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Hall effect and magnetoresistance in copper oxide metals
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We present the solution of the Boltzmann equation with an applied electric and magnetic field including
skew scattering in the collision operator. The observed unusual temperature dependences of the Hall resistance
and the magnetoresistance as well as the frequency dependence of the Hall resistance in the normal state of
copper oxide metals is shown to arise if the skew scattering rate diverges-@s The implication of this
phenomenological result for the microscopic theory of copper oxide metals is that the chiral response function
(proportional to the magnetic fieldhas a singularity in the limit of zero energy and temperature.

[. INTRODUCTION unusual chiral fluctuations. Such inelastic scattering is pa-
All transport proberties of cooper oxide high-tem eraturerametrized here by a temperature-dependent scattering rate
port prop pp 9 P 751, just as ordinary inelasti@nd elasti¢ scattering may be
superconductors in the normal state have anomalous terB'ar

perature dependencéFhe anomalies are particularly simple ametrized in the Boltzmann equation with a rafé. The

. ! . skew scattering is introduced in the simplest possible fashion
for concentrations close to those for the highst’ In this to mimic a symmetry of the collision operator different from

H “ Hp ” '~ H 3
rfg1]J|frrn ?(') tge ?oacil acofg;((i::ﬁg:iofl?rIzi%isse?]ii_ogn’a(lémgallss thethalt given by ordinary scattering.
g PP ) ’ We find the remarkable result that all three of the above-

Hall coefficient is, of course, a constant. In,LaSr,CuQ,, : . : .
(x~0.15 the Hall coefficientRy(T) does hazvgaxcons[ltant mentioned magneto-transport anpmahes in copper oxide
: H metals follow if the skew scattering rate diverges as. 1/

;er:(r)nmgﬁ)sutshter ainsorgglofs-%ﬁ%%i?sd&?f éj(\)/l?[iscta?t;g}? dﬁ:;i?/r- This phenomenology may serve as a pointer in the search of
POrt prop ¥, 0P a microscopic theory.

ity, Raman intensity, tunneling conductance, thermal conduc- The Hall effect and the magnetoresistance anomalies have

g:/(:tge) r%%l:gsbﬁa\ljgierrrswgg?ngl-clégfma}iisc;;]iq deg;?_aetngzy@pp%een p_reviously rationalized by the assumption that in cop-

' per oxide metals, the response to the Lorentz force has a
different characteristic rate with a different temperature de-
pendence than the scattering rafg' observed in the con-
ductivity in zero magnetic field®®°We shall comment on
the feasibility of such a proposal within the framework of the
wherex~max(w|,T). This assumption is of no help in un- theory of transport provided by the Boltzmann equation as
derstanding the anomalow,(T); the scattering rates de- well as its 6relatlonshlp to our proposal of skew scattering.
duced from(1.1) again cancel in the kinetic theory expres- Harris et al. _have already observed that the Hall effect anc_zl
sion, RH(T)Eny/U)Z(x giving the customary temperature- magnetoresstanpe cannot both_ be understood by postulatmg
independent behavior. More sophisticated treatments on|9|fferen7t scattering rates at different parts of the Fermi
give logarithmic corrections. surface:

Recently, the magnetoresistantp(H)/p of YBa,Cu0;
has been carefully measured. Given th@f) ~T (to a good
approximation, the conventional behaviofKohler's rule
expected isAp(H)/pH?~p~2~T72, whereas an approxi-
mateT * dependence has been observed. The Boltzmann equation for the distribution function

The frequency-dependent Hall “coefficientR,(w,T) £ (r,b),
has also recently been measured and found to be unlisual.

In this paper we present a solution of the Boltzmann equa- 0
tion with applied electric and magnetic fields including skew flk,r,)=fi+9u(1), 2.1
scattering in the collision operator. Skew scattering is present
in general if a magnetic field is present and gives a scatterinfpr a spatially uniform electric fieldE(t) and magnetic field
on the Fermi surface which is different in the right- and B(t) is
left-handed directions with respect to the applied magnetic

2(w,q)~w In wiJrix sghw, (1.1

II. BOLTZMANN EQUATION FOR TRANSPORT
INCLUDING SKEW SCATTERING

field. 50
We do not know the physical origin of the ske\(v scattering 99k +eE-v, Tk e (VX B)- 99k —C., (22
but suspect it is due to scattering of current carriers by some at d hc k
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where C, is the collision operatorf? is the equilibrium
(Fermi-Dirag distribution, andv, =% "1V, ¢, .

In the linearized approximation the collision operator may

be written

G [ dkTciknak) -Cik Kgtk] - (2.3

Z_QWﬂﬁkﬂideCWkUgWU. (2.3b
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Defining
7o HKK D)= (T = Cpir s (2.12

we can expand\ ! in powers ofB (assuming tha€, varies
linearly with B), to get

A l=7,— 1 (VXB-V—Co) 7y
+ 74(VXB-V = Cg) 7(VX B- V— Cg) 7r+ O(B3).
(2.13
Using(2.13 in (2.1]) yields the conductivity in zero field

In (2.3 the first term,—g(k)/7(k), represents the “scatter- o, from the first term of(2.13, the Hall conductivityo,,
ing out” of particles fromk, while the other term represents from the second term d.13 which is linear inB, and the

the “scattering in” tok.
For a time-independent perturbatio(®.2) is formally
solved as

o — i,

g=eAl Eov( P ” (2.4

where

(HAWU=(UﬂM+£%VWG}VJ5w—kU—kaW.
(2.5

Quite generallyC can be written as a sum of two parts:
C(k,k")=Cn(k,k")+Cg(k,k"), (2.9

whereC, is the “normal part” which is symmetric in inter-
change ok andk’

Cn(k,k")=C,(k" k), (2.7
andCq (k k') is the “skew” or antisymmetric part
Cs(k,k")=—C4(Kk',k), (2.9
which satisfies
f dk’C4(k,k")=0. (2.9

Such a term is present only if time-reversal invariance isgyrface

broken, for instance if a magnetic fieRlis present. A spe-
cific representation of4(k,k’), for example, igkxk')-B. It
follows from (2.9) that «(k) does not depend o@;.

The current is given by

j=ef dk v, g(k), (2.10
so that using2.4) the conductivity tensor is
my — a2 N afo

grt=e dk dk VkAk,k’Vk’ - E . (21])

Uxx=92f ds I(s)cog¢(s),

Oxy= e?w,

—f ds I(s)cosp(s) dis[l(s)sin ¢(s)]+J’ ds ds B(s,s’)I(s)sing(s)l(s")cosp(s’) |,

magnetoresistanc& o= o,,(B) — oy, from the third term
which is quadratic irB.

Some general features of all the transport coefficients are
now apparent from Eqg2.11) and (2.13. First, the skew
scattering termC, always occurs in combination with the
Lorentz force ternvXB-V. Indeed, it should be regarded as
a temperature-dependent renormalization of the Lorentz
force. Second the Lorentz force (2.13 always appears
multiplied by 7,2 where ;! is precisely the same transport
rate which appears in the conductivity, at B=0. The sug-
gestion by Andersoif® that the Lorentz force term be mul-
tiplied by 7, *71, wherer?! is a rate with some different
physical origin and temperature dependence cannot directly
be implemented within the general phenomenological theory
of transport coefficients given by the Boltzmann equation.
New physics may however be sought within the Boltzmann
framework from the skew scattering.

Ill. EVALUATION OF TRANSPORT COEFFICIENTS

In order to express our principal physical point clearly, we
now make some simplifications. We consider the normal
scattering matrixC,(k k") to be independent & andk’ for
k,k" close to the Fermi surface such thqt ¢, are O(kT)
of the Fermi energy. Ther, ! depends only on the tempera-
ture. With the transport properties of copper oxides in mind
we consider the case of two dimensions only.

For T<Eg, the integrals in(2.11) can be expressed as
integrals on the Fermi surface by using
df/de=—8(e,—eg) and choosing coordinate&k—(g,s)
wheree=¢, ands is normal to the constant energy contour
g. The transport coefficients obtained from E¢8.1)—
(2.13 are evaluated in terms of

I(s)=71v(S) (3.1
and
, _ﬁcf de c , 3.0
B(s:s')= g 2(5) s(e,s,8¢,8") 05 (3.2
We find with electric field along th& direction,
3.3
(3.9
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2 d
—Zf ds dsl(s)cosp(s)B(s,s')I(s") a5 [1(s")cosp(s’)]

d
ds [I(s)cosp(s)]

onxzezwﬁ{fds I(s)

—f ds dsd"l(s")B(s,s’)B(s’,s")I(s)cosp(s)l(s")cosp(s") ;. (3.5

In (3.9—(3.9 ¢ is the angle betweeYi;_(s) and the electric In these materials, the thermal conductivity in the normal
field. In (3.4, the first term—the Lorentz force contribution State is constant to a good approximation, i.e., the
can be written as proportional to Wiedemann-Franz law is observed. This implies that no dis-
tinction should be made in the temperature dependence of
d the momentum relaxation rate and the energy or quasiparticle
f dsl(s) x5 1(s). linewidth. This is often true if the self-energy is nearly mo-
mentum independent in the situation where the Fermi surface
At particle-hole symmetryfor energies less thafi near the is not isotropic, so that conservation of momentum does not
Fermi surfacgthis term is zero—a well-known result for the imply conservation of current. This may serve to justify our
Hall coefficient. However, the skew scattering analysis below by two average relaxation rate$ and 7 *
contribution—the second term {8.4) is, in general, not zero representing some average, respectively,[df)] * and
even when the Fermi surface is particle-hole symmeébic  j(s,s’), i.e., the normal and skew scattering functions, that

the full Hamiltonian is not occur in Eqs(3.7—(3.9). In any case, it would be pointless
These equations can be put in a particularly attractiveat the present stage of the microscopic theory to take into
form due originally to On§*® and co-workers. Defining account the detailed momentum dependence of the scattering

rates, nor do we believe will it change the qualitative nature
of the calculated anomalies. Thus we will work only with the

_I(s)cos'p(s)

2 (s - (3.6 average ratesy X(T), 75 *(T) which capture the overall
and temperature dependence #6) and 8(s,s’):
0.(5)= CO;}(S) disl(s)simﬁ(s) TEI ds I(s)cog ¢(s) /f dsv(s)cog¢(s), 4.2
1/E|:TS
+f ds’'B(s,s’)I(s")sing(s’) |, (3.7

El/ﬂfxxf ds ds B(s,s’)I(s)cosp(s)I(s’)sing(s’).
(and assuming the Fermi surface has fourfold symmetiry
is possible to show that the Hall ang|® ) = — o,/ oy for (4.2

small fields is given by The complicated angular integrals (8.3 —(3.5) give rise to

numerical coefficients,b, etc., which depend on the shape
(G)H):f dsz (5)O4(s). (3.8 of the Fermi surface, deviation from particle-hole symmetry,
etc., and which have a very weak temperature dependence, if
Similarly any.
With these simplifications, the essential physical points of

Aoy Egs.(3.3—(3.5 and(3.8—(3.10 can be summarized as

=f ds> (5)07(s)=(07). (3.9

Oxx 2
Oxx=VET, 4.3
The magnetoresistance obtained by inverting the conductiv-
ity tensor is then

(4.9

O'XVZ(U,Z:T)(TwC) a+ B

FTs

Ap_gDO-xx_ Oxy 2_ 0. — 2 31
P Ok Tyx =L@ (@) B0 1he term proportional t@ represents the conventional be-
havior; a=0 at particle-hole symmetry. Thus the Hall angle
IV. EXPERIMENTAL RESULTS IN COPPER OXIDES IS
Extensive results for electrical transport experiments in a
magnetic field are available for the compounds
YBa,Cu;0;_5 (123 and Lg_,Sr,CuQ, (214 at the “ideal”
compositions5~0.1 and x~0.15, respectively. The zero-
field resistivity in both isp(T) = po+ p4T to a high accuracy. A
The temperature-dependent part implies a scattering rate _p%(w )2
7 1~7514+ kT, according to Eq(3.3. p ¢

a+

: (4.5

Oy~ (7wc)

EF Ts
and the magnetoresistance

d;

c+
EFTS

+

2
g ) , (4.6)

EFTS
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wherec andd; andd, are again coefficients depending on In this paper we have considered only samples near the
the Fermi surface and=0 for an isotropic Fermi surface.  composition of the highesE, and ignored the effect of im-

In comparing with experimental results, we first note thatpurities. Impurities lead to at least two kinds of changes in
the term proportional ta in (4.5) is the usual contribution to  the theory: addition of a temperature-independent scattering
the Hall angle which is absent when the Fermi surface hagate in+* and possible cutoff of the singularities leading to
particle-hole symmetry. Hall-effect calculations based onthe linearT dependence in* andT~* dependence in *.
band structurt of 123 at the ideal composition yields a very These lead to qualitatively different results. On the experi-
®y but do yield a sizabl®y, for 214 at near the ideal com- yenta) side, the change in the Hall angle with impurity con-

position ~15% Sr. Also magnetoresistance measurementsenration is qualitatively different for addition of impurites
are available only for 123. So we compar5) and (4.6) in YBa,CwO, and for changing Sr concentratfrin

only with results in(123 wherea~0. La,_,Sr,CuQ,. Even in YBgCu;O,, impurities in the plane

N?ft’ we note that |f_the 5'52"" scattering rate* dl_\/erges and between planes seem to have different efféatée hope
asT +, 04 from (4.5 is ~T < and the last term ir{4.6), ) .
to address these issues in the future.

which is the dominant term at low temperatures-i§ * as
observed® We can also make a quantitative check. For

a~0, and if the terms proportional mandd; are unimpor-
tant in the temperature range of measurements, V. IMPLICATIONS FOR A MICROSCOPIC THEORY

5 - The normal state of copper oxide metals is not a Fermi
Onl (Aplp)~b°/d°. (4.7) liquid. Many of the transport anomalies could be understood

. , _ by the phenomenological ansatz, Ef.1) leading to a zero
- 2 ~ 4
2?/22'2 41281?_4 ;? f\i,;cljdrl;ecff 1 'pnvgher@e)THis %r?sc?;greesar\]/(\j/e quasiparticle renormalization amplitude at the chemical po-
would then deducér/d~0.6, a sensible sort of rESLj|t for tential and a scattering rate propo'rtionamoSuch a “S(.)ft”
different Fermi-surface anisotropies occurring in the expresoréakdown of Landau theory implies that the scattering am-

sion for ®, and Aplp. If we use the deduction from the pIitudg of fermions at the Fermi energy is s_ingular or that
resistivity chat 7 l<k.T we can further deduce that [N€re is aresonance at the chemical potential. As observed
~kgT,

(Egr) ~1~40T whereT is in degrees. ;aa:rher, su::g ?] soft l:_)rrﬁakdpwn clannotlteﬁ:]a}m the ma?r?i'
With these numbers, we find thaté=d,=d3, the last ‘o~ ansSport behavior. 1he principal resutt of this paper IS tha

term in (4.6) dominates only below 100 K. Experimentally, the skew scattering rate in the presence of a magnetic field

a unique power law appears not to fit the data taken betweerﬁeeds to be_smguIaFT to explam magnetotran_sport con-
stently. This is much more singular than the singularity in

100 and 400 K; the uncertainties in the measurement do n (1.1)
exclude a smooth crossover to lower exponents than 4 9. (L. 2.

higher temperatures. We can understand the result&dif d It Its quite opv![qus'th?lt tr][e ikew scaéterlng |mth(|jed hterefls
andd,/d3 are less than about 1/4. As mentioned, they de- ue o some Intrnsic fluctuations and are not due to, for
stance, spin-orbit scattering at magnetic impurities. These

pend on details of the Fermi surface and are very hard tg't. i fluctuati b tional Boand theref
estimate. We would predict in any case a crossover to jpnnsic fluctuations must be proportionaritoand therefore

lower temperature dependence if the data could be extend € ch|ral In nature. They must be highly singular at the
to higher temperatures. c emlca_ll pote'ntla_l to produce the .deduced skew scattering

Spielmanet al” have measured the frequency dependencéate' This implies in turn that the chiral response of the Cu-O
of the Hall effect. Although most of the results presented aréﬂetaIS at the ideal composition is singular(aT)—0. A

for the superconducting state, they have clearly deduced thg{,lanturp cntn(:jal pollzntthsTarl]ready be?n su?tgéétasl netct-h i
in the normal state the experimental results are consiste sary 1o produce \ - 1he present results suggest tha
luctuations aB=0 acquire a more singular form at finiB

with : i
t These fluctuations could be centered arogpel or finite
b2 q.1* We suggest that such singular fluctuations may be ob-
0. /(0.T)~ VEWc [Re(iw+ 7 1] L (4.9 seryab_le in light scattering or neutron scattering in a mag-
Er7s netic field.

The singular chiral fluctuations suggested here should be
This equation can be deduced from E¢82) and (2.5 as  compared to the suggestion of uniform chiral flux phdSes.
the straightforward modification of the results derived to fi-Sych phases are predicted to have a spontaf6us, in
nite frg(ﬂugnme_s. Tfl‘i important point is the replacemengeroB) Hall current. By contrast copper oxide materials ap-
T =7 +iw with 7o~ appearing in the same form as at pear to exhibit a Hall current proportional ® which di-
»=0. It should be noted th&ﬂG) as well as all other results verges asTil Suggestive of fluctuations to a chiral phase at

in this paper are based on the low-field expansiBri3.  T=0. This divergence is cut off by the intervention of super-
SinceC; of (2.13 is effectively proportional to §./T) this  conductivity.

procedure breaks down at low enough temperature or large
enough fields. We have checked that the expansion is quite
valid in the experiments quoted, primarily because the nor-
mal phase is unstable to superconductivity at fairly high tem-
peratures. It would be interesting to carry out Hall-effect and We wish to thank B. Batlogg and N. P. Ong for a discus-
magnetoresistance experiments in the anomalous copper osion of the experimental results. G.K. was supported by NSF
ide metals with lowT_’s. Grant No. DMR 95-29138.
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