger than calculated. This eject was
pointed out before, as seen from Table II. There is no
way of changing the formal charge distribution of
YBa2Cu307 & in a reasonable way to get a strength of 60
for this mode. On the basis of local charges, one would
have to assume a charge in excess of 24+ for barium or
15—for the oxygen O(IV) to account for S=60 for the
mode 3. Such values are chemically meaningless. An ap-
parently similar problem was found for the ir spectra of
the valence-Auctuating compound CePd3. ' ' An
e6'ective charge 10+ for Pd was required to account for
the experimentally observed oscillator strength of the
stronger optical phonon in this compound. It seems
more reasonable to associate the observed enhanced oscil-
lator strength with dynamical changes of the electronic
configurations of atoms, i.e., charge-transfer processes.

The Y and Ba atoms in the structure of YBazCu307
behave rather like trivalent and divalent cations, as can
be deduced from their temperature-dependent positional
parameter shifts. In fact, one would expect that these
electropositive elements in the highly oxidized system

TABLE II. Fit parameters of the phonon eigenfrequencies, half-widths, and oscillator strengths of
YBa2Cu307 for 2 K taken from Bonn et al. (Ref. 8).

v, (cm ')
r (cmS'

155
2.4
31

194
2.7
2

277
21
10

311
9
12

534
50
3

567
17
2

We assume that the oscillator strengths in this publication correspond to our definition of 5, .
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FIG. 7. Temperature dependence of the phonon frequencies
v$„for the four strongest modes.

only act as valence-establishing spacers, which are elec-
tronically inert. Charge transfer should therefore occur
only between the Cu and O atoms. The displacements of
these atoms in the 154.8-cm ' mode are such that the
Cu03 ribbon moves as a rigid unit (see Fig. 6j. We as-
sume that the charge distribution in the Cu03 ribbon is

delicately inAuenced by the amount of displacement. The
different configurations of the mesomeric system of the
Cu03 ribbon can be depicted for the unit of repetition,
Cu03, in a formal ionic description, as seen below:

0 0 3— 0 3- 0 0

02— C 3+ : 0 —Cu+ : 0 —CU+ — -. 0 —Cu+ : 0 —Cu+

02— 02— 0 0 02—

TABLE III. Formal local charge distributions of the ions in YBa3Cu307 in units of the elementary
charge.

A'
B
C
D

CU(1)

2.0
2.25
2.50
2.75

Cu(2)

2.0
2.0
2.0
2.0

Ba

1.9
2.0
2.0
2.0

Y

2.85
3.0
3.0
3.0

O(I)

—1.81
—1.25
—1.5
—1.75

O(II)

—1.81
—2.0
—2.0
—2.0

O(III)

—1.81
—2.0
—2.0
—2.0

O(IV)

—1.81
—2.0
—2.0
—2.0

'The set A of charges has been used in the lattice dynamical calculation. The variation of charges in
8, C, D will have some minor inAuence on the eigenvectors given in Table IV.
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The configurations 1 —3 contribute to the ground elec-
tronic state, while configurations 4 and 5 which actually
involve the "peroxiton" ' may play an important role
in the 154.8-cm excited vibrational state. They exhibit
a dipole in the c direction of the crystal and, if favored by
a displacement of the Cu03 ribbon in the c direction,
could lead to the observed enhancement of strength for
the 154.8-cm ' mode. In YBa~Cu306 the O(I) atoms be-
tween the Cu atoms are missing, thereby leaving the Cu
atom with the d ' configuration of the Cu+ ion:

0 3—

!
Cu+

!
O2—

~- 155 cd 1

20 &-»
R.

1 k--

311 crn-1

5- 275crn 1

k--
-4--

2-
569 crn 1

0
I I

100 200
T (K)

300

Due to the closed-shell configuration of the Cu+ ion
the charge transfer between Cu and 0 is prohibited in
agreement with the experimental finding that the
strength of the corresponding mode (shifted to 168 cm ')
(Ref. 23) is normal.

It has been pointed out earlier that some phonons be-
come soft below T, and an attempt has been made to ex-
plain this effect within the framework of the strong-
coupling theory. We show in Fig. 7 our newest deter-
mination of the temperature dependence of the phonon
positions. The softening is clearly apparent for the
modes at 275 cm ', 311 cm ', and 569 cm ', while
there is no clear effect seen for the 154.8-cm ' mode.
This may indicate, together with the very low half-width,
that this phonon is at 10 K well below the essential gap
region.

It is also remarkable that the S; of all observed pho-

FIG. 8. Temperature dependence of the phonon oscillator
strenghts S, for the modes shown in Fig. 7.
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TABLE V. Fit parameters for the Mattis-Bardeen model dielectric function [Eq. (3)] used in Fig. 9.
The parameters for the phonon Lorentzians are taken from the Kramers-Kronig analysis (Table I).

Critical temperature T,

Nonsuperconducting part f„ofthe sample at T=O
Superconducting energy gaps v~&(0) and vg2(0),
each weighted with 50%

Plasma frequency v~

Scattering frequency v,

Electronic oscillator:
v, (cm ')

r, (cm ')

S,

89 K

0.2
160 cm
370 cm

7400 cm

750 cm

3100
4000

50
47

nons decrease with increasing temperature, as shown in
Fig. 8. One possible explanation for this behavior is an
increase of carrier concentration with temperature, thus
providing a more eff'ective screening of the phonons. We
cannot derive, however, from our experimental results a
unique temperature dependence of the free-carrier plas-
ma frequency and therefore the carrier concentration in
the framework of a Drude model (see next section).
Available data from Hall measurements are also contro-
versial.

We showed in Fig. 3 the occurrence of the broad in-
frared reflectance band between 3000 and 6000 cm
which has been reported by several groups. ' This band
can be represented quite well by a Lorentzian with
v, =3100 cm ', 5, = 50, and r, =4000 cm

V. ELECTRONIC RESPONSE

After analyzing the phonon structure of the FIR spec-
tra of YBa2Cu307 & we shall try to get information about
the underlying electronic part of the dielectric response
by fitting it with a model dielectric function for e. Be-
cause our measurements have been performed on
nonoriented ceramic material, this function represents a
spatial average value.

The phonon part e&H was taken as a sum of Lorentzian
oscillators with the parameters determined by the
Kramers-Kronig analysis. For the electronic part we as-
sumed above T, a Drude-type response e„and an addi-
tional oscillator e„which represents the above-
mentioned broad midinfrared band. Below T, we used
the Mattis-Bardeen approach for e„although it is at
present unclear whether such an approximation is com-
pletely appropriate for the anisotropic high-T, cuprates,
because those materials have a coherence length g and a
mean free path l with about the same order of magnitude,
while the derivation of the Mattis-Bardeen theory is re-
stricted to the extreme clean (l ))g) and the extreme dir-
ty (l ((g) limit. Nevertheless, we hope to gain some un-
derstanding of the influence of various parameters on the
final shape of reflectance spectra of YBa2Cu3O7 &. We
had, however, introduced a nonsuperconducting Drude
part f„of10—20 % even at the lowest temperatures to fit

0.9—

0.8-

0.7—

Q.6
)00

I

200
I I

300 400
V (cm-~)

I

500 600

FIG. 9. Comparison between model dielectric function [Eq.
(3)] and experiment at 10 K (solid line: experiment; dashed line:
model dielectric function with parameters shown in Table V;
dot-dashed line: the same function without the midinfrared
contribution e, and e =30).

the reflectance data in the region around the 155-cm
phonon mode, although our x-ray analysis of the samples
did not show such amount of another phase. It should be
noted that the mm-wave absorption mentioned earlier
(see Sec. III) is not in agreement with such a Drude part
at low temperatures, because even an amount of 20%
nonsuperconducting phase would result in a negligible
absorption in the microwave region. We have to assume,
therefore, that this last eff'ect is intrinsic, e.g., in the sense
of a nearly gapless region at the Fermi surface. On the
other hand, the parameter f„canbe omitted, if one as-
sumes that the frequency dependence of o.

&
is steeper

above the onset of a gap than in the Mattis-Bardeen func-
tion. In order to account for an anisotropic character of
the medium, without including too many parameters, we
use in the fit two discrete gaps vg& and vg2. The slow in-
crease of 0. , (10 K) in Fig. 4 above 160 cm ' suggests a
superconductivity energy-gap distribution starting from
that frequency up to a few hundred wave numbers,
whereas for temperatures higher than T, (120 K) the be-
havior is of Drude type. A possibility of gap anisotropy
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was inferred from NMR, tunneling data, and optical
measurements. ' Below T, the complex dielectric func-
tion can therefore be written as

e=e +e, +epH(T)+(1 f„—)es(T)+f„e„(T)'. (3)

The fit parameters for 10 K are given in Table V, and a
comparison between the model and experimental results
is shown in Fig. 9. To describe the temperature depen-
dence in the low-frequency part of the spectra, we had to
vary the Drude parameters v and/or v„although the
way they enter the dielectric function does not allow us
to determine their detailed temperature dependence.
Moreover, there are indications for a frequency-
dependent scattering rate. A value of a few thousand
wave numbers is, however, a strong upper limit for the
scattering frequency v, because it reduces the mean free
path of the carriers to the interatomic distances. A crude
estimation for v, (around 600 cm ') can be deduced from
the 120 K curve in Fig. 4, because o

&
drops in the Drude

picture at this frequency to half of its dc value. Attempts
to fit the FIR spectra without assuming an additional os-
cillator e, forced us to assume unphysically large values
of e . An example is also shown in Fig. 9. It turns out
that the low-frequency tail of the midinfrared band
significantly affects the shape of the phonon modes at 311
and 569 cm ', while the inAuence on the 154.8-cm
mode is negligible. The question of whether the midin-
frared absorption peak is in any way related to the previ-
ously discussed anomalously high oscillator strength of
the 154.8-cm ' phonon ' remains open. However, at
least in YBa2Cu307 &, these features are both intimately
related with th'e superconducting phase and may be con-
nected with charge-transfer processes or their onset in
the Cu(1)-O(IV) chains. The fitting procedure is
definitely not unambiguous, but it should be stressed that

any fit in the framework of this model dielectric function
without gaps (or a gap distribution) in the FIR region
failed completely. Also, the extension of Eq. (3) to an an-
isotropic model with different gap values and Drude pa-
rameters for the a, b, and c directions requires a large os-
cillator strength (S )40) for the 154.8-cm ' mode, even
when the conductivity in the c direction is reduced by a
factor 100 as compared to the a-b-plane value.

We tried as well to apply effective medium
theories to account for the anisotropy of the poly-
crystalline material. Due to the condition that the grain
size L should be much smaller than the wavelength A, ,
this approximation is justified only in a frequency range
up to roughly 200 cm '. Assuming such a theory with
a distribution of grain shapes leads also to this high oscil-
lator strength value but, in contrast to the experiment,
one obtains a broad and very asymmetric form for the
154.8-cm ' phonon.

We conclude, therefore, that composite taedium ap-
proaches are not appropriate to describe the refIectance
behavior of these ceramics in the FIR region. Only the
addition of the reAectivities of a highly conducting a-b
plane and a low (or not) conducting c direction including
the Lorentzians for the phonons allows one to describe
the observed spectra with much smaller oscillator
strengths (S ~ 1 for all modes), but this requires L ))A, ,
and this condition is not fulfilled in the present case.
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