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Antiferromagnetic domains in YBa,CusOg., probed by Gd** ESR
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The anisotropy of the static homogeneous magnetic spin susceptibility of the antiferromagnetioil@yO
ers and the crystal-field parameters are measured in Gd-dopesCMBx ,, (small x) single crystals using
Gd®* ESR at 9, 75, 150, and 225 GHz. We show that the easy magnetization direction i§&06hand that
there is a magnetostriction leading to an orthorhombic lattice distortion. We observe an antiferromagnetic
domain structure corresponding to the two equivalent orthorhombic distortions of the tetragonal lattice which
depends on magnetic fields of the order of 1 T. The domain structure is unchanged between 10 and 150 K and
is independent of thermal and magnetic history. We discuss two mo@dglsharged domain walls(ii)
magnetization pinned to a small number of defective oxygen-ricii)dayers.[S0163-182609)01702-4

[. INTRODUCTION principal axes of the antiferromagnetic bilayers. We find that
magnetostriction distorts the tetragonal symmetry of the
The nearly stoichiometric perovskite, YB2u;Og,« With  crystal. There are no Qi)-O chains in the bulk of our
small values ok, is one of the best studiédf antiferromag- samples and the distortion is not related to the structural
netic (AF) parent compounds of superconductors.¥ei0 it  orthorhombic distortion which occurs at higher oxygen con-
is an insulator with a half-filled band in which Coulomb centrations. We observe a magnetic-field-dependent antifer-
interactions localize magnetic moments on the square latticeomagnetic domain structure. At zero field, sublattice mag-
of Cu atoms of the Cupbilayers. Superexchange antiferro- netization (M) and distortion are alond.00] and the crystal
magnetically couples neighboring Cu atowia the O atoms  consists of two types of domains with th&00] direction
with an exchange energy =120 meV?® It is a model sys- rotated by=/2. Applied magnetic fields of the order of 1 T
tem for a quasi-two-dimensional antiferromagnet since magstrongly modify the domain structure. The main effect of the
netic coupling between neighboring bilayers is weak. field is to rotateMg from parallel to perpendicular to the
There is a large body of work on the magnetic structure. Ifield. The domain structure is independent of magnetic or
is known that the AF magnetization lies in th&01) plane*  thermal history and does not change in the temperature range
therefore the crystal structure cannot be strictly tetragonalf 10 to 150 K.
The direction of the easy magnetization has not been deter- We discuss mechanisms which could lead to a hysteresis-
mined and there has been no direct evidence for the couplirigee magnetic-field-dependent domain structure. One possi-
of the magnetization to the lattice. bility is that domain walls are pinned to sheets of mobile
Several authors have used the electron spin resonant®wles localized in the bilayers and created by a small, uncon-
(ESR of GA®* to probe magnetic spin susceptibility and trolled concentration of oxygen in the C planes. An en-
crystal fields of the Cu@bilayers of Gd:YBaCu,Og.,. tirely different possibility is that magnetic domains are de-
Gd®" is an S=7/2 magnetic ion which substitutes for non- termined by a small number of defectiva,b) planes and
magnetic ¥" in-between the Cu@planes. It interacts only extend along the direction.
weakly with the antiferromagnetic layers and may be re-
garded as a nonperturbative probe. The’Gfine structure
was observed in Gd:YB&uOg,, by Causaetal® and
single crystals were studied by Shaltlal.” The tetragonal We have studied the Gd ESR of three single crystals of
crystal-field parameters were determined with precision orGd, ;Y g oBaCU:0Og. . Most features of the ESR spectra
oriented powder§® The magnetic-spin susceptibility of were the same for the three crystals and the same suscepti-
Gd:YBa,CuOg .,  Oriented powders with various valuesf bilities, crystal-field parameters and orthorhombic distortion
determined from the shift of the @4 ESR at high magnetic were found. Two crystals were well-defined platelets with
fields'® agrees well witf?® NMR shift measurements. about 1 mmx1 mm surface and 0.1 mm thickness along
In this paper we present GdESR data in a broad range and these showed the same®GdSR spectra under identi-
of magnetic fields on high quality Gd:YB@u;Og¢ . , antifer-  cal conditions, i.e., for the same magnetic fields and tempera-
romagnetic single crystals with small valuesxofWe mea- tures.
sure the homogeneous static spin susceptibility along the The two principal(a,b) plane axes were interchangeable

Il. SAMPLES AND EXPERIMENTAL DETAILS
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in these crystals, i.e., the same spectra were recorded afterabong the(6,¢) polar angle directions witl# and ¢ measured
rotation of the magnetic field by 90 degrees in ttab) from thec anda axes, respectively:

plane. [We denote by “principal axes in th@,b) plane”

the two directions fixed to the crystal which above theeNe  g(6,¢)=(g2sir? 0 cog e+ g2sirté sirfe+g2cos§)Y2
temperature correspond to equivalgb®0] and[010] direc- 2

tions. a and[110]; denote thd 100] and[110] directions of
A L 110} ¢100) [110) For 1% concentration, Gd-Gd interactions are negligible for

the tetragonal lattice, respectively. In the antiferromagneti T : ,
state there is a distribution of distortions and at zero magMost of the Gd" ions’ The exchange interaction of &d
netic field, a directiora, points along one of the inequivalent Paramagnetic moments with the antiferromagned) lat-

[100] and [010] directions depending on the local domain tice shifts the resonance fielc_J. _The shift is proport_ional to the
orientation The principal axes of the distortion may be dif-"omogeneousq=0) susceptibility tensor of the bilayess
ferent from that ofM ¢ for magnetic fields tilted from a prin-
cipal axis into an arbitrary directioh. All data presented in
this paper correspond to these two crystals. The third crystg|ore
was smaller and was less regular and the domain structur
was not the same for magnetic fields along the two principagh
axes of the crystal in thé,b) plane.

The nominal 1% Gd concentration agrees with the ES

He=“‘gus “AS-x-H, ()

GdA is a coupling constant proportional to the ex-
ange interaction energy between®Gand the AF bilay-

rs. For simplicity in Eq(3) we neglected the anisotropy of
R(;dg and ©%A although these may influence the spectrum
. ) X : ) . . easurably. We are not concerned in this paper by spin-
linewidth which arises from Gd-Gd dipole interactidtiBhe jitctime effects which broaden the lines at high temperatures.
oxygen concentration is not known and is probably a few Ay ;erg external magnetic field both exchange and dipolar

% and is certainly not more than 15%. The as-grown singlgie|ys of the antiferromagnetic lattice cancel to zero at the Gd
crystals were reduced at 800 °C in a dynamic vacuum for 7Zite of the orthorhombic lattice.

h which normally reduces the oxygen content of thgXu
plane to a few %. The Gd ESR spectrum, itself a sensitive
indicator of oxygen doping, was consistent with a low con-
centration of oxygen. Fok>0.15 the variation of crystal
fields of GA* sites with different numbers of €1)-O chain
neighbors splits each component of the3Gdine structure

into welI-giefined lines? No trace of oxygen chains has been estimate that thg anisotropy of our system produced by the
detected in the ESR spectra of the present crystals._ spin-orbit coupling is negligible in thé,b) plane, less than

The ESR spectra were recorded at the frequencies of § go01 since as we show the orthorhombic distortion is very
75, 150, and 225 GHz with corresponding central transition, ..., b2/b%=0.038. We assign the observed “effective’

; '
Gd" resonance f'?"ds of about 0.3, 27 >4, and 8.1T. A"anisotropy in thea,b) plane entirely to the anisotropy of the
spectrometer functions and data collecting are computer CO'%{ntiferromagnetic susceptibility which is expected to be

trolled. At 9 GHz a conventiona_l ‘]EOL.SpeCtromEter.Wa.Slarge. In the(a,c) plane the anisotropies described by Egs.
used and the sample was placed in a cavity and the derivativ, ) and (3) cannot be separated using physical arguments.
of absorption was detected. The high-frequency spectrometer Shifts are defined a& = — (H .« Hg)/H, where H

has a quartz stabilized Gunn diode source at 75 GHz whicpS the resonance field of the res 0770 res

is followed by a frequency doubler or a tripler for higher ence field with y=2mgous/h. We used BDPA (ag

frequenci_es. Al high frequencies the sample is plaped onto S’isdiphenylineb-phenylallyb as a reference material. We as-
copper foil with a small amount of grease and is in he“umsumed BDpAg:2.OO3 59 and quote relative shifts with

exchange gas. In this setup a mixture of an absorption and a = X .
dispersion line is detected. We mixed a phase adjusted biarespect tagp=1.9901 to be consistent with former woflon

ing wave into the mm wave reflected from the sample to ge?d:YBaZC%OGH‘ we hav_e tested that the resona_nce_ﬂeld
. . . o f BDPA is temperature independent by measuring it to-
approximately an absorption line. Resonance positions o

each component of the spectra were determined from a fit ﬁther IW'th d”u;e MnO/ngtW.'t? a ;lge(\)/\ggth 0.]; 8'1 mz

a mixture of Lorentzian absorption and dispersion lines toh eva u.e.ofgofsggAan uncertainty ot ©. as it depends on
the experimental spectra. In the fit the position, width anoI € precision o 9- ' S
amplitude are free parameters for each line while the ratio of For tetragonal symmetry the crystal-field Hamiltonian is
absorption to dispersion is a single fitting parameter for a full
spectrum.

Only an “effective” g tensor can be deduced from E§)
since ESR shifts due to the spin susceptibility and ghe
anisotropy are not separable. Most of the shift from the free-
electron value is isotropic, in a cubic environmentGibns
have a characteristig factor of 1.99 which is attributéd to
a 1% configurational mixing of th@®, state t0S;,. We

crystal adg= w/vy is a refer-

Hetra= 1/3b909+ 1/60b309+ 1/60b30% + 1/12600202

+1/1260b¢0y. (4)
ll. HAMILTONIAN FOR EXCHANGE INTERACTIONS
AND CRYSTAL FIELDS AT THE Gd 3* SITES Here bJ,b3,b3,b2,bg are empirical crystal-field parameters.
The 09,09,04,08,0¢ spin operator equivalents are tabu-
fated, e.g., in Refs. 14, 15. Twofold symmetric terms added
to Hieiratake into account the orthorhombic distortion along a

H,= ugS %g-H, (1) principal axis:

The Zeeman energy is described by the usual effectiv
spin Hamiltonian:

whereS is the effectiveS=7/2 spin for Gd*, ®Ugis theg  Huo=1/3b503+ 1/60b303+ 1/1260b203+ 1/12600508.
tensor, ancH the applied external field. For magnetic fields 5)
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sities of the corresponding transitions are small. The line-
width of all seven transitions is about 2 mT at 25 K showing
that the quality of the crystals is very good. Strains or defects
would broaden the lines through crystal-field effects, espe-
cially at the ends of the spectrum. A disorder in the antifer-
romagnetic structure would reduce the symmetry at the Gd
sites and would broaden all lines by an equal amount.
Table | lists the parameters obtained from a large number
of spectra with various field orientations and magnitudes.
fit The tetragonal crystal-field parameters determined in this
% study agree well with the parameters meastmdoriented
powders at 9 and 35 GHz. Fétlic an orthorhombic distor-
tion in the(a,b) plane affects the ESR spectrum only in high
i P ; ‘ orders ofb%/H and a crystal-field Hamiltonian with tetrago-
76 78 80 82 84 86 nal symmetryH ., describes all fine structure line positions
MAGNETIC FIELD (T) at all frequencies. The crystal-field parameters are only

slightly dependent on temperature.
FIG. 1. G&" ESR spectrum at 225 GHz and 25 K of

Gd:YB&Cus0g.,  for a magnetic field oriented alorg Lines 1-7
are the fine-structure lines, St denotes the BDPA standard.

[\
98]
.

experiment
7

o

B. Dependence on magnetic field in théa, ,c) plane

For magnetic fields tilted from the normal of tHe,b)
All observed ESR spectra were well described by taking intgplane the spectra are split by an inhomogeneity of the mag-
account only the (1/33303 term in Eq.(5) and we neglected netic susceptibility and crystal fields. The splitting of the fine

higher-order distortions. (1/B§O3 in Eq. (5) is replaced by structure in the &,c) plane (¢=0 and arbitrary6) has a
simple interpretation. The interpretation of spectra at arbi-

H ortho= 1/3b3[ cos(2a) (% +S2) g?fri{uelxtngles,go, discussed in Secs. IVC and IV D is more
—isin(2a) %(51_52_)], (6) The variation of the ESR spectrum measured at various

frequencies with the magnetic field alorag (6= w/2) is
when the principal axis of the orthorhombic distortion is in- shown in Fig. 2. Two series of fine-structure lines are clearly
clined by an angler from the[100] direction of the undis- distinguished. One series is a set of seven sharp lines and has
torted tetragonal crystal. For an arbitrary orientation of thean increasing intensity with increasing field. The lines of the
magnetic field,(6,¢), the direction of the distortiony does  other series are broader and decrease in intensity with in-

not necessarily coincide with the direction Mdf; . creasing field. Forr/2> >0 one also observes a narrower
and broader series but with relative intensities depending on
IV. EXPERIMENTAL RESULTS the component of the magnetic field aloagonly (Fig. 3).

For low magnetic fields the intensity ratio tends to 1 while
for high magnetic fields only one set of narrow lines is ob-
The simplest spectra are obtained with the magnetic fielderved. The relative intensity of the broader component at
oriented along: (Fig. 1), i.e., with polar angle=0. At 75 5.4 T is about 0.01 and at 8.1 T the broader component was
GHz and higher frequencies the crystal field is small com-not observed anymore.
pared to the Zeeman splitting and seven allowed fine- We assign the two series of fine-structure lines to antifer-
structure lines of th&=7/2 G&* ions are observed. At low romagnetic domainsMq lies closely along thé100] easy
temperatures and high magnetic fields the higher energy Zedirection in domains which differ in their orientation with
man levels have strongly reduced populations and the intemespect to the applied magnetic fieM has for both types

A. Magnetic field normal to the CuO, planes,Hlic

TABLE I. Crystal-field parameters of Gd:YB@ugOg, -

bY (MHz) b3 (MHz) b9 (MHz) b (MHz) b2 (MHz) b (MHz)

25K —1265+7 48+9 —192+3 81790 0.1+0.6 —10+6
75, 150, 225 GHz

77K —1276-1 48+3 —190.7+0.5 833t5 1+0.5 —10x5
9, 75, 150, 225 GHz

100 K —1290+6 43+31 —191*2 815+7 0.3+0.7 —9+6
75, 225 GHz

150 K —1322+9 40+10 —191+4 810+13 1.2:0.7 —16x=7
75, 150, 225 GHz

77 K2 —1270 NA —185.5 790 15 210
9.07 GHz

8Reference 9; oriented powder of G@Y 5 9oBHC U060
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| 1 l } The measured magnetic susceptibilities and crystal-field
‘ ‘ parameters fully support this assignment. A single set of
crystal-field parameters, including the orthorhombic distor-
tion (Table ), and an anisotropic magnetic susceptibility
‘ (Table Il) describe the resonance field values of both series
o o in the (& ,c) plane (@=0) for various polar angles}, and
02 03 04 0.5 resonance frequencies. The orthorhombic distoripis the
ib)l l 1 1 ‘ same for the two types of domains but since the magnetic
! field has a different orientation, the magnetic susceptibilities
are different. To verify this, thg factor and the magnitude
of the distortionb3 were determined for a large number of
‘ spectra recorded at various field orientations and frequencies.
| | | | ‘ We assumed that although the distribution broadens the
lines, the peak positionge., the zero crossing of the deriva-
tive line) correspond to parallel or perpendicular domains.
The exact orientation of the crystal with respect to the mag-
netic field was determined from the ESR spectra. The accu-
racy of the determination of the orientation was further
checked by the Gd-Gd first- and second-neighbor dipolar

1 ‘ e spectra at low temperatur&$Results for the two crystals are

MAGNETIC FIELD (T)
FIG. 2. Gd:YBaCuOg. 4 ESR spectra at 25 K for magnetic C. Low magnetic fields in the(a,b) plane,H1c

field alonga,, a principle axis in théa,b) plane.(a) 9 GHz,(b) 75 L .
GHz, (c) 150 GHz. Arrows indicate lines from antiferromagnetic Low magnetic fields perturb the domain structure rela-

domains with applied field along the easy magnetization directiont!VQIy little. A comparison of spectra at 9 GHz with magnetic
[100]. These are broader and also smaller in intensity than the urfield alonga, (¢=0 aan/Z) and anng[llO]t (‘Pf 77/‘.1 and
marked lines from domains with magnetic field aldigg0]. At9 ~ — #4) shows unambiguously that the distortion is along
GHz the staggered magnetization of domains is parallel or perper-L00] and not along, say110] [Figs. 2a) and Fig. 4. The
dicular to the field with comparable probability. At 150 GHz nearly tWo series of lines in Fig. (&) correspond to domains with
all of the staggered magnetization is perpendicular to the appliehagnetic field along thg100] and[010] directions, respec-
field. At 9 GHz forbidden transitions complicate the spectrum be-tively. The orthorhombic distortion alonfl00] splits the
low 0.35 T. resonance fields of the two types of domains. Only one series
) o o of narrow lines is observed for a low magnetic field along the
of domains an angular distribution around fA@0] direction  gjagonal and this is the best proof for an easy magnetization
and this broadens the ESR lines. The series of sharper ling§rection along100]. It shows that in spite of the distortion
corresponds to domains for which the magnetic field is Perthe[110] and[110] directions are equivalent.
pendicular toMs. The broader lines of the second series The angular dependence of three fine-structure lines at 9
correspond to domains for which the component of the mageHz is shown in Fig. 5(The other lines are at lower fields

netic field alonga, is approximately parallel t&/s. where the spectra are complicatedThe solid curves are
o - calculated using the tetragonal crystal-field parameters deter-
E 100 .o - mined at higher frequenciedable ) and a single ortho-
= 1 i. MIH ‘ rhombic parameterb§=48 MHz, to describe the distortion
E 0.75 - ‘ along[100]. For the calculation we assumed that is not
z ‘ rotated with the magnetic field, however, we implicitly as-
= 0.50. - | sumed that domain walls are displaced since the relative in-
E T tensity of the two series changes. We neglected the distribu-
g ! tion in the orientation of the distortion which, however, was
4 025- . observed in the spectra. Domains with the magnetic field
g : ﬁ' . MI/H \ along [010] have narrower linegpeak to peak linewidth,
S 0.00] . ‘| AHpp=2.3 mT), thus a narrower distribution 'than domains

5 5 6 s with fields along[100] (AH,,=2.6 mT). For intermediate

directions the resonance field is more sensitive to variations

MAGNETIC FIELD ALON . ; .
ONG a, (T) of the distortion and lines are broader.

FIG. 3. Lower squares: normalized intensity ratig/(, +1,),
higher squaresk, /(1, +1,) of the fine-structure lines correspond-
ing, respectively, to domains with staggered magnetization parallel
and perpendicular to the component of the field in ) plane. We have attempted to analyze some spectra for high mag-
Lower and higher squares are not independent experimental daggtic fields with G<¢<<w/2 but have not performed a sys-
but illustrate that perpendicular domains grow at the expense ofematic study for arbitrary magnetic-field directions. In gen-
parallel ones. eral two fine-structure series are distinguished. One series is

D. Magnetic fields in other directions
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TABLE Il. g factors, relative shifts of Gd:YB&u;Og . -

K bK °K
Ja (ppm) b (ppm) gc (Ppm)

25 K 1.9924 1200 1.988 21 —-950 1.98712 —1500
+0.0002 +100 +0.000 05 +25 +0.000 05 +25

100 K 1.9921 1000 1.988 28 -910 1.987 10 —-1510
+0.0002 +100 +0.000 06 +30 +0.000 07 +35

150 K 1.9920 1000 1.988 27 —-920 1.986 95 —-1580
+0.0002 +100 +0.000 06 +30 +0.000 06 +30

usually well defined, its susceptibility shows that it corre- F. Reproducibility and reversibility of the domain structure

sponds to domains witM perpendicular to the applied  the gpectra of two crystals are strictly reproducible. Sev-
field. The distortion for this series depends @nA second, g runs have been made and the spectra were always inde-
ill-defined broader component is also observed. This COM&aendent of thermal and magnetic history. We present three

sponds to domains which are rotated in flagb) plane to gy neriments to demonstrate the stability of the domain struc-
directions which are intermediate betwdd®0] and the di-  {,1e at a given magnetic field.

rection perpendicular to the applied field. The peak of this  The first example, Fig. @), shows reversibility after a

component, i.e., the center of the distribution is not at thégyeep to high magnetic fields. The same spectra were re-
position expected for a domain remaining alonfl@0] di-  orged at magnetic fields around 2.7 T in thedirection

rection. The intensity of the broad component decreases onletore and after sweeping the field to 8 T. The broader fine-
slowly with increasing field. Contrary to the case 0,  gyycture series, i.e., domains with magnetization approxi-
for ¢=m/4 and 6=m/2 some fine-structure lines of the yately parallel to the field were entirely wiped out at 8 T.
broader component were observed even at 8.1 T. The second experimefifig. 6(b)] shows that rotation of the
magnetic field byA ¢ =7/2 in the(a,b) plane of the crystal
does not change the 9 GHz ESR spectrum at 77 K. In the
Little temperature dependence has been observed betweease shown in the figure the sample was rotatesitu. How-
10 and 150 K. Below 10 K the Gd spin-lattice-relaxation ever, the same result was found at 75 GHz and 25 K where
time becomes long and saturation effects distort the lindefore rotation the crystal was heated to ambient tempera-
shapes. No temperature dependence of the magnetic suscépre. The insensitivity of the spectrum to an interchange of
tibility is observed and the largest tetragonal crystal-field pathe two principal axes is not a trivial observation. It shows
rameterbg changes by a few % between 25 and 150 Kthat the amount of parallel and perpendicular domains is the
(Table ). At temperatures above 100 K a homogeneoussame for the two equivalent directions of magnetic fields
broadening is observed which is the same for all lines. Th&lthough rotation of the crystal in a magnetic field rearranges
domain structure remains well visible even at 150 K withthe domain structure and local distortions are changed by an
about the same ratio for the intensities of the two seriesinterchange of the principal axes. In a third experiment we
Above 150 K the signal intensity was too small for meaning-
ful measurements.

E. Temperature dependence

ESR TRANSITION FIELDS (T)

o T ! 0 15 30 45
030 035 040 045  0.50
AZIMUTHAL ANGLE, ¢ (degrees)
MAGNETIC FIELD (T)

FIG. 5. Angular dependence in thia,b) plane of three of the
FIG. 4. Proof that the orthorhombic distortion is alof0]. fine-structure resonance fields at 9 GHz and 77 =0 and¢
Gd:YBaCus0g,« ESR spectrum at 25 K and 9 GHz with magnetic =45° correspond to magnetic field in tteg=[100], and [110],
field in the [110]; direction. In contrast to Fig. (3 _the fine-  directions, respectively. Open symbdtsiM, full symbols:HL M.
structure lines are not split, showing that fi4.0] and[110] direc- (Between 30 and 45 degrees the splitting is not resolvedlid
tions are equivalent. lines are curves calculated using crystal-field parameters of Table I.
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the magnetic dipolar interaction does not contribute to the
in-plane anisotropy; in the distorted lattice, it may add to the
anisotropy.

H As discussed abovec. Il)), we attribute the anisotropy
of the shift in the(a,b) plane to the anisotropy of the spin
H ‘ |

susceptibility of the AF bilayers. The low-temperature sus-
ceptibility along the easy magnetization direction of an anti-
ferromagnet is small. If we assume thatis negligible then
the resonance position of &dwithout magnetic interactions
9 (Table Il) is at ®K=1200 ppm. This agrees well with
6

)
o

5
b)

| abK = 1300 ppm measurélin the (a,b) plane of the high-
coupling constant, A= —15(emu/mol@”* has been
determined® from a comparison of the static susceptibility

(a) spectra at 75 GHz and 25 K are the same befapper spec- bility is

trum) and after(lower) M|H domains were wiped out at 8 Th)

2.6 2.7 2.8 2
temperature superconductor, Gd:¥:BasO,; well below T,
where the spin susceptibility is also small. From the anisot-
ropy of the shift, AK=PK—23K=—2150+125 ppm, and
from Eq. (3) we find y,— xa=1.4x10" % emu/mole for the
M{Mﬁ[\ﬂ\\/\ﬁk‘ anisotropy of the in-plane static magnetic susceptibility. The
T ‘ | and Gd™ ESR shift measurements of YE2u;0; in the nor-
0.2 0.3 0.4 0.5 0. mal state.
MAGNETIC FIELD (T) With the assumption of two uncoupled 2D Heisenberg
_ ) ) antiferromagnetic C2)0, layers in a unit cell and using the
FIG. 6. Absence of magnetic hysteresis of the domain structurengtation of Refs. 5 and 19 the static perpendicular suscepti
spectra at 9 GHz and 77 K are unchanged by a rotation of the
rrf)agnetic field by 90 degrees in tha,b) pgljane. ¥I'he upper and Xb:ZXNA(ga'U‘B)Z/(JOZ)'
lower spectra correspond to spectra with magnetic field along th . . .
two & dliorections fixedpto the crypstal. During thegrotation of the fi?ald T\IA s the Avogadro number a@':“ is the in-plane O co-
the domain structure is changed. ordination number Of. a®@). g, is theg factorlof _the Cu
moments along. Z, is the quantum renormalization factor
_ i for the susceptibility. We obtain an unrenormalized value of
showed that cooling the sample through theeN@empera-  j, =240 meV with the assumptions of,=2.06 (Ref. 20
ture in a magnetic field does not affect the domain structuregng Z,=1. The unrenormalized value obtained from inelas-
The ESR spectra of the crystal at 9 GHz dnd 125 K were  tic neutron diffraction i8 120 meV. Renormalization im-
the same before and after cooling from 420 K in a magnetiproves the agreement between the two experimental values.
field of 1 T. A renormalization factor oZ, = 0.448, has been calculaféd
for an isotropic two-dimensiondRD) Heisenberg antiferro-
magnet, the renormalized exchange energy Jg
V. DISCUSSION =108 meV. A much smaller renormalization factor of
Z.=1.158 has been fouhtffor the spin velocity. Both renor-
malization factors disregard the effect of intrabilayer ex-
Below Ty=420K, the Nel temperatur¥ of pure change. The anisotropy of the shift in tttec) plane is four
YBa,COg. 4, CU¥' ions form a simple square lattice AF times smaller than in théa,b) plane(Fig. 7) and may arise
order. Magnetic moments are orieriténl the (a,b) plane but ~ from an anisotropy in the spin susceptibility, in the coupling
the full magnetic structure, and in particular the easy mageconstant®?A or in the g factor. The obvious reason for an
netization direction, has not been determined by neutron difanisotropy of the spin susceptibility is the anisotropy ofghe
fraction. 635Cu(1) NQR (nuclear quadrupole resonapce factor. For Cé* in various perovskite-type environments,
showd” that in pure YBaCu,Og., with small values ofx,  typically ““g,=2.06, “!g.=2.26?° and since the spin sus-
the order alonge is antiferromagnetic at all temperatures ceptibility depends org? this alone may explain the 25%
below Ty . Small amounts of magnetic impurities substitut- difference betweery, and x. .
ing nonmagnetic Cil) atoms|halfway between Q@)0, AF In magnetic fields b8 T applied along th¢010] direction
bilayerg changé® the order along at low temperatures. In both Mg and the principal axis of distortion are along the
impure samples there is a transitidfi in the interbilayer  unique[100] direction, i.e., perpendicular to the field in the
order alongc from antiferromagnetic at higher temperatureswhole crystal. The distortion may be inferred from the high-
to ferromagnetic at lowl. field spectra alondi.e., without the observation of the do-
Our results show unambiguously that the easy magnetizawmain structure at lower fieldissince fits to the spectra with
tion direction is along[100]. Anisotropic interactions be- field in the[010] and[001] directions are only consistent if
tween Ci2) magnetic moments oriented in tife,b) plane  an orthorhombic termb3, is taken into account. The ob-
distort the tetragonal symmetry of the crystal. The anisotropyerved orthorhombic distortion is related to magnetostriction

is intrinsic to the layers and arises mostly from anisotropicin the CuQ plane and not to defects or oxygen chain frag-
exchange(i.e., spin-orbit interactions In the square lattice ments. We have not observed any orthorhombic distortion

A. Magnetic structure of YBa,CuzOg.



1182 A. JANOSSYet al. PRB 59

-1500 ) domain walls in the LasgdNdgy St 1/CuQ, perovskite. The
- ] F1.6 g existence of holes in the crystals due to a nonstochiometric
£ _1000 14 & oxygen concentration is a natural assumption.
& 1o T A single hole introduced to the valence band is a mobile
~ . (= . 4 . . .
i, -500 10 = singlef* which perturbs the antiferromagnetic pattern to long
= LY distanceg® SchultZ? suggested that the ground state of a 2D
z F0.8 = : :
¢ 0] = antiferromagnet in the Hubbard model close to half band
4 : -0.6 @ filling is insulating in spite of the finite hole concentration. In
& 500- Lo4 & this model commensurate antiferromagnetic domains are
< ) 3 separated by walls where the phase of the magnetic order
¥ 1000 4 Gd:YBa,Cu 04, ' 4 parameter changes. Holes segregated into the domain walls
=0 00 3 have lower energy than mobile holes in the conduction band.
1500 --0.2 é At higher hole concentrations the ground state is an incom-
0 1530 4560 75 90 “

mensurate spin-density wave.
ANGLE OF MAGNETIC FIELD, 6 (degrees) This model explains that the domain structure is an intrin-
sic property of the crystal and is independent of thermal or
FIG. 7. Anisotropy of the Gt ESR shift in Gd:YBaCwOs.x.  magnetic history. The stability of the charge transfer to the
The polar angled=0 corresponds tdilic. §=90 degrees corre- CuQ, planes assures that although domain walls formed by
sponds tH in the g, dir_ec_tions.HIIM andHL M for =90 degrees pgles may be rearranged, they cannotibstroyecby a mag-
correspond to the shift in domains wherla and Hilb, respec-  petic field. Temperature does not affect the charge transfer
tively. For 0=90 the shlf_t f_a_nlsotropy is proportional to the anisot- and we expect that domain walls formed by holes exist up to
ropy of the spin susceptibilitysee text the Neel temperature. Indeed, we have observed no change
] . ) ] up to 150 K in the ratio of the two types of domair&d®*
fixed to the lattice(e.g., due to oxygen chains or chain frag- jines are lifetime broadened above 150 K and we cannot tell
ment3. Such a distortion would broaden or split the ’Gd  the temperature up to which the domain structure exists
lines at high fields as much as at low fields. Below Ty a gradual inhomogeneous increase of &%
Crystal-field parameters are not related in a simple way tqyMR linewidth has been observéHwhich we relate to the
is contracted or elongated along the easy magnetization djﬂagnetic structure as domain walls become static.
rection. The ratio of the orthorhombic crystal-field parameter The above idea assumes that magnetic domain \isdls
to the most important tetragonal parametgrb3=0.038, is  ton wallg are easily moved by a magnetic field. Domains
small. This indicates that the lattice distortion is small and ityith M, parallel to the field diminish and perpendicular do-
may be difficult to observe it. Indeed, no orthorhombic diS-mains increase in an increasing magnetic field. Long-range
tortion coupled to the AF magnetization has yet been obCoulomb forces between domain walls present a serious dif-
served by diffraction methods. I\/lagnetOStriCtion in antiferro-ficu|ty for the interpretation since domain walls of the type
magnetic Gd:LgCuO, has been suggested to be the reasomjescribed by Schultz are densely charged. The charge at Cu
for small deviations of Gt resonance fields from crystal- atoms along the wall would make the structure extremely
field theory?* rigid. Thus, for the above picture to be valid the charge of
the walls must be redistributed into a quasihomogeneous
B. AF domain structure background by polarization of some other electrons.
o ) Localization of holes and their ordering into walls is not
In zero or small magnetic fields the single crystal breaksy conradiction with other local measurements. Delocalized
up into domains with perpendicularly orient¢d00] easy  nonmagnetic holes would decrease the magnetic moment at
magnetization directions. This is an observation of magnetic, Cu(2) sites asx is increased. In contrast, for most of the
domains in the antiferromagnetic cuprates. The domailtu(z) atoms, no change of the magnetic moment within
structure is easily modified by applied magnetic fields. Asgy 294 has been obsenfécby zero field %38Cu NMR for
the field is increaset ; rotates and tends to be perpendicu—OXygen concentrations less tham=0.2. For higherx the

lar to the field. From the ESR spectra we cannot tell the size ,mper of C() atoms with full moment decreases rapidly.
of domains and domam walls nor whether dom_am walls l'e,uSR experiment also show little change of the €2) mo-
parallel or perpendicular to th@b) plane. We discuss be- ent withx in the range of 8 x<0.2. This indicates that the
low two very different scenariosi) mobile domain walls  ;mpher of atoms in domain walls becomes comparable to the
perpendicular to théa,b) plane, andii) fixed domain walls 1\, mper of atoms in commensurate regions at abei.2.
in the (a,b) plane.

2. Domains separated by defectivalf) planes

1. Magnetic domains separated by charged domain walls In an alternative model, defectia,b) planes divide the

Domain walls which separate domains within tfegb)  crystal into large sections of antiferromagnetic material with
plane may be formed by localized holes ordered within theno further structural defects. Nonmagnetic layers with excess
CuO, magnetic layers. The model is motivated by the sug-oxygen ordered into G)-O chains may form the dividing
gestion of SchultZ for the ground state of a nearly half- planes. Although we have no direct evidence for such layers,
filled band antiferromagnet and by the observations by Tranthis model explains all observations with reasonable param-
quadaet al?® of magnetic “stripes” separated by charged eters.
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M, is homogeneous in th@,b) plane, it lies in this plane,
but it may rotate around thedirection. ¢; denotes the angle
of rotation from thg 100] direction in theith bilayer. Except
for the immediate vicinity of the defect planes, the energy of
the spin system is

E=Nb2i [—Jac08 @i — ¢4 1) — (AxH?/2N,)

XSinz(qu)'f'KaSin(‘l'QDi)]v (7)

where Ny, is the number of C{2) ions per bilayerJ, the
interbilayer exchange energl,y= x,— xa iS the anisotropy

of the antiferromagnetic spin susceptibilit\l, is the
Avogadro number, anl, is the fourfold anisotropy energy
(related to the distortion The defect planes represent a local
twofold anisotropy, they fix the direction of the orthorhom-
bic distortion in their vicinity and thus pin the easy magne-
tization direction. We assume a strong pinning at the defect
planes, which is taken into account as a boundary condition
for the minimization of Eq(7). The orientation of the bor-
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dering defect planes affects . Without an applied fieldM ¢

is oriented uniformly along one or the other possibldirec- FIG. 8. Comparison of experimental line shapes with a simula-
tions in some isolated sections, while in others, it has tgion using the model of sublattice magnetization pinned to defective
rotate around with a 7/2 or 7 twist to accommodate for the (a,b) planes separated by 70 lattice constants atorRarameters of
pinning at the two bordering defect planes. In an appliedhe simulation are given in the text. The experimental spectral lines
magnetic fieldH, Zeeman energy is gained by the rotation of &re sections of spectra shown in Fig&)22(c).

M, and twists appear in the originally homogeneously

magnetized sections, and in the others the already existingllows well the observations fdt alonga,. The component
twists get distorted. Anisotropy makes the twists sharpeps the line corresponding tp~0 decreases as field increases
since_regions Withp_~ /4 are unfqurable. At small field_s to H=0.3 T and is nearly completely wiped out at 8 T. Al-
the fine-structure lines are split in two, correspondingiqygh we have not performed full line-shape simulations for
to regions with M oriented alonge~0 and ¢~m/2. i 5,0nq1110], dn/de may be calculated for this case also.
At high fieldsM is perpendicular to the field almost every- | agreement with observation, the valuekof=10"3 K en-

where. . .
Figure 8 demonstrates the change of the domain structurd o> that forH ._8 T along [.110]’. M; is far from b_elng
with magnetic field for an average section lengtbf the rotated perpendicular to the field in most of the _sec_t|on. The
order of 100 lattice constantg. The figure shows simulated _model does not rule out hysteresis for a magnetlc-ﬂeld cycl_e
fine-structure line shapes for a section withr& twist and in general, but for the parameters of Fig. 8 no hysteresis
with field applied alond100] and[010] at the two pinning  ©CCUrs:
layers, respectivelySections with ar/2 twist have the same
line shapes as sections withreor a field-inducedr twist in
this geometry. We calculatedp; from a continuum approxi-
mation of Eq.(7), from which the number of spins with
given ¢, dn/de can be derived analytically. To simulate the
ESR line shape, one has to know the variation of the crystal
field parameters as a function ¢f For simplicity, we as- ' X ;
sumert)j that the orthorhombic distortion rotgtes)(/MIg and layers. We discussed the difference betweencthard-axis
its magnitude is independent of Spectra with high fields in @nda easy-axis susceptibilities in terms of a Heisenberg an-
the [110] direction support this idea. Using this assumption,tn‘erromagne;t. The need t_o |_nclude ortho_rhomb|c cryst_al-ﬂe_ld
the shift of the G& resonance frequency is Parametersin the analysis is a clear evidence for a distortion
Awrszg cos 2o+ %Ay yH sirte whereB is a numerical of the tetragonal symmetry. The distortion depends on the
factor which depends on the transition chosen. We convoPrientation of the sublattice magnetizatiods. Thus the
luted the line with a Lorentzian with a width of 2 mT to distortion is a result of an intrinsic magnetostriction and is
simulate the natural linewidth. In the simulation of Fig. 8 not caused by imperfections or oxygen chains in th¢lCu
Xb— Xa=1.4X 10~4 emu/mole, J2=10—1 K, (Ref. 5 and layers. Magnetostriction may be important for antiferromag-
section length, I=70c,. The anisotropy energy,K, netic fluctuations in the related hole-doped superconductors.
=103 K, is chosen so that for layers withl turned ¢  An antiferromagnetic domain structure is observed. Unfortu-
=/4 from the easy direction, the Zeeman energy gain anhately we cannot tell from the experiment the orientation
H=8T is about balanced by the loss due to magnetostricand separation of domain walls. A model of charged
tion. With these parameters the magnetic-field dependenaomain walls—inspired by recent evidence for “stripes”

VI. CONCLUSIONS

Using G&* spin resonance at several frequencies in high
Iguality Gd:YBaCu0Og . Single crystals we determined the
anisotropic spin susceptibility of the antiferromagnetic GuO
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