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Theory of magnetoresistance anisotropy in the lamellar underdoped copper oxides
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The phenomenologic theory of anisotropic magnetoresistance in the underdoped easy-plane antiferromag-
nets of YBaCu;O,-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{fielgdomain and high-field
(single-domain regions.

DOI: 10.1103/PhysRevB.64.064406 PACS nuniber75.50.Ee, 75.60.Ch, 74.72.Bk

I. INTRODUCTION formal expression may be obtained by expansion in powers
of the structural magnetic vectors with due account of the
The measuremerits’ of the magnetoresistand®R) of  crystal symmetry. The field dependence of the resisitivity
the heavily underdoped cupratB8a,Cu;0, (R is the rare- then steams from the modification of the magnetic structure
earth element which still preserve an easy-plane antiferro- under the action of the external fieldl.
magnetic(AFM) order, show thatl) the electric resistivity The magnetic structure &Ba,Cu;0, consists of a stack-
of the crystals has a metallic character at high temperaturesg along thec direction of the weakly coupled pairs of the
and grows slower than expected for the hopping electrom\FM-ordered copper plandsThe interplanar exchange,
transport at lowT;*° (2) the magnetic fielH applied in the ~ which is essentially less than the intraplanar one, favors also
ab plane induces the anisotropy of the magnetoresistanciie AFM ordering of the nearest planes. Under the action of
(AMR); (3) the AMR is proportional toH? and saturates the external magnetic field the magnetic moments in differ-
depending on temperature &t<3-5 T; (4) the field- ent planes rotate identically, so, in this case the magnetic
induced part of the resistance switches in sign with turningstructure of the crystal may be effectively described by a
of H from in parallel to perpendicular toward the current two-sublattice modéf with the magnetizations; andM,.
direction; (5) the AMR and its saturation field decrease Of more convenience is the AFM=M;—M, vector, which
gradually while approaching the ‘B point; (6) after the describes the magnetic order, and the MMM+ M, vec-
field is removed, the resistance isotropy is mainly restoredior, which is thermodynamically conjugated to the external
although some residual anisotropy is observed at low temfield.
perature. Thus, the resistivity tensor can be represented as
The RBa,Cu;0O, cuprates of low X<<6.4) oxygen content
have near tetragonal crystal structure with the vanishingly pxx(H)=p§2+ nE1L>2<+ 77§2L$+ n&llLiJr n&lsz(L\z(
small orthorhombic distortions in the paramagnetic phase. L4
The Nesl temperature varies from sample to sample, e.g., gyt
Ty=195 K forR=Tm, x=6.3(Ref. 1) andTy=250 K for
R=Y, x=6.35° The AFM structure is the collinear one with pyyv(H) = piQ+ nil 5+ nhl i+ i s+ il 5LE
the cooper spins being aligned &00] or [010] ab plane
directions. Neutron diffractidhand ESRRefs. 3 and Yon a
YBa,Cu;O, single crystal point to the presence of the two

L, 4
+ byt

S ; : (O L 2.2y L g2 2
types of AFM domains with an orthogonal orientation of the pzz(H)=pec' + n3a(Lx+ L) + gL LG+ -,
magnetic vectors. So, it seems quite reasonable to assume, as .
was done in Refs. 1 and 3, that it is the AFM domain struc- pxv(H)=ngebxLy+ -+, (1)

ture (DS) that could govern the field and temperature depen- . .
dence of AMR in the above-mentioned layered compotinds Where the coordinate axes, Y, and Z are directed along
The present paper is aimed at the development of thk100llla [010]|[b, and [001]|[c, correspondingly and we

simple model of the AMR based on rearrangement of AFMNave substituted the ellipses instead of the terms immaterial
DS under the influence of the external magnetic field. for further consideration. In the paramagnetic phase that cor-
responds to théD,, point group, the resistivity tensor is

characterized by only two different componemtd)=p(%)

#p%. The 4- and 6-rank tensorg- written in the con-
The starting point in a phenomenological description oftracted Voigt notations are the macroscogjthenomeno-
the MR in the magnetically ordered crystals is the separatioqbgic) coefficients also invariant with respect to tie,,
of the contripution of the magnetic structure into the resisi-point group. They account for the transport properties of the
tivity tensor p(H). In view of the small value of the MR in substance including the cross sections of the electron-
RBa,Cu;0, crystals[less than 0.5%Refs. 1 and |, the  magnon scattering.

Il. FIELD DEPENDENCE OF RESISTIVITY
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In the case of the polydomain crystal, E¢#) should be  bare in-plane anisotropy constagt? and the constant of

averaged over the sample volume. So, to study the field dentraplanar AFM exchangd, andM,=|M; J. Two angles,
pendence of AMR, one should account for the distribution of, and 4, describe the orientation of vectdrsandH, corre-

AFM vectors in the sample. spondingly, with respect to thé axis. The elastic and mag-
netoelastic properties are described in a standard manner by
. “STRAY” ENERGY the shear modulic’=(cq;—C1)/2 and cgg and effective

B fth in-latti ing. two t fh . magnetostrictive constants ,. The tendency for inhomoge-
ecause of the spin-iatlice coupling, two types Ol Ih€ orl-p o5, gistribution of the AFM vectors and strains is ac-

entational AFM domains are characterized by the differen{:ounted for by the variableg , which are volume fractions

spontaneous strain tensors and thus can be treated as maggfafhejth-type domain, and the chemical potengiglwhich

toelastic. Due to the rhombic strains, each AFM domain ha§hould be equal for all coexisting domains

different physical properties along and perpendicular to the Expression(3) includes only the principal terms that in-

L. direction. Formation of the thermodynamicglly equilip- fluence the DS formation. Thus, we disregard all the local
fum D$ can b? governed by the two mgchgmsms_both reéymmetry—conserving interactiondike volume magneto-
sulting in creation of zero averaged strains in the field-fre

le. The first s th ; tensi th triction), entropy contribution originating from excitations,
sample. The Mrst oné IS e surface tension on the Samp\gy;cy ensures the temperature dependence of the magnetic
surface or interface of the smallest element of sample microg

X . . X onstants, etc. We also assume that a value of the external
structure with the special orientatigthe surface normal be-

) . o . field is small enough compared with the characteristic ex-
ing directed along the principal axis of the crystal The change fieldH<2M_yJ, which enables us to exclude from

second and maybe more essential mechanism is due to thie, expressions the small FM vector= — (H/J)sin(e— )
finite-size effect and volume-proportional contribution into <L (the detailed procedure is described elsewhere; see, for
the free energy from the sample shapghese mechanisms xample, Ref. 12 Demagnetization effects are imrr;aterilal
result from the long-range character of the elastic forces an r the c,hoseﬁ geometry of the sample, and in the general
magnetoelastic effects, but the first one can be neglected Al <o their contribution- H/2M ~J is also n,egligible

low temperatures when the surface relaxation time is much The ability of the DS to regrrange under the ac':tion of the
less than the time of observation. Nevertheless, both mech?ﬁ

. o o agnetic field crucially depends upon the mobility of the
nisms give rise to the effect analogous to demagnetization INomain walls. We assume that the sample contains a certain
FM and can be described by introducing the shape- ’

dependent “stray” energyF The main contribution am_ount of the im.m.obile ldomain \_/valls fixed at the defects,
into “stray” energy, as it wa??ﬁbwn in Ref. 13. arises from which do not participate in the shift processes under the ac-
) 2! T tion of H. To distinguish between the different types of the
trle strain tenSPIU, averaged over the crystal volumé domains we use indicgs= 1,2 for the “mobile” andj = 3,4
(uy=(1N)[fydru. For the thin[001]-oriented sample the for the “immobile” ones. The further distinction is related
density of the “stray” energy may be written as with the orientation of vectot in zero magnetic fieldj
=1,3 indicate the domains with=0, andj = 2,4 those with
¢= /2. Prior to field application, the domains of both types
2 : i~
are supposed to be equally represented with probability:
£3(0)=£4(0)=1/2-¢.
The parameters of the magnetic structure are obtained
&rom minimization of the free energf =Fgay T Fioc [SEE
Egs. (2) and(3)] with respect to all the variables including
the fractionsé; and &, of the mobile domains.

1
Fstrayzia,<uxx_ Uyy)?+ 266 Uxy)?.

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

The equilibrium inhomogeneous magneticlomain
structure arises from the competition of the “stray” energy
that tends to conserve the shape of the sample through the
setting of all the averaged strains and AFM vectors to zero,'v' RECONSTRUCTION OF THE DOMAIN STRUCTURE

and the local energy, Application ofH results in both rotation of the AFM vec-
2 tors and shift of the mobile domain walls. The latter takes
Floc:; 3 — M2 cos 4‘P(J)_§ sir?(W — ) place below the critical, or monodomenization, field,
b i) i | j Hime V(HE+H3
+(1/2)¢’ (UG- ulh) 2+ 2caqUG))2+ AM2N () Huro ()= e V(Hset Howe)€

| | | | YHZ+HE, )2 co@ 2+ HA, 82 SirP 24
—u{})cos 2000 +8M2N U sin 20—, (3 4
at which the domains of one tyfeay,j=1) disappear
which is the source of motive force for the setup of thezo)_ In Eq. (4) the characteris)t/ig m)z/aénetgelastigp &
nonzero local parameters.
The local energy density3) includes the contribution —aM2y S T el 2t
from the magnetic anisotrofyhe first term, Zeeman energy Hime=8MohyVa'Jic’(a’+c'),
(second term and elastic and magnetoelastic terms. The 5
magnetic energy is represented by the fourth order effective Home=8M2\,V aged/Cod crae+ Con),
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and pure magnetitwithout magnetostrictionspin-flopHsg  unfrozen and the behavior of the DS should be reversible, as
=4M /B fields are introduced. So, &t<Hyp(4) re- it, e.g., takes place in a magnetostriction experiméhts.
distribution of the DS inside the sample takes place in such &light irreversibility can arise from the necessity for vedtor
way that the internaleffectived magnetic field is directed to overcome the hard direction when flopping back frémo
along[110] and thus, AFM vectors in the domains are ori- X direction (if H is close toX). In the opposite case, when

ented symmetrically with respect to this direction at thethe relaxation time is greater thad sweeping rate, the
angle strains are partially frozen. The corresponding effective field

in the sample is renormalized as follows:

1 2HH
0157 T2 gz4m TSN (9) Herr={[HE— HE+ 16MBIN (U7 - uly))?
SF 2ME
+4[HyHy+ 16M3I\,ui$%121 44 7
Volume fraction of the domains with the mobile walls .
depends o+ as follows: whereu’™? is the “frozen” (unrelaxed part of magneto-
striction. This gives rise to the shift of the monodomeniza-
(H3p+H3ye) (HEZ—H2) tion field toward a lower absolute value and should reveal
§1AH) =&+ . (6) itself in the hysteresis phenomena.
2HT e V(HEe+Hoye) 2 —4H3HY
In zero field the domains of both types are equally repre- V. RESULTS
sented£,(0)=£5(0)=¢. At H<H,, the field dependence of MR can be obtained

To elucidate the behavior of the DStt>H,p(¢) for a
given field direction, let us consider two limiting cases.
The field is directed along the in-plane easy axis for AFM

after substituting Eq¥5) and(6) into Eq. (1) and averaging
over the sample:

vector (=0, i.e., spin-flop case for the domains of the first H2— H2 HoH 2
type) and so, the field does not disturb the equilibrium ori- pxx(H) = pis= — N4 X2 Y_ ) 2X—Y) ,
entation ofL vector up to the critical valu¢see Eq.(4)] Hive Hyp(m/4)
Hic,=Hump(0)=VéH ue. The shift of the domain walls
keeps up a zero internal magnetic field thus excluding rota- H)Z(— H$ HyHy 2
tion of the AFM vectors. The magnitude of the critical field pyv(H) = pis=N1——=———Ny| — )
at which the shift processes are accomplished depends upon Hive Hywp(7/4)
the number of the mobile domains and is independent of the 5 L 2 2o
magnetic anisotropy of the crystédbecause the rotation of H) — 0)= Mo 731 H24 (Hx—HY)
the magnetic vectors is not involvedrurther increase of the pzz(H) = pz2(0) 232 H2
. . . . 1ME
field does not influence the magnetic structure at all, until the
second critical fieldH 5o, = VHZ+H2,5(0), is attained. At 4AHZHZ AMZHyHy | ?
H=H,., the internal magnetic field reaches the “spin-flop” + ﬂ ~ 1312 m )
magnitude at which the vectdr in unfavorable(with L ||H) wo(/4) Mt T
immobile domain flops perpendicular kb. At H=H,_, the 2 L
sample is monodomairg; = £;=0,&,=2¢,&,=1—2&. py(H)=— 4MgnedHxHy

The field is applied in hard directionH(|[110], v XY H2, o (/4)

= 7r/4). This configuration is consistent with the symmetrical

rotation of the AFM vectorgsee Eq.(5)] without a shift of H2 o (m/4)=H2+HZ,c. 9

the domain walls, because all types of domains are equiva-

lent. At H=Hyp(m/4)= \/HS2 et H22ME the sample becomes In expression$8) we have set up the isotropic field inde-

monodomain, witiL directed perpendicular td, just along  pendent part of the in-plane resistivity:

the hard direction. The effective field at this pofrénormal- © . L . 4L .

ized by the “stray” field, see Ref. 2ds equal toHgg. The Pis= Paa T 2Mo( 711+ 712 +8Mo(m111+ 7129,  (10)

field Hyp(7/4) does not depend upon the mobility of the L

domains, but includes the value of magnetic anisotropy, and that of the out-of-plane resisitivity:

which governs the rotation of spins. Further increase of the _ (0 2 L

H field does not affect the orientation bfvectors. pz2(0)=pec T AMo 73,
In the case of arbitrary directeld, reorientation of the

AFM vectorL is always incomplete; the value of the second

(11)

The combinations

critical field is not defined, but the field of monodomeniza- _ 2r L L 2, L L
d N,1=2M — +4M — ,
tion should be noticeably greater thédyr. WhenH is re- ! ol 711~ 712 o( 7111~ 7127}
d, the behavi f the DS st ly d d th _
move e behavior of the strongly depends upon the N,=16M 3[ 77&11— 77%12+ 77&22],

mobility of the domain walls and relaxation time of the
strains as well. If this time is smaller than the rateHbf are the phenomenologic coefficients of correspondingly an-
sweeping, the strain field in the sample can be treated asotropic and isotropic MR, induced by the AFM ordering.
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FIG. 1. Low-field dependence of longitudinal in-plane AMR of HIT]
YBa,Cu;0s53 at 30.1 K, H|la. Solid line, theoretical curve
[pxx(H) —pxx(0)1/pis; squares, experimeriRef. 2. FIG. 2. Low-field dependence of the transverse in-plane AMR

of YBa,Cu;Og5 at 20 K, Hl|a. Solid line, theoretical curve
It follows from Eq. (8) that the main contribution of the [pyv(H)—pyv(0)1/pis; squares, experimeriRef. 2.
magnetic field that is quadratic i1 gives rise to an anisot-
ropy of the in-plane resistivity, i.e., the field induces thefiel|d dependence of longitudinal MR of measured Tat
nonzero valuepyx— pyy.pxy- The out-of-plane component =30.1 K, HJ|X, along with approximation of pyx(H)
of MR, pzz(H), is weakened due to the exchange conslant _ , . (0)]/p;s calculated from Egs.(8) and (12) with
and dependence upon the field direction arises only in they, '\ . —41 T, (,/pi)=—0.57, £=05. In Fig. 2 the

fourth order term. _ _ analogous dependence of the transverse (REf. 17 mea-
At large H>Hyp the sample is monodomain, the vector syred atT=20 K, H||X; theoretical dependendeyy(H)

L is oriented almost perpendicularly kb, so —pyy(0)1/pis was taken from Egs(8) and (12 with

. \ Hime=4.03 T, X,/pis)=—0.26. Theoretical approxima-
pxx(H) = pis=—N; c0S 2/ — N, cos 4y tiolr';/“:?or these tvgz)l c[;g)es were made with thepﬁse of two
—M(Z)Hz(thr 7,52)/23, adjusting parameters. One of thel;yg, coincides with
the monodomenization field,(0) for H directed along an
pyy(H)— pis=N; cos 22— N, cos 4y easy axi§. The value ¢i,,c is calculated as a coefficient in
20,2, L L [p(H)—p(0)]/p(0) dependence. It can be also roughly
—MoH (711 715)/2J, evaluated when considering the magnetoelastic enerey
210 L below). The second parameterX{/p;s), which is a zero-
(H)= pyy(0)= — MoH" 73 field relative MR of the monodomain sample, was deduced
Pzz Pzz 72 from the extrapolation of the high-field section of the MR
curve toH=0. Experimental data were taken after a number
AM 5 H o () Sir? 2y of field sweepings, so, hysteresghift of monodomenization
- >3 > 2 - (12 field 8H,,s=0.3 T) and residual resistivity0.013% are
§°(Hoyet+Hsp)

observed. Figure 3 shows the dependence of in-plane AMR
An angular dependence of MR arises mainly from the orienon the angle betweeH and electric current at 30 Kl Lc,
tation of the external field, and the direction-independenti=16 T and theoretical curvepxx(H) — pisl/pis as well,
background proportional te-H? arises from the nonzero calculated from Eq(12) with (N;/pis)=—0.48, N, /pis)

magnetizatiorM = H/2M ,J. =0.15. In this case the adjusting parameters A/pis)
where derived as of the curvey{x— pis)/pis VS Cosb. In
VI. COMPARISON WITH EXPERIMENT all the figures the correlation coefficierf&are included.

_ ) ) Figures 1 and 2 clearly show the quadratic field depen-
For the numerical comparison with the theory developedjence of the AMR, in agreement with the theoretical predic-

we used the data obtained in Ref. 2. All the measurementgons. At highH the angular dependence pf,;(#) has a
have been performed with a YBau;Og 3 single crystal and  « g-wave™-like symmetry with opposite sign and slight dif-
the authors present the field dependence of the relative valygrence in value between the perpendicular-oriented petals
of MR, i.e.,[p(H)—p(0)]/p(0). Figure 1 shows the low- (Fig. 3. This shape is satisfactorily described by formula
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90 evaluated from the typical value of monodomenization field
and shear modulus:HypxHyex4 T and c'xa’
«130 GPa. The domain-related features of the behavior of
the AFM in question make it possible to compare it with the
well-known thermoelastic alloy&.g., InTl, Cu-Al-Zn, TiNi,

etc). As thermoelastic martensites, the AFM shows the
shape memory effedtbelow 30 K the hysteresis becomes
more and more pronounced and the crystal reproduces the
same field dependence after a number of field sweepings
This opens the way to manipulate the DS and thus, resistiv-
ity, by applying the stress. The experimental investigation of
the sample magnetostriction in the external magnetic field
and stress dependence of MR can confirm or withdraw the
hypothesis of the magnetoelastic domains. Really, the same
results as given by Eq$8)—(12) could be obtained if one
substitutesH? for

Ap(HYp, (%)

16M3IN(N1 /") 2 (oxx— oyy) 2+ (N2 Cee) 2Ty

and ¢ for

!
FIG. 3. Dependence of in-plane AMR on the angle betwiden (1/2)arctan AaC axy ,
and electric current at 30 KL c, H=16 T. Solid line, theoretical >\1066( Txx—OYY)

curve [ panis(¥) 1/pis; cirles, experimentRef. 2. The sign of the - ) ]
MR is indicated. where o is a stress tensor. In the simplest case with,

=0, the stress of monodomenizationoyx— oyy)mp
(12). It should be underlined that the adjusting parameters=4Mj\,a’&/(a’+c'), should bex100 MPa, as estimated
for the high-field (monodomain region are close to those from the above-mentioned data. DS should also result in the
calculated for the low-fieldpolydomain region, where al- peculiarities of AFMR spectra, namely, monodomenization

most complete reversibility is observed. of the sample gives rise to freezing of the spontaneous strains
and hardening of low-frequency gap in the AFMR spectra
VIl. DISCUSSION (for the details of the effects see Refs. 12 andl 16

The developed theory explains the peculiarities of the in-
plane MR at different magnetic field and temperature values
by the behavior of thermodynamically equilibrium DS under The authors would like to thank Dr. E.B. Amitin for the
the action ofH. Quite good qualitativewith Ref. 1) and  valuable discussions and help in the analysis of experimental
quantitative(with Ref. 2 agreement with the experiment and data, Professor M.A. Ivanov, Professor V.l. Marchenko, and
experimental evidence of the existence and reversibility oProfessor S.M. Ryabchenko for discussions and critical com-
the DS (Refs. 3 and Y make it possible to consider the ments. E.V.G. is grateful to A.A. Malyshenko for the finan-
mechanism proposed as one of the main ones. It is interestial and technical support. The research of V.M.L was partly
ing that because of the magnetoelastic nature of AFM dosupported by Swiss National Science Foundati®@OPES
mains, the spontaneous strain value 0.3% can be easifroject No. 7UKPJ062150.00/1
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