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In-plane anisotropy of the electron lifetime in the cuprates

R. Hlubina
Solid State Physics, Comenius University, Mlynska´ Dolina F2, 842 15 Bratislava, Slovakia

~Received 21 April 1998!

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 hig
temperature superconductors remain controversial.
school of thought ascribes them to the breakdown of La
au’s Fermi-liquid theory.1–3 In other types of theories th
in-plane anisotropy of electron dynamics is considered to
crucial.4,5 Photoemission experiments6 have been cited a
evidence for the latter point of view. However, the interp
tation of photoemission spectra is still an open subje
Moreover, photoemission measures only the single-part
correlation function.6 In this paper we look for independen
direct tests of anisotropy of the electron lifetime,t. The
microscopic origin of this anisotropy is irrelevant for o
discussion, as long as there is a finite quasiparticle res
along the whole Fermi surface, which we assume. We c
sider only optimally doped materials. Numerical results
calculated within the cold-spot model,5 but we expect similar
effects also for the model proposed in Ref. 4.

Cold-spot model. Ioffe and Millis5 assume that the two
dimensional~2D! Fermi line can be decomposed into se
ments which are ‘‘cold’’ and ‘‘hot,’’ respectively. The ho
segments occupy the majority of the Fermi line and are ch
acterized by a large scattering rateG independent of tem-
peratureT. The four cold segments are located in the@61,
61# directions of the Fermi line (x andy are the directions
of the Cu-O-Cu bond! and they exhibit a Fermi-liquid scat
tering rate\/t05T2/E0 with a characteristic energyE0 . Let
w be the polar angle measured from thex axis. It is assumed5

that t5t0 /@11(2w0)22cos22 w#, where w05(\/4t0G)1/2

}T is the angular size of a cold spot. Note that the criterio7

that anomalous scattering be generic on the Fermi line
order to imply anomalous transport at lowT is satisfied in
the cold-spot model.

Standard transport theory.In what follows, we consider
single-layer tetragonal compounds such as Tl2Ba2CuO61d
with the c-axis lattice constanta' . In order to simplify the
analysis, we assume a cylindrical Fermi surface sligh
modulated in thez direction. The in-plane dispersion is«k
5\2k2/2m, the average Fermi momentum and velocity a
\kF and vF5\kF /m, respectively. In this case, standa
transport theory8 predicts that the in-plane conductivity, Ha
conductivity, and magnetoconductivity in a magnetic fie
Biz are s5s0kFvF^t&, sH /s5vc^t

2&/^t&, and Ds/s
52vc

2^t31t(t8)2&/^t&, respectively.vc5eB/m is the cy-
clotron frequency,s05e2/ha' , the angular average is de
PRB 580163-1829/98/58~13!/8240~4!/$15.00
-
ne
-

e

-
t.
le

ue
n-
e

-

r-

in

y

e

fined as^A&5*0
2p(dw/2p)A(w), andt85dt/dw. This im-

plies for the cold-spot models}t0w0}T21, sH}t0
2w0

}T23, and if one neglects the derivative term,Ds}t0
3w0

}T25, in agreement with experiment.9 w0 can be thought of
as a T-dependent carrier density and the cold-spot mo
resembles the transport phenomenology of Ref. 10. The
numberRH5(a' /nhueu)^t2&/^t&2 is hole-like for a Fermi
line centered around (p,p), nh is the 2D density of unoc-
cupied states.RH saturates for T'T!'p/2AE0G to
a' /nhueu. For G' 0.15 eV andE0' 12 meV ~Ref. 5! we
estimateT!' 0.06 eV. Unfortunately, the derivative term i
Ds spoils the agreement with experiment, since it yie
Ds}t0

3/w0}T27. In the Appendix, we present a modifica
tion of the cold-spot model which producess, sH , andDs
in agreement with experiments.

Magnetoresistance.If B'z, the in-plane anisotropy oft
should be directly visible in magnetoresistance experime
Such measurements with the currentj iz have been reported
recently on overdoped Tl2Ba2CuO61d .11 In that geometry,
we can calculate the magnetoconductivityszz to quadratic
order in the~small! c-axis velocityvz5w(w)sinkza' simply
neglecting thec-axis warping of the cylindrical Ferm
surface.12 We find

szz5s0

kF

vF
K w2t

11V2t2sin2~w2x!L , ~1!

wherex is the angle betweenB andx andV5eBvFa' /\ is
the c-axis cyclotron frequency.12 Sincesxz ,syz are at least
of order w2, rzz51/szz. We write rzz5rzz

(0)1rzz
(2)1rzz

(4)

1•••, where rzz
(n)}Bn, and find rzz

(2)/rzz
(0)

5 1
2 V2^w2t3&/^w2t& and rzz

(4)/rzz
(0)5(rzz

(2)/rzz
(0))2

2V4^w2t5sin4(w2x)&/^w2t&. The lowest order~in B) aniso-
tropic contribution isrzz

(4) , in agreement with experiments
Unfortunately, besidest(w), also w(w) contributes to the
anisotropy ofrzz

(4) . w(w) is expected to be small13 in the
@61,61# directions and this might be the cause of t
observation11 that the measured anisotropy ofDrzz/rzz is
not sufficiently large in order to explain the in-plane magn
totransport data.

Nonlinear conductivity.In order to observe the in-plan
anisotropy oft in a conductivity measurement, the symmet
of the plane has to be reduced. This is done by the actio
the B field in magnetoresistance experiments and the sa
8240 © 1998 The American Physical Society
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effect is achieved in the nonlinear conductivity by the ele
tric field E5(Ex ,Ey,0) itself. The symmetry of the problem
implies

j x5sEx1~s1Ex
21s2Ey

2!Ex ,

j y5sEy1~s2Ex
21s1Ey

2!Ey .

The nonlinear conductivitiess1,2 can be found by the
method of Jones and Zener8 from j m52e2(kd(«k

2m)vk
m(11Â)21@E•vktk#, wherem is the chemical poten

tial andÂ5(etkE/\)•]/]k. Let us assume that]t/]«50 at
the Fermi surface. Then we find, under the assumption
transport is dominated by the directions@61,61#,

s15
e4

4pm\2a'
K 2t~t8!21t2

]2t

]n2L ,

s25
e4

4pm\2a'
K t~t8!213t2

]2t

]n2L ,

where n5«/2m. Note a difference with respect to magn
totransport: nonlinear conductivity is a function not only
the angular dependence oft but also of its energy depen
dence. This is because, unlike theB field, the electric field
‘‘heats’’ the carriers. From a measurement of the nonlin
conductivity in two nonequivalent directions~say,@100# and
@110#), one can determines1,2.

Let us assume first that the angular dependence ot
dominates. In this cases252s15s/Ec

2 and the cold-spot
model predicts that the characteristic field isEc

5(8/A5)\dk/et0 , with dk5w0kF the dimension of the cold
spot. UsingkF'0.6 Å21,5 we estimate for YBCO7 at T
5100 K Ec'1.23107 V/m.

If the energy dependence oft is dominant, the cold-spo
model predictss253s1 . As developed in Ref. 5 the mode
does not specify the form oft(«). Assuming Fermi-liquid-
like properties around cold spots, we take

\/t05@«21~pT!2#/p2E0 . ~2!

This implies s152s/Ec
2 with Ec5(4p/A5)(AGE0/

m)\dk/et0 . Because of the factorAGE0/m, the energy de-
pendence oft dominates over the angular one if Eq.~2!
applies. AtT5100 K with \vF'1.3 eV Å,14 we estimate
Ec'23106 V/m.

Skin effect.The surface of the sample breaks the symm
try of the bulk and allows~in principle! for a different deter-
mination of the anisotropy of the in-plane lifetime. The im
pedance of a surface in a high-symmetry direction~@100# or
@110#! for an electromagnetic wave of frequencyv with the
electric field polarized in thexy plane is15

Z52
im0v

p E
2`

` dq

q22v2/c22 ivm0s'~q,v!
,

wherem0 is the permeability of vacuum ands'(q,v) is the
in-plane conductivity along the surface for a wave vectoq
perpendicular to the surface. ForG@\v,\qvF the cold-spot
model predicts
-

at

r

-

s'~q,v! [100]5
s

2F 1

A12 i t0v1

1
1

A12 i t0v2

G ,

s'~q,v! [110]5
s

A12 i t0v1~vFqt0w0/2!2
, ~3!

for qi@100# andqi@110#, respectively, where we have intro
ducedv65v6vFq/A2. Therefore the surface impedanc
depends on the surface orientation. Unfortunately, the ef
is small. Indeed, the surface impedanceZ}1/q0 whereq0 is
the characteristic wavelength:q0

2'vm0s' . The relative
change ofZ between@100# and @110# surfacesdZ/Z is pro-
portional to the relative change of the corresponding cond
tivities ds' /s' . From Eq. ~3! it follows that ds' /s'

;(vFq0t0)2,vF
2t0m0s. Taking s;106 (V m)21,16 we

estimateds' /s',431023.
The criterion for the appearance of an anomalous s

effect in the usual metals isl @c/vp wherec is the speed of
light, l is the electron mean free path, andvp is the plasma
frequency. In the cuprates, bothl andvp are smaller than in
pure elemental metals and therefore the small anisotrop
the skin effect is not surprising. On the other hand, the c
dition v!vFq is automatically satisfied in experiments o
ultrasound absorption. Unfortunately, since the anisotropy
Eq. ~3! is well developed only forqvFt0;1, ultrasound with
frequenciesv;vs /(vFt0) is needed. For electronic param
eters of YBCO7 at T5100 K we find, using a typical sound
velocity17 vs'43103 m/s, v'200 GHz. A neutron-
scattering study of the angular dependence of the pho
linewidth might be useful.

Transport across a barrier.Consider a current flowing in
the xy plane and a barrier perpendicular to the current flo
Let us denote the coordinate parallel~perpendicular! to the
direction of the current asj(h). Electrons incident on the
barrier (vk

j.0) from the left piece of the metal~1! are de-
scribed by the shifted Fermi distribution functionf 1,k
5 f 0(«k2eEtkvk

j), where E is the electric field in the
electrodes.18 Similarly, electrons withvk

j,0 in the right
piece ~2! are distributed according tof 2,k5 f 0(«k2eEtkvk

j

1edV), wheredV is the voltage jump on the barrier. W
assume a translationally invariant barrier in theh direction.
Conservation of momentum and energy in the process
scattering of an electron on the barrier implies that a s
k5(kj ,kh) scatters either to the same state on the other
of the barrier or intok!5(2kj ,kh) on the same side. We
consider only barriers in high-symmetry directions of t
lattice, so thatk! is symmetry equivalent tok. The barrier is
fully described by the probabilities of transition and refle
tion of a given stateTk andRk , respectively, withTk1Rk
51. Close to the barrier, the distribution function of the ele
trons in 2 withvk

j.0 is f 2,k5Tk f 1,k1Rk f 2,k! .19 Similarly,
electrons in 1 withvk

j,0 obey f 1,k5Tk f 2,k1Rk f 1,k! . The
current density across the barrier isj 5s0(kF /vF)^@dV
12Etkuvk

ju#uvk
juTk&. On the other hand, the current dens

in the electrodes isj 5s0(kF /vF)^2Etk(vk
j)2&. By compar-

ing the two expressions forj we can determinedV. The
resistivity per unit area of the barrierdRh5dV/ j is therefore
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dRh5
1

s0kF

2 ^cos2u t~u! R~u!&

^t~u!&^ucos~u!u@12R~u!#&
, ~4!

whereu is the angle betweenk and thej axis.20 In the tunnel
limit R→1 Eq. ~4! reduces to the well-known formula fo
the conductivity of a tunnel junction, Gh

5s0kF^ucos(u)uT(u)& which is independent oft. The limit
of a small barrier is more interesting. First, let us note t
R(p/2)51 for any nonvanishing barrier. With increasin
barrier ‘‘strength,’’ the angular region around6p/2 where
R'1 grows, leading to an increase ofdRh . This enables us
to measure the angular dependence of the electron lifeti

To illustrate the point, let us consider a rectangular bar
with height U05\2k0

2/2m and widthd. For a thick barrier
k0d@1,R'1 for kj,k0 , whileR'0 for kj.k0 . Thus the
angular integral in the numerator of Eq.~4! is dominated by
uuu.u0 , where cosu05k0 /kF . Consider a variation ofU0 .21

For the current flowing in the@100# direction dRh grows
with increasingU0 until u0'p/4, when also the cold spot
enter the regionR'1. This happens forU0'm/2. For U0
.m/2 the growth ofdRh is predominantly due to the angu
lar integral in the denominator of Eq.~4!. At U0'm, R
'1 all over the Fermi surface anddRh is in the tunnel
regime. On the other hand, for a current in the@110# direc-
tion, dRh as a function ofU0 exhibits no features below
U0'm and is smaller than in the@100# case. ForU0.m the
anisotropy vanishes. Numerical results for a barrier w
kFd5103 where use is made of exact expressions forR for
a rectangular barrier are shown in Fig. 1. Note there is a k
in the @100# data atU05m/2, as expected. The@110# data
exhibit fast oscillations due to the oscillating behavior ofR
at energies larger thanU0 . With increasingd the amplitude
of the oscillations decreases sinceR approaches a step func
tion.

Temperature enters Eq.~4! via w0 . In Fig. 1, alsodRh for
a constantt is shown. This is independent of the barri
direction and corresponds to theT→` limit of the cold-spot
model. ForU0.m/2 we thus find thatdRh decreases with
increasingT for the @100# barrier, whereas the reverse is tru
for the @110# case. Note that theT dependence ofdRh is an
analog of the violation of Mathiessen’s rule for addition

FIG. 1. dRh in units of (s0kF)21 as a function of the barrie
heightU0 ~in units ofm) for a barrier withkFd5103. The direction
of the current flow is@100# ~dashed line! and@110# ~solid line!. The
angular dimension of the cold spot isw050.1. Short-dashed line
dRh for t5const.
t
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impurity scattering predicted7,5 for models with anisotropic
t. The latter has not been observed experimentally, howe
~see Ref. 5 for a discussion!.

Discussion.Reference 5 ascribesG to scattering on super
conducting fluctuations. An appealing alternative is to thi
of the hot segments as being insulating.22 A straightforward
experimental test of this alternative is to study the anisotro
of tunneling (T→0). For tunneling in the@100# direction a
nonvanishing current should be observed only for electr
leaving the high-Tc sample, while in the@110# direction stan-
dard metallic tunneling is expected for both signs of the c
rent.

In a different class of theories, it is assumed that the n
mal state of the cuprates is dominated by fluctuating dom
walls.23 The local conductivity is, presumably, anisotropi
We expect that this scenario could be tested in a nonlin
conductivity experiment, but its analysis is beyond the sco
of the present work.

In conclusion, we have studied direct experimental te
of the in-plane anisotropy oft in the cuprates. We have
shown that the magnetoresistance experiment is complic
by the not-well-understoodc-axis velocityvc . We have pro-
posed nonlinear conductivity, skin effect, and transp
across a barrier as experiments for the study oft(w). The
magnitude of these effects within the cold-spot model h
been estimated and the transport across a barrier seems
most promising. A modification of the cold-spot mod
yielding magnetotransport in agreement with experime
has been proposed.

I thank V. Beza´k, J. Foltin, and M. Grajcar for stimulating
discussions. This work was supported by the Slovak Gr
Agency Grant No. 1/4300/97 and the Comenius Univers
Grant UK/3927/98.

APPENDIX

Standard transport theory8 for a tetragonal quasi-2D sys
tem with an arbitrary Fermi surface in a magnetic field in t
z direction predicts

s5s0 R dk

p
nx

2 l ,

sH52s0S eB

\ D R dk

p
nx

dny

dk
l 2,

Ds52s0S eB

\ D 2 R dk

p Fnx
2S dl

dkD
2

1S dnx

dk D 2

l 2G l ,
wherel is the mean free path andna is the unit vector in the
direction of the Fermi velocity. Integrals and derivatives a
taken along the Fermi line. Let us assume now a modifi
cold-spot model with cold regions with a mean free pathl 0
on portionsdk of the Fermi line in the directions@61,
61#. Moreover, let us assume that the local radius of c
vature of the Fermi line in the cold spots is;dk. ThensH

;s QH and Ds;s QH
2 with two independent quantitie

s;s0 dk l0 and QH;eBl0 /\dk, as in Anderson’s
phenomenology.1,9 The magnetotransport data9 are repro-
duced withl 0}T23/2 and dk}T1/2. Assuming a Lorentzian



.
io

th

.

h

x-

ing
s-

-

PRB 58 8243BRIEF REPORTS
dependence ofl around the cold spots, we predictl
; l 0(dk/kF)2}T21/2 in the hot regions of the Fermi line
Unfortunately, there is no evidence in photoemiss
experiments6 of a T-dependent Fermi line in the@61,61#
directions.

What could cause such aT dependence? In a system wi
broken particle-hole symmetry, dm5m(T)2m(0)
52(p2/6)T2N8(0)/N(0), where N(0) and N8(0) is the
density of states and its derivative with respect to energy
the Fermi line is defined as the locus of points where«k
5m, its shape~and volume! is T dependent in a system wit
anisotropicvk , since the shift of a pointk is dm/\vk . How-
ever, from tunneling data24 we estimate N(0)/N8(0)
tt

an

y

rg
ar
.
t o
n

If

'1 eV for optimally doped BSCCO and therefore the e
pected shift of the Fermi line atT5100 K is only
'1024 Å21.25

On the other hand, there is a general argument show
the plausibility of aT-dependent Fermi line: We have po
tulated an angular dependence of the imaginary partS9 of
the electron self-energyS(k,v). Fermi line is the locus of
solutions ofm5«k

01S8(k,0), where«k
0 is the bare electron

dispersion. Since S9 is T dependent andS8(k,0)
5(1/p)*2`

` dvS9(k,v)/v, we expect~for a system without
particle-hole symmetry! an anisotropicT-dependent correc
tion to the quasiparticle dispersion and hence aT-dependent
Fermi line.28
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