PHYSICAL REVIEW B 67, 214509 (2003

Phonon attenuation and quasiparticle-phonon energy transfer in d-wave superconductors
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We calculate the rate of energy transfer between phonons and quasiparticles that are out of thermal equilib-
rium in cuprate superconductors at temperatures below the impurity scattering rate. Phonons that give a
significant contribution to phonon-quasiparticle energy transfer at millikelvin temperatures have frequencies
that extend through the crossover frequency at which sound attenuation deviates f&drfrequency depen-
dence. The crossover frequency for a given phonon depends on the direction of its in-plane momentum because
of the anisotropy of the nodal quasiparticle energy dispersion relation. The temperature dependence of the heat
transfer rate is thus sensitive to the ratiod'v,, which characterizes the anisotropy of quasiparticle energy at
the node. We estimate the magnitude of the heat transfer rate in optimally dope€%Bg,,. We also
compare our results for puréd-wave superconductors with measurements of the ultrasonic attenuation in
SrLRuQ, and discuss implications for the gap symmetry in that material.
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I. INTRODUCTION vary by a factor of roughly 15 in YB& w04, , according
to whether the quasiparticle is traveling parallel or perpen-
This paper develops a model describing the attenuation dficular to the Fermi surfacémotion in the[001] plane only
sound waves in the cuprate superconductors such ds assumed As noted above, the crossover from low-
YBa,Cu;04,., and makes use of the results to develop afrequency to high-frequency behavior occurs when the qua-
theory of heat transfer between the Bogoliubov quasiparticlgiparticle mean free path is equal to the phonon wavelength,
excitations(called simply quasiparticles in what followand  and it is the quasiparticle mean free path in the direction of
phonons(which will not be called quasiparticles in this pa- phonon propagation that is relevant in the anisotropic case
pen. In the attenuation of phonons in normal metals, it isstudied here. This qualitative explanation for the strong an-
well knownt that there exist two distinct physical regimes, aisotropy predicted for the crossover from low frequency to
low-frequency regime in which the attenuation varieseds  high-frequency behavior will be developed quantitatively in
the square of the phonon frequency, and a high-frequencyome detail in the body of this paper.
regime where the attenuation varies linearly with the phonon In this paper, the range of sound wave frequencies, for a
frequency. The crossover between these two regimes occuggven sound wave polarization and direction, over which the
when the electron mean free pathis equal to the phonon sound wave attenuation varies as, will be the low-
wavelength. frequency regime[The term hydrodynamic regime, often
One of the remarkable results of this article is that theused to describe the region of arf dependence of the at-
crossover frequency at which the attenuation deviates frorenuation(e.g., see Ref. )4 will not be used in this papdr.
low-frequencyw? behavior is extremely anisotropic at low  According to the quantitative estimates given below, the
temperatures in ad-wave superconductor such as crossovers that are expected to occur in YBa&Og_ , from
YBa,CuOg.«, SO that, for example, a longitudinal phonon a low-frequencyw? behavior to a distinctive behavior at
propagating in thg100] direction crosses over at a much higher frequency occur at too high a frequency to be observ-
lower frequency(by a factor of more than JGhan does a able in standard ultrasonic attenuation experiments. The
longitudinal phonon propagating in tfi&10] direction. This  strong anisotropy of the crossover frequency has, however, a
strong anisotropy comes from the strong anisotropy of theignificant effect on the temperature dependence of the low-
velocity of the nodal quasiparticles in ciwave supercon- temperature heat transfer between the quasiparticles and the
ductor. The energy of a low-energy nodal quasiparticle in ghonons, as will be show in more detail below.

d-wave superconductor can be writterf as The rate of energy transfer between electrons and
phonons has been measured in a normal metal at millikelvin
Ex=V(Aiviky) 2+ (hvok,)?, (1)  temperatured® In these experiments, performed on thin

metal films deposited on insulating substrates, the electrons
wherek; andk, are measured from the nodal point, dqds  in the metal were heated by an applied current, and came
measured perpendicular to the Fermi surface, whileis  into thermal equilibrium at a temperatufe, via electron-
measured parallel to the Fermi surface. The ratio of the veelectron scattering. Phonon-phonon interactions occuring
locity perpendicular to the Fermi surfaas,, to that parallel  mainly within the substrate allowed the phonons in the metal
to the Fermi surface,v,, is approximately 15 in to remain in thermal equilibrium at a temperaturg,. A
YBa,Cu;Os. .2 Now, we define the mean free path of a significant difference between the electron and phonon equi-
nodal quasiparticle in a given direction to be its group velocdibrium temperatures was maintained by the applied current.
ity in that direction, times its inverse scattering reaesumed A steady power transfer from the electrons to the phonons
independent of direction so that this mean free path can was thus established. In the calculations of heat transfer in
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this article we also assume that the electron and phonon syset yet available. To make a rough estimate of the expected
tems in the film can be characterized by their respective tenmagnitude of the heat transfer rate in cuprates, we will use
peraturesT¢ and T,,. This should be recognized as a basicthe value for the electron-phonon coupling determined for
assumption of our work, which we do not attempt to justify SLRUO,.

by detailed calculation.

As in the related problem of sound attenuation in metals, II. ULTRASONIC ATTENUATION IN  d-WAVE
the behavior of electron-phonon heat transfer depends on the SUPERCONDUCTORS FORT<TI
relative size of the average phonon wave vecierfi w/cg
and the electronic mean free path-v; /T’ wherec is the The rate of heat transfer between ph_ono_ns at a tempara-
speed of sound. The phonon wave vector is fixed by a trandure Tpn @nd electrons at a temperatufg is given by
ducer in sound attenuation experiments, and determined by
. d U 1 fqu i ﬁwq i

the phonon temperatufg,, in the heat transfer problem. In _:2 ho.i—In LI ' 2

i i d - 4 kgT kgTeal) |’ @
high frequency ultrasound experiments performed on clean t g Ta,j B ' ph Blel

metals, the cleafor quantum limit defined byq¢>1, may  \yhere the sum is taken over all phonon states of wave vector
be attained. In this limit, the sound attenuation varies linearly

: : g, modej, and energyi w j , 74 is the phonon lifetime, and
with phonon frequency and the corresponding electrong, yy ig 5 Bose factor at the indicated temperature. The cal-

phonon heat transfer rate is proportlonam—Tgl. Asthe  cylation of the phonon lifetime for a given momentum and
frequency is de_:cr_eased, _the attenuation crosses over to tb%larization is outlined below. The sound attenuation for a
!ow—frequency .I|m|t for whichq¢ <1. The sound attenugtlon phonon of wave vectog and polarizatiorj is equal to the
|56then6proport|onal taw? and the heat transfer rate varies asinyerse of the product of the phonon lifetime and sound ve-
Ton—Ter- locity, i.e., agj=(Cqjq) ~*. This result, which is intuitively
The problem of calculating the energy transfer rate beclear, can also be derived from a linear response treatment of
tween phonons and an electron gas at different temperaturggund wave propagation.
has been previously studiéd.In this paper, we calculate the  we consider phonons with frequencies which are small
energy transfer rate between phonons and quasiparticleggmpared to the impurity scattering rate/I'<1 but with
which are at different equilibrium temperatures in the mil-\yayelengths which are not necessarily small compared to the
likelvin range. Evidence for the validity of trbwave nodal quasiparticle mean-free path. That is, we allaw,/(cSl')
quasiparticle picture at low temperature in optimally dopedio be much greater than unity, wherg=|dE/d(#%k)| is the
cuprates is provided by measurements of numerous therm@—roup velocity of a quasiparticle at a node ands the speed
dynamic and transport properti&s:* At temperatures far be- of sound. This covers phonon frequencies which contribute
low T, the number of thermally activated quasiparticles andsignificantly to heat transfer at temperatures for which
the quasiparticle-quasiparticle scattering rate are small. HOV\kBT/I‘<0_1 or so. The attenuation mhwave superconduct-
ever the density of states of the quasiparticles is linear fopg gt temperatures aboVehas previously been investigated
energy aboveil' and constant for energy less thah',>  in poth the cleatf and low-frequency limité:°
Whereas the phonon denSity of states varies quadrati-ca”y We use the imaginary part of the phonon self energy cal-
with the phonon energy. So the number of thermally excitectyjated using superconducting Green’s functions with a con-
phonons decreases faster with temperature than the numbggnt self energy part due to scattering from position-

of excited nodal quasiparticles. At sufficiently low tempera-ayeraged impurities. We omit vertex corrections for
tures, there will be many less quasiparticle-phonon collisiongjmplicity and obtain

than quasiparticle-quasiparticle collisions, and we expect that
the quasiparticles will reach thermal equilibrium with each 80°%w

. A . -1_ q
other before reaching equilibrium with the phonons, as do Taj =

; f dxf2(q,k)(ne(x ) —ne(xF))

the electrons in a normal metal. peg 2
Calculations of the sound attenuation and electron-phonon X (IMGR(K” ,x ) IMGR(k,x")
heat transfer depend on the assumed form of the electron-
phonon matrix element. In tight-binding materials with —ImFR(k’ ,x")ImFR(k,x™)) 3)

square lattices, such as the cuprate and ruthenate supercon- o , . . .
ductors, the lattice geometry plays a crucial role in thewrherex =x* /2, k'=k+q, ni(x) is the Fermi function,

R R _
electron-phonon interaction. A form for the interaction which a;r:g; (Gkre)z(zzng fﬁt;():(t)ioﬁ;efctrZ—\?vg/rgasluaﬁcgggrc?:)?uvsvi tf
is appropriate in such materials has recently beed P

developed® and shown to account for the unusual normal®" impurity scattering raiE and no other self-energy correc-
state attenuation of SRuQ,.'® This interaction, which de- tlgnsér'l:gsi dileﬁgﬁg'?Shzgggrig]ézr%(:t'ﬁ?efgguelﬁgtrocgsnm :t]e
pends on a single parameter characterizing the couplin% PP P Y piing 2

strength, will be employed here. A measurement made o nd the function

either the electron-phonon heat transfer or acoustic attenua- .

tion in a cuprate material will fix the value of the coupling fi(a.k)=2> (G-R)[R-g(q)]cogk-R) 4

and thus determine the magnitude of the other quantity. Ul- R

trasonic attenuation studies of cuprate materials have ndbr a phonon of wave vectar and polarization vectogj(q)
been performed because crystal samples of sufficent size angth the sum carried out over the four nearest-neigbor planar
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FIG. 1. The orientation of the phonon wave vector with respect . ‘ )
to the crystal axes. The polarization vectors labeled T1 and T2 FIG. 3. The normalized phonon relaxation rate as a function of
describe the two independent transverse modes. TH&)lpolar-  frequency for the L100 and L110 modes at low temperature. The

ization vector is perpendiculdparalle) to the plane on whicty ~ L110 lifetime is nearly proportional ta* over the range shown.
and thec axis lie. The L100 lifetime crosses over from? to a logarithmic behavior at

wll~cglv;.

sitesR. This form of the interaction is identical to that used perature and frequency ranges considered here. Equ&ion
to descrige the nearest-neighboy;band interaction in s not applicable for temperatures or phonon frequencies ap-
SKLRUG;. . proaching the impurity scattering rate.

After neglecting terms of order the temperature or the \\e first consider longitudinal phonons in tide ¢ direc-

phonon frequency we carry out the energy integration ang, ., respect to th&=a andz=c crystal axes as shown
obtain a simple expression for the inverse phonon lifetime,. ~_.
in Fig. 1. Then
1 8(hwg))?g?

» (h1)2F2(q,k) f;(q,k) = 2 sirf( 8)[ cog k,a)cos'( ) +cog kya)sin( )],
Tqi  pCaiQ T [Ef+(AD)IER o+ (AD)7] (6)
(50 which, for quasiparticles at the nodes ada_,2 gap reduces
) _ o tof;(q,k)=2 sirf(6)cosk,a) wherey/2k,, is the length of the
Equation(5) agrees with the result of numerical integra- wave vector to a node. We take the sound velocity to be
tion of the more general expression, K@), over the tem-  isotropic, which is roughly the case in cuprate and ruthenate
materials. For example, resonant ultrasound measurements

made of the elastic constants of Y&a,0q. , (Ref. 20 and
SrLRUQ, (Ref. 2] indicate that the longitudinal sound ve-
locity does not vary significantly with directiofthe same is
+ - true for transverse phononghe factorEﬁ+C| in the denomi-
nator of Eq.(5) is thus responsible for any significant planar
anisotropy of the phonon relaxation rate. Sirgel <Al
- <Anax the sum over states in E¢p) is replaced by a sum

over the nodes and an integral over small nodal neighbor-
hoods. The nodes, labeled or —, as indicated in Fig. 2,

can give different contributions to the attenuation.

/ At the lowest phonon frequenciéSy — E, q<I" so theq
dependence in the denominator of E5).can be ignored and
the low-frequency limit, with the characteristis® depen-

- + dence of the relaxation rate, is recovered. The phonon relax-
ation rate in the low-frequency limit is independentigfand

hence of the impurity concentration. At higher frequencies,
according to Eq(5), quasiparticles which contribute to the
FIG. 2. A typical Fermi surface for a cuprate super(:onductor."”"ttenlJ"jltlon of a phonon of wave vectpare those for which

The nodes are labeled asor — in accordance with Eq7) and the ~ NeitherE, nor £,  significantly exceed'. Thus the quasi-
shaded region at each node is bounded by the energy coijour Particle energy is conserved to withlh during phonon ab-
=T'. Phonon wave vectors in the 100 and 110 directions are indiSOrption. This condition is represented in Fig. 2 as the re-
cated by the arrows located near a node. These vectors have leng@direment that botlk andk +q lie within one of the shaded
sufficient to span the shaded region of the nearby node, correspontegions bounded by the elliptical energy cont&yr=1". The

ing to the maximum phonon frequencies falling within the low- condition is applied to each node separately. The presence of
frequency regime. the phonon wave vector in the denominator of E%). be-
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comes significant when its norfg| becomes comparable to est neighbor interactions for L110 phonons vanishes while

the length of the shaded region in thedirection. This de- that for L100 phonons remains finite. _
termines the crossover frequency between the low-frequency '€ ultrasonic attenuation measurements made by Lupien
regime and an intermediate regime in which the attenuatiofft &l- ©n SERuUO, were pezrformeql within the low-frequency
increases more slowly thas?. Due to the elliptical shape of limit as indicated by the»” behavior reported by the author.
the quasiparticle energy contours, this crossover frequency€ attenuation of longitudinal phonons showed extreme an-
strongly depends on the phonon direction. isotropy in the normal statéthe L100 attenuation was
Using the nodal quasiparticle energy dispersion we Have roughly 30 times greater than the L110 attenugtiahich
was found to be due to a difference in the averages over the
EE+q L= EE"‘ 2A.E+B%, 7) v sheet of the SRuQ, Fermi surface of the electron phonon
. - matrix elements for the two modésThe degree of anisot-
where ropy of longitudinal attenuation in materials for which the
electron-phonon interaction of E¢4) applies is thus depen-
ﬁcos( ¢+Z> iﬂ”%sin( ¢+Z) ﬂ} dent on the detailed shape of the Fermi surface. We found,
Cs T 4)E¢ ¢ T4 E for example, that the Fermi surface of optimally doped
YBa,Cu;04., « (Ref. 22 does not give rise to a significant
2 difference between the L100 and L110 normal state attenua-
(8

tion rates. They-sheet of the SRuQ, Fermi surface comes
t.24

A.=C

2

B2 :cz[ +

Vg +7T
C o ¢_4

S

Up . T
C—sm( (Z)iz)
° very close to thé=/a,0) point~" The observed anisotropy of
C=Tiwq;sin6). the attenuation was found to be due to the contribution to the
' Fermi surface average coming from the portion of the Fermi
The subscriptt labels the nodes as in Fig. 2. The result for surface lying near td=/a,0), at which the magnitude of the
the L100 and L110 modes are shown in Fig. 3, where valuematrix element for L110 phonons is very small.
of v;/cs=45 andv,/c,=3 have been used. As the temperature in the experiment orn,FIQ, was
For the L100 phonon, each node makes the same contrfeduced to well belowl . the attenuation decreased but the
bution to the relaxation rate. The total relaxation rate crossegatio of the L110 and L100 attenuation rates remained nearly
over from w® to a sublinear behavior at a frequency of constant. At temperatures well beld, the attenuation rate
roughly w~+2cs/v{['=0.0, i.e., when the phonon wave in an unconventional superconductor is proportional to an
vector spans the shaded region at each node ix tiieec-  average of the squared electron-phonon matrix element over
tion. At very low frequencies, the L110 phonon relaxationthe portion of the Fermi surface lying near the nodes in the
also receives equal contributions from theand — nodes. gap. The Fermi surface of SRuQ, is nearly independent of
The — node contribution behaves similarly to the L100 re- momentum parallel to the axis?>?* The fact that the ratio
laxation rate, with a crossover frequencyltts/vs. A fea-  of the L110 and L100 attenuation rates is independent of
ture in the L110 attenuation occurs at thenode crossover temperature thus has a natural explanation if the only nodes
frequency, which cannot be seen on the scale of Fig. 3. Thim the order parameter are horizontal line no¢esrpendicu-
major axis of thet+ node elliptical contour is parallel to the lar to thec axis). In that case, as temperature was decreased
wave vector of the L110 phonon, so the associated crossovéelow T,, the region of momentum-space occupied by qua-
occurs at a frequency ab~I"cs/v,=.3[". For frequencies siparticles would shrink along thedirection and the ratio of
greater tharl'cs/v; the + nodes give the dominant contri- Fermi surface averages of matrix elements for different
bution to the relaxation rate. Consequently, the L110 attenusound modes would remain the same.
ation shows roughly,? dependence over the entire range of  If the gap in SsRuQ, had vertical line nodes in tHd10]
the plot as seen in Fig. 3. planes, corresponding tod2_y2 symmetry, then the mag-
We contrast the longitudinal attenuation shown in Fig. 3nitude of the low-temperature longitudinal attenuation rates
with the experimental result found for uQ,.*® The at-  in the low-frequency limit would be equal for 100 and 110
tenuation of the L100 and L110 phonons at the lowest fredirections as in Fig. 3again, only nearest-neighbor effects
quencies in Fig. 3 are identical. The coefficent in front of theare considered Above T, the L100 attenuation would be 30
? in the attenuation is the same for both directions becaustmes larger than the L110 attenuation due to the difference
it is determined by the magnitude of the electron-phonorin the Fermi surface average of the matrix elements de-
matrix element at the node of tlg2_,2> gap, which is inde-  scribed above. The L100 attenuation would thus be expected
pendent of¢ according to Eq.(6) (in which only nearest to fall off much faster than the L110 attenuation as the tem-
neighbor interactions are includedhe values of the matrix perature was reduced beloly if the gap in SsRuQ, had a
element at points away from the zone diagonals do depend,z_,> symmetry.
on ¢. For example, at the nodal points of a gap watfy, Alternatively, if the gap in SRuQ, hadd,, symmetry,
symmetry, which lie on thé, andk, axes, the matrix ele- with vertical line nodes in th¢100] planes, then the L110
ments are different for L100 and L110 phonons. Thus theattenuation would decrease much faster than the L100 at-
low-frequency attenuation in d,, superconductor is ex- tenuation as the temperature fell beldw The anisotropy of
pected to be anisotropic. The most extreme anisotropy of ththe attenuation would be much greater at low temperatures
matrix element occurs close to tfe/a,0) points on the Bril-  than in the normal state. This would occur because as the
louin zone boundary, at which the matrix element with neartemperature was lowered beldWy, the quasiparticles would
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become restricted to that portion of the Fermi surface in
which the anisotropy of the electron-phonon matrix element
is the greatest: the portion closest to ta#a,0) point. Using

the tight-binding parameters for thesheet found in Ref. 24,
we find that the low-temperature attenuation due to quasipar
ticles at the nodes of @, gap would be 400 times larger for 1.0
L100 phonons than for L110 phonofsompared to only 30

Vi/V,=200

—

times larger afl). It is clear that if the gap had,, symme- -
try than the ratio of the L100 attenuation to the L110 attenu- S 0381
ation would rapidly increase as the temperature was lowere( 2°
below T.. —.‘ o6

We see that the constant ratio of the L100 and L110 at-
tenuation rates from the normal state to temperatures far be
low T, is consistent with the result expected for an order 04 |
parameter with horizontal line nodes but incompatible with
that predicted for gaps with vertical line nodes in fh&0] or
[100] planes. Order parameters having only vertical line 0.2 1
nodes can also be ruled out for this material by consideratior
of transverse attenuation ratés.

The two independent transverse modes for the tetragone 0.7 075 08 0.85 09 0.95 10
crystal are shown in Fig. 1. The nearest-neighbor electron- log, (100k I/ I')
phonon interaction depends on thé-plane projections of
the phonon polarization and momentum vectors. Using EQ. FIG. 4. A plot of logR.) %, whereRy, is the quasiparticle-
(4) forthe T1 polarization indicated on Flg 1, we find for the phonon thermal resistance anfl the sample volume vs

electron phonon interaction log(10KkgT/T") for various values of the ratiqj;/v,. The lines
- ) . above and below the curves shdl and T3, respectively. The
fT1(q,k) = 2sir’( 6)cog ¢)sin(¢)[cog k,a) — cog kya)], magnitude of the thermal resistance depends on additional material

parameters so the vertical scale is arbitrary, the curve intercepts

which gives zero if the quasiparticle momenta are restrictedf@ve been adjusted for the graph. The temperature range extends

to the nodes of a,2_,2 gap. Using the terminology of Ref. from 0.08 up t0 0.T".
4, the nodes are inactive in the attenuation of all T1 phonons

if only nearest neighbor interactions are considered. The in- .
clusion of next-nearest-neighbor interactions would give ﬁ_sound velocities are roughly a factor of 2 greater than trans-

nite attenuation of the T1 phonons. The next-nearest!c'S€ velocities, the heat transfer is dominated by the contri-
: bution of the T2 transverse phonons.

neighbor interaction is expected to be relatively srhadl is .

the case for SRuQ, (Ref. 19], so the contribution of T1 The heat transfer rate for a voluik is found to be
phonons to electron-phonon heat transfer will be ignored. 4y o b o
For the T2 phonons, Ed4) is used with quasiparticle mo- E:QKI d(hiw)(hw)d n(k T )—n(k T ) F(F)’
menta at the nodes to give Blph Blel

(11)
f72(q,k) =2 cog 6)sin( 6)[ cog kea)cos () where
+cogkya)si?(¢)], (10) S
64n,Al" k
which vanishes on thab plane but for quasiparticle mo- K= pfi1797c0S (kna) (12

menta at the nodes gives?(q,k) =2 cos@)sin(¢)cosk,a) pCvvo(fcy)>(27)°
independent ofp as was the case for longitudinal phonons.

The attenuation of T2 phonons has the sandependence andF(w/T") is obtained from integration of the phonon life-
as for longitudinal phonons. A plot to compare the attenuatime over6 and ¢. The density of the sample, the lattice
tion of T2 phonons in the101) and (111) directions, for ~constanic and the number of copper oxide planes in the unit

example, would look the same as in Fig. 3. cell n,, appear in the expression.
The large value of the ratiovi/v, found in
lll. QUASIPARTICLE-PHONON HEAT TRANSFER YBa,Cu;O0g, ,,° and used in the plots of Fig. 3, resulted in

the strong anisotropy of the in-plane attenuation shown there.
To calculate the heat transfer rate as a function of théfo observe the anisotropy of the attenuation crossover fre-
electron and phonon temperatures, we integrate(Bgver  quency with ultrasound measurements, unattainable frequen-
all phonon momenta and sum over independent modes. Thees of roughly 0. =3 GHz would be required. The signa-
velocity of sound appears in the phonon density of states andire of the anisotropic attenuation may be seen in
the electron-phonon matrix element, with the resulting heaineasurements of the quasiparticle-phonon heat transfer at
transfer rate being proportional toc}/ Since longitudinal  millikelvin temperatures. This results from the fact that the
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to a dependence which is close T3 for v¢/v,=2. The
03] former ratio is close to that found for overdoped
’ TI,Ba,CuOs. 5,2° while the latter matches the value deter-
mined for underdoped La,Sr,Cu0,.2® Both experimental
values forv¢/v, were obtained from low temperature ther-
mal conductivity data.

The values ob, v,, andI’ can be extracted from trans-
port measurements for many cuprate materials. If a measure-
0.1 ment of the sound attenuation in a cuprate sample could be
performed, then the magnitude of the quasiparticle-phonon
thermal resistance could be determined. Since relatively
large samples of certain cuprates are presently available,
0 ‘ 60 ‘ 120 ' 150 sound attenuation studies on these materials may soon be

Tk possible. With this in mind, we approximate the expected

FIG. 5. The temperature dependence and approximate magnffagnitude of the thermal resistance for optimally doped
tude of R,Q) * for YBa,C,Op, . The true magnitude is ob- YBaClOg.x. We use the value for the electron-phonon
tained by multiplying this result by the square of the ratio of the coupling constantg=12 eV obtained for SRuQ,. Since
electron-phonon coupling constant for Y&a,0q., to that of  the inverse thermal resistance is proportional to the square of
Sr,RuQ,. The quasiparticle-phonon heat transfer rate per unit volthe coupling constant, the magnitude of the inverse thermal
ume is proprtional to R,,Q2) ! according to Eq(14). resistance for YB#Cu;Og . , iS equal to the result given be-

low multiplied by the square of the unknown ratio of the

coupling constants for the two materials. If this ratio is not
phonons which give the dominant contribution to the heatsubstantially different from unity then the magnitude given
transfer at this temperature have frequencies in the randeere will be roughly correct. We taklel'=1.5 K, in agree-
over which the crossover frequencies occur. ment with the value extracted from thermal Hall measure-

If the temperature differencé,,— T, is small compared ments on YBaCu;Og,,,%’ and use valuesv;=2.5
to eitherT,, or T¢, then we can rewrite the heat transfer rate x 10’ cm/s andv,=0.18< 10" cm/s from thermal conduc-
in terms of a thermal resistance. We takg,=T¢ +AT  tivity measurement3.The sound velocity for the T2 trans-
(henceforthT,,=T) and expand to first order iAT to ob-  verse mode is taken to be 3 km/s, in agreement with resonant
tain ultrasound measurements of the elastic constni¢e then
obtain the result for R,,Q) ~* plotted in Fig. 5.

0.2

(RthQ)-l WK'em®

(o]

du e kgT
—=AT/Rm=QK(kBAT)(kBT)3J dXN(X)F| X—1,
dt 0 Al

13

IV. CONCLUSIONS

We find for d-wave superconductors that the frequency
above which sound attenuation no longer exhibits #@fe
dependence characteristic of the low-frequency limit is
highly anisotropic in theab plane. Since the temperature

x*exp(x) dependence of the rate of energy transfer between phonons
! (14) and quasiparticles is determined by the frequency depen-

[exp(x)—1] dence of the phonon attenuation rate, this temperature depen-
] o ) dence should be expected to be significantly affected by the
andRy, is the quasiparticle-phonon thermal resistance.  syrong anisotropy in the crossover frequency. Our detailed

The functionN(x) acts to restrict the frequency range cajculations show that this is indeed the case. If the
which contributes to the integral in E€L4) according to the  gyasiparticle-phonon energy transfer rate calculated above
temperature. For temperatures well below 0.0the con-  can pe detected, then the underlying planar anisotropy of the
tributing frequency range is strictly within the low-frequency sound attenuation could be observed. A measurement of the
limit in which the attenuation is proportional t* for all  heat transfer rate in a cuprate sample on which ultrasonic
directions of sound propagation. The inverse resisti®fy’  attenuation measurements could be performed would be
is thus proportional tol® according to Eq(14). The tem-  most valuable. In this case, since the electron-phonon cou-
perature range expected in an experiment is significantlyling constant could be obtained from the sound attenuation
higher and would extend the range of contributing frequendata, the magnitude of the heat transfer rate could be deter-
cies to roughly that displayed in Fig. 3. The resulting tem-mined without any adjustable parameters. The predicted heat
perature dependence of the heat transfer rate depends @ansfer rate could then be compared quantitatively with the
vilv, as indicated in Fig. 4 in which log") is plotted  experimental result.
versus logkgT/T") for several values ob, using an experi- We compare the temperature dependence of sound attenu-
mental value fow; .2 The slopes of the curves shown in Fig. ation measurements made onRn0, (Ref. 16 in the hy-

4 indicate that the temperature dependence of the inveradrodynamic limit with the result that we calculate for super-
resistance varies from roughl/ behavior forv(/v,=200  conducting order parameters having only vertical line nodes

where

N(x)
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(parallel to thec axis). We argue that the fact that the ratio of Sr,RuQ, thus provides evidence that the order parameter has
the attenuation of different longitudinal modes in thé  only horizontal line nodes.

plane is independent of temperature is inconsistent with the
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