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Temperature dependence of the phonon frequencies and linewidths of YBEu;_,M,),Og
for M=Ni and Zn
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We report on the temperature dependence of Raman spectra faGiBa,Ni,),0g (x=0-0.02) and
YBay(Cu, _,Zn,) 4,08 (x=0-0.01) polycrystals. Below the transition to the superconducting state an anoma-
lous abrupt mode softening and line broadening of the Ba vibrational mode at T00acenobserved 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 cm! betweerT, 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 &, 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 functiorfS0163-182@08)05801-9

. INTRODUCTION Ramafi~° and infrared(IR)*! spectra have been investi-
gated. In the YBCO compounds it is known that & 3
The superconductivity-induced phonon self-energy effectgransition—metal substitutio_n for Cu results in a reduc_:tion of
were found soon after the discovery 06B&,Cl. O14:1 T. as the doping content is increasédlhe de(_:rease img .
(YBCO) superconductorsGenerally, when the temperature M@y change the position of the superconducting gap relative
decreases belowW,, the superconducting gap opening af- to the phonon energies. When the superconducting gap goes
fects the frequencies and linewidths of the phonons whosg 1033 the energy of a certain phonon, the frequency and the

. finewidth are to rapidly change. By investigating the tem-
frequencies are close to the gap frequency. For example, ”Baerature dependence of a certain phonon, we may get the

frequency of the 340 ciit Raman mode of YB&£U;0;-5  information about the value and the symmetry of the super-
(Y1:2:3), which involves vibrations of the @) and Q3)  conducting gap. This method was applied to Pr-doped
atoms in the Cu@planes' softens significantly as the tem- Y1:2:4 in the IR-active plane-oxygen phorfdrand in the
perature is lowered below,..? This phonon has also been Raman-active Ba phondhPr substitution for Y1:2:4 was
observed to broaden as the sample is cooled bélgww ~ found to give a constant ratioA /kT.=6.2 for the large
These superconductivity-induced changes in the frequencg§aP and 2A;/kT.=2.3 for the small oné.

and linewidth of the 340 cit phonon appear to provide  When YBCO compounds are doped with metal atoms,

evidence for the strong electron-phonon interaction in theVhich copper site between the plane and the chain is prefer-

Y1:2:3 system. The superconductivity-induced phonon Self_entlally substituted is crucial. It is well known that substitu-

energy effects have also been theoretically explained withirgOns of divalent metals fike Zn and Ni on the plane sites
; : 7 ; ramatically reduce th&., while those of trivalent Al, Fe,
the BCS theory by Klein and Dierkérpr within the Eliash- y c: Wh v

) a _ and Co on the chain sites show a similar but less dramatic
berg theory by Zeyher and Zwickna@Z)." Applying the  ftect12 Among the various 8 transition-metal substitutions

predictions of the ZZ theory, the superconducting gaps werg, the YBCO compounds, the substitution of divalent metals
estimated in several polycrystallin®Ba,Cu;0;7_5 com-  sych as Ni and Zn for Cu in plane sites is particularly inter-
pounds(R is a rare-earth elemeit all of which has aT; of  esting. This is because Ni or Zn substitution, in which the
about 90 K. The theory of the superconductivity-inducedcrystal structure is almost unaffected, causes a rapid drop in
phonon self-energy effects has been further extended to thE.. Noticeably, there is no significant qualitative difference
nons-wave pairing systenf$The changes in the frequency in the suppression of ; between substitutions of magnetic
and the linewidth between the normal and the superconducNi and nonmagnetic Zn elements.
ing state have been found to depend on the anisotropy of the In this paper, we report on the temperature dependence of
superconducting gap(k) and the presence of elastic or in- the frequencies and linewidths in the phonon Raman scatter-
elastic scattering. ing for YBay(Cu;_,Ni,),05 system &=0-0.02) and

For YBa,Cu,Og (Y1:2:4), the presence of two supercon- YBay(Cu,_,Zn,),Og system &=0-0.01). We observed
ducting gaps was pointed out and their values were detethat the smaller gap/®, is near or just above the Ba phonon:
mined through phonon self-energy effects in the normal andrequency in undoped samples and its energy decreases with
superconducting states by Heyenal” They attributed these Ni or Zn doping.
two gaps to A, (105 cni'Y) for the chain related bands and
2A, (320 cmi'Y) for the plane related bands.

So far, to get further information about the superconduct- Samples of YBgCu,_,M,)40s (M=Ni and Zn with
ing related phonon anomalies, the substitution effects owarious contents of were prepared by a conventional solid-

II. EXPERIMENTAL DETAILS
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FIG. 1. Superconducting transition temperatiigeplotted as a 100 200 300 400 500 600 700
function of M concentratiorx in YBay(Cu, _M,) 4Og (M = Ni and RAMAN SHIFT (cm™)
Zn).

FIG. 2. Typical Raman spectra at room temperature for pure and

state reaction method and a high-oxygen-pressure technigiN, Zn-doped samples.
using a hot isostatic pressing apparatus in a mixed gas envi-
ronment Ar-20%0, (Ox-HIP). Y,03 BaCQ, NiO, ZnO, YBay(Cu_yM,)30;_, (M=Ni and Zn. The depression
and CuO powders were mixed to nominal compositions ofate of T, in YBay(Cu;_,M,)40g is larger than that in
YBay(Cu;_xM,),Os. Powder mixtures were calcined at YBay(Cu,_,M,)30;_, (Ref. 12 for the same dopant. Since
860 °C for 12 h in air and then repeatedly sintered at 880-the structure of Y1:2:4 is similar to Y1:2:3 except for the
920 °C for 12 h several times with intermediate grindings.double CuO chains, the larger depression rateTgfin
Sintered ceramics were finally treated by-BIP at 1000— YBay(Cu;_4M,),Og than that in YBa(Cu,_M,)30;_,
1100 °C for 40 h under an oxygen partial pressure of 2Gshould be related to the additional CuO chain in the double
MPa. The critical temperaturek. determined by magnetic chain structure.
susceptibility were about 80.5, 78.0, 63.1, 44.0, and 14.7 K In Fig. 2 typical Raman spectra at room temperature for
for nominal Ni content ok=0, 0.001, 0.005, 0.01, and 0.02, pure and Ni, Zn-doped samples are shown. Raman spectra
and 80.5, 66.1, and 47.0 K for Zn content>£0, 0.002, for doped samples that resemble undoped ones suggest that
0.005, and 0.01, respectively. Details of the sample preparaoth Ni and Zn doping hardly affect the lattice dynamics.
tion as well as characterizatiofsuch as x-ray diffraction, There are no signs of peaks from impurity phases or phonon
resistivity, and magnetizatigrare described in Ref. 13. scattering induced by structural disorder. The dependencies

Raman spectra were measured at various temperatures @f the frequencies of these vibrational modes on both Ni and
the backscattering configuration. The 514.5 nm line of arZn substitution are reminiscent of the behavior of the corre-
Ar-ion laser was used for excitation. The incident laser beansponding modes in YB&Cu; _,Ni,)30; (Refs. 18—21 and
from the Ar laser was focused on the sample surfaces with ¥Bay(Cu; _4Zn,) 30;. 20
diameter of about §m and the power density was kept = When the temperature decreases, the Ba vibrational mode
around 150 W/crhto avoid heating effects. The tempera- (~100 cmi!) shows a remarkable change in its frequency
tures were verified by using Stokes to anti-Stokes ratios ofvhile the Cy2) vibrational mode {150 cmi!) exhibits a
the spectral densities. The scattered light was detected withreormal anharmonic behavior. Values for the frequencies and
Jasco NR-1800 triple monochromator and a charge-coupledinewidths of the Ba mode were obtained by fitting the cor-
device detector. The samples were mounted on the cold firesponding Ba mode feature to a Fano profiléth a linear
ger of a liquid-He cryostat and the temperature was meabackground given by
sured with a thermocouple placed near the sample.

[(w)=I Manackground (1)
Ill. RESULTS * 1+e(w) '
Figure 1 shows th&, plotted as a function of dopat  Where
concentratiorx in YBay(Cu; _yM,),Og (M=Ni and Zn. T, e(w)=(0—wy)l 7. )

linearly decreases with Ni content, and the superconductivity
disappears at a very small critical Ni concentration of 2.5%Here wq is the phonon frequencyy is the linewidth (half

The initial depression rates ®f, with increasing doping con- width at half maximuny g is a parameter that defines the
centrationx are about—32 and—67 K/at.% for Ni and Zn, asymmetry of the measured line profile, and the background
respectively, which are larger than those in previouds taken to be a linear term of the forBw + C, whereB and
works!*~*" The doping with ZA* (nonmagnetic ionhas a  C are adjustable parameters.

stronger effect on the suppressionTgfthan that with Ni* The temperature dependencies of the frequencies
(magnetic ion. These results are similar to those observed irof the Ba vibrational mode in YB&Cu; _4Ni,)4Og and
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FIG. 3. Temperature dependence of the frequencies of the Ba FIG. 4. Temperature dependence of the linewidths of the Ba
mode for (a) YBay(Cu;_«Niy),Og and (b) YBay(Cu;_,Zn,)4O0s. mode for (a) YBay(Cu;_Niy),Og and (b) YBay(Cu;_,Zn,)4Os.
The curves are offsets k) 12, 9, 6, 3, and 0 ct and(b) 12, 8,  The curves are offsets bg) 20, 15, 10, 5, and 0 ciit and (b) 18,
4, and 0 cm? from top to bottom. The solid lines are guides to the 12, 6, and 0 cr* from top to bottom. The solid lines are guides to
eye. the eye. Linewidths were determined by numerical fits to Ried.

2) profiles with a linear background.

YBay(Cuy, _,Zn,)4,Og are summarized in Fig. 3. Abovg,
this mode displays the normal slight shift to higher frequen-yBa,(Cu, _,Ni,),Og and YBa(Cu,_,Zn,),Os. The line-
cies. BelowT,, however, this mode displays an abrupt modewidth shows an unusual increase from room temperature
softening for the samples with=0-0.005. The largest shift down to about 130—150 K, then decreases rapidly to reach a
is observed in the pure Y1:2:4 sample in which the fre-minimum aroundT., where it starts to increase slightly
quency softens by approximately 5.5 chrbetweenT. and  again, as reported by Kaet al. A broadening of the phonon
10 K. This value is consistent with results on other Y1:2:4at low temperatures is observed for the samples with
single crystal€.Our results show that Ni and Zn significantly =0-0.005. The largest broadening is observed=a0.001
suppress the magnitude of the superconductivity-induceéor Ni and 0.002 for Zn. For these samples the linewidth
phonon softening of the Ba vibrational mode at 100¢m  broadens by approximately 4.5 chbetweenT, and 10 K.
When the Ni concentratiox reaches 0.01, this mode slightly
exhibits hardening. Unlike Ni, in the Zn-doped samples this IV. DISCUSSION
hardening was not clearly exhibited. Though it is not clear
whether this difference between the effects of Ni and Zn The Ba phonon softens beloW by as much as 5 cit,
impurities is intrinsic or not for Y1:2:4, one possible expla- corresponding to 5% of its frequency. With respect to the
nation is that the weak chain disorder that may be due to #elative frequency change, this is the largest phonon anomaly
small Zn substitution at the chain-Cll) site reduces the self- reported so far for higf-, superconductors. The large soft-
energy effect. Actually the linewidths of the Q) and Q1)  ening of the Ba mode may be explained by either a very
phonons are increased at higher dopant concentrations in tisgrong coupling to the higher energy gap2or by a cou-
Zn-doped Y1:2:4, while this is not the case in the Ni-dopedpling to the lower gap &; with an energy only slightly
one®® It should be noted that Klaet al1° observed a phonon higher than the Ba mode frequency. It should be observed
softening belowT, in experiments carried out on the Zn- that the anomalies of Ba phonons consistently suggest the
doped one, a result that is in sharp contrast to our resultexistence of a gap nea\2 ~100 cm L. This is because the
These discrepancies may be caused by the difference diependence of the frequency on temperature appears to be
sample properties and/or preparation. normal in the C(2) phonon at about 150 cr.

In Fig. 4, the temperature dependencies of the line- It is of interest to compare the observed
widths of the Ba vibrational mode are plotted for superconductivity-induced change in frequency and line-
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width to the predictions of strong-coupling modela an 1 | | |
?ttempt to ascertain the assumption that A, in these sys- 0,005 o,oi
ems. -6 I
Zeyher and Zwicknagl calculated the change of the com- OF__ //6002 0.305
plex self-energyAs, =Aw,—iAy,, due to the electron- —_ Tl P
phonon coupling through redistribution of the electron den- QL a1k ‘\\ !
sity of stategDOS) assuming an isotropis-wave symmetry S v
for pair function? Here Aw, is the change in the phonon § - theory g gg01
frequency and\ y, is the change in the phonon linewidth for s 2t | |
modev. The phonon frequency change is given by < v ® Ni
4l T/T.=016 @ A Zn
N, o, T 1/QAan=1  *=0
Aw,= 5 ReII/N), (3
-4 ! ] 1
0.0 0.5 1.0 1.5 20

where \, is the electron-phonon coupling constant for the
vth phononll is the polarization, andll is the normal-state
DOS per spin.

The change in the phonon linewidth due to superconduc- FIG. 5. A comparison of the measured frequency shifts with the
tivity is theoretical curvegdashed ling of the real part offI/N (Ref. 4 in

the YBg(Cu,_,M,),O5 (M=Ni,Zn) system. The experimental
N data have been normalized XQw,/2 (\,=0.034, Ref. 22 on the
Ay,=— ~Z Im(II/N). (4) assumption thaT .= A and the gap value2,=105cni! atx=0
2 (Ref. 7). The parameters taken for the theoretical curve were scat-
tering rater '=2A andT/T.=0.16.

Frequency w/ (2A))

ZZ have calculated the real and imaginary part$léN for
various temperatures below, and for different impurity
scattering rates. softening upon cooling of the phonon at 100 ¢nfor three

To compare the experimental results with their calcula-samples with Ni content<0.005 suggests the presence of
tions using Eqs(3) and(4), we normalized the experimental the gap at higher energies. For higher Ni contentxof
values of Aw, Ay by \,w,/2. On the assumption that, =0.01 this mode appears to start to harden belgw
«A; (A;: the superconducting gap eneygyin The change in magnitude of the linewidth beldw with
YBay(Cu; _4M,) 405 (M =Ni or Zn) and the gap value®; increasing dopant content can also be fitted to the ZZ predic-
=105 cm ! atx=0 (after Ref. 7, w/2A, for the Ba phonon tion. The largest broadening observedat0.001 for Ni and
varies from 1.03 to 5.64 asincreases from 0 to 0.02 for Ni. 0.002 for Zn indicates that the energy gap goes across the Ba
In the same way it varies from 1.03 to 4.88 xasncreases phonon energy with doping. Concerning the data for Zn-
from 0 to 0.01 for Zn. As for the coupling constant for the  doped samples, the discrepancy between the experimental
Ba mode, we used a value,=0.034 obtained by a local- results and the ZZ theory is somehow large. Though it is not
density approximation frozen-phonon calculatféiwe plot-
ted the normalizedw andAy in Figs. 5 and 6 as a function
of the w/(2A,) (w is the Ba phonon frequency, A2« T,.),
respectively. The dashed curve is the theoretical résoit
T/T,=0.16 and an impurity scattering rate af 1=2A; ok
(taken from IR measuremefts?d. As for x=0.02(Ni) and ' -
0.01 (Zn) samples, we left these data out of Figs. 5 and 6 B
because theifT, are too low to distinguish the phonon
anomaly from a normal anharmonic behavior beldw

It turns out that the decrease in the magnitude of softening
betweenT; and 10 K with increasing the dopant content is
explained quite well by the ZZ model assuming an isotropic T/T,=016 0001 A 7n
s-wave gap. The main prediction of the ZZ thebihat is S 1/02An=1
based on the strong electron-phonon coupling is as follow-
s: the phonon peaks with energies belatv sbften and do 4 ! | !
not change in the width, while those with energies aba¥e 2 0.0 05 .10 1.5 2.0
harden and broaden. In addition, the most remarkable change Frequency @/ (2A,)
should occur forw~2A due to the divergence of density of
states. The C_rossover point from softening to_ hardening is FIG. 6. A comparison of the measured shifts in linewidth with
expected to lie near 1.1 fop/2A. The sample just at this  he theoretical curvetdashed ling of the imaginary part ofI/N
crossover point should have no anomaly in its frequency buiret. 4 in the YBa(Cu,_,M,),Os (M=Ni,Zn) system. The ex-

have the largest phonon broadening. If the value af 2 perimental data have been normalizechiao, /2 (A, =0.034, Ref.
varies with theM-doping level, the temperature dependen-22) on the assumption thaf.xA and the gap value &,

cies of frequency and linewidth for a certain phonon should=105 cni* atx=0 (Ref. 7). The parameters taken for the theoret-
be changed with doping. According to this prediction, theical curve were scattering rate *=2A and T/T,=0.16.
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clear whether the discrepancy is intrinsic or not for Zn-dopectontain mostly O(4p,-Cu(1)d,2_2-O(1)p, character. If
Y 1:2:4, the reduction of the broadening is qualitatively con-their interpretation is correct, our results can be consistent
sistent with the theory. with the two-gap structure models.

These results suggest that the gap symmetry is consistent We finally note the effect of the impurity scattering for
with thes-wave model and the gap valué2 scales linearly ~ self-energy effect. Zeyher and Zwicknighentioned that
with T for YBay(Cu;—4M,)4O0g (M =Ni and Zn. Contrary, the change in the superconductivity-induced phonon self-
as forAw, and Ay, the two-peaks structure that was pre- energy may vanish in the extreme dirty limit. They showed
dicted by thed-wave modél is not observed. It is also noted that the superconductivity-induced shifts in phonon frequen-
that, as regards to the effect of the reductionTefon the cies are very sensitive to impurities, especially in the case of
Raman-active phonon self-energies, qualitatively similar rew/2A>1. The structure aroun@d~ 2A is not much washed
sults have been observed for Pr-substituted YRgOg.® out by impurities. However, there is a dramatic decrease of

The s-wave symmetry for the smaller gap deduced fromthe positive values of REN) above the gap. This means
present Raman measurements is consistent with the resultstbft the phonon hardening above the gap in the clean case
the tunneling data along theaxis®® and the microwave sur- becomes a phonon softening if impurity scattering is impor-
face impedance measurements in Y 1Z:8n the contrary, tant. Experimentally resistivity and infrared reflectance mea-
an increasing number of experiments such as the tunnelingurements provide an estimate the scattering rate of
along thea or b axis2® penetration deptf microwave sur- Sumner and co-workefsand Kim et al?® studied the resis-
face resistanc® NMR,*! and specific hedt support the pic- tivity and infrared reflectance for YB&CU;_M,)30; (M
ture of ad-wave symmetry for the CuOplane site. These =Niand Zn, and found that—?! is roughly linear in the Ni
apparently conflicting results may be explained if we canconcentration, and it reaches 95 ¢h{~ 2 X 10¥s—140 K)
consider that the smaller gap in the YBCO systems has at x=4 at. %, whereT,=76 K. The scattering rate de-
different gap structure with a different symmetry. Note thatcreases smoothly @B decreases. It is linear foF=T, and
the results on the scaling of the superconducting gap With constant belowT.. Further, Ni and Zn produce the same
do not rule out the possibility of d-wave gap in the large scattering rate, proportional to, within the =30% uncer-
gap of YBCO systems. tainty in determiningr™(x) from infrared reflectance mea-

Primarily, the two-gap structure, the chain and planesurements. In our case, even when the concentration
bands in the YBCO compounds was suggested by Kresin angaches 0.01 in Zn-doped samples, the Ba mode hardly ex-
Wolf.** They claimed that the charge transfer between theshibits hardening. It may be due to the fact that the scattering
subsystems along with its uniquely short coherence lengthate r—! should increase with increasing then the self-
leads to the appearance of a two-gap structure. The holenergy effect may be reduce¢However, since the pure
doped CuO planes, which are thought to be the major strucy 1:2:4 system is not thought to be in the dirty limit, the
tural and conducting unit for all cuprate superconductors, argmpurity scattering mechanism does not seem to be appro-
by themselves intrinsically superconducting. As for thepriate for our results on the lower impurity sampjes.
chains, the conducting state is intrinsically normal. The su-
perconductivity in the chains is induced by the proximity V. CONCLUSIONS
effect due to the presence of the superconductivity in the
neighboring layers. Thus the density of states of this com-
pound in the superconductin%g[1 state has the two-gap-lik
structure. Atkinson and Carbotfehave also studied the ef- .

. ; ; ; . T, the Ba vibrational mode at 100 crhshows softening
fect of proximity coupling of chains and planes in Y1:2:3. and broadening fok=0, while the amount of softening is

In Y1:2:3, the Ba phonon exhibits a characteristic Fano o . :
line shape similar to that in Y1:2:4, but no anomaly is ob-Jreatly reduced with increasing dopaht concentration.

served aff,.® Heyenet al’ suggest that this result may be This can be interpreted by assuming that the superconducting

interpreted with different two superconducting gap valuegJap energy decreases with Ni_and Zn doping and is consis-
gent with the ZZ model assuming tleewave symmetry for

We investigated the temperature dependence of Raman
pectra for polycrystalline YB&Cu, _,M,)4Og (M =Ni and
n). We found that when the temperature decreases below

from those of Y1:2:4. Though the phonon Raman scattering™", .
hardly distinguish the chain band contribution from the plang®@ function.
one, the only difference between Y1:2:4 and Y1:2:3 is in the
different character of the chains and the respective electronic
chain bands. They also suppose that the so-cateadlarized This work was partially supported by NEDO for the R&D
experiments just probe this chain gap, whose wave functionsf Industrial Science and Technology Frontier Program.
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