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Magnetoresistance of YBaCu30 in the cold spots model
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We calculate the in-plane magnetoresistaigg,/p4, 0f YBa,Cu;O; in a magnetic field applied perpen-
dicular to the Cu@planes for the “cold spots” model. In this model, the electron relaxation tigel/T? at
small regions on the Fermi surface near the Brillouin zone diagonals is much longer than the relaxation time
7, 1/T at the rest of the Fermi surfac¢& is temperature In qualitative agreement with the experiment, we
find that Kohler's rule is strongly violated, but the ratlgp,,/p,, tarf6,, where targ, is the Hall angle, is
approximately temperature independent. We find the ratio is about 5.5, which is of the same order of magni-
tude as in the experimertS0163-1829)11801-0

Theoretical interpretation of the electron transport properapplied perpendicular to the planes and study the in-plane
ties in the normal state of high-temperature superconductorsansport properties. For this purpose, we may neglect cou-
has attracted a great deal of attenti@ee references and pling between the layers and consider the 2D electron
discussion in Ref. J1 In Ref. 1, we found that the frequency wave vectork and energys(k). The linearized stationary
dependences of the longitudinal,(w) and Hall oy() Boltzmann equation,written for the deviationy(k) of the
conductivities, measured in YB@u;O; in Ref. 2, can be electron distribution functionf(k) from the equilibrium
adequately fitted within a phenomenological model where~ermi functionfy(e): f(k)—fq(e)=—x(k)dfo(e)/de, has
different regions of the Fermi surface are characterized byhe form:
two different relaxations times; and 7,. We called this
model the additive twa-model. We found that the electron eH dx(ky)
relaxation timer, at the “cold spots,” small regions on the he I(ke) d—ktJ“X(kt):eE' I(ko), @
Fermi surface near the Brillouin zone diagonals shown by
the thick lines in Fig. 1, is much longer than the relaxationwherel(k;) =v(k,) 7(k;) andv(k;) =de(k)/# k are the local
time 7, at the rest of the Fermi surface,/m;~4 at T  values of the electron mean-free path and velocity at a point
=95 K.! The microscopic origin of the cold spots is not very k; on the Fermi surface(e is the electron chargei is
clear, but their pattern suggests that they may be related #lanck’s constant, and is the speed of light.
thed-wave symmetry of the pseudogap in the normal state of In the case of a weak magnetic figttl the first term in
cuprates. In Ref. 1, we assumed for simplicity that the elec- Eq. (2) is a small perturbation, so a solution can be obtained
tron relaxation time changes discontinuously between thas the Jones-Zener series in powersHoby iterating this
values 7, and 7, as a function of position on the Fermi term:
surface. Recently, another version of the cold spots model
was independently introduced by loffe and Miffidn their 27
model, the electron transport properties are completely deter- I r

mined by the cold spots, where the electron relaxation rate
1/7 has a deep minimum: / \

Ur(ke) — Lr(ke) o= (k— ko) 2. (1) —_
O

In Eqg. (1), k; is the component of the electron wave vector :
tangential to the Fermi surface, which labels different points — Y S

on the Fermi surface, arH is its value at the center of a >
cold spot. loffe and Millis noticed that their model produces

a magnetoresistance too high to agree with the experifnent.
Magnetoresistance was discussed theoretically for the
spinon-holon model in Ref. 4, for the change-conjugation

model in Ref. 5, and for the nearly-antiferromagnetic Fermi r X r

liquid model in Ref. 6. In the present paper, we evaluate ‘

magnetoresistance for the additive twonodel of Ref. 1. 0

(See also a comment on this model in Ref. 7. k., (1/a)
The high-temperature cuprate superconductors can be X

modeled as two-dimension&D) square lattices parallel to FIG. 1. Fermi surface of the Cy®onding band of YBzCu0;

the (x,y) plane and spaced with the distarttealong thez  according to the band-structure calculatioRef. 8. The thick lines

axis. We consider the case where a weak magneticllgkl  indicate the “cold spots.”
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- eH d\n 0.5

x(ky=eX, (—% (k) d—kt) Elk).  ® ; k=g /12

Using Eg. (3), we calculate the electric currenj — 0.4
=2eXv(k)f(k), where the coefficient 2 accounts for two &2, I
spin orientations of electrons, and find the conductivity ten- b>< 03k
sor: — [

AN [
22 li(k) [ eH d\" < 0.2
o= fﬁdk—(—%ukt) d—kt) k). Sx

(27)%hd =0 “1(ko) '
Here the integral irk, is taken around the Fermi surface. For 0.1
a system of tetragonal symmetry, the diagonal conductivity [
o=+ {2 up to the second order iH and the Hall ool . 3
conductivity Ty linear in H are given by the following 0 100 200 300 400
expressions?* T (K)
© e? FIG. 2. Contribution of the transitory zone between the “hot”
Oxx = o 2,4 jg ol (Ke) (4) and “cold” regions on the Fermi surface to magnetoconductivity,
(2m)*hd 72 | normalized to the total magnetoconductivitst2)| and shown
as a function of temperature. Different curves correspond to differ-
ent sizes of the transition interval indicated as a fraction of the
Oxy W § e [I(ky)xdl(ky)T, 5 size k, of a “cold spot.”
2e*H? d dl(ky) s 28 o (A m)(n— )’
0’5(?() 5 2 5. § dkil, (ki) —( ) Oxx 2,327 t) P . (10
(277')2ﬁ3 2 dkt dkt ! (2m)“h°c d
This term becomes singular when the width of the transition
2e*H? dly (k)2 interval is reduced to zer@t%)—o when x—0.
= (Zw)zﬁ3 24 % ktl(kt)( dk, ) ' (6) Using EQgs.(8), (9), and (10) with the parameters deter-

mined in Ref. 1, we calculate!?) for the CuQ bonding
where e, is a unit vector along the axis. According to band of YBaCu;O; shown in Fig. 1. As in Ref. 1, we ne-
Eqg. (6), magnetic field always reduces the conductivity: glect contributions of the other bands. We phenomenologi-
o§§)< 0. cally assign linear and quadratic temperature dependences to
When evaluated for a discontinuous functietk,), Eqs.  the scattering rates in the “hot” and “cold” regions:
(4) and (5) give finite results, which were studied in Ref. 1. = AP
However, Eq.(6) gives an infinite value fow{? because Tl T T 1D
of the squared derivativedr(k;)/dk]? of a discontinuous with the same parameters as Ref. 1. Computing the integrals
function 7(k;). In order to obtain a finite result, we introduce (9) over the Fermi surface, we find that the rafig: C, turns
a smooth interpolation between the two values-of a tran-  out to be the same as the ratig:b,=0.71:0.29 in Ref. 1.
sition interval of the widthx: The size of the transition intervat, is limited from above
_ by the sizexy=0.6/a of a cold spot:ik< «y, wherea is the

7'1+ T Tt T ki—kq Cu0, lattice spacing. In Fig. 2, we show the rati@?)/| o 2|

- 2 tan k /' computed for different values of. We observe tha"t‘r&f()
~ produces a significant contribution @{> only when the
wherek; is the boundary between the “hot” and “cold” transition interval becomes very smatl< Kko/12. For a re-
regions. We find the following three contributions ¢4 alistic width, k= /2, the contribution of the transition in-
terval is |nS|gn|f|cantu(2)<|a§§)|.

The experimentally measurable quantity is the magnetore-

sistanceA p,,= pyx(H,T) — pxx(0,T), which is related to the
conductivities by the formula

T(kt)—

()

o@=—Cim—Cor3—-5'%. ®)

The coefficientsC; and C, are given by the integrals over
the “hot” and “cold” regions of the Fermi surface, where

the relaxation times are; and 7, respectively: Apxx/Pxx_ _0(2)/0)0( —tartdy, (12)
2e*H? dv (k) where tang, =g, /o'y is the Hall angle. Figure 3 shows the
C1’2:(27-r)2h3c2d 12d kww (ko) dk, : ©) calculated temperature dependence of magnetoresistance
' Apy ! pyx at H=9 T for different values of.
The first two terms in Eq(9) do not depend or. The last It is more convenient to study the dimensionless ratio

term in Eq.(8) comes from the transition interval between @ (0), 2
the “hot” and “cold” areas: {=Apyl pyx tartby=—oJodlog,~1, (13
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FIG. 3. Magnetoresistanc®p,,/py, as a function of tempera- FIG. 5. The combinatiompxx(H,T)pXX(O,T)/pix(O.gs K) that
ture in the magnetic fieltH=9 T. would be temperature independent if Kohler’s rule were satisfied.
The curves are calculated for the magnetic fidler9 T.
which does not depend on magnetic field. In the Drude
model with a single relaxation time(T), ¢ does not depend

. strates that, contrary to the conclusion made in Ref. égn
on temperature, becauséT) cancels out, and is equal to y L.¢

be temperature-independent in a Fermi-liquid mddé?

2 where different regions on the Fermi surface have different
= $dko (k) (dox(ky/dk) $dko (k) . (14 temperature dependencesmdjiven by Eq.(11). We wish to
2(9’5dktvx(kt)dvy(kt)/dkt)2 emphasize that we do not optimize the parameters of the
model to makel temperature-independent; we use the same

independent and equals 1.5-1.7 in ¥B&O,, 13.6 in parameters that have been found already in Ref. 1 by fitting

La,Sr,CuQ,,* 3.6 in optimally doped, and 2.0 in overdoped frequency dependences @f, andoyy. As Fig. 4 shows, the
TI,Ba,CuQ;, 5 511 These results are quite remarkable g|VenV8.|Lle of ¢ is about 5.5, which is close to the Drude valpe
that electron transport in cuprateannotbe described by a =5.67 calculated from Eq14) for the Fermi surface shown
single-relaxation-time Drude model. In the spinon-holonin Fig. 1. While the theoretical value dfis greater than the
model of Ref. 4,{ is given by the same temperature- experimental one in YB&£uO; by a factor of 3, both values
independent expressidi4) as in the simple Drude model, are of the same order of magnitude. The discrepancy could
because the two relaxation timeg and 7y cancel out. be ascribed to an excessive flathess of our model Fermi sur-
In Fig. 4, we plotZ(T) calculated using Eq$8)—(13) for ~ face compared with the real one, which reducegaarmand
different values ofx. For a realistick= k/2, we observe increaseg. This suggestion is supported by the fact that the
that ¢ is approximately temperature-independent. This ishighest value of is found in LgSr,CuQ,, where the Fermi
quite surprising considering thg({T) is given by a compli- surface is believed to be the flatteBEquation(14) gives
cated rational function of temperature. This result demonzero for a circular Fermi surfade.
Because’ is approximately temperature-independent, and
10 our model gives approximately ta#y1/T? andp,, T, we
K=K /12 conclude that Ap,,/pw>1/T4 in agreement with the
{ experiment. Kohler’s rule, which states that, in a single-

It was found experimentally thal is nearly temperature-

= 81 =Ko /6 relaxation-time modelA p,,(H,T)/px(0,T) is a function of
3 H/p,«(0,T), is strongly violated in cupratédn a weak mag-
., Bt netic field, whereA p,,/p.,<H?, Kohler's rule requires that
Sx Apy(H, T)pyx(0,T) should not depend on temperature.
& In Fig. 5, we show Ap,,(H,T)p.(0,T) normalized
N\ 4r to piX(O,T:95 K) as a function of temperature for different
e values ofk at H=9T. We observe a strong temperature
<]

ol dependence Ap,,p<1/T%,  which demonstrates that

Kohler’s rule is violated in our model because of the differ-

ent temperature dependencesrefand 7, in Eq. (11).

00 100 500 300 100 We now briefly compare the cold spots models of Refs_. 1
and 3. In the latter model, transport properties are determined

T (K) by the relaxation time at the center of a cold spt(ﬂ,?t),

FIG. 4. Dimensionless ratio of magnetoresistance and the Haflenoted as_ in Ref. 3 and roughly corresponding to our
angle squaredAp,,/p.tarfd,, as a function of temperature for 7,. The second relaxation timeg does not appear explicitly
different values ofx. in the modeP so only one relaxation timeg, controls fre-
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FIG. 6. Frequency dependence of the transmittafite)
through a thin film of YBaCu;O; in zero magnetic field. Dots:
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cot GH(w)Cxl—in,:L, (16)

fits the experimental data of Ref. 2 &t=95 K with
1/7e, =54 cm '=7 meV! Substituting this value of &f,
into Eqg. (15), we calculateo,,(w) and show the result in
Fig. 6. In this figure, the solid line with squares represents
frequency dependence of transmittance through a thin film of
YBa,Cu;O; [which is determined byo,,(w)] for the
model® Dots represent the experimental data of Ref. 2; the
solid and dashed lines show fits for the additive and multi-
plicative twor models studied in Ref. 1. The overall coeffi-
cient in Eq. (15 has been selected to fit the experimental
value atw= 0. We observe that the curve for the modides
not match the experimental data of Ref. 2. The reason for
this failure is that fitting botho,,(w) and oy, (w) requires
two different frequency scales, such asrl/and 1f,,*
whereas the modehas only one frequency scalergy.

In conclusion, we have calculated the in-plane magnetore-
sistanceA p,./ pyxy 0f YBa,CusO5 in a magnetic field applied

experimental data from Ref. 2; solid and dashed lines: fits to thd€rPendicular to the CuOplanes for the additive twe-

additive and multiplicative twa= models of Ref. 1; solid line with
squares: calculation for the cold spots model of Ref. 3.

model of Ref. 1. We find that Kohler’s rule is strongly vio-
lated, but the ratio Ap,,/pytarfé, is approximately
temperature-independent and, for the model Fermi surface

quency dependence of transport properties. The expressi@mployed, is approximately equal to 5.5. The theoretical re-

for diagonal conductivity in the modél,

oy w)cIN1—iwTg, (15

fits the experimental data of Ref. 14 B&=200 K. The ex-
pression for the Hall cotangent in the model,

sults agree qualitatively and, within an order of magnitude,
quantitatively with the experiment.

We are grateful to I. I. Mazin for providing the band-
structure data of YB&Zu;0; and to A. J. Millis for useful
discussions.
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