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We have performed a systematic study of the temperature dependence of the in-plane thermal conductivity
K(T) in oxygen-deficient single crystals of YB&u3;Og,, (0<x<1). An anomalous dependence K{T)
observed in insulating YBZCu;04 below 200 K is evidence for the existence of unknown phonon relaxation
process. This phonon relaxation seems to persist in superconducting samples. A strong temperature depen-
dence ofK(T) in antiferromagnetic YBgCu3;O¢ at T>240 K suggests a strong spin-phonon coupling. For
underdoped superconducting crystals, we have found that features in metallic normid $taterrelate with
so-called spin-gap behavior of the spin and charge excitation spectrum. We interpret these fe#(f¢srof
terms of a spin-phonon interactiof80163-18206)05434-3

I. INTRODUCTION high-T cuprates based on domination of either the phonon
thermal conductivityphononic scenarjoor the electron one
Measurements of the thermal conductiviy of high-  (see, e.g. Ref.)2
temperature superconductifigTS) cuprates as a function of The phonon thermal conductivity can be written as
temperature and applied magnetic field revealed generic be- )
havior of the in-plane thermal conductivity parallel to the K.=S K _}2 = Ci(w)y q 2
CuO, plane (for review, see Ref. )1 (i) K(T) changes the ph™ phi™ 3 o1 dtT ] @ @
slopedK/dT near the superconducting transition temperature . o ' o
T.. This can result in appearance of a peakKifiT) at a Whererh,i is the _c_ontrlbutlon of the phonon po!arlzatmn
temperature of abou./2. (i) The thermal conductivity de- Ci(®) is the specific heat of the phonon modewith index
creases in the applied magnetic f|d+d>Hcl at T<T,. i, v; is the phonon velocityrifcl is the total relaxation rate
These observations demonstrate that the heat conduction ifiueé to the phonon scattering from boundaries, other
creases with the superconducting order parameter rise arfionons, lattice defects, etc. being independent of the gap
decreases with the Cooper pair breaking at a constant terfilnction A(T), and Ti_,plhe=Ai phe@d(A, ) standing for the
perature. In other words, there is an intimate coupling bephonon-electron interactict: In analysis of experimental
tween heat carriers and the order parameter in flighu-  data, it is usually assumed that scattering rates of the longi-
prates. For this reason, thermal conductivity measurementgidinal and transverse modes are the same. Tewordt and
provide with valuable information on the electronic structureWolkhausen calculated th¢, for high-T. superconductors
of the HTS and, taking into account a layered structure ofvith different magnitudes of the electron-phonon coupling
these materials, even on a spatial modulation of the ordeand in the cases & andd-wave pairing Florentievet al.’
parameter. and Peacoet al® found that the BCS variant of the model
In metals, usually two types of heat carriers, electrons andescribes well th&(T) data for YBaCuzO; single crys-
phonons, are responsible for the heat transport, and the tottdls. In both works, it was suggested that the electron thermal
thermal conductivity is a sum of the electrokid) and pho-  conductivityK, is small afT <T.. However, it is known that
non (Ky,) contributions in conventional superconductors thg(T) can show a pro-
nounced maximum aff<T. in the weak-coupling and
strong-coupling cases® Generally, one should not associ-
ate the phononic scenario with phononic mechanism of high-
T. superconductivity. In fact, for phononic scenario to be
Estimations show that the electron contribution in crystals ofvalid, even a small value of the transport electron-phonon
high-T. cuprates ranges from 10% to 50% of the total atcoupling (\~0.1) is enough.
T>T.. Supposedly, both the electron and phonon thermal In contrast, Yuet all! proposed a differentelectronio
conductivities are weakly temperature dependent in the noiinterpretation of the superconducting-state thermal transport.
mal state. The problem of current interest is which type ofThey noted that the strong suppression of the quasiparticle
heat carriers determines the behavior of the in-plane thermaicattering rate with decreasing temperature in YBasO-,
conductivity in the superconducting state. More specifically which was inferred from microwave surface impedance mea-
what are the temperature and magnetic field dependences sfirements of Bonet al,'? can result in large enhancement
the electron and phonon thermal conductivity. There are twof the electron thermal conductivity in the superconducting
alternative interpretations of the thermal conductivity ofstate and, hence, is responsible for the peak{). Yu

i,phe

K=K+ K. (1)
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TABLE I. Characteristic data and annealing conditions for ¥8a;O, single crystals.

c

No. Te AT, Annealing Dimension8 X X
K K conditions? mm

54 89.25 0.15 @, 420 °C, 100 h 0.580.84x0.010 0.97

7 91.0 0.32 Q, 600 °C-300 °C 0.48 0.30x< 0.005 0.93 0.92
27 85.6 1.12 air, 510°C, 30 h 0.%3.50x 0.050 0.83 0.87
44 73.3 0.95 air, 550 °C, 30 h 0.83.51x0.020 0.77

22 62.0 0.39 air, 610°C, 48 h 0.53.43x0.040 0.65

45 51.0 0.73 air, 710°C, 3 h 0.38.23x0.035 0.48

50 <4.2 He, 800 °C, 3 h 0.500.80x0.010 0.05

8Gas pressure was 1 bar.

®Dimensions are given gslistance between thermocouple junctipn&rystal width X (crystal thickness
“Oxygen content determined using the equilibrium concentration cureegT ).

dOxygen content determined using thexis parameter curve=x(c).

et al1!* assumed that the phonon contribution to the observedhicroanalyzer showed less than 0.1 at. % of Pt impurities.
temperature dependence K{T) is insignificant belowT. For post-growth annealing we selected the crystals without
For this the authors pointed out that the data of Hagerany defects(such as cracks, solidified flux, etocon their
et al’® on the in-plane thermal conductivity of insulating surface visible under an optical microscope.
YBa,Cu30¢. Crystals and the out-of-plane thermal con-  To obtain YBaCuzOg.  crystals with different oxygen
ductivity can impose the such constraint on #ig,. How-  content, the crystals from the master batch were annealed at
ever, no attention was given to the antiferromagnetism ofjifferent temperatures. Few crystals were encapsulated into a
insulating YBa&Cu3O¢., Whereas the spin-phonon interac- small (<100 mg ceramic YBaCusOs., container filled
tion may strongly influence the phonon thermal conductivityyp with YBa,Cuz0¢. « powder and annealed @, in 1 bar
of paramagnetic dielectricé. Previously we have found oxygen, air, or pure helium followed by a fast quenching into
manifestations of the spin-phonon interaction in the thermaliquid nitrogen. The quenching was made by expelling the
conductivity of antiferromagnetic cuprats:® container out of the tubular furnace by means of pulsed he-
The data on the phonon thermal conductivity of antiferro-jjum jet from a nozzle located near the container. The single
magnetic insulating cuprates, even though being complicateghystal No. 54 was annealed at 440 °C in 1 bar oxygen. We
by the spin-phonon interaction, appear to be a good startingstimate that this crystal was overdogéte oxygen concen-
point for an investigation of the mechanisms of heat transtration 6+ x is about 6.97) with reduced transition tempera-
pOI‘t in HTS. Thus motivated, we have studied the heat tran&ure in accordance with data of Breit a|_19 All our ortho-
port in single crystals of oxygen-deficient YBaU3O6.x.  rhombic crystals were twinned, as seen under the optical
With increasing oxygen content the YB@u3Og.x Under-  microscope. The annealing conditions and properties of the
goes a transition from antiferromagnetic insulating statesamples are summarized in Table I.
0<x<xy to superconducting one,<x<1.0, where The oxygen content in the crystals was determined using
Xw~0.4. The changes in the electronic and spin systemge dependence of lattice parameteapon oxygen content
produce significant modifications of the temperature angthe c(x) curvel (Ref. 20 or the dependence of upon an-
magnetic field dependencies of thermal conductivity. nealing temperaturfthe x(T,) curve atPo,=0.21 bat.?!

In this paper, we report the temperature dependence 0Ifhe estimated total uncertainty in the oxygen content does
thermal conductivity along the-b plane for crystals of not exceed- 0.05.
YBa,CusOs. with different oxygen content in the whole e criicq temperature for superconducting crystals was
range 07).(<l'. The effects of the magnetic field on thermal detected by measuring the temperature dependence of the ac
conductivity will be discussed in a following papf. magnetic susceptibility(T) in a configuration where the ac
magnetic field is parallel to the axis. The data taken at a
II. EXPERIMENT frequency 667 Hz and amplitude of the ac field 0.1 Oe are
shown in Fig. 1. It is seen that there are two regions near
x~0.9 andx~0.6 where the superconducting transition is
A master batch of YBaCu;04., single crystals was sharp and the peak in the imaginary component of the ac
grown by the CuO flux method in a platinum cruciBfeThe  susceptibilityy”(T) is single and narrow. This result is con-
crystals were grown under the melt cooling from 1150 °C tosistent with that of Cavat al?*> The samples withk~0.9
860 °C in air. After this the crucible was removed from aand x~0.6 are supposed to be close to the Orthol and
furnace and the liquid flux poured out from the crucible. By Ortholl phases, respectively. In the intermediate range
this the crystals were isolated from the flux and rapidly0.6<x<0.9, the transition becomes broad, and multipeaks
cooled to room temperature. Typical dimensions of theappear inthe/”(T). This can be interpreted as a result of the
platelet-like crystals were 1-3 mm in tteeb plane and phase separation. The dependenceTgfx) upon oxygen
10-40um along thec axis. Analysis of the chemical com- content(Fig. 2) displays a well-known behavior with two
position of our crystals by an electron microscope with x-rayplateaus at approximately 90 K and 60 K.

A. Single-crystal preparation
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FIG. 1. ac susceptibility of the YB&u;0¢,, Single crystals

FIG. 3. Temperature dependence of the in-plane thermal con-
measured in a field of 0.1 Oe oriented parallel to ¢thaxis.

ductivity for the YBaCu;0Og, 4 Single crystals.

B. Thermal-conductivity measurements contact between thermocouple junctions and the sample, and

- i in th i f h h h th
The thermal conductivity was measured byatemperaturelimcertalnty in the magnitude of heat current through the

wave method described in detail elsewh&&he tempera- Sarlgg:eiﬁsulating crystal of YBaCusOg (No. 50 the ther-

ture wave in a sample was ger_lerated ata freguency ranginga) conductivity was measured at temperatures up to 500 K.

from 0.2 to 2 Hz by an electrical heater which was glueda; high temperatures radiation heat losses usually become
onto the end of the sample. The sample was clamped Qissential and can cause substantial error in the measured
another end to a temperature-controlled copper heat sink 1y e estimated that in our measurements the radiation

Heat losses from the sample were minimized by e_vacuatmg Rsses lead to a systematic error of 2% and 10 % at 300 K

sample chamber and surrounding the sample with a coppef, 4 500 K, respectively. This is an upper bound for the effect

shield which was thermally enchored to the heat sink. They raqiation losses. The relatively small effect is due to the
temperature of the heat sink was measured with a carbongy, )| size and moderate thermal conductivity of this crystal.

glass resistance thermometer. An amplitude and phase of a

temperature drop along the sample were measured using the

differential manganin-constantan thermocouple. The ampli- lll. RESULTS AND DISCUSSION

tude of the temperature drop was apprquately 1_.3% of The temperature dependencies of the in-plane thermal
current temperature. The random error in the magnitude Oéonductivit for YBaCu-O-. .. sinale crvstals with various
thermal conductivity was 0.1% dt>20 K, and it increased Y &UsDe+ SING'E CIy

t0 0.25 % at 6 K. The systematic error was less than 50 o 0xygen content are shown in Fig. 3. The general features of

The latter is mainly due to the error in determination of theOthese data are as follows.

sample dimensions, irregularity of its form, finite size of the () The peak in the thermal conductivity is clearly ob-
P » Irreg Y ' served for all the superconducting samples. With decreasing

oxygen content, the position of the peak shifts to lower tem-

100 , : I peratures, and its relative magnitude becomes smaller.
. (i) The samples with maximum oxygen concentration
YB2,Cu;0g,., . show a sharp upturn of the thermal conductivity near the
80} R i

superconducting transition. The decrease in oxygen concen-
tration results in the gradual upturn K{T) nearT,.
60l s i (iii) For all the studied crystals the temperature dependen-
e cies of thermal conductivity are approximately the same at
low temperaturel <10 K.
4or i I (iv) The magnitude oK(T) tends to decrease down to its
; minimum for the samples wittx=0.5, near the metal-
20+ ; | insulator transition aky,~0.42° The thermal conductivity
" of the insulating antiferromagnetic YB&u;O4 is higher
olen . . ' than that of fully oxygenated crystals of YBGu3;0O- in the
00 02 04 06 08 10 normal state.
Oxygen concentration Similar behavior was observed in oxygen-deficient ce-
ramic sample$*~?’ The main differences of our results from
FIG. 2. Superconducting transition temperature vs oxygen conthe most representative data of Zavaritsiiial ° consist in
centration for the YBaCu;0Og.  single crystals. The dashed line is observation of the maximum in the thermal conductivity for
a guide for the eye. our insulating sample x=0) at T=175 K and well-

Transition temperature (K)
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pronounced peak irK(T) below T, for superconducting far from the Nel temperature, i.e., above 440 K and
crystals. It is naturally to connect these differences withbelow 240 K. This “magnetic” interpretation of the high-
higher quality of single crystals than of ceramics. temperature anomaly in th&(T) is supported by the

The temperature dependence of the in-plane thermal comecent doping studies of Taldenkoet al,>* where for
ductivity for insulating crystal of YBaCu3Og (Ref. 15 is  YBa,Cu30g the peak inK(T) at T=175 K is dramatically
anomalous as compared with that for normal dielectric cryssuppressed at small concentratiorc4.5 at. % of Zn
tals. These data differ essentially from the results obtainednd Ni impurities. These impurities destroy locally the anti-
by Hagenet al*3 for nonsuperconducting crystals. They ob- ferromagnetic ordering in the CuOplanes and are not
served a smooth monotonic dependenc& ¢T) with mag-  strong point-defect scatterers for phonons because of small
nitude of about 0.07-0.1 W¢m K) at T>100 K. Our ex- difference between their and Cu atomic masses and ionic
perimental data on the variation of th&T) with oxygen radii.
content suggest that in the crystals used by Hagjeal. the In YBa,Cu;0¢ the temperature dependencelofT) is
oxygen content was larger than in our crystal being withinanomalous at temperatures below 200 K. There is a maxi-
the range 0.£x<0.4. Recently, Cohet al?® measured the mum inK(T) at unusually high temperature of 175 K. This
in-plane thermal conductivity for lightly oxygen-doped behavior ofK(T) suggests that some additional process of
YBa,Cu304. 4 crystals k<0.11) and found the maximum phonon relaxation contributes substantially to the total scat-
in K(T) at approximately 200 K for the crystal with tering rate and almost entirely determines #er) below
x~0.05. Our data for YBgCu;0¢ are in qualitative agree- 175 K. We have found that anomalous dependence of
ment with Cohnet al,?® although we found the more pro- K(T) can be qualitatively described within the Callaway
nounced peak itK(T) and the stronger temperature depen-model provided that there is a strong relaxation for the
dence ofK(T) above the maximum. phonons having the enerdin the temperature unitn the

In common dielectric crystals, the thermal conductivity range from 20 K to 250 K. It means that the phonon-phonon
varies approximately a§ ! at high temperatures. This de- and defect scattering are insignificantfat 200 K. From the
pendence arises from the phonon-phonon interaction. Nombove considerations we conclude that in %Ba;Og4 the
mally impurities and lattice defects result in a weaker tem-phonon-phonon and defect scattering processes may be im-
perature dependence &f(T). We suppose that the heat portant only within the temperature range from 200 K to
transport in the insulating YB#u;O4 is due to the 240 K. An estimation of scattering rate from the magnitude
phonons. The thermal conductivity of YB@u3;Og varies  of K(T) in this temperature range yields the upper limit for
stronger thanT~! in the temperature range 240 K 73_1h+ Tgl
<T<440 K and tends toward & * dependence at higher Let us compare theK(T) data for crystals of
temperatures. In some nonmagnetic dielectrics, the fastefBa,Cu;04,, with different oxygen content. In
thanT~ ! dependence of lattice thermal conductivity at high YBa,Cuz0g. «, the specific hedt and sound velocit} do
temperaturegnear the Debye temperatirean arise from ot change considerably to explain the variation of lattice
such anharmonic effects as the volume thermal expansiohermal conductivity with the oxygen content. It is evident
and higher-order phonon-phonon interactiéhdJsing ex-  that changes in the relaxation rate of dominant heat carriers

perimental data for the thermal expansfSnve estimate that and in electronic properties are responsible primarily for the
the thermal conductivity may decrease by few percent with,griation of K pr(T).

temperature increase from 300 K to 500 K due to the change The in-plane thermal conductivity of YB&uzO; is
in crystal density. Thus this small effect cannot account forgpout two times smaller than that of YBAu;Og at tem-
the steepl' dependence ok(T) in YBa,Cu3Oe. Note that  peratures near 200 K. Assuming that the anharmonism and
for YBa,Cu,05 Andersson and SundviSthave found ex- concentration of lattice defects in these crystals are approxi-
perimentally thatk(T) data obtained at constant pressuremately similar, we conclude that the contribution of phonon-
and constant volume differ only slightly at high tempera-phonon and phonon-defect scattering to the total phonon re-
tures. Generally, higher-order phonon-phonon interactionfaxation rate is less than 30% in YB@u;O-. For crystals
are much weaker than the three-phonon interactions and reg YBa,Cu;O¢., With approximately two times smaller
sult in small additional term~T~?, in K(T). We suppose magnitude of thermal conductivity, these scattering pro-
that the higher-order phonon-phonon interactions also corgesses contribute even less and therefore are insignificant.
tribute a little to the thermal of YBgCu306.x. Comparison  Qur conclusion about the small contribution of the phonon-
of K(T) for insulating YBgCu3O¢ with that for metallic  phonon scattering is consistent with that of Cadtral.
YBa,Cuz07, which shows the weak temperature depen- The question arises as to what are dominant phonon
dence near room temperature, supports the proposition thatattering processes in superconducting crystals of
the discussed anharmonic effects are inessential. YBa,Cu;0¢. « in the normal state? The suppression of the
~We attribute the anomalous behavior K{T) near the  phonon thermal conductivity in metallic YB&uzOg¢., at
Neel temperature,Ty=420 K, in the antiferromagnetic high temperatures may be due to phonon scattering by
YBa,Cu3O¢ to a coupling between phonons and spin exci-charge carriers, spin excitations, and oxygen defects within
tations in the Cu@ planes. The observed strong dependencghe CuQ, chains. It is very difficult to separate the net effect
of K(T) implies that the spin-phonon relaxation ramg_pl of the oxygen defects by comparing tK¢T) data for pure
is of the same order of magnitude as the sum of phononerystals of YBgCu;O4., With different oxygen content,
phonon and defect scattering rate§p1h+ rgl, atT~Ty. because the changes in the electronic and spin excitation
The spin-phonon coupling becomes unimportant wellspectra accompany the change in the concentration of oxy-
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gen defects. Usually lattice defedtsithout internal degrees 14
of freedonm tend to produce the positive slope of the

Kpn- Indeed, we have found that in-plank(T) for

Y o.8Erg-Ba,CuzO- crystal, in which Er atoms are the 1.3
strong point(mass$ defects, shows the positive slope at
T>T,.. The observed negative slope of téT) for super-
conducting crystals, which becomes more pronounced with
oxygen deficit, suggests that oxygen defe@s the point
defect$ are not strong phonon scatterers, though they can
produce some overall suppression of the phonon thermal L1
conductivity. Numerical estimations also shows that the pho-

non scattering rate from oxygen defects is sriall.

It is well known that metallic YBaCu3;Og¢,, demon- , ' . )
strates dynamic antiferromagnetic correlatidh@ne of the l'050 100 150 200 250 300
intriguing features of the normal-state excitation spectrum in Temperature (K)
underdoped YBgCu;Og4,, is so-called “spin gap” (or
pseudogapopening: the loss of low energy spectral weight  FiG. 4. Temperature dependence of the normalized in-plane
which sets in at temperatur€* aboveT.. In overdoped thermal conductivity for the YBsCu;Osq., Single crystals. The
samples the temperature variation of the excitation spectrunnsert is plot of the thermal conductivity &it=300 K as a function
is qualitatively different: there is no spin-gap formation of the oxygen concentration. The lines through the data are a guide
aboveT,.. Evidence suggestive of the spin-gap phenomenéor the eye only.
was obtained from NMR’ neutron scattering® electrical
resistivity 28 specific heat? reflectivity 2° and thermoelectric
power? It is important that Litvinchulet al** have found a and 42 for the in-plane’(T) and the Wiedemann-Franz low
correlation between the temperature dependencies dfe=LooT. It appears that the features e{T) discussed
phonons and spin excitations in the oxygen-deficien@bove can be ascribed to the risekgfT) due to systematic
YBa,Cu;04.«. This observation indicates that there is adeviation of the electrical conductivity from thielinear de-
sizable spin-phonon coupling at least for some infrared angendence, provided th#t,,(T) has a slight negative curva-
Raman-active phonons. Above we concluded that in the ariure atT well aboveT,, but rises with decreasing tempera-
tiferromagnetic YBaCu3Og the interaction of acoustical ture nearT. in underdoped crystals. The latter is due to the
phonons with spin excitations strongly suppress the thermdlattening out and weak dependenceodfT) on temperature
conductivity neaiTy . On this basis, one may expect a finite nearT.. At room temperature the ratio &f,,/K increases
magnitude of phonon scattering from spin excitations in mefrom approximately 2 to 6 as the oxygen deficiency in-
tallic YBa,Cu3Og., Which could result in the increasing of creases from 0.08 to 0.5. However, in spite of this consistent
the phonon thermal conductivity with temperature decreaspicture atT~T*, the riseK(T) nearT. suggests that the
due to the spin-gap opening. spin-gap formation results in decreasing of the phonon scat-

To gain some insight into the effect of spin-gap opening,tering rate. It is noteworthy that in underdoped stoichio-
we would have to use the normalized data,metric crystals of YBaCu,Og the in-plane thermal
x(T)=K(T)/K(300 K), in order to exclude the relatively conductivity*® and electrical conductivifi} exhibit the devia-
large experimental uncertainty in the absolute value of thertion from T-linear dependence dt<180 K similar to those
mal conductivity which hampers the analysis of tKéT) found in the underdoped metallic YB&u3Og. .
evolution upon doping. Shown in Fig. 4 are the temperature For crystals of YBaCu;Og.., With oxygen concentration
dependencies of normalized thermal conductivifyT) for  near optimal value, the temperature dependencé (@F)
crystals of YBgCu30¢., With x>0.5. Two features have to shows an almost abrupt change of the slél§ésT in narrow
be pointed out. First, for underdoped samples#(€) sys- temperature interval neaf.. Note that superconducting
tematically deviates from the neaflylinear dependence, the fluctuations might contribute to the increasekofT) above
deviations emerging at higher temperature as the oxygefi,.*® Cohn et al*® attributed the slight enhancement of
concentration decreases. Secondly, the overdoped sami&T) in YBa,Cu304,, (X~0.9) at temperatures about 20
demonstrates completely different behavior, namely, th& above T, to the effect of superconducting fluctuations.
monotonic increase of the(T) with decreasing temperature Thus one can expect that without superconducting fluctua-
down to 120 K and a plateau in the temperature range frontions the increase d{(T) would be even sharper & . The
120 K to 98 K. It is very likely that these features arise from observed behavior oK(T) does not seem consistent with
characteristic behavior of the excitation spectrum intheoretical results. Wermbler and Tewdfdf calculated
YBa,Cu;04. , and the data in Fig. 4 suggest that the openK,,(T) and Kg(T) for high-T. superconductors with
ing of the spin gap at temperatures beldW results in a  s-wave pairing in the framework of strong-coupling theory
decrease of heat carriers scattering rate. and two-dimensional Hubbard model for electrons interact-

Recently Itoet al®® found a spin-gap effect on the in- ing via exchange of phonons, charge fluctuations, and spin
plane electrical conductivity(T) of YBa,Cu;O4,4. Our  fluctuations. The pair-breaking caused by spin fluctuations
experimental data can be tested for conformity to electricatesults in a gapless density of states n€arand a gradual
conductivity data. For this we estimated an upper limit to theupturn of the K,(T) below T.. For K¢(T), even more
electron thermal conductivitik, using the data of Refs. 38 smoothing off upturn was obtained. For thevave pairing,

1.2

K(T YK(300 K)
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the Kyn(T) (Ref. 6 and K¢(T) (Ref. 49 exhibit similar ~ near T. support the conclusion that some phonon modes
gradual variations nedr, . The same results are expected forcouple to spin excitations and charge carriers. Moreover,
superconductors with extendsevave gap having nodes on Yagil et al®® reported an experimental evidence for_strong
the Fermi surface. For optimally doped crystals, the experi€/€ctron-phonon coupling to selected phonon modes in point-
mental data suggest that the scattering rate of heat carrief@ntact spectroscopy of YB&u3Oe,.,. The authors
changes abruptly &, . We suppose that this is a result of a p0|_nted to the probable “existence of additional excnatlon_s
rapid spin-gap opening below.. The diminishing of the which are strongly coupled to_ the”phonons, and are also in-
sharp upturn with oxygen deficit may be due to a graduaVOIVed in the pairing mechamsm.

opening of the spin gap, which sets in well abdye with a From the available experimental data, we cannot deduce

. _ - unambiguously which scattering processes are responsible
small change in the rate of gap formationiTat This behav- for the suppression of phonon thermal conductivity in super-

ior of K(T) correlates well with that of JOW'ffeq_l%e”Cy conducting YBaCusOg,, With respect to the insulating
c-axis optical CO_”dUCt'V't§’9 and Knight Sh'ﬂ?.'” addition,  counterpart. Apart from the obvious candidates, electron-
the above-mentioned dependence of electrical conductiv- phonon and spin-phonon scattering, the unknown relaxation
ity, which flattens out aJ; is approached from abouéhis  process, which determines the behavioK¢f) in the insu-
is just the opposite of what is expected of the superconduciating YBa,Cu;0¢ at T<200 K, may contribute a lot to the
ing fluctuationg, suggests that in the underdoped crystalsphonon damping in metallic crystals. It seems likely that this
the effect of superconducting fluctuations on #€T) is  unknown process may be required to explain KET)
small. within any scenario of the heat transport. Note that recently
In the superconducting YB&u3zOs. , Crystals with oxy-  Cohn et al?® tentatively attributed the anomalous phonon
gen content near optimal, the sharp upturnkdfT) at T,  damping in insulating YBaCu3Og., and PrBgCuzOg.
seems to us to suggest that the phonon interaction with spii¢ a lattice structural instabilitylocal tilt distortions of the
excitations and charge carriers contributes insignificantly tduO polyhedraand argued that this phonon damping may
the phonon relaxation at temperatures below the peak iR€ weaker in superconducting YBauzO.
K(T). This is a consequence of rapid opening of the energy
gap in both charge and spin excitation spectra<fT . (for IV. CONCLUSIONS
optimally doped YBCO, recent neutron experiméhghows
almost zero spectral weight of low energy spin excitations at In conclusion, we have carried out a systematic investiga-
low temperatures Therefore, it appears that at low tempera-tion of the in-plane thermal conductivity for oxygen-deficient
tures the phonon thermal conductivity in the superconductingingle crystals of YBaCuzOg_. . We find that the tempera-
crystal is almost completely determined by the relaxatiorture dependence of the thermal conductivity for insulating
processes which operate in the insulating analog. Since théBa,Cu3Og differs substantially from that for normal di-
values of thermal conductivity for superconducting electric crystals. The strong temperature dependence of
YBa,Cu;0, and insulating YBaCu;Og are the same K(T) in the broad vicinity of the Nel temperature suggests
within experimental uncertainty at temperatures below thdhe strong spin-phonon coupling. The decreas&(f) be-
peak, we conclude that the unknown phonon relaxation prolow 175 K is attributed to the suppression of the heat trans-
cess persists in superconducting crystals of YBa;Og4,,  Pport by some unknown phonon scattering process. This scat-
as well. We suppose that in the underdoped crystaltering exists in superconducting crystals of Yf8a;0¢.
the electron-phonon and spin-phonon interactions may corhaving oxygen content up to 6.97 and contributes signifi-
tribute significantly to the phonon damping at low tempera-cantly to the phonon scattering in wide temperature range.
tures. The nature of this unknown phonon scattering is unclear.
Valuable information about phonon spectrum can beéWe have argued that oxygen vacancies within the
gained from inelastic neutron scattering measurements, R&uO, chains and other lattice defects play a minor role in
man and far-infrared spectroscopy. For YBa;Ogz4, a  scattering of phonons and quasiparticles confined in the
slight decrease in the linewidth of an in-plane transvers€CuO, planes.
acoustic phonon mode beloW, was observed by Harashina  The thermal conductivity peak is well developed both in
et al> The authors attributed the linewidth narrowing to the Orthol and Ortholl phase and is diminished under metal-
reduction of the electron-phonon scattering rate due to thasulator transition. Examination of th&(T) data for metal-
Cooper pair formation. This effect implies the increase of thdic YBa,Cu3;0¢., reveals the features in the temperature
phonon thermal conductivity beloW. with decreasingl.  dependence dk(T) which we attribute to the spin-gap be-
Far-infrared reflectivity studies of the ;Ba,Cug.,014,,  havior of the normal-state excitation spectrum. The change
(n=0,1,2) (Ref. 53 showed a decrease in the linewidth of of the rate of spin-gap formation at transition from normal
some infrared-active phonons at superconducting transitiorstate to superconducting is likely to be responsible for the
Recently, the spin-phonon coupling in HTS was studiedupturn in K(T) nearT.. We have argued that in metallic
theoretically by Normanet al>* within slave-boson, mean- YBa,Cu3Og., the spin-phonon coupling may play an im-
field treatment of the extended] model. This theory pre- portant role in the phonon thermal conductivity. It is notable
dicts that optical-phonon anomalies in underdopecthat recently Cohtf found that the superconducting-state en-
YBa,Cu;04, 4 should show evidence of the spin-gap phe-hancement of the&K(T) is inconsistent with the electonic
nomena with the same characteristic temperature as thatenario of heat transport and could be predominantly
found in NMR studies. While optical phonons do not con-phononic. The question of relative contributions of phonons
tribute to the heat transport, the changes in their linewidthand electrons to the thermal conductivity of superconducting
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YBa,Cu;04, 4 below T, is still an open question.
We believe that this qualitative interpretation of the
K(T) data for YBgCu3Og, , including the existence of the

THERMAL CONDUCTIVITY OF OXYGEN-DEFICIENT . ..

13 267

ACKNOWLEDGMENTS

We thank S. Yu. Shabanov for technical assistance. This

unknown phonon scattering is appropriate in the cases okork was supported by Russian State Program on HTSC

other superconducting and insulating cuprates. The prese@rant No. 93088 and in part by International Science Foun-
results should stimulate theoretical studies of the effect ofjation Grants No. M9G000 and No. M9G300.

spin excitations on the thermal conductivity of HTS.

1C. Uher, J. Supercon®, 337 (1990.

2C. Uher, Y. Liu, and J. F. Whitaker, J. Superconductivity323
(1994.

3J. Bardin, G. Rickayzen, and L. Tewordt, Phys. R&¢3 982
(1959.

4B. T. Geilikman and V. Z. Kresin, Sov. Phys. JETR 1385
(1959.

5L. Tewordt and Th. Wikhausen, Solid State Commuri0, 839
(1989.

SL. Tewordt and Th. Wikhausen, Solid State Commum5, 515
(1990.

V. V. Florentiev, A. V. Inyushkin, A. N. Taldenkov, O. K.
Mel'nikov, and A. B. Bykov, Superconductivity: Phys. Chem.
Tech.3, S378(1990.

M .J. M. Jurgens, and J. Rossat-Mignod, Physicd33-155
1014(1988.

26N, V. Zavaritskii, A. V. Samoilov, and A. A. Yurgens, Sov. Phys.
JETP Lett.48, 242(1988.

2hy, B. Efimov, A. A. Levchenko, L. P. Mezhov-Deglin, R. N.
Nikolaev, and N. S. Sidorov, Fiz. Niz. Temp4, 1301(1988.

283 L. Cohn, C. K. Lowe-Ma, and T. A. Vanderah, Phys. Rev. B
52, R13 134(1995.

2%E. D. Specht, C. J. Sparks, A. G. Dhere, J. Brynestad, O. B.
Cavin, D. M. Kroeger, and H. A. Oye, Phys. Rev.3, 7426
(1988.

0B, M. Andersson and B. Sundqvist, Physic&206 187 (1993.

3IA. N. Taldenkov, A. V. Inyushkin, and T. G. Uvarovanpub-
lished.

83. D. Peacor, A. Richardson, F. Nori, and C. Uher, Phys. Rev. B2J. W. Loram, K. A. Mirtza, J. R. Cooper, and W. Y. Liang, Phys.

44, 9508(1991).

9. Beyer Nielsen and H. Smith, Phys. Rev. Ld8, 689 (1982.

103, Beyer Nielsen and H. Smith, Phys. Rev3B 2831(1985.

IR, C. Yu, M. B. Salamon, Jian Ping Lu, and W. C. Lee, Phys.
Rev. Lett.69, 1431(1992.

12D, A. Bonn, P. Dosanjh, R. Liang, and W. N. Hardy, Phys. Rev.
Lett. 68, 2390(1992.

135, J. Hagen, Z. Z. Wang, and N. P. Ong, Phys. Re¥0B9389
(1989.

MR. Berman,Thermal Conduction in Solidé&Clarendon, Oxford,
1976.

ISA. V. Inyushkin, A. N. Taldenkov, S. Yu. Shabanov, and T. G.
Uvarova, Physica @35-24Q 1487 (1994.

A, V. Inyushkin, A. N. Taldenkov, L. N. Dem'yanets, T. G.
Uvarova, and A. B. Bykov, Physica B94-196 479 (1994).

17A. N. Taldenkov, A. V. Inyushkin, and T. G. Uvarovanpub-
lished.

18p B. Bykov, L. N. Dem'yanets, I. P. Zibrov, G. V. Kanunnikov,
O. K. Melnikov, and S. M. Stishov, J. Cryst. Grow#i, 302
(1988.

v, Breit, P. Schweiss, R. Hauff, H. Wil| H. Claus, H. Rietschel,
A. Erb, and G. Mller-Vogt, Phys. Rev. B62, R15 727(1995.
203, D. Jorgensen, B. W. Veal, A. P. Paulikas, L. J. Nowicki, G. W.
Grabtree, H. Claus, and W. Kwok, Phys. Rev.4R, 1863

(1990.

210. E. Parfionov and A. A. Konovalov, Physica202, 385(1992.

22R. J. Cava, A. W. Hewat, E. A. Hewat, B. Batlogg, M. Marezio,
K. M. Rabe, J. J. Krajewski, W. F. Peck, and L. W. Rupp, Jr.,
Physica C165 419 (1990.

23A. N. Taldenkov, A. V. Inyushkin, S. Yu. Shabanov, and T. G.
Uvarova, Superconductivity: Phys. Chem. Te£h1502(1994).

24G. Sparn, W. Schiebeling, M. Lang, R. Held, U. Gottwick, F.
Steglich, and H. Rietschel, PhysicalG3-155 1010(1988 .

258, salce, R. Calemczuk, C. Ayache, E. Bonjour, J. Y. Henry, M.
Raki, L. Forro, M. Couach, A. F. Khoder, B. Barbara, P. Burlet,

Rev. Lett.71, 1740(1993.

33M. Suzuki, U.Okida, I. Iwasa, A.J. Ikushima, T. Takabatake, Y.
Nakazawa, and M. Ishikawa, Jpn. J. Appl. Phgs, L308
(1988.

843, L. Cohn, S. A. Wolf, T. A. Vanderah, V. Selvamanickam, and
K. Salama, Physica @92, 435(1992.

35R. C. Yu, M. B. Salamon, and J. P. Lu, Phys. Rev. Let.1658
(1993.

36For a review, see J. Rossat-Mignod, L. P. Regnault, P. Bourges,
C. Vettier, P. Burlet, and J. Y. Henry, iBelected Topics in
Superconductivityedited by L. C. Gupta and M. S. Multani,
Frontiers in Solid State Sciences Vol.(World Scientific, Sin-
gapore, 1998 p. 265; J. Rossat-Mignod, L. P. Regnault, P.
Bourges, P. Burlet, C. Vettier, and J. Y. Henry, Physica®,
109 (1993.

37H. Yasuoka, T. Imai, and T. Shimizu, Btrong Correlation and
Superconductivityedited by H. Fukuyama, S. Maekawa, and A.
P. Malozemoff, Springer Series in Solid-State Sciences Vol. 89
(Springer-Verlag, Berlin, 1989p. 254.

38T Ito, K. Takenaka, and S. Uchida, Phys. Rev. L&Q, 3995
(1993.

39C. C. Homes, T. Timusk, R. Liang, D. A. Bonn, and W. N.
Hardy, Phys. Rev. Lett71, 1645(1993; C. C. Homes, T. Ti-
musk, D. A. Bonn, R. Liang, and W. N. Hardy, Physica2&4,
265 (1995.

403, L. Tallon, J. R. Cooper, P. S. I. P. N. de Silva, G. V. M.
Williams, and J. W. Loram, Phys. Rev. Le®5, 4114(1995.

4IA. P. Litvinchuk, C. Thomson, and M. Cardona, Solid State Com-
mun. 83, 343(1992.

42K. Takenaka, K. Mizuhashi, H. Takagi, and S. Uchida, Phys. Rev.
B 50, 6534(1994).

43A. N. Taldenkov, V. Kozhevnikov, and A. V. Inyushkiunpub-
lished.

44B. Bucher, P. Steiner, J. Karpinski, E. Kaldis, and P. Wachter,
Phys. Rev. Lett70, 2012(1993.



13 268 A. V. INYUSHKIN, A. N. TALDENKOV, AND T. G. UVAROVA 54

45A. A. Varlamov and D. V. Livanov, Zh. Esp. Teor. Fiz98, 584  52H. Harashina, S. Shamoto, K. Kodama, M. Sato, K. Kakurai, M.

(1999 [Sov. Phys. JETH1, 325(199))]. Nishi, B. J. Sternlieb, and G. Shirane, J. Phys. Soc. &gn.
463, L. Cohn, E. F. Skelton, S. A. Wolf, J. Z. Liu, and R. N. Shelton, 1386 (1994); H. Harashina, K. Kodama, S. Shamoto, M. Sato,
Phys. Rev. B45, 13 144(1992. K. Kakurai, and M. Nishi,jbid. 64, 1462(1995.
47S. Wermbter and L. Tewordt, Physical83 365 (1991). 53A. P. Litvinchuk, C. Thomson, M. Cardona, J. Karpinski, E. Kal-
483, Wermbter and L. Tewordt, Phys. Rev.4B, 9524(1991. dis, and S. Rusiecki, Z. Phys. ®, 9 (1993.
45Th. Wakhausen, Physica 234, 57 (1994). 54B. Normand, H. Kohno, and H. Fukuyama, Phys. Re\xc3856
50M. Takigawa, A. P. Reies, P. C. Hammel, J. D. Thompson, R. H.  (1996.
Heffner, Z. Fisk, and K. C. Ott, Phys. Rev.43, 247 (1991). 5Y. Yagil, N. Hass, G. Desgardin, and I. Monot, Physica%D, 59

51p. Bourges, L. P. Regnault, Y. Sidis, and C. Vettier, Phys. Rev. B (1995.
53, 876(1996. 563, L. Cohn, Phys. Rev. B3, R2963(1996.



