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%'e have report infrared re6ectivity measurements on YBaqCu307-g and SmBa2Cu307-g in the
tetragonal semiconducting phase. Ten of the eleven symmetry-allowed modes are seen, and the
eleventh is probably observed in the Sm material. %hen Sm replaces Y, two of the phonons at

200 cm ' shift to lower energy by 22 and 27 cm '. These modes, and the two at =110
cm ', which undoubtedly involve Ba motions, are very sharp. From Sm-atom substitution, we

can surmise which of the two high-frequency Cu-against-0 modes is the planar E, mode, and
which is the chain A2„mode. Surprisingly, with Sm replacing Y, the planar mode shifts down in

frequency by 25 cm ' (and the chain mode is hardly effected). Other aspects of the data are
discussed.

Superconducting materials were once thought to be
limited to transition temperatures below T, = 25 K, but
now, with YBa2Cu307-s, values larger than 90 K can be
reached. ' YBa2Cus07-s forms a previously unknown
structure2 shown in Fig. 1. In the superconducting state it
is orthorhombic with space group Ptrtrrtrrt-D)p. The two
aspects of the structure that are thought to be important
for the superconductivity are (a) the Cu(2g)-0(4i)
square-planar, corner-linked layers that form two-di-
mensional planar (ab plane) networks of Cu-0-Cu
bonds; and (b) the Cu(la)-0 square building blocks,
linked in only one direction, that form oneMimensional
chains (or ribbons) along the orthorhombic b axis.

Infrared3 and Raman measurements of the (k=0)
phonons in this material have been studied extensively.
The interest is intrinsic, as well as with the objective of ob-
serving signs of the electron-phonon interaction, which

may act as the "glue" for the Cooper pairs.
One of the many interesting aspects of this structure is

that b can be varied over a large range2 s while the ortho-
rhombic structure and superconductivity are maintained.
Moreover, the oxygen atoms that are removable come
from the Cu-0 chain 0,(2f) oxygens (Fig. 1), which in
the orthorhombic structure Wyckoff notation2 s are called
0(le) or sometimes just 0(4). For approximately
0& b & 0.5 the material is orthorhombic, while for 0.5
&b&1 it is tetragonal with space group P4/ntttttrt
—Dqs. This variation of oxygen content is completely re-
versible with the superconductivity completely recover-
able. Ho~ever, in the tetra onal phase the material
behaves like a semiconductor. Since the structure for
both the orthorhombic and tetragonal material is essen-
tially the same, Fig. 1 can be used for both, as clarified in
the figure caption.

We have previously studied the phonons in the tetrago-

nal semiconductor phase of YBa2Cu307 s, with b close to
unity, by infrared and Raman techniques. s Studying
these materials in the semiconducting or insulating
phases is easier than in the metallic superconducting
phases because of the lack of interference with the free-
electron plasma. Here, we report and discuss infrared
refiectivity results of tetragonal, semiconducting YBa2-
Cu307 —s and compare it to the semiconducting SmBa2-
Cu307 —s.

In Fig. 2(a) the infrared refiectivities for ceramic
YBa2Cu307-s and SmBa2Cu307 s in the semiconducting
tetragonal phase are shown. The materials are obtained
by heating above the orthorhombic-tetragonal transition
temperature and then cooling in argon gas. 's For such
samples the resistance always increases as the tempera-
ture is lowered (see the inset to Fig. 1 in Ref. 7). The
refiectivity data in Fig. 2(a) were fit to a frequency-
dependent dielectric constant of the form

e(m) (mko m ) tmyLo-rr
(mko; —m') —tm pro

where mTo and mt, o (and their corresponding dampings

y;) are the transversewptic and longitudinal-optic modes,
respectively. The dielectric constant above the phonon
frequency is summarized in e ( 4), and the product is
over the 11 allowed infrared modes.

We clearly resolve 10 infrared reststrahlen bands for
both of the materials studied [Fig. 2(a)]. The frequencies,
given in Table I, are obtained [via Eq. (1)] by fitting the
refiectivity data. The fit is very sensitive to mTo, mLo, and

y; a one-wave-number difference is noticeable for the
sharper bands. In Fig. 2(b), the fit for the Sm material is
shown. As will be discussed later, in the Sm material, pos-
sibly the eleventh mode is observed, which would then ac-
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FIG. 1. Structure of Yaa2Cu307-~. Since the structure for
both the orthorhombic and tetragonal materials is very similar,
this 6gure may be used for both. The Wyckoff notation of the
atom positions is given for the tetragonal material, but the unit-

cell dimensions are given for the orthorhombic material. The
only fundamental difference between these materials is that in

the tetragonal structure both oxygen atoms labeled O, (2f) are
found to be missing, or at least the occupation of this site is very
low. In the orthorhombic structure only one of these sites is oc-
cupied; it is the site along the b axis, as indicated with a solid
circle.
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FIG. 2. (a) Measured infrared results for both the Y and Sm
material in the semiconducting phase. The magnitude of the
re6ectivity for the Sm material is shifted by 0.20 for ease of ob-
servation. The re8ectivity bands are labeled 1, 2, 3, . . . , 10 for
comparison purposes. (b) Measured and oscillator St
re6ectivity results for the Sm material. Values for the parame-
ters in the oscillator St are given in Table I. The dashed line is
the data and the solid line is the St.

count for all 11 allowed infrared modes. We discuss im-
portant aspects of the data.

First, as already mentioned, almost all of the sym-
metry-alloweds modes are observed. Thus, the infrared
results seem to yield phonon spectra that are simpler to in-
terpret than those found in the infrared 3 and Raman mea-
surements, which have been made on the metallic (super-
conducting) materials, where the electron plasma has a
strong reffectivity. In the metallic phase, the plasma may
be connned to the ab plane, in which case it will tend to
screen the infrared phonon modes whose vibrations are in
this plane. 'e Thus, only modes in which the vibrational
motion is perpendicular to this plane will be observed easi-
ly. For the tetragonal phase, if the material were metallic,
this would mean that the infrared E„modes would then
tend to be screened, and the Aq„modes would be more
easily observed. The tetragonal doubly degenerate E„
modes, when in the orthorhombic structure, split into two
singly degenerate Bq„and 83„modes which should be
screened. Infrared results' ( ) on superconducting single-
crystal arrays seem to show this screening behavior.

Second, the s littings between the LO and TO modes
are determined' by the eff'ective charges, Q, and effective
masses, m, of the vibrations. The relationship is e(o—m/o~g /m. For the materials shown in Fig. 2, this
diff'erence is relatively small for most of the modes, mak-
ing the reffectivity bands relatively sharp. This also is the
ease for the (La,Sr)2Cu04 superconductors, which can be

TABLE I. The transversewptie (TO) frequencies, lon-

gitudinalwptie (LO) frequencies, and damping constants

y ~o ~ obtained from the 6t. All of the values are given
ln CHl

No.
YBaqCu307-~

Nl.O No.
SmBa2Cu307-~

1

2
3
4
5
6
7
8
9

10

108
118
147
164
190
217
249
360
593
648

109
124
151
176
195
220
261
422
612
663

9
10
22
25
10
10
23
55
55
65

1

2
3

5
6
7
8

10

105
113
139
155
167
191
239
348
568
646

106
118
143
165
172
195
254
407
588
664

9
10
24
27
10
10
28
65
60
60

directly compared to other more ionic compounds with the
same structure. ' Since in these systems the effective
masses of the individual normal modes probably do not
vary strongly, it appears that small effective charges may
be a general feature of Cu —0 bonds.

Third, the Y atoms (or Sm atoms) vibrate in infrared-
active modes that transform as the A2„and E„irreducible
representations, the former involving motion along the c
axis, and the latter doubly degenerate modes involving
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atomic motion in the ab plane. In principle, motion of the
Y atom can be involved in all 5A2„as well as all 6E„al-
lowed infrared-active modes. However, in practice this
is rarely the case for structures that contain specific
structural elements (such as the Cu-04 planes and other
Cu-Oq chains). Typically, the motion of a given atom is
confined principally to a few normal modes. This situa-
tion seems to be the case here. Modes numbered 5 and 6
shift sharply to lower frequency (by 22 and 27 cm ', re-
spectively) when Y atoms are replaced by the heavier Sm
atoms [Fig. 2(a) and Table I). Presumably, one of these
modes is an A2„and one is an E„mode. This approxi-
mate isotropy of the down shift is consistent with the
structure (Fig. 1), where the Y atom, which is in between
the two Cu-Oq planes, is cubicly (eight neighbors) sur-
rounded by oxygen atoms in a manner that is approxi-
mately isotropic.

Fourth, with the replacement of the Y atoms by the
heavier Sm atoms, we observe a surprisingly large down-
shift [25 cm ', Fig. 2(a) and Table I) in the high-
frequency mode, labeled No. 9. In our previous work, s

the two high-frequency modes (Nos. 9 and 10) were relat-
ed to modes that involve motion of the lightest atoms (the
0 atoms) directly against Cu atoms. The motion for one
of these modes is the in-planar Cu(2g)-O(4i) vibrations
(E„mode). The other motion is that of Cu(la) atoms in
the chains against the O(2g) atoms in the chains, both
moving along e axis (A z„mode). With the replacement of
Y atoms by Sm atoms, mode No. 10 hardly shifts, but No.
9 downshifts 25 cm . This shift, along with the fact that
the Y atom is very close to the Cu-0 planes (Fig. 1) and
relatively distant from the Cu-0 chains, enables us to as-
sign mode No. 10 to the high-frequency Cu-0 motion in
the chain. The in-planar Cu(2g) against O(4i) motion is
then assigned to mode No. 9.

With the replacement of Y with Sm atoms, mode No. 8
moves down in frequency by 12 cm ' (Table I), which is
also a reasonably large shift. We assign this mode to the
low-frequency in-plane Cu(2g)-O(4i), E„mode. s'2 This
is a bond-bending mode and therefore lower in frequency
than the Cu against 0 motion in mode No. 9, as discussed
above.

This assignment of the high-frequency zone-center
modes, and the fact that T, does not vary with the re-
placement of Y atoms by rare-earth atoms (with the cor-
responding decrease of high-frequency Cu-0 planar vibra-
tions), is consistent with the approximate lack of isotope
effect in these materials. '

Fifth, with the assignments of some of the midfrequen-
cy modes (Nos. 5 and 6), we can consider the lower-
frequency modes. Undoubtedly, the normal modes are
complicated, and a trustworthy lattice-dynamics calcula-
tion would be helpful. However, it seems certain that the
heavy Ba atoms are involved in these modes. Ba-atom
motion is involved in A2„and E„modes, and it is possible
that this atom is primarily involved in the normal modes

Nos. 1 and 2. Partial or complete substitution for the Ba
atoms could clarify this point.

It is interesting to note that these two lowest-frequency
modes and the two associated with the Y atoms (or Sm
atoms) have the smallest damping constants (Table I).
This is consistent with the structure, in that both the Ba
and Y atoms appear to be loosely coupled to the other
atoms.

Sixth, it is possible that in the Sm material we observe
the eleventh allowed infrared mode. It is weak, at =210
cm ' (Fig. 2), and is observed when mode No. 6 moves
to lower frequency due to the rare-earth substitution.

In comparing our data to infrared reflectivity results in
YBa2Cu307-s superconductors, there does not appear to
be a clear one-to-one comparison. Most of the infrared
results in these superconductors are in reasonable agree-
ment with the early work of Bonn et al. t'~ who find three
pairs of lines whose frequencies are approximately at 151,
191,279, 310, 548, and 609 cm ' Others ~ 3 "' also re-
port a mode at =230 cm '. One could argue that due to
coupling with a twoMimensional (ab plane) electron plas-
ma, the E„modes would be screened and hence much
weaker than the A2„modes; this has been observed in sin-
gle crystals. 's Therefore, only the SA2„-type modes might
be observable in the superconductors. However, if this is
the case, we are left with a dilemma. If the two highest-
frequency modes (548 and 609 cm ') are associated with
the Cu-0 inplanar vibrations, then one must be an E„
mode, as discussed. Also, if no modes are observed at
=110 cm ' (corresponding to our No. 1 and No. 2
modes, one of which is an Aq„mode), then the counting is
wrong.

One aspect of the comparison to the superconducting
materials is, however, satisfactory. The mode observed at
191 cm ' in the Y superconductors is found to shift + to= 166 cm ' in the rare-earth materials. Therefore, this
mode is probably an A2„mode, as discussed above.
Furthermore, the shift is in good agreement with our re-
sults (Table I). On the other hand, the mode observed at
=575 cm ' in the superconductor does not shift when
rare-earth atoms are substituted for Y atoms3~'~ as is ob-
served here. The planar Cu-0 distances remain very simi-
lar in the tetragonal and orthorhombic phases, so it is
reasonable to compare the infrared results. However, for
the chains the Cu-0 distances and environment are rather
different in the two phases, +~ so a comparison has less
meaning.

It is a pleasure to acknowledge discussions with Robert
Walkup. One of us (G.B.) acknowledges, with pleasure,
support from the Alexander von Humboldt Foundation,
which allo~ed some of this work to be accomplished.
Also, the hospitality and stimulation of the Max Planck
Institute for Solid State Physics is gratefully acknowl-
edged.



BURNS, DACOL, FREITAS, KGNIG, AND PLASKETT 37

'For s revie~ of the early work in this Seld, see A. Khuraaa,

Phys. Today 40 (No. 4), 17 (1987);40 (No. 7), 17 (1987).
2(a) M. A. Beno, L Soderholm, D. W. Capone, D. G. Hinks,

J. D. Jorgeasen, I. K. Schuller, C. U. Segre, K. Zhsng, and

J. D. Gram, AppL Phys. Lett. 51, 57 (1987); (b) J. J. Cap-

poni, C. Chaillout, A. %'. Hewst, P. Lejsy, M. Marezio,
N. Nguyen, 8. Ravesu, J. L Soubeyroux, J. L Tholeace, snd

R. Tournier, Europhys. Lett. 3, 1301 (1987).
3(a) D. A. Bonn, J. E. Greedan, C. V. Stager, T. Timusk, M. G.

Doss, S. L. Herr, K. Kamsras, and D. 8. Tanner, Phys. Rev.
Lett. 5$, 2249 (1987); (b) G. A. Thomas, H. K. Ng, A. J.
Millis, R. N. Bhatt, R. J. Cava, E. A. Tietman, D. W.
Johnson, Jr., G. P. Espinosa, sad J. M. Vanderberg, Phys.
Rev. 8 36, 846 (1987); (c) M. Stavola, D. M. Krol,
W. %eber, S. A. Sunshine, A. Jayaramsn, G. A. Kourouklis,

R. J. Cava, and E A. Rietman, ibid. 36, 850 (1987); (d) L
Genzel, A. Wittlin, J. Kuhl, Hj. Mattausch, W. Bauhofer, and

A. Simon, Solid State Commun. 63, 843 (1987); (e) P. E.
Sulewski, T. %. Noh, J. T. Mc%'hirter, A. J. Sievers, S. E.
Russek, R. A. Surhman, C. S. Jee, J. E. Crow, R. E. Sslomon,
and G. Myer, Phys. Rev. 8 36, 2357 (1987); (f) I. Bozovic,
D. Mitzi, M. Beasley, A. Kapitulnik, T. Geballe, S. Perkowitz,

G. L Carr, 8. Lou, R. Sudharsanan, snd S. S. Yom, ibid. 36,
4000 (1987); (g) J. M. Wrobel, S. Wang, S. Gygax, B. P.
Clayman, and L. K. Peterson, ibid 36, 236.8 (1987); (h) R. T.
Collins, Z. Schlesinger, R. H. Koch, R. 8. Laibowitz, T. S.
Plsskett, P. P. Freitas, %'. J. Gallagher, R. L. Ssndstrom, and

T. R. Dinger, Phys. Rev. Lett. 59, 704 (1987); (i) A. Wittlin,

R. Liu, M. Cardona, L Genzel, W. Konig, W. Bauhofer,

Hj. Mattausch, A. Simon, aad F. Garcia-Alvarsdo, Solid
State Commun. (to be published); (j) M. Cardona, L. Genzel,

R. Liu, A. %ittlin, Hj. Mattausch, F. Garcia-Alvarado, and

E. Garcia-Gonzalez, ibid (to be p. ublished); (k) A. Wittlin,

L. Genzel, M. Cardona, M. Bauer, %. Konig, E. Garcia,
M. Barahona, and M. V. Cabanas, ibid (to be p.ublished).

4(a) R. J. Hemley and H. K. Mao, Phys. Rev. Lett. 58, 2340
(1987); (b) H. Rosen, E. M. Engler, T. C. Strand, U. Y. Lee,
and D. Bethune, Phys. Rev. 8 36, 726 (1987); (c) B. Batlogg,
R. J. Cava, A. Jaysraman, R. 8. van Dover, G. A. Kourouklis,

S. Sunshine, D. W. Murphy, L. W. Rupp, H. S. Chen,
A. White, K. T. Short, A. M. Mujsce, and E. A. Rietman,
Phys. Rev. Lett. 58, 2333 (1987); (d) R. M. Macfarlane,
H. Rosen, and H. Saki, Solid State Commun. 63, 831 (1987);
(e) Z. Iqbal, S. W. Steinhauser, A. Bose, N. Cipollini, and

H. Eckhardt, Phys. Rev. 8 36, 2283 (1987); (f) R. Liu,
R. Merlin, M. Cardoas, Hj. Mattausch, W. Bauhofer,
A. Simon, F. Garcia-Alvsrado, E. Moran, M. Vsllet, J. M.
Gonzalez-Calbet, and M. A. Alsrio, Solid State Commun.
63, 839 (1987); (g) Y. Dai, J. S. Swinnea, H. Stein6nk, J. B.
Goodenough, and A. Campion, J. Am. Chem. Soc. 109, 5291
(1987); (h) A. Yamanaka, F. Minami, K. Watanabe, K. In-
oue, S. Tskekswa, and N. Iyi, Jpn. J. Appl. Phys. 20, L1404
(1987); (i) S. Blumenroder, E. Zirngiebl, H. Schmidt,
G. Guntherodt, and H. Brenten II, Solid State Commun. (to
be published); (j) G. A. Kourouklis, A. Jayaraman,
8. Sstlogg, R. J. Cava, M. Stsvols, D. M. Krol, E. A. Riet-
man, and L. F. Schneemeyer, Phys. Rev. 8 36, 8320 (1987);
(k) R. Bhadra, T. O. Burn, M. A. Beno, 8. Dabrowski, D. G.
Hinks, J. Z. Liu, J. D. Jorgensen, L J. Nowicki, A. P. Pauli-
kas, I. K. Schuller, C. U. Segre, L Soderholm, 8. Veal, H. H.
Wang, J. M. Williams, K. Zhang, and M. Grimsditch Phys.
Rev. 8 (to be published).

s(a) P. Bordet, C. Chaillout, J. J. Cappon, J. Chenavas, and

M. Marezio, Nature 327, 687 (1987); (b) A. W. Hewat, J. J.
Cappon, C. Chaillout, M. Marezio, sad E. A. Hewat, Solid
State Commun. 64, 301 (1987).

6G. Burns, F. Dacol, P. P. Freitss, T. S. Plaskett, and %. Konig,
Solid State Commun. 64, 471 (1987).

7P. P. Freitas and T. S.Plaskett, Phys. Rev. 8 36, 5723 (1987).
(a) G. Burns, F. Dacol, and M. W. Shafer, Solid State Com-

mun. 62, 687 (1987); (b) U. Venkateswaran, K. Stroessner,
K. Syassen, G. Burns, and M. %'. Shsfer, ibid. 64, 1273
(1987); (c) G. Burns, F. Dacol, G. Kliche, W. Konig, and

M. W. Shafer, Phys. Rev. 8 37, 3381 (1988).
~The experimental details can be found in Ref. 6 and the sample

preparation details are in Ref. 7.
'o(a) J. M. Bassat, P. Odier, and F. Gervais, Phys. Rev. 8 35,

7126 (1987); (b) Z. Schlesinger, R. T. Collins, D. L. Kaiser,
and F. Holtzberg, Phys. Rev. Lett. 59, 1958 (1987).

"See, for example, G. Burns, Solid State Physics (Academic,
New York, 1985), Chap. 13.

2As pictured in Ref. 6, the high-frequency E„, in-plane
Cu(2g)-O(4i) mode approximately has these atoms moving

agaiast one another. The lower-frequency E, mode hss Cu
atoms moving colinearly with two of its neighboring 0 atoms,
aad the other two oxygen atoms moving in the opposite direc-
tion; this causes s change in the 0-Cu-0 bond angle.
Motion in the other Cu-0 plane is in phase.


