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Theory of magnetoresistance anisotropy in the lamellar underdoped copper oxides
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~Received 22 November 2000; published 18 July 2001!

The phenomenologic theory of anisotropic magnetoresistance in the underdoped easy-plane antiferromag-
nets of YBa2Cu3Ox-type is developed. The observed field-induced anisotropy of the magnetoresistance is
explained by the macroscopic symmetry of the sample that for low-field value arises from the redistribution of
magnetoelastic antiferromagnetic domains. The field and angular dependencies of the resistivity tensor are in
satisfactory agreement with the available experimental data for the low-field~polydomain! and high-field
~single-domain! regions.
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I. INTRODUCTION

The measurements1–3 of the magnetoresistance~MR! of
the heavily underdoped cupratesRBa2Cu3Ox (R is the rare-
earth element!, which still preserve an easy-plane antiferr
magnetic~AFM! order, show that~1! the electric resistivity
of the crystals has a metallic character at high temperat
and grows slower than expected for the hopping elect
transport at lowT;4,5 ~2! the magnetic fieldH applied in the
ab plane induces the anisotropy of the magnetoresista
~AMR!; ~3! the AMR is proportional toH2 and saturates
depending on temperature atH<3 – 5 T; ~4! the field-
induced part of the resistance switches in sign with turn
of H from in parallel to perpendicular toward the curre
direction; ~5! the AMR and its saturation field decrea
gradually while approaching the Ne´el point; ~6! after the
field is removed, the resistance isotropy is mainly restor
although some residual anisotropy is observed at low t
perature.

TheRBa2Cu3Ox cuprates of low (x,6.4) oxygen content
have near tetragonal crystal structure with the vanishin
small orthorhombic distortions in the paramagnetic pha
The Néel temperature varies from sample to sample, e
TN5195 K for R5Tm, x56.3 ~Ref. 1! andTN5250 K for
R5Y, x56.35.6 The AFM structure is the collinear one wit
the cooper spins being aligned in@100# or @010# ab plane
directions. Neutron diffraction6 and ESR~Refs. 3 and 7! on a
YBa2Cu3Ox single crystal point to the presence of the tw
types of AFM domains with an orthogonal orientation of t
magnetic vectors. So, it seems quite reasonable to assum
was done in Refs. 1 and 3, that it is the AFM domain str
ture ~DS! that could govern the field and temperature dep
dence of AMR in the above-mentioned layered compoun8

The present paper is aimed at the development of
simple model of the AMR based on rearrangement of AF
DS under the influence of the external magnetic field.

II. FIELD DEPENDENCE OF RESISTIVITY

The starting point in a phenomenological description
the MR in the magnetically ordered crystals is the separa
of the contribution of the magnetic structure into the res
tivity tensor r̂(H). In view of the small value of the MR in
RBa2Cu3Ox crystals @less than 0.5%~Refs. 1 and 2!#, the
0163-1829/2001/64~6!/064406~6!/$20.00 64 0644
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formal expression may be obtained by expansion in pow
of the structural magnetic vectors with due account of
crystal symmetry. The field dependence of the resisitiv
then steams from the modification of the magnetic struct
under the action of the external fieldH.

The magnetic structure ofRBa2Cu3Ox consists of a stack-
ing along thec direction of the weakly coupled pairs of th
AFM-ordered copper planes.6 The interplanar exchange
which is essentially less than the intraplanar one, favors a
the AFM ordering of the nearest planes. Under the action
the external magnetic field the magnetic moments in diff
ent planes rotate identically, so, in this case the magn
structure of the crystal may be effectively described by
two-sublattice model10 with the magnetizationsM1 andM2.
Of more convenience is the AFML5M12M2 vector, which
describes the magnetic order, and the FMM5M11M2 vec-
tor, which is thermodynamically conjugated to the extern
field.

Thus, the resistivity tensor can be represented as

rXX~H!5raa
(0)1h11

L LX
21h12

L LY
21h111

L LX
41h112

L LX
2LY

2

1h122
L LY

41•••,

rYY~H!5rbb
(0)1h12

L LX
21h11

L LY
21h122

L LX
41h112

L LX
2LY

2

1h111
L LY

41•••,

rZZ~H!5rcc
(0)1h31

L ~LX
21LY

2 !1h312
L LX

2LY
21•••,

rXY~H!5h66
L LXLY1•••, ~1!

where the coordinate axesX, Y, and Z are directed along
@100#uua, @010#uub, and @001#uuc, correspondingly and we
have substituted the ellipses instead of the terms immate
for further consideration. In the paramagnetic phase that
responds to theD4h point group, the resistivity tensor i
characterized by only two different componentsraa

(0)5rbb
(0)

Þrcc
(0) . The 4- and 6-rank tensorsĥL written in the con-

tracted Voigt notations are the macroscopic~phenomeno-
logic! coefficients also invariant with respect to theD4h
point group. They account for the transport properties of
substance including the cross sections of the electr
magnon scattering.
©2001 The American Physical Society06-1
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In the case of the polydomain crystal, Eqs.~1! should be
averaged over the sample volume. So, to study the field
pendence of AMR, one should account for the distribution
AFM vectors in the sample.

III. ‘‘STRAY’’ ENERGY

Because of the spin-lattice coupling, two types of the o
entational AFM domains are characterized by the differ
spontaneous strain tensors and thus can be treated as m
toelastic. Due to the rhombic strains, each AFM domain
different physical properties along and perpendicular to
L direction. Formation of the thermodynamically equili
rium DS can be governed by the two mechanisms both
sulting in creation of zero averaged strains in the field-f
sample. The first one is the surface tension on the sam
surface or interface of the smallest element of sample mi
structure with the special orientation~the surface normal be
ing directed along the principal axis of the crystal!.12 The
second and maybe more essential mechanism is due to
finite-size effect and volume-proportional contribution in
the free energy from the sample shape.13 These mechanism
result from the long-range character of the elastic forces
magnetoelastic effects, but the first one can be neglecte
low temperatures when the surface relaxation time is m
less than the time of observation. Nevertheless, both me
nisms give rise to the effect analogous to demagnetizatio
FM and can be described by introducing the sha
dependent ‘‘stray’’ energyFstray . The main contribution
into ‘‘stray’’ energy, as it was shown in Ref. 13, arises fro
the strain tensorû, averaged over the crystal volumeV:

^û&5(1/V)*Vdr û. For the thin @001#-oriented sample the
density of the ‘‘stray’’ energy may be written as

Fstray5
1

2
a8^uXX2uYY&

212a66̂ uXY&2. ~2!

The coefficientsa include a contribution from the term
proportional to the corresponding elastic modulus of
crystal and from the surface tension14 as well.

The equilibrium inhomogeneous magnetic~domain!
structure arises from the competition of the ‘‘stray’’ ener
that tends to conserve the shape of the sample through
setting of all the averaged strains and AFM vectors to ze
and the local energy,

Floc5(
j

j j H 2b'
(4)M0

2 cos 4w ( j )2
H2

2J
sin2~w ( j )2c!

1~1/2!c8~uXX
( j ) 2uYY

( j ) !212c66~uXY
( j ) !214M0

2l1~uXX
( j )

2uYY
( j ) !cos 2w ( j )18M0

2l2uXY
( j ) sin 2w ( j )2mJ , ~3!

which is the source of motive force for the setup of t
nonzero local parameters.

The local energy density~3! includes the contribution
from the magnetic anisotropy~the first term!, Zeeman energy
~second term!, and elastic and magnetoelastic terms. T
magnetic energy is represented by the fourth order effec
06440
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bare in-plane anisotropy constantb'
(4) and the constant o

intraplanar AFM exchangeJ, andM05uM1,2u. Two angles,
w andc, describe the orientation of vectorsL andH, corre-
spondingly, with respect to theX axis. The elastic and mag
netoelastic properties are described in a standard manne
the shear modulic8[(c112c12)/2 and c66 and effective
magnetostrictive constantsl1,2. The tendency for inhomoge
neous distribution of the AFM vectors and strains is a
counted for by the variablesj j , which are volume fractions
of the j th-type domain, and the chemical potentialm, which
should be equal for all coexisting domains.

Expression~3! includes only the principal terms that in
fluence the DS formation. Thus, we disregard all the lo
symmetry-conserving interactions~like volume magneto-
striction!, entropy contribution originating from excitations
which ensures the temperature dependence of the mag
constants, etc. We also assume that a value of the exte
field is small enough compared with the characteristic
change field:H!2M0J, which enables us to exclude from
the expressions the small FM vectorM52(H/J)sin(w2c)
!L ~the detailed procedure is described elsewhere; see
example, Ref. 12!. Demagnetization effects are immateri
for the chosen geometry of the sample, and in the gen
case their contribution;H/2M0J is also negligible.

The ability of the DS to rearrange under the action of t
magnetic field crucially depends upon the mobility of t
domain walls. We assume that the sample contains a ce
amount of the immobile domain walls fixed at the defec
which do not participate in the shift processes under the
tion of H. To distinguish between the different types of th
domains we use indicesj 51,2 for the ‘‘mobile’’ and j 53,4
for the ‘‘immobile’’ ones. The further distinction is relate
with the orientation of vectorL in zero magnetic field:j
51,3 indicate the domains withw50, andj 52,4 those with
w5p/2. Prior to field application, the domains of both typ
are supposed to be equally represented with probabi
j3(0)5j4(0)51/22j.

The parameters of the magnetic structure are obtai
from minimization of the free energyF5Fstray1Floc @see
Eqs. ~2! and ~3!# with respect to all the variables includin
the fractionsj1 andj2 of the mobile domains.

IV. RECONSTRUCTION OF THE DOMAIN STRUCTURE

Application ofH results in both rotation of the AFM vec
tors and shift of the mobile domain walls. The latter tak
place below the critical, or monodomenization, field,

HMD~c!5
H1MEA~HSF

2 1H2ME
2 !j

A4 ~HSF
2 1H2ME

2 !2 cos2 2c1H1ME
4 j2 sin2 2c

,

~4!

at which the domains of one type~say, j 51) disappear (j1
50). In Eq. ~4! the characteristic magnetoelastic

H1ME58M0
2l1Aa8J/c8~a81c8!,

H2ME58M0
2l2Aa66J/c66~a661c66!,
6-2
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THEORY OF MAGNETORESISTANCE ANISOTROPY IN . . . PHYSICAL REVIEW B64 064406
and pure magnetic~without magnetostriction! spin-flopHSF

54M0Ab'
(4)J fields are introduced. So, atH,HMD(c) re-

distribution of the DS inside the sample takes place in suc
way that the internal~effective! magnetic field is directed
along @110# and thus, AFM vectors in the domains are o
ented symmetrically with respect to this direction at t
angle

w1,35p/22w2,452
1

2
arcsin

2HXHY

HSF
2 1H2ME

2
. ~5!

Volume fraction of the domains with the mobile wal
depends onH as follows:

j1,2~H!5j7
~HSF

2 1H2ME
2 !~HX

22HY
2 !

2H1ME
2 A~HSF

2 1H2ME
2 !224HX

2HY
2

. ~6!

In zero field the domains of both types are equally rep
sented,j1(0)5j2(0)5j.

To elucidate the behavior of the DS atH.HMD(c) for a
given field direction, let us consider two limiting cases.

The field is directed along the in-plane easy axis for AF
vector (c50, i.e., spin-flop case for the domains of the fi
type! and so, the field does not disturb the equilibrium o
entation ofL vector up to the critical value@see Eq.~4!#
H1cr5HMD(0)5AjH1ME . The shift of the domain walls
keeps up a zero internal magnetic field thus excluding ro
tion of the AFM vectors. The magnitude of the critical fie
at which the shift processes are accomplished depends
the number of the mobile domains and is independent of
magnetic anisotropy of the crystal~because the rotation o
the magnetic vectors is not involved!. Further increase of the
field does not influence the magnetic structure at all, until
second critical field,H2cr5AHSF

2 1HMD
2 (0), is attained. At

H5H2cr the internal magnetic field reaches the ‘‘spin-flop
magnitude at which the vectorL in unfavorable~with L uuH)
immobile domain flops perpendicular toH. At H>H2cr the
sample is monodomain,j15j350,j252j,j45122j.

The field is applied in hard direction (Huu@110#, c
5p/4). This configuration is consistent with the symmetric
rotation of the AFM vectors@see Eq.~5!# without a shift of
the domain walls, because all types of domains are equ
lent. At H5HMD(p/4)5AHSF

2 1H2ME
2 the sample become

monodomain, withL directed perpendicular toH, just along
the hard direction. The effective field at this point~renormal-
ized by the ‘‘stray’’ field, see Ref. 12! is equal toHSF . The
field HMD(p/4) does not depend upon the mobility of th
domains, but includes the value of magnetic anisotro
which governs the rotation of spins. Further increase of
H field does not affect the orientation ofL vectors.

In the case of arbitrary directedH, reorientation of the
AFM vectorL is always incomplete; the value of the seco
critical field is not defined, but the field of monodomeniz
tion should be noticeably greater thanHSF . WhenH is re-
moved, the behavior of the DS strongly depends upon
mobility of the domain walls and relaxation time of th
strains as well. If this time is smaller than the rate ofH
sweeping, the strain field in the sample can be treated
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unfrozen and the behavior of the DS should be reversible
it, e.g., takes place in a magnetostriction experiment16

Slight irreversibility can arise from the necessity for vectorL
to overcome the hard direction when flopping back fromY to
X direction ~if H is close toX). In the opposite case, whe
the relaxation time is greater thanH sweeping rate, the
strains are partially frozen. The corresponding effective fi
in the sample is renormalized as follows:

He f f5$@HX
22HY

2116M0
2Jl1~uXX

f roz2uYY
f roz!#2

14@HXHY116M0
2Jl2uXY

f roz#2%1/4, ~7!

where ûf roz is the ‘‘frozen’’ ~unrelaxed! part of magneto-
striction. This gives rise to the shift of the monodomeniz
tion field toward a lower absolute value and should rev
itself in the hysteresis phenomena.

V. RESULTS

At H<H1cr the field dependence of MR can be obtain
after substituting Eqs.~5! and~6! into Eq. ~1! and averaging
over the sample:

rXX~H!2r is52:1

HX
22HY

2

H1ME
2

2:2S HXHY

HMD
2 ~p/4!

D 2

,

rYY~H!2r is5:1

HX
22HY

2

H1ME
2

2:2S HXHY

HMD
2 ~p/4!

D 2

, ~8!

rZZ~H!2rZZ~0!52
M0

2h31
L

2J2 FH21
~HX

22HY
2 !2

H1ME
2

1
4HX

2HY
2

HMD
2 ~p/4!

G2h312
L S 4M0

2HXHY

HMD
2 ~p/4!

D 2

,

rXY~H!52
4M0

2h66
L HXHY

HMD
2 ~p/4!

,

HMD
2 ~p/4!5HSF

2 1H2ME
2 . ~9!

In expressions~8! we have set up the isotropic field inde
pendent part of the in-plane resistivity:

r is5raa
(0)12M0

2~h11
L 1h12

L !18M0
4~h111

L 1h122
L !, ~10!

and that of the out-of-plane resisitivity:

rZZ~0!5rcc
(0)14M0

2h31
L . ~11!

The combinations

:152M0
2@h11

L 2h12
L 14M0

2~h111
L 2h122

L !#,

:2516M0
4@h111

L 2h112
L 1h122

L #,

are the phenomenologic coefficients of correspondingly
isotropic and isotropic MR, induced by the AFM ordering
6-3
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It follows from Eq. ~8! that the main contribution of the
magnetic field that is quadratic inH gives rise to an anisot
ropy of the in-plane resistivity, i.e., the field induces t
nonzero valuesrXX2rYY,rXY . The out-of-plane componen
of MR, rZZ(H), is weakened due to the exchange constanJ,
and dependence upon the field direction arises only in
fourth order term.

At large H@HMD the sample is monodomain, the vect
L is oriented almost perpendicularly toH, so

rXX~H!2r is52:1 cos 2c2:2 cos2 4c

2M0
2H2~h11

L 1h12
L !/2J,

rYY~H!2r is5:1 cos 2c2:2 cos2 4c

2M0
2H2~h11

L 1h12
L !/2J,

rZZ~H!2rZZ~0!52
M0

2H2h31
L

J2

2
4M0

4h312
L HMD

4 ~c!sin2 2c

j2~H2ME
2 1HSF

2 !2
. ~12!

An angular dependence of MR arises mainly from the ori
tation of the external field, and the direction-independ
background proportional to;H2 arises from the nonzero
magnetizationM5H/2M0J.

VI. COMPARISON WITH EXPERIMENT

For the numerical comparison with the theory develop
we used the data obtained in Ref. 2. All the measurem
have been performed with a YBa2Cu3O6.3 single crystal and
the authors present the field dependence of the relative v
of MR, i.e., @ r̂(H)2 r̂(0)#/r(0). Figure 1 shows the low-

FIG. 1. Low-field dependence of longitudinal in-plane AMR
YBa2Cu3O6.3 at 30.1 K, Huua. Solid line, theoretical curve
@rXX(H)2rXX(0)#/r is ; squares, experiment~Ref. 2!.
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field dependence of longitudinal MR of measured atT
530.1 K, HuuX, along with approximation of@rXX(H)
2rXX(0)#/r is calculated from Eqs.~8! and ~12! with
H1ME54.1 T, (:1 /r is)520.57, j50.5. In Fig. 2 the
analogous dependence of the transverse MR~Ref. 17! mea-
sured atT520 K, HuuX; theoretical dependence@rYY(H)
2rYY(0)#/r is was taken from Eqs.~8! and ~12! with
H1ME54.03 T, (:1 /r is)520.26. Theoretical approxima
tion for these two cases were made with the use of t
adjusting parameters. One of them,H1ME , coincides with
the monodomenization fieldHMD(0) for H directed along an
easy axis. The value ofH1ME is calculated as a coefficient i

@ r̂(H)2 r̂(0)#/r(0) dependence. It can be also rough
evaluated when considering the magnetoelastic energy~see
below!. The second parameter, (:1 /r is), which is a zero-
field relative MR of the monodomain sample, was deduc
from the extrapolation of the high-field section of the M
curve toH50. Experimental data were taken after a numb
of field sweepings, so, hysteresis~shift of monodomenization
field dHhys50.3 T) and residual resistivity~0.013%! are
observed. Figure 3 shows the dependence of in-plane A
on the angle betweenH and electric current at 30 K,H'c,
H516 T and theoretical curve@rXX(H)2r is#/r is as well,
calculated from Eq.~12! with (:1 /r is)520.48, (:2 /r is)
50.15. In this case the adjusting parameters (:1,2/r is)
where derived as of the curve (rXX2r is)/r is vs cos 2c. In
all the figures the correlation coefficientsR are included.

Figures 1 and 2 clearly show the quadratic field dep
dence of the AMR, in agreement with the theoretical pred
tions. At highH the angular dependence ofranis(c) has a
‘‘ d-wave’’-like symmetry with opposite sign and slight di
ference in value between the perpendicular-oriented pe
~Fig. 3!. This shape is satisfactorily described by formu

FIG. 2. Low-field dependence of the transverse in-plane AM
of YBa2Cu3O6.3 at 20 K, Huua. Solid line, theoretical curve
@rYY(H)2rYY(0)#/r is ; squares, experiment~Ref. 2!.
6-4
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~12!. It should be underlined that the adjusting paramet
for the high-field ~monodomain! region are close to thos
calculated for the low-field~polydomain! region, where al-
most complete reversibility is observed.

VII. DISCUSSION

The developed theory explains the peculiarities of the
plane MR at different magnetic field and temperature val
by the behavior of thermodynamically equilibrium DS und
the action ofH. Quite good qualitative~with Ref. 1! and
quantitative~with Ref. 2! agreement with the experiment an
experimental evidence of the existence and reversibility
the DS ~Refs. 3 and 7! make it possible to consider th
mechanism proposed as one of the main ones. It is inte
ing that because of the magnetoelastic nature of AFM
mains, the spontaneous strain value 0.3% can be e

FIG. 3. Dependence of in-plane AMR on the angle betweenH
and electric current at 30 K,H'c, H516 T. Solid line, theoretical
curve @ranis(c)#/r is ; cirles, experiment~Ref. 2!. The sign of the
MR is indicated.
ev

06440
rs

-
s

r

f

st-
-
ily

evaluated from the typical value of monodomenization fie
and shear modulus: HMD}HME}4 T and c8}a8
}130 GPa. The domain-related features of the behavio
the AFM in question make it possible to compare it with t
well-known thermoelastic alloys~e.g., InTl, Cu-Al-Zn, TiNi,
etc.!. As thermoelastic martensites, the AFM shows t
shape memory effect~below 30 K the hysteresis become
more and more pronounced and the crystal reproduces
same field dependence after a number of field sweepin!.
This opens the way to manipulate the DS and thus, resis
ity, by applying the stress. The experimental investigation
the sample magnetostriction in the external magnetic fi
and stress dependence of MR can confirm or withdraw
hypothesis of the magnetoelastic domains. Really, the s
results as given by Eqs.~8!–~12! could be obtained if one
substitutesH2 for

16M0
2JA~l1 /c8!2~sXX2sYY!21~l2 /c66!

2sXY
2

andc for

~1/2!arctan
l2c8sXY

l1c66~sXX2sYY!
,

where ŝ is a stress tensor. In the simplest case withsXY
50, the stress of monodomenization, (sXX2sYY)MD

54M0
2l1a8j/(a81c8), should be}100 MPa, as estimated

from the above-mentioned data. DS should also result in
peculiarities of AFMR spectra, namely, monodomenizat
of the sample gives rise to freezing of the spontaneous str
and hardening of low-frequency gap in the AFMR spec
~for the details of the effects see Refs. 12 and 16!.
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12E.V. Gomonaj and V.M. Loktev, Fiz. Niz. Temp25, 699 ~1999!
@Low Temp. Phys.25, 520 ~1999!#; Acta Phys. Pol. A97, 459
~2000!.

13E.V. Gomonaj and V.M. Loktev, cond-mat/0010258, J. Phy
Condens. Matter~to be published!.

14Usually, the main contribution to the surface tension is linear
the shear components of strain tensor~Ref. 15!, but for @001#-
oriented films nontrivial terms are quadratic@as in Eq.~2!#.
06440
:

15V.I. Marchenko and A.Ya. Parshin, Zh. E´ksp. Teor. Fiz.79, 257
~1980! @Sov. Phys. JETP52, 129 ~1980!#.

16V.M. Kalita, A.F. Losenko, S.M. Ryabchenko, and P.A. Tro
senko, Ukr. Fiz. Zh.43, 1469~1998!.

17The authors of Ref. 2 have subtracted high-field quadratic ba
ground@see Eq.~12! for isotropic field-dependent contribution#,
which gives rise to a lower value of (:1 /r is) compared with
Fig. 1.
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