
PHYSICAL REVIEW B 1 JANUARY 1998-IVOLUME 57, NUMBER 1
Temperature dependence of the phonon frequencies and linewidths of YBa2„Cu12xM x…4O8
for M 5Ni and Zn

N. Watanabe and N. Koshizuka
Superconductivity Research Laboratory, International Superconductivity Technology Center,

1-10-13 Shinonome, Koto-ku, Tokyo 135, Japan
~Received 30 June 1997!

We report on the temperature dependence of Raman spectra for YBa2(Cu12xNix)4O8 (x50 – 0.02) and
YBa2(Cu12xZnx)4O8 (x50 – 0.01) polycrystals. Below the transition to the superconducting state an anoma-
lous abrupt mode softening and line broadening of the Ba vibrational mode at 100 cm21 are observed in the
Raman spectra. The largest shift is observed in the undoped Y1:2:4 samples in which the frequency softens by
approximately 5.5 cm21 betweenTc and 10 K while the amount of softening is greatly reduced with increasing
dopantM concentration. This can be interpreted by considering that under the presence of two gap structure for
Y1:2:4 the smaller gap 2D1 is near or just above the Ba phonon frequency in undoped samples and its energy
decreases with Ni or Zn doping. These phonon anomalies are consistent with the Zeyher-Zwicknagl model
assuming thes-wave symmetry of pair function.@S0163-1829~98!05801-9#
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I. INTRODUCTION

The superconductivity-induced phonon self-energy effe
were found soon after the discovery of Y2Ba4Cu61nO141n

~YBCO! superconductors.1 Generally, when the temperatur
decreases belowTc , the superconducting gap opening a
fects the frequencies and linewidths of the phonons wh
frequencies are close to the gap frequency. For example
frequency of the 340 cm21 Raman mode of YBa2Cu3O72d

~Y1:2:3!, which involves vibrations of the O~2! and O~3!
atoms in the CuO2 planes,1 softens significantly as the tem
perature is lowered belowTc .2 This phonon has also bee
observed to broaden as the sample is cooled belowTc .2

These superconductivity-induced changes in the freque
and linewidth of the 340 cm21 phonon appear to provid
evidence for the strong electron-phonon interaction in
Y1:2:3 system. The superconductivity-induced phonon s
energy effects have also been theoretically explained wi
the BCS theory by Klein and Dierker,3 or within the Eliash-
berg theory by Zeyher and Zwicknagl~ZZ!.4 Applying the
predictions of the ZZ theory, the superconducting gaps w
estimated in several polycrystallineRBa2Cu3O72d com-
pounds~R is a rare-earth element!,5 all of which has aTc of
about 90 K. The theory of the superconductivity-induc
phonon self-energy effects has been further extended to
non-s-wave pairing systems.6 The changes in the frequenc
and the linewidth between the normal and the supercond
ing state have been found to depend on the anisotropy o
superconducting gapD~k! and the presence of elastic or in
elastic scattering.

For YBa2Cu4O8 ~Y1:2:4!, the presence of two supercon
ducting gaps was pointed out and their values were de
mined through phonon self-energy effects in the normal
superconducting states by Heyenet al.7 They attributed these
two gaps to 2D1 (105 cm21) for the chain related bands an
2D2 (320 cm21) for the plane related bands.

So far, to get further information about the supercondu
ing related phonon anomalies, the substitution effects
570163-1829/98/57~1!/632~6!/$15.00
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Raman8–10 and infrared~IR!11 spectra have been invest
gated. In the YBCO compounds it is known that a 3d
transition-metal substitution for Cu results in a reduction
Tc as the doping content is increased.12 The decrease inTc
may change the position of the superconducting gap rela
to the phonon energies. When the superconducting gap
across the energy of a certain phonon, the frequency and
linewidth are to rapidly change. By investigating the tem
perature dependence of a certain phonon, we may get
information about the value and the symmetry of the sup
conducting gap. This method was applied to Pr-dop
Y1:2:4 in the IR-active plane-oxygen phonon11 and in the
Raman-active Ba phonon.8 Pr substitution for Y1:2:4 was
found to give a constant ratio 2D2 /kTc56.2 for the large
gap11 and 2D1 /kTc52.3 for the small one.8

When YBCO compounds are doped with metal atom
which copper site between the plane and the chain is pre
entially substituted is crucial. It is well known that substit
tions of divalent metals like Zn and Ni on the plane sit
dramatically reduce theTc , while those of trivalent Al, Fe,
and Co on the chain sites show a similar but less dram
effect.12 Among the various 3d transition-metal substitutions
in the YBCO compounds, the substitution of divalent met
such as Ni and Zn for Cu in plane sites is particularly int
esting. This is because Ni or Zn substitution, in which t
crystal structure is almost unaffected, causes a rapid dro
Tc . Noticeably, there is no significant qualitative differen
in the suppression ofTc between substitutions of magnet
Ni and nonmagnetic Zn elements.

In this paper, we report on the temperature dependenc
the frequencies and linewidths in the phonon Raman sca
ing for YBa2(Cu12xNix)4O8 system (x50 – 0.02) and
YBa2(Cu12xZnx)4O8 system (x50 – 0.01). We observed
that the smaller gap 2D1 is near or just above the Ba phono
frequency in undoped samples and its energy decreases
Ni or Zn doping.

II. EXPERIMENTAL DETAILS

Samples of YBa2(Cu12xMx)4O8 ~M5Ni and Zn! with
various contents ofx were prepared by a conventional soli
632 © 1998 The American Physical Society
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state reaction method and a high-oxygen-pressure techn
using a hot isostatic pressing apparatus in a mixed gas e
ronment Ar120%O2 (O2-HIP). Y2O3, BaCO3, NiO, ZnO,
and CuO powders were mixed to nominal compositions
YBa2(Cu12xMx)4O8. Powder mixtures were calcined a
860 °C for 12 h in air and then repeatedly sintered at 88
920 °C for 12 h several times with intermediate grinding
Sintered ceramics were finally treated by O2-HIP at 1000–
1100 °C for 40 h under an oxygen partial pressure of
MPa. The critical temperaturesTc determined by magnetic
susceptibility were about 80.5, 78.0, 63.1, 44.0, and 14.
for nominal Ni content ofx50, 0.001, 0.005, 0.01, and 0.02
and 80.5, 66.1, and 47.0 K for Zn content ofx50, 0.002,
0.005, and 0.01, respectively. Details of the sample prep
tion as well as characterization~such as x-ray diffraction,
resistivity, and magnetization! are described in Ref. 13.

Raman spectra were measured at various temperatur
the backscattering configuration. The 514.5 nm line of
Ar-ion laser was used for excitation. The incident laser be
from the Ar laser was focused on the sample surfaces wi
diameter of about 8mm and the power density was ke
around 150 W/cm2 to avoid heating effects. The temper
tures were verified by using Stokes to anti-Stokes ratios
the spectral densities. The scattered light was detected w
Jasco NR-1800 triple monochromator and a charge-coup
device detector. The samples were mounted on the cold
ger of a liquid-He cryostat and the temperature was m
sured with a thermocouple placed near the sample.

III. RESULTS

Figure 1 shows theTc plotted as a function of dopantM
concentrationx in YBa2(Cu12xMx)4O8 ~M5Ni and Zn!. Tc
linearly decreases with Ni content, and the superconducti
disappears at a very small critical Ni concentration of 2.5
The initial depression rates ofTc with increasing doping con
centrationx are about232 and267 K/at.% for Ni and Zn,
respectively, which are larger than those in previo
works.14–17 The doping with Zn21 ~nonmagnetic ion! has a
stronger effect on the suppression ofTc than that with Ni21

~magnetic ion!. These results are similar to those observed

FIG. 1. Superconducting transition temperatureTc plotted as a
function of M concentrationx in YBa2(Cu12xMx)4O8 ~M5Ni and
Zn!.
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YBa2(Cu12xMx)3O72y ~M5Ni and Zn!. The depression
rate of Tc in YBa2(Cu12xMx)4O8 is larger than that in
YBa2(Cu12xMx)3O72y ~Ref. 12! for the same dopant. Sinc
the structure of Y1:2:4 is similar to Y1:2:3 except for th
double CuO chains, the larger depression rate ofTc in
YBa2(Cu12xMx)4O8 than that in YBa2(Cu12xMx)3O72y
should be related to the additional CuO chain in the dou
chain structure.

In Fig. 2 typical Raman spectra at room temperature
pure and Ni, Zn-doped samples are shown. Raman spe
for doped samples that resemble undoped ones sugges
both Ni and Zn doping hardly affect the lattice dynamic
There are no signs of peaks from impurity phases or pho
scattering induced by structural disorder. The dependen
of the frequencies of these vibrational modes on both Ni a
Zn substitution are reminiscent of the behavior of the cor
sponding modes in YBa2(Cu12xNix)3O7 ~Refs. 18–21! and
YBa2(Cu12xZnx)3O7.

20

When the temperature decreases, the Ba vibrational m
(;100 cm21) shows a remarkable change in its frequen
while the Cu~2! vibrational mode (;150 cm21) exhibits a
normal anharmonic behavior. Values for the frequencies
linewidths of the Ba mode were obtained by fitting the co
responding Ba mode feature to a Fano profile2 with a linear
background given by

I ~v!5I 0

~«~v!1q!2

11«2~v!
1background, ~1!

where

«~v!5~v2v0!/g. ~2!

Here v0 is the phonon frequency,g is the linewidth~half
width at half maximum!, q is a parameter that defines th
asymmetry of the measured line profile, and the backgro
is taken to be a linear term of the formBv1C, whereB and
C are adjustable parameters.

The temperature dependencies of the frequen
of the Ba vibrational mode in YBa2(Cu12xNix)4O8 and

FIG. 2. Typical Raman spectra at room temperature for pure
Ni, Zn-doped samples.
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634 57N. WATANABE AND N. KOSHIZUKA
YBa2(Cu12xZnx)4O8 are summarized in Fig. 3. AboveTc
this mode displays the normal slight shift to higher freque
cies. BelowTc , however, this mode displays an abrupt mo
softening for the samples withx50 – 0.005. The largest shif
is observed in the pure Y1:2:4 sample in which the f
quency softens by approximately 5.5 cm21 betweenTc and
10 K. This value is consistent with results on other Y1:2
single crystals.7 Our results show that Ni and Zn significant
suppress the magnitude of the superconductivity-indu
phonon softening of the Ba vibrational mode at 100 cm21.
When the Ni concentrationx reaches 0.01, this mode slight
exhibits hardening. Unlike Ni, in the Zn-doped samples t
hardening was not clearly exhibited. Though it is not cle
whether this difference between the effects of Ni and
impurities is intrinsic or not for Y1:2:4, one possible expl
nation is that the weak chain disorder that may be due
small Zn substitution at the chain-Cu~1! site reduces the self
energy effect. Actually the linewidths of the Cu~1! and O~1!
phonons are increased at higher dopant concentrations i
Zn-doped Y1:2:4, while this is not the case in the Ni-dop
one.13 It should be noted that Ka¨ll et al.10 observed a phonon
softening belowTc in experiments carried out on the Zn
doped one, a result that is in sharp contrast to our res
These discrepancies may be caused by the differenc
sample properties and/or preparation.

In Fig. 4, the temperature dependencies of the li
widths of the Ba vibrational mode are plotted f

FIG. 3. Temperature dependence of the frequencies of the
mode for ~a! YBa2(Cu12xNix)4O8 and ~b! YBa2(Cu12xZnx)4O8.
The curves are offsets by~a! 12, 9, 6, 3, and 0 cm21 and~b! 12, 8,
4, and 0 cm21 from top to bottom. The solid lines are guides to t
eye.
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YBa2(Cu12xNix)4O8 and YBa2(Cu12xZnx)4O8. The line-
width shows an unusual increase from room tempera
down to about 130–150 K, then decreases rapidly to rea
minimum aroundTc , where it starts to increase slightl
again, as reported by Ka¨ll et al. A broadening of the phonon
at low temperatures is observed for the samples withx
50 – 0.005. The largest broadening is observed atx50.001
for Ni and 0.002 for Zn. For these samples the linewid
broadens by approximately 4.5 cm21 betweenTc and 10 K.

IV. DISCUSSION

The Ba phonon softens belowTc by as much as 5 cm21,
corresponding to 5% of its frequency. With respect to t
relative frequency change, this is the largest phonon anom
reported so far for high-Tc superconductors. The large sof
ening of the Ba mode may be explained by either a v
strong coupling to the higher energy gap 2D2 or by a cou-
pling to the lower gap 2D1 with an energy only slightly
higher than the Ba mode frequency. It should be obser
that the anomalies of Ba phonons consistently suggest
existence of a gap near 2D1;100 cm21. This is because the
dependence of the frequency on temperature appears t
normal in the Cu~2! phonon at about 150 cm21.

It is of interest to compare the observe
superconductivity-induced change in frequency and li

a FIG. 4. Temperature dependence of the linewidths of the
mode for ~a! YBa2(Cu12xNix)4O8 and ~b! YBa2(Cu12xZnx)4O8.
The curves are offsets by~a! 20, 15, 10, 5, and 0 cm21 and~b! 18,
12, 6, and 0 cm21 from top to bottom. The solid lines are guides
the eye. Linewidths were determined by numerical fits to Fano~Ref.
2! profiles with a linear background.
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57 635TEMPERATURE DEPENDENCE OF THE PHONON . . .
width to the predictions of strong-coupling models4 in an
attempt to ascertain the assumption thatTc}D1 in these sys-
tems.

Zeyher and Zwicknagl calculated the change of the co
plex self-energy,DSv5Dvv2 iDgv , due to the electron-
phonon coupling through redistribution of the electron de
sity of states~DOS! assuming an isotropics-wave symmetry
for pair function.4 Here Dvv is the change in the phono
frequency andDgv is the change in the phonon linewidth fo
modev. The phonon frequency change is given by

Dvv5
lvvv

2
Re~P/N!, ~3!

where lv is the electron-phonon coupling constant for t
vth phonon.P is the polarization, andN is the normal-state
DOS per spin.

The change in the phonon linewidth due to supercond
tivity is

Dgv52
lvvv

2
Im~P/N!. ~4!

ZZ have calculated the real and imaginary parts ofP/N for
various temperatures belowTc and for different impurity
scattering rates.

To compare the experimental results with their calcu
tions using Eqs.~3! and~4!, we normalized the experimenta
values ofDv, Dg by lvvv/2. On the assumption thatTc
}D1 ~D1 : the superconducting gap energy! in
YBa2(Cu12xMx)4O8 ~M5Ni or Zn! and the gap value 2D1
5105 cm21 at x50 ~after Ref. 7!, v/2D1 for the Ba phonon
varies from 1.03 to 5.64 asx increases from 0 to 0.02 for Ni
In the same way it varies from 1.03 to 4.88 asx increases
from 0 to 0.01 for Zn. As for the coupling constantln for the
Ba mode, we used a valueln50.034 obtained by a local
density approximation frozen-phonon calculation.22 We plot-
ted the normalizedDv andDg in Figs. 5 and 6 as a function
of the v/(2D1) ~v is the Ba phonon frequency, 2D1}Tc!,
respectively. The dashed curve is the theoretical result4 for
T/Tc50.16 and an impurity scattering rate oft2152D1
~taken from IR measurements23–25!. As for x50.02 ~Ni! and
0.01 ~Zn! samples, we left these data out of Figs. 5 and
because theirTc are too low to distinguish the phono
anomaly from a normal anharmonic behavior belowTc .

It turns out that the decrease in the magnitude of soften
betweenTc and 10 K with increasing the dopant content
explained quite well by the ZZ model assuming an isotro
s-wave gap. The main prediction of the ZZ theory4 that is
based on the strong electron-phonon coupling is as foll
s: the phonon peaks with energies below 2D soften and do
not change in the width, while those with energies aboveD
harden and broaden. In addition, the most remarkable cha
should occur forv;2D due to the divergence of density o
states. The crossover point from softening to hardening
expected to lie near 1.1 forv/2D. The sample just at this
crossover point should have no anomaly in its frequency
have the largest phonon broadening. If the value of 2D1
varies with theM -doping level, the temperature depende
cies of frequency and linewidth for a certain phonon sho
be changed with doping. According to this prediction, t
-

-

c-

-

6

g

c

-

ge

is

ut

-
d

softening upon cooling of the phonon at 100 cm21 for three
samples with Ni contentx,0.005 suggests the presence
the gap at higher energies. For higher Ni content ofx
50.01 this mode appears to start to harden belowTc .

The change in magnitude of the linewidth belowTc with
increasing dopant content can also be fitted to the ZZ pre
tion. The largest broadening observed atx50.001 for Ni and
0.002 for Zn indicates that the energy gap goes across th
phonon energy with doping. Concerning the data for Z
doped samples, the discrepancy between the experime
results and the ZZ theory is somehow large. Though it is

FIG. 5. A comparison of the measured frequency shifts with
theoretical curves~dashed line! of the real part ofP/N ~Ref. 4! in
the YBa2(Cu12xMx)4O8 (M5Ni,Zn) system. The experimenta
data have been normalized tolvvv/2 ~lv50.034, Ref. 22! on the
assumption thatTc}D and the gap value 2D15105 cm21 at x50
~Ref. 7!. The parameters taken for the theoretical curve were s
tering ratet2152D andT/Tc50.16.

FIG. 6. A comparison of the measured shifts in linewidth w
the theoretical curves~dashed line! of the imaginary part ofP/N
~Ref. 4! in the YBa2(Cu12xMx)4O8 (M5Ni,Zn) system. The ex-
perimental data have been normalized tolvvv/2 ~lv50.034, Ref.
22! on the assumption thatTc}D and the gap value 2D1

5105 cm21 at x50 ~Ref. 7!. The parameters taken for the theore
ical curve were scattering ratet2152D andT/Tc50.16.
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636 57N. WATANABE AND N. KOSHIZUKA
clear whether the discrepancy is intrinsic or not for Zn-dop
Y 1:2:4, the reduction of the broadening is qualitatively co
sistent with the theory.

These results suggest that the gap symmetry is consi
with thes-wave model and the gap value 2D1 scales linearly
with Tc for YBa2(Cu12xMx)4O8 ~M5Ni and Zn!. Contrary,
as for Dvn and Dgn the two-peaks structure that was pr
dicted by thed-wave model6 is not observed. It is also note
that, as regards to the effect of the reduction ofTc on the
Raman-active phonon self-energies, qualitatively similar
sults have been observed for Pr-substituted YBa2Cu4O8.

8

The s-wave symmetry for the smaller gap deduced fro
present Raman measurements is consistent with the resu
the tunneling data along thec axis26 and the microwave sur
face impedance measurements in Y 1:2:3.27 On the contrary,
an increasing number of experiments such as the tunne
along thea or b axis,28 penetration depth,29 microwave sur-
face resistance,30 NMR,31 and specific heat32 support the pic-
ture of ad-wave symmetry for the CuO2 plane site. These
apparently conflicting results may be explained if we c
consider that the smaller gap in the YBCO systems ha
different gap structure with a different symmetry. Note th
the results on the scaling of the superconducting gap withTc
do not rule out the possibility of ad-wave gap in the large
gap of YBCO systems.

Primarily, the two-gap structure, the chain and pla
bands in the YBCO compounds was suggested by Kresin
Wolf.33 They claimed that the charge transfer between th
subsystems along with its uniquely short coherence len
leads to the appearance of a two-gap structure. The
doped CuO planes, which are thought to be the major st
tural and conducting unit for all cuprate superconductors,
by themselves intrinsically superconducting. As for t
chains, the conducting state is intrinsically normal. The
perconductivity in the chains is induced by the proxim
effect due to the presence of the superconductivity in
neighboring layers. Thus the density of states of this co
pound in the superconducting state has the two-gap-
structure. Atkinson and Carbotte34 have also studied the ef
fect of proximity coupling of chains and planes in Y1:2:3

In Y1:2:3, the Ba phonon exhibits a characteristic Fa
line shape similar to that in Y1:2:4, but no anomaly is o
served atTc .35 Heyenet al.7 suggest that this result may b
interpreted with different two superconducting gap valu
from those of Y1:2:4. Though the phonon Raman scatter
hardly distinguish the chain band contribution from the pla
one, the only difference between Y1:2:4 and Y1:2:3 is in
different character of the chains and the respective electr
chain bands. They also suppose that the so-calledz-polarized
experiments just probe this chain gap, whose wave funct
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contain mostly O(4)pz-Cu(1)dz22y2-O(1)py character. If
their interpretation is correct, our results can be consis
with the two-gap structure models.

We finally note the effect of the impurity scattering fo
self-energy effect. Zeyher and Zwicknagl4 mentioned that
the change in the superconductivity-induced phonon s
energy may vanish in the extreme dirty limit. They show
that the superconductivity-induced shifts in phonon frequ
cies are very sensitive to impurities, especially in the case
v/2D.1. The structure aroundv;2D is not much washed
out by impurities. However, there is a dramatic decrease
the positive values of Re(P/N) above the gap. This mean
that the phonon hardening above the gap in the clean
becomes a phonon softening if impurity scattering is imp
tant. Experimentally resistivity and infrared reflectance m
surements provide an estimate the scattering rate oft21.
Sumner and co-workers24 and Kim et al.25 studied the resis-
tivity and infrared reflectance for YBa2(Cu12xMx)3O7 ~M
5Ni and Zn!, and found thatt21 is roughly linear in the Ni
concentration, and it reaches 95 cm21 (;231013/s–140 K)
at x54 at. %, whereTc576 K. The scattering rate de
creases smoothly asT decreases. It is linear forT>Tc and
constant belowTc . Further, Ni and Zn produce the sam
scattering rate, proportional tox, within the 630% uncer-
tainty in determiningt21(x) from infrared reflectance mea
surements. In our case, even when the concentratiox
reaches 0.01 in Zn-doped samples, the Ba mode hardly
hibits hardening. It may be due to the fact that the scatter
rate t21 should increase with increasingx then the self-
energy effect may be reduced.~However, since the pure
Y 1:2:4 system is not thought to be in the dirty limit, th
impurity scattering mechanism does not seem to be ap
priate for our results on the lower impurity samples.!

V. CONCLUSIONS

We investigated the temperature dependence of Ra
spectra for polycrystalline YBa2(Cu12xMx)4O8 ~M5Ni and
Zn!. We found that when the temperature decreases be
Tc , the Ba vibrational mode at 100 cm21 shows softening
and broadening forx50, while the amount of softening is
greatly reduced with increasing dopantM concentration.
This can be interpreted by assuming that the superconduc
gap energy decreases with Ni and Zn doping and is con
tent with the ZZ model assuming thes-wave symmetry for
pair function.
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