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We present a series of electron spin resonance (ESR) and infrared transmission experiments in antiferro-
magnetic (AF), lightly hole-doped YBa,Cu;0g in search for the effect of a spatially inhomogeneous ground
state on the magnetic and electric properties. Crystal compositions were Ca,Gd,Y|_,_,Ba;,Cu30¢ with x=0,
0.008, 0.02, and 0.03 and y=0.01. Gd*>* ESR satellites from sites with first-neighbor Ca atoms show that holes
are not preferentially localized at low temperatures in the vicinity of Ca dopants. We mapped by multifre-
quency Gd** ESR the AF domain structure as a function of hole concentration, temperature, and magnetic
fields up to 8 T. We attribute the hole-doping-induced rotation of the magnetic easy axis from collateral to
diagonal (with respect to the tetragonal CuO, lattice) to the pinning of the AF magnetization to a static
modulation or a phase-separated network of the hole density. The dominantly fourfold symmetry of pinning
suggests that the hole density network has this symmetry also and is not an array of stripes. At higher
temperatures the pinning to the diagonal direction becomes weak and the possibility of domain wall fluctua-
tions is discussed. There is no magnetic field dependence and no in-plane anisotropy of the infrared transmis-
sion polarized in the CuO, planes in an x=0.02 crystal placed in magnetic fields up to 12 T. Thus, the network
of holes is rigid and is not affected by magnetic fields that are, however, strong enough to rotate the AF

magnetization into a single domain.
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I. INTRODUCTION

A. Electronic phase separation in hole-doped cuprates

The phase diagram of lightly hole-doped cuprates has a
remarkable complexity. 3% holes/Cu introduced into the
CuO, planes of the two best studied cuprates, La,CuO, and
YBa,Cu;0, destroys the long-range antiferromagnetic (AF)
order of the Mott insulator parent compounds. A supercon-
ducting ground state is established at somewhat higher con-
centrations. There is growing experimental evidence for a
spatial inhomogeneity in this transition region where early
theoretical studies predicted an instability of the electronic
structure. Mean-field calculations of the Hubbard model lead
to a CDW and coupled SDW type of instability,'™* while
calculations of the #-J model suggest an electronic phase
separation® (for a recent review, see Ref. 6). Although details
are different, most studies suggest a one-dimensional (1D)
modulation visualized by an array of charge-rich “stripes”
separating charge-poor antiferromagnetic regions. The phase
of the antiferromagnetic order changes by 7 across stripes.
(Sometimes stripes are described as “domains” separated by
180° domain walls, but here we shall use the term “domains”
to describe regions having nonparallel, usually orthogonal,
sublattice magnetizations.) Other authors (Refs. 7 and 8 and
references therein), however, predict a phase separation into
a two-dimensional (2D) network of charge-rich regions. Re-
cently, Horovitz discussed’ the theoretical implications of
some of the present electron spin resonance (ESR) results.
Models with spiral AF modulation around single charged
holes have also been developed®!'” to explain dilute hole-
doped systems.
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The discovery of well-defined, stripelike spin-density and
charge-density modulations in La,NiO,,,!! motivated inves-
tigations of the possible electronic phase separation in the
cuprates also. In hole-doped La,CuO, compounds a mag-
netic modulation has been observed in a range of doping
extending from the lightly doped AF phase well into the
superconducting phase. At low doping levels and low tem-
peratures these fluctuations condense into a static modulated
structure'?> with a wavelength inversely proportional to the
hole doping.'*>!* In weakly hole-doped antiferromagnetic
La,_sSrsCuO, (LaSCO) crystals the modulation runs along a
diagonal of the underlying slightly distorted tetragonal CuO,
lattice, while in more doped superconducting LaSCO the
modulation is collateral, i.e., along the Cu-O-Cu line.'>'°
There is evidence for a 1D!” modulation in untwinned
LaSCO. Hole-doped YBa,Cu;0q,s (YBCO) has a smaller
orthorhombic distortion of the structure than LaSCO and is
therefore better suited to decide whether the modulation is
quasi-1D or forms a 2D network in an ideal CuO, lattice.
The findings of a 1D modulation by Mook et al.'® have been
contested by the inelastic neutron study of Hinkov et al.,"
who report a magnetic modulation corresponding to a 2D
collateral stripe network in untwinned oxygen-doped YBCO
crystals.

B. Electric conductivity in lightly doped cuprates

Lightly doped cuprates have an insulating ground state
but they become metallic rapidly with increasing tempera-
ture. The hole-doped CuO, planes are quasi-2D conductors,
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and the in-plane conductivity is much larger than the out-of-
plane conductivity along the ¢ direction. A stripelike struc-
ture with straight rivers of metallic regions or with a 1D
charge-density modulation is expected to have an anisotropic
in-plane conductivity. However, evidence for this is contro-
versial.

The observed in-plane conductivity of YBCO in high
magnetic fields®® is slightly anisotropic: the conductivity
along the field exceeds the conductivity perpendicular to the
field by a fraction of a percent. Ando et al.?? suggest that this
small anisotropy is due to magnetically oriented stripes,
while we pointed out?! that it more likely reflects an ortho-
rhombic lattice distortion from magnetostriction and is unre-
lated to stripes. A detailed analysis of the magnitude of the
anisotropy supports the latter idea.”> Undoped and lightly
doped YBCO are not exactly tetragonal, as the AF sublattice
magnetization in the CuO, plane induces a slight orthorhom-
bicity. The multidomain AF structure with orthogonal do-
mains of the two possible distortions has been identified by
neutron diffraction?? and ESR.?* Magnetic fields in the plane
alter the AF domain structure and a sufficiently high mag-
netic field will result in a single AF domain with sublattice
magnetization perpendicular to the field. The small conduc-
tivity anisotropy may result from the uniform distortion in
the magnetically single crystal. The crucial dc experiment is
yet to be done: while the conductivity anisotropy from mag-
netostriction is much smaller for a field along [110] than for
fields along [100], no such reduction is expected for stripes.

In untwinned LaSCO an in-plane magnetic-field-induced
conductivity anisotropy has also been attributed to conduct-
ing stripes.”> However, just like for YBCO, there is no clear
evidence that this results from a stripe structure rather than
from magnetostriction. Magnetostriction in LaSCO is likely
to affect the conductivity, as magnetic fields induce ferrimag-
netism and strong fields even change the crystal structure
irreversibly.?6

The absence of a large stripe-related anisotropy at zero
frequency could be due to a pinning of the 1D charge-density
modulation to defects. Pinning could shift the extra conduc-
tivity peak of stripes to finite frequencies, a phenomenon
well known in quasi-1D conductors below the Peierls transi-
tion. Indeed, there are some indications for stripe-related
electric excitations at infrared (IR) frequencies. Lightly hole-
doped antiferromagnetic cuprates are insulating at low tem-
peratures but the conductivity increases rapidly with fre-
quency. Various low-frequency peaks in the conductivity
have been assigned to conducting stripes.?’® An anomalous
in-plane polarization-dependent Raman scattering peak in
LaSCO at very low frequencies has been attributed to
electric-field-driven excitations of stripes.”®? A similar Ra-
man peak has been observed in the Ca-doped YBCO
crystals®® from the same batch as crystals discussed in this
paper. The interpretation of the Raman spectra involves a
diagonal stripe structure that is confirmed by the present
study. The conductivity anisotropy at zero frequency and the
IR and Raman spectroscopic observations inspired our
search for a magnetic-field-induced anisotropy in the trans-
mission of far IR radiation.
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C. Scope

We report in this paper on the antiferromagnetic domain
structure of lightly hole-doped YBCO crystals. Section II
describes the multifrequency Gd** ESR characterization of
the AF structure. An in-plane magnetic anisotropy is found,
which we attribute to the pinning to an underlying ordered
hole structure. The electronic spin relaxation rate of the Gd**
probe has an out-of-plane anisotropy attributed to the aniso-
tropic magnetic polarization of mobile holes. To see whether
magnetic fields affect the charge distribution, we search for
an anisotropy in the conductivity in the IR transmission un-
der magnetic fields that wipe out the domain structure. Sec-
tion III details the IR transmission measurements, which
prove to be negative: we find no conductivity anisotropy
associated to stripes in a magnetically single crystal. The
implications of the ESR and IR transmission results to the
stripelike electronic phase separation are described in Sec.
Iv.

II. ANTIFERROMAGNETIC DOMAIN STRUCTURE OF
HOLE-DOPED YBCO

A. Samples

Experiments were on Ca,Gd, Y _,_,Cu,Ba;O¢ single crys-
tals with x=0, 0.008, 0.02, 0.03, and y between 0.01 and
0.03. We denote samples from various batches as “Un-
doped”, “Ca0.8%”, “Ca2%”, and “Ca3%”. Crystals were
grown in BaZrO; crucibles as described elsewhere.?! Oxy-
gen reduction was obtained by a heat treatment in pure Ar
atmosphere at a temperature of 700 °C. Typical sample di-
mensions are 1 X 1 mm? in the (a,b) plane and about 50 wm
along c. For all concentrations two or more crystals were
tested by ESR with the same results. The Ca concentrations
were determined by energy-dispersive x-ray analysis and are
in approximate agreement with the ESR intensities of the
first Ca neighbor Gd3* satellites.’> The nominal Gd concen-
tration was 0.01 in all crystals. This agrees with estimates of
the Gd concentration from the ESR dipolar satellites of
Gd**-Gd** pairs in three of the batches, while in Ca2% the
Gd concentration measured from ESR is 3%. Some ESR
experiments in Undoped and Ca0.8% samples were dis-
cussed in Ref. 32.

B. Method to determine the antiferromagnetic domain
structure

Gd** has been extensively used as an ESR probe in high-
T. cuprate superconductors and related antiferromagnets
(see, e.g., Refs. 33-35). The J5q=7/2 angular momentum
interacts weakly with the CuO, sandwich and probes local
charge and spin distributions similarly to an NMR probe. As
described in the Appendix, the resonance fields of the fine
structure lines are shifted by the exchange interaction be-
tween the Gd>* probe and the CuO, magnetization. There are
two contributions,

AB, =-%AxB (1)
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FIG. 1. Splitting of the highest field line in the Gd>* ESR spec-
trum of the undoped YBCO single crystal at 7=25 K and f
=9 GHz with BI[100] demonstrating the existence of collateral AF
domains with easy axis parallel and perpendicular to the field. Do-
mains with easy axis parallel to B have an angular distribution as
they are affected by the field, and this decreases the amplitude of
the M|l B line.

The “ESR Knight shift,” —AB,/B, is independent of the ex-
ternal field, B, and is the same for all fine structure lines. It
has been measured in both the antiferromagnetic and super-
conducting cuprates.®® The “second order” shifts, AB,, are
independent of the magnitude of B and are different for the
various fine structure lines, m. Both shifts (1) and (2) are
proportional to the macroscopic spin susceptibility, y, of the
AF domain in which the Gd** probe is located. The constants
GdA and C,, are independent of doping and temperature. As
explained in the Appendix, if the AF order is collateral then
the second-order shifts are formally equivalent to shifts that
would arise from magnetostriction, as we proposed for un-
doped YBCO in an earlier study.>* However, for a consistent
description of the data the second-order Gd** shifts must
have a dominantly magnetic origin [as given by Eq. (2)] for
both undoped and weakly hole-doped YBCO.

Since y and thus the resonance field depends on the angle
between the sublattice magnetization, M,, and the applied
field, B, ESR spectra in the CuO, planes allow the determi-
nation of the orientation of M, or its angular distribution.
Below we report on findings in the Undoped, Ca0.8% and
Ca2% samples in magnetic fields between 0.2 T and 8 T in
the [100] and [110] directions. In sample Ca3% we could not
resolve an angular distribution of M; either the linewidth is
too large or the domains are no more static.

C. Antiferromagnetic domain structure in low magnetic fields

The multidomain AF structure is evident in the Undoped,
Ca0.8% and Ca2% samples at low magnetic fields and low
temperatures. Figure 1 shows the highest field fine structure
line corresponding approximately to the 7/2—5/2 transition
at 9 GHz. The line is split into a broader, smaller amplitude
line and a narrower, stronger line corresponding to M [l B and
M, L B domains, respectively. The maximum separation be-
tween the split lines is the same for all three samples, but it
occurs at BI[100] for the undoped and at BIl[110] for the
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FIG. 2. (Color online) The lowest field fine structure line at
9 GHz showing variation of the AF easy axis with doping and tem-
perature. Panels a and c: In sample Ca0.8% the easy axis gradually
changes from low-temperature diagonal to high-temperature collat-
eral. At 40 K both collateral and diagonal phases appear and three
lines are observed: (i) domains aligned M, L B, (ii) M, inclined by
ar/4 from B, and (iii) M,l|B. These have x, x/2 and zero suscepti-
bilities, respectively, and show maximum, intermediate, and zero
shifts to higher fields. (We note that the “ESR Knight shift” has no
observable contribution at these fields.) At 10 K most of the do-
mains are diagonal. For BlI[100] (panel a) most of the line corre-
sponds to x/2 susceptibility. For BII[110] (panel c) two lines cor-
responding to y and zero susceptibilities appear. At 80 K the easy
axis is collateral and the BII[100] is split while the BII[110] line is
unsplit. Panels b and d: The Ca2% sample has a diagonal easy axis
at 10 K which persists up to at least 60 K. At 80 K AF domains are
either fluctuating or transformed into a single perpendicular domain
by the field.

doped samples. The line is unsplit for BlI[110] for the un-
doped and at BII[100] for the doped samples, as shown in
Fig. 2. This corresponds to a collateral AF easy axis in the
undoped sample and a diagonal easy axis in the two hole-
doped crystals at low temperatures. The fine structure param-
eters were determined from a fit to the spectra. The principal
axes are rotated by 7/4 between the undoped and doped
samples, but the magnitude of b is the same, b3=48 MHz.
Since b2 is proportional to the magnetic susceptibility
[see Eq. (A5b)], this means that the principal axes of y rotate
by m/4, but the magnitude of y is independent of doping
concentration.

In the undoped sample the collateral AF domain structure
is independent of temperature. On the other hand, the hole-
doped samples have a temperature-dependent AF structure
(Fig. 2). In the Ca0.8% doped samples a gradual transition is
observed from mostly diagonal at low temperatures to
mostly collateral above 40 K. The collateral multidomain
structure is observed up to 200 K. In the Ca2% sample the
easy axis is diagonal from low T to at least 60 K. At higher
temperatures a single line is observed for both BI[[100] and
BII[110]; thus, the AF structure is single domain or there are
domains fluctuating between two orthogonal directions. The
easy axes at various temperatures and hole doping are sum-
marized in a phase diagram in Fig. 3.
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FIG. 3. (Color online) Temperature vs hole concentration phase
diagram of the antiferromagnetic easy axis in lightly doped YBCO
measured by ESR. The dashed line indicates the separation between
an observed static AF structure with a well-defined anisotropy and
an AF structure with fluctuating orthogonal domain walls and/or a
very small anisotropy. The data point at p=0.4% (sample Ca0.8%)
corresponds to the temperature where roughly equal amounts of
collateral and diagonal phases were observed. The data point at p
=1% (sample Ca2%) corresponds to the temperature where the di-
agonal domain structure is no more resolved in the ESR spectra.

D. Antiferromagnetic domain structure in high magnetic fields

In zero field the antiferromagnetic sublattice magnetiza-
tion, M,, of AF domains is oriented equally along the two
possible easy directions. A sufficiently large field, B, oriented
arbitrarily in the CuO, plane rotates the domains into the
M, L B direction. The rearrangement of domain orientations
is reversible: the ESR spectra do not depend on magnetic
field or temperature history. The field required to align most
domains into a magnetically single crystal is a measure of
the pinning strength of the magnetization to the lattice. It has
a nontrivial anisotropy in the CuO, plane that reflects the
symmetry of the pinning structure. We find that it is easier
(i.e., a smaller field is required) to rotate a typical domain
perpendicular to a magnetic field oriented along its easy di-
rection and harder along an angle inclined by 7/4 from the
easy direction. We denote by B,, (“B critical easy”) and B,
(“B critical hard”) the characteristic fields along the magnetic
easy axis and inclined by /4, respectively, as shown in Fig.
4. The detailed measurements (summarized for Ca2% in
Table 1) show that B.,> B,, for the Undoped, Ca0.8% and
Ca2% crystals at low temperatures. As explained in Sec.
IV C, B,, characterizes a twofold symmetric magnetic aniso-
tropy arising from, e.g., linear stripes. B, is characteristic of
a fourfold anisotropy that can arise from magnetostriction or
a tetragonal arrangement of stripes.

Results for the characteristic fields in the present undoped
crystals grown at the Walther Meissner Institut (WMI) and
the undoped crystals grown at the University of Oxford re-
ported in Ref. 24 are similar. In the Ca0.8% sample the high
field spectra at intermediate temperatures are complicated by
the interplay of the change of the easy axis with temperature
and the rotation of M, by the magnetic field. Fields above
I T change the spectra (i.e., rearrange the domains) signifi-
cantly at all temperatures.

Table I summarizes the effect of a magnetic field on the
orientation of domains (i.e., of M,) in the Ca2% crystal. At
20 K a magnetic field of 0.2 T has little effect on the AF
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FIG. 4. The anisotropy of the magnetic field required to rotate
most of the AF domains perpendicular to the field. Experiments
show that for the lightly doped Ca0.8% and Ca2% samples, a
smaller field, B,,, is required along the [110] AF easy axis than B,
along the [010] AF hard axis, i.e., B.,<B..

structure: the sample consists of both types of domains. A
field of 2.7 T along the tetragonal [110] direction rotates
most of the domains that have an easy axis along the field,
and the sample is almost a magnetic single domain with M

along the [110] direction. (In the 75 GHz BII[110] spectra a
weak shoulder is observed at low temperatures, correspond-
ing to a small amount of M||B domains left intact by the
field.) The characteristic field at 20 K along the easy axis is
thus B.,~2.7 T. On the other hand, as explained below, a
field of 2.7 T along the [100] hard axis is insufficient to
rotate the magnetization significantly; thus, the characteristic
field along the hard axis is B.;,>2.7 T.

For BII[100] the angle of B is the same with respect to
both types of domains and a single fine structure series is
observed. In this case the orientation distribution of M, has
to be determined from the susceptibility. Figure 5 shows the
susceptibility obtained from a fit to the observed spectra us-
ing Egs. (A1), (A2), and (A4) and the temperature-dependent
fine structure parameters listed in Ref. 24. The precise orien-
tation of the crystal was also derived from the ESR spectra.
As seen in Fig. 5, for BlI[100] y increases by a factor of 2
when the temperature is raised above 40 K, as expected if M
rotates by 7/4 from diagonal to collateral. Results at 20 K
are unambiguous: the crystal has a diagonal multidomain
structure at a field of 2.7 T, while it is a single magnetic
domain at 8 T field applied in any direction of the CuO,
plane. Thus, B,, is less than B, at 20 K, and we find B,
~27Tand 8 T>B,>2.7T.

As shown in Table I, at high temperatures domains are
rotated perpendicular to fields equal or larger than 2.7 T and
applied along the [100] direction. In other cases the AF struc-
ture could not be unambiguously determined. No splitting of
the fine structure has been observed at low fields in spite of
the relatively narrow lines. This may signify a rapid fluctua-
tion of domains between the two diagonal easy axes or a
static domain structure with a weak anisotropy that allows
the domains to rotate perpendicular to low fields. Unfortu-
nately, experimental uncertainties were too high to determine
the susceptibility from the spectra at low fields and high
temperatures and we cannot decide between the two possi-
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TABLE 1. Variation of the AF structure with external field at low and high temperatures in the Ca2%
sample. At 100 K and low fields the possibilities of fluctuating orthogonal domain walls or static domains
rotated perpendicular to small fields (i.e., small anisotropy) could not be distinguished by ESR. Under the
conditions of the IR transmission experiment, i.e., at low temperature and high fields, the sample is magneti-
cally a single domain.

AF domain orientation

AF domain orientation

Field orientation Field 20K 100 K
[110] 02T Diagonal Diagonal single domain?
Multidomain Fluctuating?
[110] 27T Diagonal, Single domain?
Mostly M L B Fluctuating?
[110] 81T Diagonal Single domain?
Single domain Fluctuating?
[100] 02T Diagonal Diagonal multidomain?
Multidomain Fluctuating?
[100] 27T Diagonal Collateral
Multidomain Single domain
[100] 81T Collateral Collateral

Single domain

Single domain

bilities. A weaker anisotropy will increase the fluctuations in
any case; thus it is probable that at some high temperatures
/2 domain walls fluctuate.

E. Perturbation of charge distribution near the Ca sites

increases with Ca concentration, justifying our assignment of
lines (Fig. 6). As a further test, we measured Ca0.8% in tilted
fields to show that Ca satellites are first and not second
neighbors. All satellite Gd** sites are equivalent in a mag-
netic field along the [001] (i.e., ¢) direction but there are two

Holes introduced to the CuO, sheets in concentrations T l ' '
below 3-4% hole/Cu are known to localize at low 5x
temperatures.'> The question arises whether the holes are lo- T
calized near the Ca®* ions from where they are issued or else
in phase-separated regions? ’;
The zero field splitting is modified for Gd** with first- . Ca0.8%
neighbor Ca ions, and a series of satellite lines is observed E T=17.5K
near the main ESR transitions.>> The intensity of satellites ;_]’ (a) |, } : }
>
]
o > l
£ ] <
L ] E
E ] 23
= 1 [a) Ca2%
)
g ] Z T=20K
= S b : :
> =
0 4
8 > 1
n
5 o2} ] )
wn
Z 00 [------s ‘ . . - M,||B 1 Eg
@G 0 20 40 60 8 100 120 140 <
TEMPERATURE (K) Ca3%
. . . T=40K
FIG. 5. (Color online) Spin susceptibility, y, of the CuO, layers () R L o
vs temperature for BlI[100] derived from the Gd** ESR shift. Open 2.2 2.3 24
squares: Undoped at 2.7 T, full squares: Ca2% at 2.7 T, and full MAGNETIC FIELD (T)

triangles: Ca2% at 8.1 T. At low temperatures the AF easy axis is
diagonal and a relatively large magnetic field, B>2.7 T, is required
to rotate the sublattice magnetization, M, perpendicular to the field.
As shown by the increase of y, at higher temperatures pinning to
the lattice is weaker, e.g., at 100 K M| rotates perpendicular to B at
2.7 T.

FIG. 6. The 7/2-5/2 Gd** ESR transition at 75 GHz for Bllc in
samples (a) Ca0.8%, (b) Ca2%, and (c) Ca3%. The arrows mark the
Ca satellites, i.e., the signal from Gd3* ions that have a first-
neighbor Ca, while the main line corresponds to Gd** without Ca
first neighbors.
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FIG. 7. (Color online) Peak-to-peak linewidths of the 7/2
—5/2 Gd** ESR transition vs temperature at several frequencies in
sample Ca3%. REF is the linewidth of the Undoped sample at
75 GHz. We omitted high-field data below 20 K where the lines are
broadened by Gd**-Gd>** dipolar interactions.

inequivalent sites in tilted fields. We observed a splitting of
the satellite line for fields tilted within the (a,c) plane, as
expected for first neighbors. For second neighbors the line
would split for B in the (c, [110]) plane.

The observation of an essentially temperature-
independent Gd** ESR at sites near Ca atoms confirms that
holes are not localized at low temperatures to the Ca>* ions
for the following reasons. The Ca satellite shift is due to the
change of the fine structure when one of the four Y** neigh-
bors of a Gd** probe is replaced by Ca’*. The fine structure
is very sensitive to changes of the charge distribution. If
holes were localized at low temperatures preferentially in the
vicinity of Ca ions, then temperature-dependent shifts sev-
eral times the linewidth would occur. For example, the larg-
est fine structure parameter, bg, increases gradually with oxy-
gen doping, &, in YBa,Cu;04,5° and is 50% larger in
YBa,Cu;30; than in YBa,Cu;Oy, i.e., when hole concentra-
tion changes from zero to ~0.16 holes/Cu. This hole doping
shifts the 7/2-5/2 transition in YBa,Cu;0; by about 40
times the linewidth in Ca0.8%. Thus, a small fraction of a
hole localized preferentially on the first-neighbor atoms of
Ca dopant would be detected. Observations on the Ca2% and
Ca3% samples confirm the results of Ref. 32 obtained for the
Ca0.8% sample: no temperature-dependent change of shift
with respect to the main lines was observed.

F. Anisotropy of ESR linewidths

The fine structure components of the Ca0.8% and Un-
doped samples have isotropic ESR linewidths. At low tem-
peratures the linewidth is about 60 G, which gradually in-
creases above 100 K. In contrast, the more doped samples,
Ca2% and Ca3%, have an increased linewidth with large
anisotropy in the (a,c) plane (Fig. 7). There is no significant
anisotropy within the CuO, plane.

III. SEARCH FOR AN IN-PLANE IR CONDUCTIVITY
ANISOTROPY

The aim of these experiments was to find an anisotropy in
the infrared conductivity in the frequency range of
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FIG. 8. (Color online) Spectrometer for IR conductivity mea-
surements under magnetic field. The enlargement sketches the
sample holder for magnetic field parallel to the surface of the plate-
like sample. Polarization of IR radiation incident on the sample
surface is changed by rotating the sample together with mirrors and
a light pipe around the vertical axis.

10-90 cm™! that could arise from a stripelike electronic
phase separation or modulation. We compare the transmis-
sion through the Ca2% sample in a high magnetic field to
transmission in zero field. The sample is macroscopically
isotropic in zero field while it is a magnetically anisotropic
single crystal when a high enough field is applied in the
(a,b) plane. Various combinations of magnetic field orienta-
tions and IR polarization were tested at temperatures be-
tween 4 and 126 K.

The experimental setup at the U12IR beamline of the
Brookhaven National Synchrotron Light Source facilities is
shown in Fig. 8. A detailed description of the apparatus is
given in Ref. 37. In the special probe head built for the
present experiments, the vertical static magnetic field, B, is
in the (a,b) plane of the sample: experiments are performed
with B along the [100] and [110] axes. Light is transmitted
horizontally along the [001] or ¢ axis of the sample. The
polarization of the infrared electric field in the (a,b) plane
can be set parallel or perpendicular to the static magnetic
field by rotating the polarization of the incoming light. The
various combinations of static and IR fields and crystal ori-
entations are shown in Fig. 9. Figure 10(a) shows the raw
transmission data through (i) the roughly 1 mm diameter
hole of the probe head, (ii) the Undoped sample, and (iii) the
Ca2% sample covering the same hole. The frequency depen-
dence of the transmission through the hole with no sample
results partly from the characteristics of the source and partly
from limitations imposed by the probe head. The beam split-
ter used in the spectrometer decreases substantially the inten-
sity at 25, 50, and 75 cm™!. The absorption in the undoped
sample is relatively small, and transmission oscillations due
to multiple reflections between sample surfaces are still
clearly observed [Fig. 10(b)]. The transmission is strongly
reduced in the Ca2% doped sample. We detected the Gd**
ESR in the Ca2% sample at 11 and 12 T when spectral reso-
lution was increased to 0.5 cm™', and this confirms that the
transmission is indeed through the sample and not a leakage
around the sample. Transmission through the Ca3% sample
was too weak to be measured.
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FIG. 9. Geometrical arrangements of the infrared (IR) transmis-
sion experiments. B: static magnetic field; M sublattice magnetiza-
tion; E(w): polarization of the IR electric field. IR propagation is
along [001]. (a) and (b) B along the [100] crystallographic axis of
the YBCO crystal; (c) and (d) B along the [110] axis.

Figures 10(b) and 10(c) show the transmission through
the undoped and Ca2% samples at 4 K with B=0 and 12 T
using the geometries of Figs. 9(a) and 9(b), respectively.
Data for geometries shown in Figs. 9(c) and 9(d) are of simi-
lar quality. Differences between transmission with and with-
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FIG. 10. (Color online) IR transmission through the Ca2%
single crystal. No dependence is found on magnetic field or polar-
ization. (a) Raw transmission data through the empty sample holder,
the undoped single crystal, and the Ca2% single crystal. (b) and (c)
compare transmissions in zero field (continuous lines) and 12 T
field (dashed lines) normalized to transmission through the empty
sample holder. Incident light is weak at 25, 50, and 75 cm™!, and
corresponding transmission data are omitted for clarity. (b) Un-
doped and Ca2% in the geometry of Fig. 9(a), and (c) Ca2% in the
geometry of Fig. 9(b).
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FIG. 11. (Color online) The temperature dependence of the
transmission through sample Ca2% normalized to the transmission
through the empty sample holder.

out magnetic field are within experimental uncertainty, and
we estimate that the magnetic field changes the transmission
by less than 5% in the full spectral range. The field-induced
anisotropy in conductivity with respect to the isotropic con-
ductivity, o, is much less than this since the sample is thicker
than the penetration depth, 6=(wuy0/2)7""%, and the trans-
mission is proportional to exp(—I/ ), where [ is the thickness
of the sample.

The conductivity in the 10 cm™' to 90 cm™' IR range is
high compared to the zero frequency conductivity, especially
at low temperatures. The decrease of transmission with in-
creasing temperature is moderate (Fig. 11). The factor of six
change in transmission at 15 cm™! between 4 and 126 K cor-
responds to a rather small change in conductivity, since the
penetration depth is shorter than the sample thickness. For
comparison, the dc (zero frequency) in-plane conductivity in
a 3% Ca sample was immeasurably small at 4 K, and it
increased rapidly with temperature and changed by two or-
ders of magnitude from 20 K to 125 K. Although we have
not measured the in-plane dc conductivity in the Ca2%
sample, it certainly has a similar transition from an insulating
to a metallic behavior.

IV. DISCUSSION

A. Observations supporting an ordered structure of holes

Here we list observations supporting the idea that stripes
or other forms of phase-separated regions (“stripe networks™)
are formed in YBCO at small hole doping concentrations.

It is well known from resistivity and muon spin rotation'2
experiments that holes are delocalized at high temperatures
and are localized at low temperatures, typically below 20 K
in the low-doped antiferromagnetic phase. From the tem-
perature independence of the shift of first-neighbor Ca satel-
lites of the Gd** ESR, we concluded (Sec. I E) that at low
temperatures holes are not localized to the randomly distrib-
uted Ca ions from which they originate. This supports the
idea of an ordered structure of holes independent of Ca dis-
tribution. There are no other obvious sites for localization of
single holes than the Coulomb potential of the excess charge
at Ca>* ions.

A small concentration of holes changes the easy axis of
the AF sublattice magnetization, M, from collateral to diag-
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onal without changing the magnitude of the susceptibility. At
the lowest hole concentration, x=0.008 (p=0.4% /Cu), the
low-temperature diagonal easy axis changes gradually to col-
lateral in a broad temperature range of 10—80 K. The diag-
onal easy axis is more stable in the Ca2% sample, which has
a diagonal easy axis up to at least 60 K. It is unlikely that
randomly localized holes in such a small concentration could
change the easy axis of M. On the other hand, an ordered
network of phase-segregated holes may determine the low-
temperature easy axis of the bulk without changing the sus-
ceptibility, which is determined by the Cu-O-Cu exchange, J,
of the hole-poor bulk. The larger stability of the diagonal
spin modulation at higher hole concentration (Fig. 3) sup-
ports this idea also.

B. Absence of magnetic field-induced IR conductivity
anisotropy

The most likely reason for no appreciable conductivity
anisotropy in the lightly hole-doped (magnetically) single
crystal is that the network of charge modulation is rigid at
the energy scale of interactions with a magnetic field of
12 T. The magnetic fields that rearrange the AF structure
leave the underlying network of holes unchanged. The much
stronger long-range Coulomb interactions easily stabilize the
network.

As explained above, in our view the small zero-frequency
conductivity anisotropy is due to magnetostriction. It is un-
likely that the conductivity anisotropy is negligible at low
frequencies only and becomes large at higher frequencies,
well above our detection limit of 90 cm™'. For this the charge
associated with stripes should be very strongly pinned to the
lattice. However, it would be difficult to explain the large
hole-induced low-temperature isotropic conductivity at fre-
quencies above 10 cm™! if holes were strongly pinned. It is
much more likely that holes are weakly pinned to the lattice
at low temperature and are excited above a pinning fre-
quency in the range of 10—100 cm™'.

C. Magnetic in-plane anisotropy and geometry of stripe
network

We argue that the charge inhomogeneity of phase-
separated hole-rich regions pin the AF magnetization to the
lattice. We suggest that the network formed by holes is not
an array of straight, parallel-running lines (“stripes”) but
rather it has a two-dimensional pattern, e.g., like the egg-box
pattern envisaged by Seibold e al.” Pinning is weak and is
insufficient to stabilize a static magnetic structure at moder-
ately high hole concentrations and temperatures.

We outline a simple phenomenological model to account
for the essential observations of the static AF structure. The
in-plane isotropic exchange interaction is very strong, J
=1400 K; therefore, we assume that the sublattice magneti-
zation, M, in the ith CuO, plane is uniformly oriented along
¢;. The observed domains with orthogonal M, are not in
contradiction with this model: they may still exist either
along ¢** or in the (a,b) plane on a length scale larger than
that of the stripes. We measure all angles from a Cu-O-Cu
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direction fixed to the sample. The energy of the spin system
is

E; =~ K, cos 2(¢h; = ;) — Ky cos 4(; = ¢by;)
— B?x/2 cos* (¢, — dpp) + A(i+ 1,i— 1), (3)

where ¢p is the direction of the field, B, applied in the plane.
The (positive) twofold and fourfold anisotropy energies K,
and K, describe the coupling of M, to the lattice. ¢y; is the
angle of the easy axis, i.e., the equilibrium orientation of M
in the absence of B. The interbilayer interaction, denoted by
A(i+1,i—1), arises from weak exchange and dipolar inter-
actions. We have to specify the boundary conditions at layers
i=1 and i=N bordering the crystal to define the complete
problem. The pinning described by K, and K, can arise from
the stripe network, magnetostriction, and defects in the crys-
tal. If the easy axis is collateral, then ¢y; can be ¢y;=0 or
¢o;=7/2. In the diagonal case, ¢y; is either w/4 or 3/4.
The pinning to a stripe network depends on its geometry: an
array of parallel stripes contributes mainly to K,, while a
squarelike pattern or other two-dimensional patterns with
equal amounts of orthogonal stripes within the plane yields
K, as the first nonzero term.

The simplest assumption is that pinning of M to the
stripe network within the plane is more important than the
coupling to the neighboring planes. A numerical analysis of
the equilibrium determined by Eq. (3) when A;(i+1,i—1) is
neglected shows a fourfold anisotropy, K,, comparable to or
larger than the twofold anisotropy, K,, if B, is larger than
B,,. Consequently, the stripe network introduces a nonnegli-
gible fourfold symmetric anisotropy.

This conclusion remains valid if we consider the coupling
to neighboring planes. As a second limiting case, we assume
K,=0 and a finite A;(i+1,i—1). The role of twofold pinning
anisotropy is taken over by a pinning at the borders of the
stack of N planes. At the borders there is a strong pinning
along one of the ¢, easy directions. In a sufficiently high
magnetic field, M is aligned perpendicular to the field at the
center of the stack. The spins at the borders are aligned ap-
proximately along the pinning direction. The condition B,
>B,, is fulfilled if K, is sufficiently large, but the details
depend on the length of the chain and the interplane cou-
pling.

Thus, the observations are described by a large in-plane
fourfold anisotropy and a smaller twofold anisotropy. This is
inconsistent with parallel running stripes for which, whatever
the detailed mechanism of pinning M, the twofold aniso-
tropy would be dominant. The observed fourfold anisotropy
is compatible with pinning to a lattice of squarelike charged
structure.

Magnetostriction could also contribute to K, but this
would be different for diagonal and collateral easy axes. In
the collateral case magnetostriction changes the distance be-
tween the antiferromagnetic pairs as order sets in. On the
other hand, if the order is diagonal then the distance between
first-neighbor AF pairs is unchanged; only the distance be-
tween second neighbors, e.g., the angle between AF pairs
changes. Intuitively a stronger effect is expected in the col-
lateral case than the diagonal one. However, this is not ob-
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served in the Ca0.8% sample where pinning is not much
different in the high temperature collateral and the low tem-
perature diagonal phases. Thus, it is likely that magnetostric-
tion is of little importance in determining the pinning of the
AF magnetization.

D. Diagonal-collateral phase diagram

Here we discuss the phase diagram of Fig. 3 deduced
from experiment. Pinning of the magnetization in the collat-
eral phase may arise from magnetostriction or from a stripe
network with appropriate symmetry. The mechanism of pin-
ning might be similar in the collateral phases of the Undoped
and Ca0.8% samples, as we cannot rule out a low-
concentration hole doping from some residual, uncontrolled
defects, e.g., oxygen chain fragments in the Cu(1) planes. On
the other hand, in the doped samples at low temperatures the
pinning is entirely due to the stripe network. The Hubbard
model calculation®® of the geometry of stripes in the two-
dimensional lattice suggests that the stripe network may
change with temperature from diagonal to collateral. Indeed,
the rotation of the easy axis of M, may reflect the rotation of
the stripe network. Alternatively, the change of the easy axis
may reflect the disappearance of the rigid stripe network with
temperature. In this interpretation, in the Ca0.8% sample the
high-temperature collateral easy axis is due to some sample
imperfections, which is overcome by the diagonal pinning at
low temperatures. The data at higher doping concentrations
suggest the fluctuation of the stripe network as the anisotropy
disappears. The diagonal fourfold anisotropy disappears in
the Ca2% sample above 80 K and is not replaced by a col-
lateral anisotropy of similar magnitude. The anisotropic Gd**
ESR linewidths of samples Ca2% and Ca3% also indicate a
fluctuation of the magnetic order in the CuO, plane, as ex-
plained below.

E. Domain wall fluctuations

Gd** ESR is insensitive to fluctuations of largely spaced
broad stripes (7 domain walls), as the structure factor at the
AF wave vector is zero at the highly symmetric rare earth
position. Here we consider large amplitude fluctuations of
the orthogonal domain walls (i.e., walls separating AF do-
mains with orthogonal sublattice magnetizations) that are
sensed by the Gd** probes via the fluctuating spin suscepti-
bility. Unfortunately, we have no information on the size and
shape of orthogonal domains. Only if the fluctuations be-
tween the two orthogonal domains are slow on the time scale
of the line separation, Af=3 X 10 Hz, is the splitting of the
fine structure series observed. A single, motionally averaged
fine structure series appears if fluctuations throughout the
sample are faster than Af.

In the Undoped and Ca0.8% samples the splitting of Fig.
1 is well resolved at all temperatures; therefore, orthogonal
domain wall fluctuations must be weak. On the other hand,
in the Ca2% sample the splitting gets less pronounced above
40 K and no splitting is observed in the BII[100] or in the
BII[110] geometry at 80 K and higher temperatures (Fig. 2).
Spectral resolution would be sufficient to resolve a splitting;
the single line at 80 K is not much broader than the split
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lines at 40 K. Thus, it is likely that the magnetocrystalline
anisotropy at 80 K and above is overcome by thermal fluc-
tuations of the domain structure. We cannot rule out, how-
ever, that in zero external field there is a static domain struc-
ture which is wiped out above 80 K by an external field as
small as 0.2 T. In any case, the lack of a multidomain struc-
ture above 80 K signals a very small pinning to the lattice.
A single fine structure series is observed in the Ca3%
sample at all magnetic fields and temperatures. We searched
in vain for an unresolved splitting in the CuO, plane aniso-
tropy of the linewidth in the 9 GHz spectra at several tem-
peratures. Thus, orthogonal domain wall fluctuations may be
strong. However, the linewidth is equal to the expected split-
ting, and this may hide a static distribution of domains.

F. Single carrier fluctuations

We attribute the increase of Gd** ESR linewidth observed
in the higher doping concentration samples, Ca2% and
Ca3%, to single carrier spin fluctuations. Orthogonal domain
wall fluctuations are unlikely to play a role, as no clear
change is observed when domain walls are wiped out at high
fields. The lines are probably not broadened inhomoge-
neously, as they are nearly perfect Lorentzians for 7>40 K.
In the Ca3% sample the anisotropy of the linewidth corrected
for the isotropic linewidth of the undoped sample is about a
factor of 2 (Fig. 7). This suggests that the linewidth aniso-
tropy arises from a spin lifetime broadening by fluctuating
fields oriented randomly in the CuO, plane but with no com-
ponent perpendicular to the CuO, plane. The exchange field
at the Gd sites of single hole excitations in the AF lattice
have this character. Since only magnetic fluctuations perpen-
dicular to the external field are effective in reducing the spin
lifetime, single hole excitations are twice as effective for
applied fields along ¢ as in the CuO, plane. However, a
detailed explanation of the effect is still missing.

V. CONCLUSIONS

Gd** ESR is a sensitive probe of the magnetic structure of
YBCO. We mapped the phase diagram of the antiferromag-
netic structure as a function of temperature in the lightly
doped regime. A doping concentration below 1% is sufficient
to stabilize a static diagonal AF structure at low temperatures
instead of the collateral structure of undoped samples. In the
Ca0.8% sample a transformation from diagonal to static col-
lateral is observed with increasing 7. Diagonal order was
also observed in the Ca2% sample at low 7, but no AF do-
mains were resolved at high temperatures. In the Ca3%
sample no AF domains were detected at any temperature.
Large amplitude fluctuations of the domain walls between
orthogonal AF domains is a likely reason for this, and the
time scale of the experiment is 107 s. In the Ca2% and
Ca3% samples, an extra Gd** spin relaxation appears which
is attributed to mobile carriers in the AF CuO, planes caus-
ing a dynamic magnetic perturbation at the Gd site.

The static AF domain structure depends on external mag-
netic fields. In low magnetic fields the crystals have equal
amounts of magnetic domains with M along one of the two
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easy axes (that may be collateral or diagonal depending on
the doping and the temperature). Magnetic fields rotate the
sublattice magnetization, and in fields above a few teslas the
crystals are magnetically single domain. A twofold and a
larger fourfold anisotropic pinning is required to describe the
wiping out of the domain structure by magnetic fields. In the
diagonal phase an inhomogeneous hole distribution with an
approximately squarelike (egg-box type) network of phase-
separated regions is the likely source of the fourfold aniso-
tropic part of the pinning. In the collateral phase a direct
coupling of the spins to the lattice (i.e., magnetostriction)
may also play a role.

No in-plane conductivity anisotropy was found in the fre-
quency range of 10—90 cm™'. The most likely explanation
for this negative result is that the magnetic field rotates the
spins but leaves the underlying hole distribution unchanged.
This view is contrary to the interpretation of the magnetore-
sistance in lightly doped YBCO and LaSCO by Ando et
al.*®? In these works it was assumed that the magnetic field
aligns the underlying array of linear stripes, rendering the
sample electrically anisotropic.

Finally, we comment on the implication of our work to
the polarization dependent Raman scattering results of Hackl
et al. % which are the most convincing demonstrations of an
electrical excitation of phase-separated holes. Their interpre-
tation holds both for diagonal stripes or a squarelike, egg-
box-hole structure. Similarly to the IR transmission, no mag-
netic field dependence of the Raman scattering is expected
for an egg-box like hole structure. The low-frequency fluc-
tuations of AF domains at higher temperatures reflect weaker
pinning and a gradual disappearance of the underlying hole-
segregated regions, in accord with the broadening of the
anomalous Raman peak. It is to be seen whether the rotation
of the easy axis from diagonal to collateral as the tempera-
ture is increased in the Ca0.8% sample has a counterpart in
the Raman spectra.
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APPENDIX: THE ESR SPECTRUM OF Gd** DOPED IN
YBCO

The magnetic fine structure of the nearly spin-only Jgq
=7/2 angular momentum Gd** ion at the rare earth site of
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FIG. 12. Gd** ESR spectrum and simulation of the Ca2%
YBCO sample at 20 K and 9 GHz for BII[110]. (a) Measured spec-
trum. (b) Simulated spectra for the two types of orthogonal do-
mains. The effective spin Hamiltonian parameters are
bY=-1265 MHz, b}=—-192 MHz, b}=817 MHz, b4_bm 0, and
by=48 MHz. Solid curve, M, | B: g, =1.9882 and 0}” is 0% ro-
tated by 37/4 around [001], and linewidths 81 G from peak to
peak. Dashed curve, MlIB: g;=1.9924 and 0} is O3 rotated by
ar/4 around [001], and line widths 104 G from peak to peak. (c)
Simulated spectrum with a 4:7 ratio of Ml|B and M L B domains.

YBCO is well described by the effective spin Hamiltonian

Hfs= 2 CanLO;n’

m,n

(A1)

where n=2, 4, or 6; 0<m=<n even; O] are the Stevens
operators; ¢,=1/3, c4=1/60, c4=1/1260; and b’ are the
zero field splitting (ZFS) parameters.

The phenomenological ZFS parameters can be determined
from the ESR spectra with high precision since the fine
structure lines are narrow. Hence, they reflect small changes
in the crystal fields sensitively. Figure 12 shows a spectrum
whose most dominant features are the seven allowed fine
structure transitions. In addition to tetragonal terms in Eq.
(A1), i.e., those corresponding to m=0 and 4, that follow
from the crystal structure, the following term is required to
describe the observed ESR spectra for fields in the CuO,
plane:

Hjy,= %béOéz (A2)
Here 05 corresponds to the O3 Stevens operator but it is not
fixed to the lattice; rather, it rotates with the antiferromag-
netic sublattice magnetization, M,. A possible reason for this
could be magnetostriction that slightly distorts the tetragonal
symmetry, and, e.g., if M |[[100], the lattice constants paral-
lel and perpendicular to M differ somewhat. However, con-
trary to our earlier view,>* the data in hole-doped samples
show that magnetostriction cannot be the main origin of the
orthorhombic terms. For sample Ca0.8% as the temperature
rises, the antiferromagnetic easy axis rotates from [110] to
[100], but the magnitude of b5 derived from the splitting of
the fine structure remains the same. This rules out magneto-
striction, which is expected to be much smaller for M, along
the [110] than the [100] direction. To solve the dilemma, we
suggest that a term formally described by an orthorhombic
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fine structure parameter arises from the magnetic interaction
between Gd** and the CuO, lattice. In this case the magni-
tude of b% is proportional to the susceptibility anisotropy x of
the CuO, antiferromagnet, which is unaffected by the direc-
tion of the easy axis of M.

We describe the magnetic coupling of the Gd** ESR
probe to the CuO, lattice by an effective exchange Hamil-
tonian,

Hy =2 J1ScaScus (A3)

where J; stands for an indirect coupling of Gd** to the anti-
ferromagnetic magnetization of YBCO and the summation is
over the eight first-neighbors. Gd** is directly coupled to the
polarization of neighboring O atoms, which itself is coupled
to the polarization of two neighboring Cu atoms. The rare
earth ion is in a highly symmetric position within the anti-
ferromagnetic CuO, sandwich, and H), does not shift the
energies in first order of J; in the absence of an external
magnetic field. In a magnetic field perpendicular to M, the
mean field ESR Knight shift of the fine structure lines is

ABy=-5%AxB, (A4)

where y is the molar susceptibility tensor and %A
=2J,/(2Nggagcuitg’). Here z=8 is the number of Cu neigh-
bors of Gd and N is the Avogadro number. For simplicity we
take x;=0 and y=y . The Gd** ESR Knight shift is impor-
tant at high magnetic fields, and is proportional to the %Y
NMR Knight shift for doped YBCO in a broad doping con-
centration range.®

There is a further non-negligible term, second order in Ji,
that arises from the polarization of neighboring Cu (and O)
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atoms by the Gd** spins. In a mean-field treatment, neglect-
ing terms that are isotropic in the CuO, plane,

1
HM2 = gb%Oéz, (A5a)

with

o3

=-—1 (A5b)
27 22N(gcupp)’h

where y; describes the polarizability of the Cu spins by the
Gd3* exchange field perpendicular to M|, and 0;2 is the 0%
Stevens operator rotated the same way as what is needed to
turn the [100] vector parallel to M,. In a single fluid model
X1 1s comparable to y, the anisotropy of the macroscopic
susceptibility. The magnetic interaction changes the spec-
trum formally the same way as an orthorhombic distortion of
the crystal.

The measured values are “A=1.5T?mol/J,*° b3
=48 MHz and y=1.4X 1073 J/T? mol,> so that we deduce
x1=0.13x for the polarizability of the CuO, plane by the
Gd** ions. In a single fluid model y,; would be equal to
2, x, cos(agq,/2)cos(agg,/2), i.e., the nonlocal response of
the CuO, plane weighted by the form factor corresponding to
the eight Cu nearest neighbors of the Gd**. This should be
roughly the same as y. Clearly, a more sophisticated model
of the coupling of Gd** to CuO, planes would be necessary
for a quantitative description. However, it reproduces the
main features: the main axes rotate with the magnetization
but the magnitude of the shifts of the fine structure lines
remains the same.
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