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In-plane anisotropy of the electron lifetime in the cuprates
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Nonlinear conductivity, skin effect, and transport across a barrier are proposed as experiments for a direct
study of in-plane anisotropy of the electron lifetime in the cuprates. The magnitude of these effects within the
recently proposed cold-spot model of the normal state of the cuprates is estimated. A modification of the
cold-spot model yielding magnetotransport in agreement with experiments is proposed.
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Transport properties of the normal state of high-fined as(A)=[3"(d¢/27)A(¢), and7' =d7/de. This im-
temperature superconductors remain controversial. Onglies for the cold-spot modeboc 7o T 1, gHoch%
school of thought ascribes them to the breakdown of Land=T~2, and if one neglects the derivative tertag= 3¢,
au’s Fermi-liquid theory2 In other types of theories the «T~%, in agreement with experimeftp, can be thought of
in-plane anisotropy of electron dynamics is considered to bas aT-dependent carrier density and the cold-spot model
crucial*® Photoemission experimefithave been cited as resembles the transport phenomenology of Ref. 10. The Hall
evidence for the latter point of view. However, the interpre-numberRy=(a, /ngle|){7?)/{7)? is hole-like for a Fermi
tation of photoemission spectra is still an open subjectline centered around#, =), ng is the 2D density of unoc-
Moreover, photoemission measures only the single-particleupied states.Ry, saturates for T=T*~m/2\E,[ to
correlation functior?. In this paper we look for independent a, /ng|e|. ForI'~ 0.15 eV andE,~ 12 meV (Ref. 5 we
direct tests of anisotropy of the electron lifetime, The estimateT*~ 0.06 eV. Unfortunately, the derivative term in
microscopic origin of this anisotropy is irrelevant for our Ao spoils the agreement with experiment, since it yields
discussion, as long as there is a finite quasiparticle residudo rglgooocT”. In the Appendix, we present a modifica-
along the whole Fermi surface, which we assume. We contion of the cold-spot model which produces oy, andAo
sider only optimally doped materials. Numerical results argn agreement with experiments.
calculated within the cold-spot modehut we expect similar Magnetoresistancdf Bl z, the in-plane anisotropy of
effects also for the model proposed in Ref. 4. should be directly visible in magnetoresistance experiments.

Cold-spot modelloffe and Millis® assume that the two- Such measurements with the curr¢fe have been reported
dimensional(2D) Fermi line can be decomposed into seg-fecently on overdoped IBa,CuG;. ;.** In that geometry,
ments which are “cold” and “hot,” respectively. The hot We can calculate the magnetoconductivity, to quadratic
segments occupy the majority of the Fermi line and are charerder in the(smal) c-axis velocityv ,=w(¢)sinkza, simply -
acterized by a large scattering rafeindependent of tem- Neglecting thec-axis warping of the cylindrical Fermi
peratureT. The four cold segments are located in fhel, surface'” We find
+1] directions of the Fermi linex andy are the directions 5
of the Cu-O-Cu bondand they exhibit a Fermi-liquid scat- R ﬁ< W.T > 1)
tering ratefi/ 7= T%/E, with a characteristic enerdg,. Let 220\ 1+ 0 sinf (e —x) [
¢ be the polar angle measured from thexis. It is assumed
that 7=7o/[1+ (2¢0) “2co$2 ¢], where o= (hl4r,")?
«T is the angular size of a cold spot. Note that the critefion
that anomalous scattering be generic on the Fermi line i G - 2y, 6y
order to imply anomalous transport at IoWis satisfied in T+, where  p37«B", and ~ find  p;7/pz,
the cold-spot model. = 0%(W?7%)[(w?7) and p$pQD=(p21p))?

Standard transport theoryin what follows, we consider —Q*w?7sin*(¢o— x))(W?7). The lowest ordefin B) aniso-
single-layer tetragonal compounds such asB®CuQ;,;  tropic contribution ispl¥), in agreement with experiments.
with the c-axis lattice constard, . In order to simplify the  Unfortunately, besides(¢), alsow(¢) contributes to the
analysis, we assume a cylindrical Fermi surface slightlyanisotropy ofp!?. w(¢) is expected to be sméflin the
modulated in thez direction. The in-plane dispersion is [£1,+1] directions and this might be the cause of the
=#2k?/2m, the average Fermi momentum and velocity areobservatioi* that the measured anisotropy Afo,,/p,, is
fike and vp=#kg/m, respectively. In this case, standard not sufficiently large in order to explain the in-plane magne-
transport theoypredicts that the in-plane conductivity, Hall totransport data.
conductivity, and magnetoconductivity in a magnetic field Nonlinear conductivityln order to observe the in-plane
Bllz are o=0okeve(71), oplo=w7)/(7), and Ao/oc  anisotropy ofr in a conductivity measurement, the symmetry
=— w73+ 7(7")?)I{7), respectivelyw.=eB/mis the cy-  of the plane has to be reduced. This is done by the action of
clotron frequencyg,=e?/ha, , the angular average is de- the B field in magnetoresistance experiments and the same

wherey is the angle betweeB andx andQ)=eBvga, /% is
the c-axis cyclotron frequency’ Sinceo,,,0,, are at least

©

of order w?, p,,=1lo,,. We write p,,=p{9+p2)+ply
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effect is achieved in the nonlinear conductivity by the elec- o 1 1
tric field E= (Ey,E,,0) itself. The symmetry of the problem 0, (g, 0)00=— . + _ ,
implies 2| V1-irgw, l-imew_

jx=0Ex+ (01E5+ 0B Ey,
g

\/1—i70a)+(v,:q7'0(po/2)2,

0. (9, 0) 0=

)

jy=0E,+(0Es+oEDE, .

The nonlinear conductivitiesr; , can be found by the
method of Jones and ZeRerfrom j#=2e22k6(sk for g||[100] andq||[110], respectively, where we have intro-
—M)uf(1+A)‘1[E.vak], whereu is the chemical poten- duced w.=w*veq/\2. Therefore the surface impedance
tial andA= (erE/%) - 9/ ok. Let us assume thatr/de =0 at depends on the surface orientation. Unfortunately, the effect

the Fermi surface. Then we find, under the assumption th4® Small. Indeed, the surface imgoedaritrel/qo whereq is
transport is dominated by the directiops 1,+1], the characteristic wavelengtigg~wueo, . The relative
change ofZ between100] and[110] surfacessZ/Z is pro-

92T portional to the relative change of the corresponding conduc-
<—T(T')2+ 72W>’ tivities 6o, /o, . From Eg. (3) it follows that do, /o,
~(VEQoTo) 2<vZTomoo. Taking o~10° (Q m)~%,® we

e4

o=
Y 4mmhla,

4 2 estimatedo, /o, <4Xx10 3,
e T L .
- "N24 3.2 The criterion for the appearance of an anomalous skin
Cf 7(7") ™"/, 4 ]
mmhta, v effect in the usual metals I$>c/w, wherec is the speed of

light, | is the electron mean free path, ang is the plasma
frequency. In the cuprates, bdtfand w, are smaller than in
pure elemental metals and therefore the small anisotropy of
the skin effect is not surprising. On the other hand, the con-

ition w<<vgq is automatically satisfied in experiments on
ultrasound absorption. Unfortunately, since the anisotropy in
Eq. (3) is well developed only fogu 7y~ 1, ultrasound with
frequenciesw~v¢/(vETo) is heeded. For electronic param-
eters of YBCQ atT=100 K we find, using a typical sound
velocity’” v¢~4Xx10° m/s, w~200 GHz. A neutron-
scattering study of the angular dependence of the phonon
linewidth might be useful.

Transport across a barrierConsider a current flowing in
thexy plane and a barrier perpendicular to the current flow.
Let us denote the coordinate paraliperpendicularto the
direction of the current ag(»). Electrons incident on the
barrier (p5>0) from the left piece of the metdll) are de-
scribed by the shifted Fermi distribution functiofy
zfo(sk—eErkvﬁ), where E is the electric field in the
electrodes?® Similarly, electrons withv{<0 in the right
This implies o;=—0/E? with E.=(47/\5)(\TE/ piece (2) are distributed according tbz,k:fo(sk—eErkvE
w)h sklery. Because of the factofT Eq/ i, the energy de- +€6V), wheredV is the voltage jump on the barrier. We
pendence ofr dominates over the angular one if E@)  @ssume a translationally invariant barrier in thelirection.
applies. AtT=100 K with Aivp~1.3 eV A} we estimate Conservation of momentum and energy in the process of
E.~2x10° V/m. scattering of an electron on the barrier implies that a state

Skin effectThe surface of the sample breaks the symmek=(k; k,) scatters either to the same state on the other side
try of the bulk and allowsin principle) for a different deter- ~ Of the barrier or intok™=(—k,,k,) on the same side. We
mination of the anisotropy of the in-plane lifetime. The im- consider only barriers in high-symmetry directions of the
pedance of a surface in a high_symmetry d|recﬂm0] or |attice, so thak™ is Symmetry equivalent tk. The barrier is
[110]) for an e|ectromagnetic wave of frequen@yvvith the fU”y described by the probabilities of transition and reflec-

where v=¢/2u. Note a difference with respect to magne-
totransport: nonlinear conductivity is a function not only of
the angular dependence efbut also of its energy depen-
dence. This is because, unlike tBefield, the electric field
“heats” the carriers. From a measurement of the nonlineal
conductivity in two nonequivalent directiorisay,[ 100] and
[110]), one can determine .

Let us assume first that the angular dependence- of
dominates. In this case,= —crlza/E§ and the cold-spot
model predicts that the characteristic field iE.
=(8/\5)% oklery, with k= ¢okr the dimension of the cold
spot. Usingke~0.6 A™1,°> we estimate for YBCQ at T
=100 K E,~1.2x10" V/m.

If the energy dependence efis dominant, the cold-spot
model predictsr,=30;. As developed in Ref. 5 the model
does not specify the form of(e). Assuming Fermi-liquid-
like properties around cold spots, we take

tl ro=[+ (7w T)2]/ 7°E,. (2)

electric field polarized in they plane is® tion of a given stateZ, and Ry, respectively, withZ,+ Ry
=1. Close to the barrier, the distribution function of the elec-

i o [ dq trons in 2 withvE>0 is foy = Tf 1)+ Ryf oy .12 Similarly,

I=-——0 quz—wzlcz—iwﬂoal(q,w)' electrons in 1 withv§<0 obey f1, =Tif i+ Rif1y+. The

current density across the barrier js=oo(ke/vg){[ 6V
whereu, is the permeability of vacuum and, (q,») is the  +2E7vl1[vglZc). On the other hand, the current density
in-plane conductivity along the surface for a wave vegor in the electrodes i$= ao(kg /vg)(2E 7 (v§)?). By compar-
perpendicular to the surface. FB> % w,fiqu the cold-spot  ing the two expressions for we can determineSV. The
model predicts resistivity per unit area of the barriéR= 6V/j is therefore
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100

impurity scattering predictéd for models with anisotropic
7. The latter has not been observed experimentally, however
(see Ref. 5 for a discussipn

DiscussionReference 5 ascribdsto scattering on super-
conducting fluctuations. An appealing alternative is to think
of the hot segments as being insulatfAgh straightforward
experimental test of this alternative is to study the anisotropy
of tunneling —0). For tunneling in thg¢100] direction a
nonvanishing current should be observed only for electrons
) . ‘ . . leaving the highf. sample, while in th¢110] direction stan-
00 02 04 06 08 1.0 dard metallic tunneling is expected for both signs of the cur-

rent.
U, In a different class of theories, it is assumed that the nor-

FIG. 1. Ry, in units of (ooke) ! as a function of the barrier Mal s;glte of the cuprates is dominated by fluctuating domain
heightU, (in units of ) for a barrier withk.d=10%. The direction ~ Walls™ The local conductivity is, presumably, anisotropic.
of the current flow i§100] (dashed linpand[110] (solid line). The ~ We expect that this scenario could be tested in a nonlinear
angular dimension of the cold spot ¢5=0.1. Short-dashed line: conductivity experiment, but its analysis is beyond the scope

10

SR

0.1 ¢

0.01

SRy for 7=const. of the present work.
In conclusion, we have studied direct experimental tests
1 2 (co20 (6) R(6)) of the in-plane anisotropy of in the cuprates. We have
SRo= , (4 shown that the magnetoresistance experiment is complicated
aoke (7(0))(|cog )|[1-R(6)]) by the not-well-understood-axis velocityv .. We have pro-

posed nonlinear conductivity, skin effect, and transport
whered is the angle betweekand the axis? In the tunnel  across a barrier as experiments for the study-@f). The
limit R—1 Eq. (4) reduces to the well-known formula for magnitude of these effects within the cold-spot model has
the  conductivity of a tunnel junction, G  been estimated and the transport across a barrier seems to be
= ookg(|cos@)|7(6)) which is independent of. The limit  most promising. A modification of the cold-spot model
of a small barrier is more interesting. First, let us note thaljielding magnetotransport in agreement with experiments
R(wm/2)=1 for any nonvanishing barrier. With increasing has been proposed.

barrier “st th,” th I i ntdw/2 wh , . . . .
arrier streng © anguiar region arouni's Wnere | thank V. Bez¥, J. Foltin, and M. Grajcar for stimulating

R=~1 grows, leading to an increase &R . This enablesus . . )
to measure the angular dependence of the electron ”fetimedISCUSSIOHS. This work was supported by the Slovak Grant

To illustrate the point, let us consider a rectangular barriefA‘gency Grant No. 1/4300/97 and the Comenius University

with height Uy=#2k2/2m and widthd. For a thick barrier ~C'ant UK/3927/98.
kod>1, R~1 for k,<kg, while R~0 for k;>k,. Thus the

angular integral in the numerator of E@) is dominated by APPENDIX
|6]>6,, where cosy=Kk,/k-. Consider a variation of) .?* _
For the current flowing in th¢100] direction SR grows Standard transport thedtjor a tetragonal quasi-2D sys-

with increasingU, until §,~ /4, when also the cold spots tem with an arbitrary Fermi surface in a magnetic field in the
enter the regiorR~1. This happens fot,~u/2. ForU, Z direction predicts

dk |

o=09 P — ny
T

> u/2 the growth of6R is predominantly due to the angu-
lar integral in the denominator of Eq4). At Up~u, R
regime. On the other hand, for a current in fi4.0] direc-
tion, SRy as a function ofU, exhibits no features below eB) %% dny |2
anisotropy vanishes. Numerical results for a barrier with
ked=10° where use is made of exact expressionsRofor ,(dI\Z (dn\?

—Ing | +| =] 12
) T dk dk
in the [100] data atU,= u/2, as expected. ThEL10] data
exhibit fast oscillations due to the oscillating behavior7of  wherel is the mean free path amy, is the unit vector in the
of the oscillations decreases sirReapproaches a step func- taken along the Fermi line. Let us assume now a modified
tion. cold-spot model with cold regions with a mean free pigth
a constantr is shown. This is independent of the barrier =1]. Moreover, let us assume that the local radius of cur-
direction and corresponds to tfie-c limit of the cold-spot  vature of the Fermi line in the cold spots-isok. Thenoy
increasingT for the[100] barrier, whereas the reverse is true o~o0g 6k Iy and ®y~eBly/Aidk, as in Anderson’s
for the[110] case. Note that th€ dependence ofR is an phenomenology® The magnetotransport datare repro-

~1 all over the Fermi surface andR is in the tunnel
Uy~ and is smaller than in thigl00] case. FolJ > u the TH= ﬂfo(? M “dk
eB\? [ dk

a rectangular barrier are shown in Fig. 1. Note there is a kink Ao=-o09 7
at energies larger thad,. With increasingd the amplitude direction of the Fermi velocity. Integrals and derivatives are

Temperature enters E() via ¢q. In Fig. 1, alsodR for ~ on portions 5k of the Fermi line in the directiong=*1,
model. ForUy>u/2 we thus find thabR decreases with ~o Oy andAo~o 02 with two independent quantities
analog of the violation of Mathiessen’s rule for additional duced withlocT~%2 and sk=TY2 Assuming a Lorentzian
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dependence off around the cold spots, we preditt =1 eV for optimally doped BSCCO and therefore the ex-
~1o(8k/kg)?=T~ Y2 in the hot regions of the Fermi line. pected shift of the Fermi line af=100 K is only
Unfortunately, there is no evidence in photoemission~10 4 A~1.2
experiments of a T-dependent Fermi line in the+1,+1] On the other hand, there is a general argument showing
directions. the plausibility of aT-dependent Fermi line;: We have pos-
What could cause suchTadependence? In a system with tulated an angular dependence of the imaginary Rérof
broken  particle-hole  symmetry, du=pu(T)—x(0) the electron self-energ¥ (k, ). Fermi line is the locus of
— — (72/6)T2N’(0)/N(0), where N(0) and N’(0) is the solutions ofu=gJ+3"(k,0), wheres{ is the bare electron
density of states and its derivative with respect to energy. Iflispersion. SinceX” is T dependent andX’(k,0)
the Fermi line is defined as the locus of points whege =(1/7)[” . .dw2"(k,0)/w, we expectfor a system without
= pu, its shapgand voluméis T dependent in a system with particle-hole symmetyyan anisotropicT-dependent correc-
anisotropicy, since the shift of a poirit is Su/fivy. How-  tion to the quasiparticle dispersion and hence-dependent
ever, from tunneling dat& we estimate N(0)/N’(0)  Fermi line®
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