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Antiferromagnetism, ferromagnetism, and magnetic phase separation in Bi2Sr2CoO6¿d
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We present results of a study of the magnetism in Bi2Sr2CoO61d , the Co analog of the high Tc supercon-
ductor Bi2Sr2CuO61d . This system evolves from an antiferromagnetic~AF! insulator to an unusual ferromag-
netic ~FM! insulator asd is reduced from;0.5 to ;0.25. Whend is close to 0.5, the Co ions have formal
oxidation state 31 and order antiferromagnetically at TN;250 K. Thed;0.25 crystal has equal numbers of
Co21 and Co31 and exhibits FM behavior with a moment;1.5mb /Co at 5 T and a Curie temperature Tc

;100 K. Single crystal neutron scattering~both polarized and unpolarized!, magnetization, and resistivity
measurements have been used to characterize the evolution of the magnetic and transport properties between
these two doping limits. For crystals with 0.25,d,0.5, both FM and AF Bragg peaks are observed with
neutrons, above a critical field Hc . Field-dependent neutron diffraction measurements confirm that the FM
peaks result from ferromagnetic domains, which coexist with antiferromagnetic domains, and have a net
moment above the critical field. The suppression of Ne´el order and accompanying increase in the volume of the
FM domains with decreasingd is measured for samples with 0.25,d,0.5. We discuss this behavior in the
context of phase separation resulting in a hole rich, Co31 AF phase and a hole poor, Co21 –Co31 FM phase.
In addition, the rich phenomenology of the interacting magnetic domains can be explained by mapping to a
form of the random field Ising model.

DOI: 10.1103/PhysRevB.66.054415 PACS number~s!: 75.25.1z
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I. INTRODUCTION

In many transition metal oxides, the delicate interplay b
tween the charge, orbital, and spin degrees of freedom re
in a rich phase diagram. For example, the manganites
general form A12xBxMnO3 ~A is a rare earth, and B is a
divalent alkali earth atom!, show a complex evolution of the
magnetic and transport properties with hole doping.1–3

Charge ordering, ferromagnetic~FM!, and antiferromagnetic
~AF! ordering, and a transition from metallic to insulatin
behavior are all observed in the range 0,x,1. The phase
diagram as a function ofx depends on the choice of A and
ions, but the general feature of the manganites is that h
doping of the pure Mn31 insulator results in ferromagnetism
accompanied by large magnetoresistance~MR!. Although the
existence of FM order at finitex is qualitatively explained by
double-exchange~DE! between the Mn31 and Mn41 ions, it
has become clear that a more complete physical pictur
required to explain all of the experimental observations.

To gain insight into the physics of the manganites,
magnetic and electronic properties of related compou
have been studied intensively. The cobalt oxides, in part
lar, have attracted attention both because they exhibit sim
properties to the manganites and because they constitu
interesting group of materials in their own right. The form
oxidation state of Co can be 21, 31 or 41 with the result
that a wide range of mixed valence compounds can be
tained with chemical substitution. In addition, the crys
0163-1829/2002/66~5!/054415~18!/$20.00 66 0544
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field splitting and on-site exchange~Hund’s rule! are in close
competition for the Co ion, resulting in the possibility fo
temperature driven spin-state transitions and a high sens
ity to changes in the local ligand field.4 This is an important
difference between the Co compounds and the mangan
since the Mn ions in the manganites are always in the h
spin state. Finally, there are several examples of cob
oxides that are readily doped with oxygen such that the h
concentration can be varied in a single sample.5,6

The discovery of MR in thin films of La12xSrxCoO3 has
directed considerable attention to this compound.7 In bulk
La12xSrxCoO3, the introduction of Co41 with increasingx
results in a FM transition and MR, although the MR is su
stantially smaller than that seen in the manganites. MR
also observed in the perovskite based compoundRBaCo2O5
(R5Eu, Gd!.8 These materials exhibit a number of ele
tronic and magnetic phases because they accommodated at
several nonstoichiometric values between 0 and 1. For
ample, the YBaCo2O5 compound~d50) exhibits charge or-
der of the Co31 and Co21 ions.6,9 Charge ordering has als
been observed in La1.5Sr0.5CoO4 where Co21 and Co31 are
in the ratio of 1:1.10

Although one of the major themes in the study of t
manganites is the role of phase separation,1,11 there appears
to be little evidence for phase separation occurring in
cobalt-oxides. One exception may be La12xSrxCoO3, where
recent susceptibility and electron diffraction results sugg
electronic phase separation.12–14In La12xSrxCoO3, hole-rich
©2002 The American Physical Society15-1
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FM clusters form near the Sr ions and leave behind a h
poor matrix with La2CoO3 character.

The formation of distinct phases with different hole de
sities is limited by long range Coulomb interactions. Ho
ever, when compounds are doped with oxygen, electro
phase separation may be accommodated by the mobilit
oxygen. In this paper, we report on our observation of m
netic phase separation in oxygen doped Bi2Sr2CoO61d in the
range 0.25,d,0.5. We show neutron scattering results th
suggest phase separation between a Co31 rich AF phase and
a Co21 –Co31 FM phase. The phase separation occurs
sufficiently small length scales that the magnetic interact
at the phase boundary has a non-negligible effect on
magnetic order within the individual phases. In addition,
believe that the mobility of oxygen accommodates the f
mation of distinct phases with different hole densities.

Tarascon and co-workers15 first synthesized
Bi2Sr2CoO61d in an effort to study the effects of replacin
Cu with Co in the high-Tc superconductor Bi2Sr2CuO61d .
They found that the Co compound is essentially isostruct
to the cuprate with the exception that the structural modu
tion along the orthorhombica-axis has a period of four lat
tice constants instead of five.

The Co spins in powder samples of Bi2Sr2CoO61d were
found to order antiferromagnetically in theab plane at a
Néel temperature TN between 100 and 280 K, depending o
sample preparation, yet the susceptibility alonga showed a
FM peak at TN . Below TN , the field dependence of th
moment alonga was superlinear, suggesting hidden ferr
magnetism. The authors of Ref. 15 suggested that an in-p
canting of the antiferromagnetic spins could explain the f
romagnetic behavior. However, this was based on their
servation that the AF spin lies along theb direction, perpen-
dicular to the observed FM jump in the moment. O
measurements of single crystal Bi2Sr2CoO61d show that the
spin direction is, instead, alonga, which excludes the simple
canting model described in Ref. 15.16

Here, we report an extensive investigation of the FM b
havior of Bi2Sr2CoO61d , focusing, in particular, on the en
hancement of the ferromagnetism as the oxygen contend,
is decreased fromd.0.4 tod;0.25. We show evidence tha
the FM susceptibility and field induced uniform moment r
sult from FM clusters within the antiferromagnet. The clu
ters grow larger when oxygen is removed from the crys
and dominate the magnetic behavior in samples in whichN
is reduced below;100 K. To understand the evolution o
the FM clusters with the removal of oxygen, we have ch
acterized crystals with 0.25&d,0.5. We find that the
oxygen-rich crystal (d.0.4) with mostly Co31 shows AF
long-range order.17 When the oxygen contentd is close to
0.25, such that the ratio of Co31 to Co21 approaches 1:1, the
spins order ferromagnetically alonga. At intermediate values
of d, 0.25,d,0.5, we observe both AF and FM domain
with neutrons. We argue that phase separation into dom
which are hole rich~mostly Co31) and domains which are
hole poor~equal numbers of Co21 and Co31) results in dis-
tinct magnetic domains which are AF and FM, respective
Phase separation into hole rich and hole poor regions at
temperatures is presumably allowed by mobile oxygen,
05441
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which an imiscibility gap between thed50.5 andd50.25
compositions may exist. In addition, we suggest that the
phase is a charge-ordered checkerboard structure with a
nating Co31 and Co21 ions.

Our paper is organized as follows. In Sec. II, the sam
preparation and characterization of single crys
Bi2Sr2CoO61d are discussed. The results are presented
three parts in Sec. III. In Sec. III A, we discuss the antife
romagnetic spin arrangement for the composition withd
.0.4, which consists of predominantly Co31 ions. In Sec.
III B, we present evidence for ferromagnetic order near
limit d;0.25. This oxygen concentration should correspo
to nearly equal amounts of Co21 and Co31 ions and is ap-
parently the optimal concentration for forming the FM pha
In Sec. III C, we discuss the presence of simultaneous
and AF order, which exists in all samples with 0.25,d
,0.5. Neutron scattering and magnetization measurem
of samples with a range of TN from 295 to 0 K are presented
to show the evolution of the FM clusters as oxygen vac
cies are introduced into the Co31 AF. Presenting the data in
this way clarifies which properties are intrinsic to either t
FM phase or the AF phase and which properties result fr
the coexistence and interaction of two distinct magne
phases at intermediated. In Sec. IV, we discuss the exper
mental results in terms of phase separation between the C31

AF and the Co21 –Co31 charge ordered FM. We present
microscopic model to explain the field dependence obser
in the magnetically ordered, phase separated crystal
show that this model can be mapped to a form of the rand
field Ising model in two dimensions.

II. EXPERIMENTAL DETAILS

Single crystals of Bi2Sr2CoO61d were grown by the trav-
eling solvent floating zone method. The polycrystalline s
ichiometric feed rod was prepared from a solid state reac
of Bi2O3 , SrCO3, and Co3O4 powders and the mixed pow
der was calcined at 850 °C for 12 h followed by a seco
anneal at 890 °C for 12 h. The final feed rod was anneale
900 °C in air. A Bi2O3 rich flux was chosen at a molar rati
of 4:1 Bi2Sr2CoO6 to Bi2O3. X-ray diffraction of crushed
crystals confirmed that the crystals consist of a single che
cal phase. As-grown samples typically have TN>200 K.

Figure 1 shows the crystal structure of Bi2Sr2CoO61d .
For clarity, the modulation alonga, which results in a four-
fold increase of the unit cell, is not shown. Note that each
site in Bi2Sr2CoO61d is surrounded by six oxygen ions in a
elongated octahedron and in the absence of the lo
wavelength modulation, the Co sites would form a nea
square lattice in the CoO2 layers. Throughout this paper, w
use notation describing the orthorhombic subcell
Bi2Sr2CoO61d with lattice parametersa.b.5.45 Å and
c.23.6 Å.

The crystal grows alongb and cleaves easily into rectan
gular pieces with the long axis alongb and the large faces
perpendicular toc. X-ray Laue diffraction confirms the su
perlattice reflections alonga. These features are used to o
ent small rectangular pieces to within 3° degrees of one
the major crystallographic axes for magnetization measu
5-2
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ments. Large, single crystal cylindrical rods, of order 3
mm in diameter and 3 cm in length, are used for neut
scattering measurements. For most of the samples, ma
tometry measurements are made on a small piece cut
the same crystal used for neutron diffraction and provide
important check on the magnetic moments calculated fr
neutron measurements.

The magnetic properties of Bi2Sr2CoO61d are very sensi-
tive to the oxygen content, which, in turn, is determined
the annealing conditions. Annealing an as-grown crysta
vacuum reduces the Ne´el temperature, TN , significantly. For
example, annealing at 600 °C in vacuum (<10 mTorr) for 2
h reduces TN from 235 to 170 K. For annealing temperatur
between 400 and 850 °C, the higher the temperature of
vacuum anneal, the lower the resulting TN . In addition, the
structural model used in the refinement of the neutron p
der diffraction data from Ref. 15 includes an extra row
oxygen in the bismuth–oxide layer, consistent with a f
mula unit of Bi2Sr2CoO6.25. These two points suggest th
the as-grown crystals haved.0.25, which favors trivalent
Co. One expects an AF interaction between neighbor
Co31 ions with nonzero spin, S. Thus, the suppression of
order when oxygen is removed indicates that the comp
tion with all cobalt ions in the high oxidation, or 31 state,

FIG. 1. Structure of the tetragonal subcell in Bi2Sr2CoO61d ,
indicating the orthorhombica-axis. The modulation alonga is not
shown. Each Co ion is surrounded by an elongated octahedro
oxygen ions.
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would have an antiferromagnetic state with the highest TN .
Several groups have measured the oxygen content e

directly @thermogravimetric analysis~TGA!# or indirectly~ti-
tration of the Co31! for as-grown crystals.15,18 The results
vary substantially, fromd50.15 ~titration! ~Ref. 15! to d
50.4 ~TGA!.15,18 In the TGA method, a sample o
Bi2Sr2CoO61d is annealed at high temperature in a reduc
atmosphere until the crystal decomposes into Bi and Co m
als and SrO. The weight loss during decomposition
equated to the loss of (41d) oxygen atoms per formula unit
This method has been used to estimate the oxygen conte
our as-grown samples. A flow of 5% H2 in He gas provides a
reducing environment for a single crystal~2–20 mg! with
initial TN5260 K. For several such TGA measurements
which the sample is decomposed, the range ofd measured is
0.23<d<0.5. The error in this measurement results prim
rily from incomplete decomposition and the partial evapo
tion of Bi.

Although there is a large uncertainty in theabsoluteoxy-
gen content of the most oxygenated crystal, thedifferencein
oxygen content between two samples which have differ
Néel temperatures can be measured very accurately. We
anneal a crystal in vacuum so that the AF ordering is co
pletely suppressed. Since, as mentioned above, the struc
oxygen content isd50.25, it is not unreasonable to assum
that this reduced crystal is close to the compositiond
50.25. We then measure the weight gain after annealing
crystal at 560 °C in oxygen in the TGA. The reoxidized cry
tal has a TN of 240 K and 0.16 more oxygen per formula un
than the reduced crystal. Therefore, we determine that a c
tal with TN5240 K hasd50.41, in good agreement with
the value ofd50.37 for as-grown crystals determined b
Zinkevich et al.18 Samples withd greater than 0.4 can b
obtained by further annealing in oxygen at temperatu
.560 °C. Annealing at 800 °C in oxygen results in a TN as
high as 295 K; however, this is also the temperature at wh
Bi2Sr2CoO61d becomes unstable to formation of the doub
layer compound Bi2Sr3Co2O91d and the oxidation of
Bi2Sr2CoO61d is therefore limited.18 From the above, we
can say that samples with TN.240 K haved.0.4, though
we do not believe we have reached the compositiond50.5
corresponding to only Co31.

To obtain samples for neutron scattering and magnet
tion measurements with TN,200 K, as-grown crystals were
annealed in vacuum for up to 12 h. To obtain the most
duced samples, as-grown crystals were annealed at 800 °
an evacuated quartz tube containing Cu powder as a redu
agent. Although this procedure resulted in the most comp
reduction of the sample~no measurable Co31 AF!, the large
temperature gradients in this process warped the we
coupled layers and samples obtained in this way had p
mosaics consisting of several crystallites.

Single crystal neutron scattering measurements w
made at the BT2 triple-axis spectrometer at NIST. Samp
that were reduced in the quartz tube contained multiple c
tallites and, in this case, the largest crystallite was chosen
neutron study. The crystal mosaic varied, depending on

of
5-3
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K. J. THOMAS et al. PHYSICAL REVIEW B 66, 054415 ~2002!
sample, from 0.1° to 1°. Different collimator slit width
~FWHM! were chosen depending on the sample mosaic
though most measurements were taken using 608 - 408 -
sample - 408 beam collimation with no collimator before th
detector. Field-dependent measurements were made us
split-coil superconducting magnet in conjunction with a H
cryostat. The incident neutron energy was 14.7 meV. For
unpolarized neutron measurements, the~0, 0, 2! reflection
from pyrolytic graphite~PG! crystals was used for the mono
chromator and analyzer. For the polarized neutron meas
ments, a Heusler alloy was used for the monochromator
either a PG was used for the analyzer~half-polarization
analysis! or another Heusler was used~full-polarization
analysis!. The flipping ratio in the polarization measuremen
exceeded 20:1, indicating that more than 95% of the n
trons remained polarized over the course of the scatte
flight path. We calculated the magnetic moment per Co
~in absolute units! by comparing the intensities of the ma
netic peaks to those of the nuclear peaks. In these calc
tions, we used the structure factors calculated in the pow
refinement from Ref.15. All graphs showing raw neutr
data show statistical error bars, though in some cases
error bar is smaller than the plot symbol. Unless otherw
noted, the measured magnetic Bragg peaks were resolu
limited in width.

The temperature dependent magnetic susceptibility,x(T),
and field-dependent uniform moment were measured i
Superconducting QUantum Interference Device~SQUID!
magnetometer over the temperature range 5–400 K. Tr
port measurements were made on cleaved rectangular p
with a thickness of 100–200mm. Line contacts of Cr and
then Au were evaporated onto the top and sides for volt
and current contacts, respectively. Au wire leads were
tached using silver epoxy cured at 100 °C in air. Conta
applied in this way resulted in room temperature contact
sistances of 0.1–2 kV.

III. RESULTS

A. Antiferromagnetic order in Bi 2Sr2CoO6¿d , dÐ0.4

In this section, we discuss the details of the antiferrom
netic order of the Co31 spins occurring in samples withd
>0.4. Initial neutron scattering measurements of the s
ordering in as-grown crystals were performed at zero field
both the~H0L! and ~0KL! scattering planes. We determine
TN;235 K from the peak in the susceptibility, as discuss
below. The neutron measurements revealed magnetic B
peaks at the positions~H 5 odd, K5 even, L5 odd! and~H
5 even, K 5 odd, L 5 even!, consistent with antiparalle
nearest-neighbor~NN! spins in the CoO2 layer and an effec-
tive FM interaction between NN spins in adjacent layers,
shown in Fig. 2~a!.19 The four unique spins in the magnet
unit cell are therefore at the positions~0, 0, 0!, ~1/2, 1/2, 0!,
~1/2, 0, 1/2!, and ~0, 1/2, 1/2!. Figure 2~b! summarizes the
allowed nuclear ~closed squares! and antiferromagnetic
~open ovals! peak positions in the~H0L! and ~0KL! scatter-
ing planes, in zero field.

We have determined that the spin direction is alonga by
analyzing theQ dependence of the magnetic Bragg pe
05441
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intensity for various scattering geometries. For a colline
spin arrangement, the magnetic cross section is given by

ds

dV
}~gr 0!2~ 1

2 gmb!2~F~Q!^S&sin~a!!2S (
d

eıQ•tdD 2

.

~1!

In ~1!, F~Q! is the magnetic form factor, which is the sam
for the four spins in the magnetic unit cell.20 td denotes the
position of each spin and the sum in~1! is the structure
factor, S~Q!. Each spin has expectation value^S& and a is
the angle between̂S& and the momentum transfer vector,Q.
Figure 3 shows the L dependence of the integrated inten
of the AF peaks along~1, 0, L!. The integrated intensity a
the Bragg position~1, 0, L 5 odd! grows with increasing L
because of the increasing perpendicular component oQ
with respect tô S&. From Fig. 3 it is clear that the staggere
moment is alonga, rather than alongb, as proposed by
Tarasconet al.15

The temperature dependence of the intensity of the~1, 0,
1! Bragg peak, which is proportional to the square of t
Co31 ordered moment, is shown in Fig. 4~a!. The data are fit
to an order parameter function with a Gaussian distribut
of Néel temperatures. Although a good fit (x2,1) is ob-
tained, the substantial rounding near the transition temp
ture prevents an accurate determination of the order par
eter exponent,b. Several fits to the data withx2<1 are
shown. The solid line is the result of a fit withb fixed at
0.25, the value observed in many 2D square-lattice Heis
berg systems,21 and a fitted TN5218(2). Thedotted line is a

FIG. 2. ~a! Antiferromagnetic spin arrangement below TN . The
spins lie along the orthorhombica direction and all spins in the
sameac plane point in the same direction.~b! Allowed nuclear
~dark squares! and antiferromagnetic~ovals! reflections in the
~H0L! and~0KL! zones. The orthorhombic distortion is exaggerat
for clarity. Superlattice reflections which result from the fourfo
increase in the unit cell alonga are not shown.
5-4
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fit with b fixed at 0.12, the value for the 2D Ising model, a
a fitted TN5208(1).Finally, the dashed line is a fit with TN
fixed at 235 K, the transition temperature determined fr
the susceptibility, and a fitted value ofb50.425(0.031). All
fits have a Gaussian distribution of Ne´el temperatures with
variances;30 K. The origin of the rounding is most likely
inhomogeneity of the oxygen content for this as-grown cr
tal, since annealed samples show narrower transitionss
;10 K) .

In Fig. 4~b!, the peak intensity of a scan through the r
arising from two-dimensional AF spin fluctuations is plott
as a function of temperature. This measurement is mad
the 2-axis mode without energy analysis, such that the de
tor integrates over all final neutron energies.22 The transfer of
weight out of the rod and into the Bragg peaks at;250 K
can be seen by comparing Figs. 4~a! and 4~b!. The two-
dimensional magnetic scattering near the 3D ordering t
perature is similar to that found in the Heisenberg antifer
magnet La2CuO4.21 In particular, the reduction of the
quasielastic intensity at~1, 0, 0.4! as the temperature is low
ered below TN is more gradual than the observed critic
behavior of K2NiF4, a prototypical 2D Ising system.23 How-
ever, the rounding at the transition resulting from inhomo
neity of the oxygen may obscure the true critical behavio

The magnitude of the ordered Co31 moment,^MAF&, is
estimated by normalizing the AF peak to the nuclear~0, 0, 2!
reflection, which has a known cross section.15 We estimate
^MAF&52.560.8 mb /Co resulting in ^SAF&51.3
60.4 mb /Co, assuming g5 2. The estimated moment i
closest to the intermediate spin state, S5 1, of the Co31 ion
in an octahedral crystal field. Preliminary spin wave me

FIG. 3. Integrated intensities measured at the AF Bragg p
tions are proportional to the magnetic cross secti
F2(Q)S2(Q)sin2(a) ~solid line!, where S(Q) is the Q-dependent
structure factor. Shown here is a scan along L through~1, 0, L!. The
intensity is maximized whenQ and S are orthogonal, which ex-
plains the increase in intensity with L. The drop off in intensity f
L 5 5 is mostly due to an incomplete vertical integration of t
signal caused by the fairly large mosaic in this crystal. This effec
most severe at largeuQu.
05441
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surements provide an estimate of;13 meV for the in-plane
AF exchange interaction~using ^S&51.3).

B. Ferromagnetism in Bi2Sr2CoO6¿d , dÈ0.25

Bi2Sr2CoO61d with d50.25 is expected to have equ
amounts of Co21 and Co31. The distinguishing feature of a
sample with nominal composition Bi2Sr2CoO6.25 is the ab-
sence of AF peaks found in Bi2Sr2CoO61d , d.0.4; a scan
along~0, 1, L! shows no temperature dependence betwee
K and 300 K. This indicates that NN spins in theab plane no
longer have an AF coupling. The crystal with this compo
tion instead shows predominantly ferromagnetic behavio
the ab plane.

Figure 5~a! shows a measurement of the temperature
pendent susceptibility with the applied field H alonga, b,
andc. For the susceptibility alonga, both zero-field cooled
~ZFC! and field-cooled~FC! measurements are shown. Th
thermal hysteresis occurring below 30 K is only seen at l
fields and may indicate spin-freezing; we will focus on t
magnetization above 30 K where the thermal hysteresi
not observed. The susceptibility indicates a strong in-pla
spin anisotropy, with the largest susceptibility alonga and a
much smaller susceptibility alongc. Although there is a
sharp decrease in the susceptibility at 47.5 K, this does
result from an AF ordering of neighboring spins in theab
plane, as discussed above.

A Curie fit of xa at high temperature (.300 K) yields a
FM Curie temperature Tc;100 K, andmeff;4mb per Co.

i-
,

s

FIG. 4. ~a! Integrated intensity at the~1, 0, 1! AF reflection
measured as a function of temperature. The three curves are fi
the data, for T.150 K, to an order parameter function with
Gaussian distribution of transition temperatures. The curves co
spond to a fit withb fixed at 0.12~dark line!, b fixed at 0.25~dotted
line!, and TN fixed at 235 K~dashed line!. ~b! Peak intensity of a
scan through the rod of 2D AF scattering as a function of tempe
ture; the dashed line is the background, measured at~1.077, 0, 0.4!
at 30 K.
5-5
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For T@Tc we can treat the paramagnetic susceptibility
arising from two sublattices, one with the spin of the Co21

and the other with the spin of the Co31, which are ferromag-
netically coupled. We find that the fitted value formeff is
greater than the value expected for either an equal mixtur
Co31 in the S 5 1 state and Co21 in the S 5 3/2 state
(meff53.39) or an equal mixture of Co31 in the S5 2 state
and Co21 in the S5 1/2 state (meff53.67), but less than the
value expected for Co31 in the S5 2 state and Co21 in the
S 5 3/2 state (meff54.42). We note that themeff values ex-
pected for Co21 in the S5 1/2 state and Co31 in the S5 1
and 0 state are 2.35 and 1.22, respectively, which are m
smaller than the fittedmeff .

FIG. 5. ~a! Temperature dependent susceptibility of ad.0.25
crystal. Both field-cooled~FC! and zero-field cooled~ZFC! suscep-
tibilities are shown forxa . ~b! Temperature dependence of th
square of the uniform moment measured in the SQUID~dark
squares! and the magnetic contribution to the intensity at the~0, 0,
4! Bragg peak~open circles! in a 2.9 T field alonga. ~c! The field
dependence of the uniform moment measured in the SQUID fo
alonga at 30, 60, and 200 K. Also shown is the field dependence
the square root of the intensity of the magnetic scattering at~0, 0, 4!
~large squares!, normalized to the SQUID data at 5 T.
05441
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In Fig. 5~b!, the square of the uniform moment in a 2.9
field is plotted as a function of temperature.~We plot the
square of the moment for ease of comparison with the n
tron results.! In this measurement, the field is applied alo
a, the direction which shows the largest susceptibility. T
temperature dependence is suggestive of a ferromagneti
dering with an onset near 100 K, consistent with the abo
Curie fit. Note, however, that the temperature dependenc
the moment is strongly field dependent; in particular, t
zero field measurement in Fig. 5~a!, as well as the zero field
neutron data~shown below!, reveal no net moment.

To explore a possible ferromagnetic ordering of the sp
with neutrons, we measure the magnetic contribution to
intensity at the allowed nuclear reflections@see Fig. 2~b!#. All
of the measurements are performed in the~0KL! plane with
the field alonga. Since the magnetic intensity is weak com
pared to the nuclear intensity, we have chosen to look
ferromagnetism at relatively weak structural positions. T
~0, 0, 4! nuclear position is ideal, as it is sufficiently wea
that the magnetic intensity is at least 10% of the nucl
intensity anduQu is small so that the form factor remain
large.

The temperature dependent ferromagnetic contribution
the intensity of the~0, 0, 4! Bragg peak induced by a 2.9 T
field is shown in Fig. 5~b!. The field is necessary because,
noted above, the uniform moment vanishes at H5 0. We
determine the ferromagnetic contribution to the intensity
~0, 0, 4! as the difference between the total intensity and
intensity at 190 K, at which temperature the intensity at t
position is completely due to nuclear scattering. This is c
firmed by the absence of field dependence at 190 K. T
neutron data are normalized to the SQUID data at 30 K
show that both quantities have the same temperature de
dence. We note that the temperature dependence mea
ment in Fig. 5~b! does not constitute a true order parame
measurement of ferromagnetic ordering since the meas
ment is not made at zero field. The absence of a spontan
ferromagnetic moment in zero field indicates that the vec
sum of the four spins in the magnetic unit cell is zero at z
field. The moment measured in Fig. 5~b! is therefore more
appropriately called a field-induced ferromagnetic mome

Figure 5~c! shows a SQUID measurement of the mome
vs field at 30, 60, and 200 K, again with the field appli
alonga. Above;150 K, the moment is linear in field up to
5 T. Also plotted in Fig. 5~c! is the field dependence of th
uniform moment measured by neutrons at 30 K. Again,
neutron data have been normalized to the magnetization
T to emphasize that the field dependence is the same for
measurements. The absolute moment determined from
trons is 2.160.7 mb per Co at 5 T, which is within error of
the moment of 1.560.1 mb /Co measured by the SQUID.

The field dependence of the moment at low T shown
Fig. 5~c! is unusual; the size of the moment increases rap
up to 2 T and then shows a much slower increase at field
to 7 T without saturating. The field dependence of the u
form moment is similar to that expected for a soft ferroma
net, i.e., a ferromagnet with a small coercive field; howev
a ferromagnet has a finite microscopic moment at H5 0
which can be seen by neutrons even if the uniform mom

H
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ANTIFERROMAGNETISM, FERROMAGNETISM, AND . . . PHYSICAL REVIEW B66, 054415 ~2002!
vanishes because of domain effects. That is, the intensit
the neutron peaks and the bulk magnetization would not
incide for a soft ferromagnet as they do in Fig. 5~c!. There-
fore, we conclude that the field induces a continuous po
ization of the spins from a zero-moment ground state.

The size of the moment at 5 T is 1.560.1 mb /Co, which
in the simplest picture is the expected moment for either
equal mixture of S5 0 and S5 3/2 spins or S5 1 and S
5 1/2 spins. As in the Curie fit, we cannot determi
uniquely the separate spin on the Co21 and Co31 sites from
the total~bulk! saturated moment.

Since the ferromagnetic Curie temperature and the n
linear field dependence suggest that the dominant interac
is ferromagnetic, we propose that the absence of a unif
moment at zero field results from a small AF coupling alo
c between ferromagnetic layers. This would explain the la
ferromagnetic susceptibility at high temperatures seen inxa
and the suppression of the moment below 47.5 K. We n
that this proposed spin arrangement would result in magn
Bragg peaks at the~0, 0, L 5 odd! positions at zero field.
Preliminary measurements in which~0, 0, L 5 odd! peaks
are observed to disappear in a magnetic field confirm
picture.24 In the following section, evidence is presented f
other samples that an antiparallel stacking of the layers
indeed, the zero-field ground state for thed;0.25, FM
phase.

C. Doping dependence, 0.25ËdË0.5

The compositions Bi2Sr2CoO6.5 and Bi2Sr2CoO6.25 ap-
pear to be two end points in the phase diagram
Bi2Sr2CoO61d . We have shown that thed>0.4 crystal with
mostly Co31 spins undergoes a transition to an antiferrom
netic alignment of the spins in theab plane with TN
.200 K. On the other hand, thed .0.25 crystal has nearly
equal numbers of Co31 and Co21 ions and the in-plane in
teraction is ferromagnetic with Tc;100 K. To study the
evolution of the magnetism between these two end-p
compositions, we have characterized samples which h
been annealed to give a range of Ne´el temperatures from 295
to 0 K.

Figure 6 shows the magnetic susceptibility with the fie
applied alonga for samples which have TN ranging from 295
K to 0 K. The enormous growth of the ferromagnetic-lik
peak with decreasing TN suggests that the ferromagnetic i
teraction is favored by removal of oxygen fro
Bi2Sr2CoO61d and competes with the antiferromagnetic o
der found in samples withd.0.4. As discussed below, th
peak in the susceptibility occurs at the same temperatur
TN for TN>125 K. On the other hand, the two curves wi
the peak in the susceptibility occurring near 45 K correspo
to two different samples, one with TN581.5 K ~dark
squares, Tpeak540 K) and one with no AF ordering~open
circles, Tpeak547.5 K). So as not to cause confusion, w
will distinguish between Tpeak, the temperature coinciding
with the peak in the susceptibility, and TN , which is the
onset temperature for the sublattice magnetization meas
by neutrons. For all of the samples shown in Fig. 6,
susceptibility at temperatures above the peak can be fit
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Curie–Weiss form with a ferromagnetic Curie temperatu
Tc . Tc coincides with Tpeakfor Tpeak.100 K, while for Tpeak
below 100 K, Tc remains at 100 K even though Tpeakcontin-
ues to decrease.

We have already discussed the AF spin ordering o
sample withd.0.4 and TN.200 K. From Fig. 6, it is clear
that the ferromagnetic peak, though much reduced comp
to thed;0.25 phase, is present for these high TN samples as
well. Therefore, we first focus on understanding the prese
of ferromagnetism in samples which have nominally highd
(d.0.4) and well defined AF transitions, before discuss
the full doping dependence of the magnetism for 0.25,d
,0.4.

The temperature dependent magnetic susceptibility of
same crystal used to determine the AF spin structure~Figs. 3
and 4! is shown in Fig. 7. The inset shows the spin orien
tion in a single magnetic layer, determined from the neut
measurements discussed previously. Both zero-field co
and field-cooled measurements ofxa , xb , andxc in a 0.1 T
field are shown, with the largest difference between ze
field cooling and field cooling occurring when the field
along a. The peak in the susceptibility alonga at Tpeak
5235 K is identified as the transition to 3D AF order b
cause of the sharp drop in the susceptibility below this te
perature. The Ne´el temperature determined in this way
close to that measured by neutrons, and we have alre
shown that taking TN to be 235 K gives a satisfactory fit t
the neutron data@see Fig. 4~a!#.

The susceptibility is also highly anisotropic, and while t
c-axis susceptibility is small and nearly temperature indep

FIG. 6. Semi-logarithmic plot of the temperature dependent s
ceptibility for H parallel toa ~the AF spin direction! for samples
annealed in vacuum or oxygen to yield different oxygen contentd.
Starting from the right, the peaks in the susceptibility occur at te
peratures, Tpeak, equal to 295, 270, 235, 170, 95, 47.5, and 40
The samples with Tpeak5270 and 235 K were measured as-grow
The samples with Tpeak5170 and 95 K were annealed i
,10 mTorr vacuum at 600 and 750 °C, respectively. The t
samples with lowest Tpeak were annealed in an evacuated qua
tube with Cu powder as a reducing agent. The sample with Tpeak

5295 K was first reduced using the quartz tube method and t
annealed, at 800 °C, in a flow of pure oxygen.
5-7
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K. J. THOMAS et al. PHYSICAL REVIEW B 66, 054415 ~2002!
dent, the susceptibility shows ferromagnetic behavior wh
the field is alonga, and, to a lesser extent, when the field
along b. At temperatures above the peak inxa (T
>300 K), the susceptibility is well described by a Curie
Weiss form with a ferromagnetic Tc.Tpeak5235 K and
meff51.4mb , assuming all Co ions contribute.

The result of the Curie fit is surprising both because of
difference in sign between the fitted Curie temperature
that expected for AF exchange and the small magnitude
the Curie constant~for S 5 1 and g5 2, one expectsmeff
52.8!. In addition, the existence of a FM peak along t
easy axis of the AF is difficult to explain. A peak in th
susceptibility of an AF is usually an indication of a compe
ing FM interaction, which gives rise to a canted moment. F
example, such weak ferromagnetism is observed in La2CuO4
because of the Dzyaloshinsky–Moriya interaction betwe
neighboring spins, which causes the spin to cant out of
plane.25 However, the canting resulting from such a mech
nism is perpendicular to the AF spin direction, while
Bi2Sr2CoO61d , the enhanced susceptibility is stronge
along the AF spin direction. Furthermore, for ferroma
netism resulting from canting, the size of the canted mom
should be intrinsic to the AF order. It is clear from Fig. 6 th
the size of the FM peak grows as TN is suppressed, wherea
one would expect the staggered moment, and therefore
canted moment, to decrease as TN decreases.

The field dependence of the moment, M~H!, for T,TN
suggests ferromagnetism which is hidden at zero field. M~H!
with H alonga and T5 180 K is shown in Figure 8~a! for a
sample with a similar susceptibility to that shown in Fig.
with TN.Tpeak5215 K. At low fields, the moment is linea
in field. Near 1.6 T, there is a large jump in the mome
which corresponds to;0.25mb per Co for the field sweep a
180 K. We define the maximum in dM/dH as the ‘‘critica
field,’’ H c , for the jump in the moment.

FIG. 7. Temperature dependent magnetic susceptibility o
sample with TN.Tpeak5235 K for H parallel toa, b and c. The
susceptibility alonga, and to a lesser extent,b, shows ferromag-
netic behavior above 235 K, while thec-axis susceptibility is nearly
temperature independent. The inset shows the spin arrangeme
the AF phase in a single layer.
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The comparison between M~H! at 180 K and 50 K in Fig.
8~a! shows that the hysteresis grows substantially with
creasing temperature.~Below 10 K there is no sign of a
deviation from a constant susceptibility up to 5 T, suggest
that the hysteresis is larger than the range of the field use
the measurement.! The growing hysteresis with decreasin
temperature is consistent with the observed difference
tween field cooled and zero-field cooled measurements of
susceptibility. We note that when the field is applied alongb
or c the moment is linear with field up to 5 T at all temper
tures. This suggests that the jump in the moment is clos
related to the FM behavior since the susceptibility data sh
the largest peak when the field is alonga.

Figure 8~b! shows the moment as a function of tempe
ture while cooling in a 5 T field. The moment vs temperatu
in the field cooled measurement resembles that of a fe
magnet. As discussed previously, this measurement is m
at high field and does not indicate the onset of a spontane
moment; the absence of a FM moment for H5 0 has been
confirmed with neutrons. Rather, the measurement in F
8~b! shows the temperature dependence of a field indu
ferromagnetic moment. The inflection point of M~T! in the
field-cooled measurement is at the same temperature aN
measured in zero field, suggesting that the field induced
behavior only occurs in the ordered phase of the AF. F
comparison, the moment obtained at 5 T after cooling
zero-field is also shown. The data show a substantial dif
ence between the field cooled and zero-field cooled mom
for T,200 K, which may indicate that the low-field to high
field transition is first order in nature.

a

t in

FIG. 8. ~a! Field dependence of a sample with Tpeak5215 K at
180 and 50 K with the field applied alonga. The maximum in
dM/dH for the 180 K scan determines the critical field Hc , which is
1.6 T for this sample.~b! Comparison between the moment at 5
measured after cooling in zero field~ZFC! and after cooling in a
field ~FC!.
5-8
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ANTIFERROMAGNETISM, FERROMAGNETISM, AND . . . PHYSICAL REVIEW B66, 054415 ~2002!
Field-dependent neutron scattering measurements re
both FM and AF Bragg peaks above Hc for the sample stud-
ied in Fig. 8. We first discuss the field induced FM pea
The scattering geometry is such that the field is applied al
a, as in the SQUID measurement, and the scattering plan
~0KL!. After cooling in 7 T, we observe enhanced scatter
at the~0, 0, 4! nuclear position, resulting from a FM align
ment of the spins, just as for thed;0.25 sample. In Fig.
9~a!, a transverse scan~along K! through the~0, 0, 4! nuclear
position is shown for H5 7 T at 300 K and after field
cooling in 7 T to 7 K. There is a clear enhancement of

FIG. 9. Applying a 7 T magnetic field alonga results in ~a!
increased scattering at the~0, 0, 4! nuclear peak, shown here at 7
and 300 K and~b! a shift in the AF peaks from the zero-fiel
positions~0, 1, L5 even! to the high field positions~0, 1, L5 odd!.
The double peaks at low L in the scan in~b! result from a second
nearby crystallite. The shift in the positions of the AF peaks like
result from a change in the inter-plane stacking of the spins
indicated in the sketch in~c!. The shaded circles and open circl
are in adjacent layers separated byc/2. The arrow indicates the
direction of the field, which is parallel toa.
05441
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scattering in the 7 K scan compared to the 300 K scan. In
similar sample, we have confirmed that the field induc
intensity at the~0, 0, 4! peak results from FM scattering b
performing polarized neutron scattering without spin ana
sis.

The magnetic field also affects the AF structure. Figu
9~b! shows a scan along L through~0, 1, L! at 10 K after
cooling in zero field and after cooling in 7 T. When th
sample is cooled in zero field, there are AF Bragg peak
the L5 even positions just as in Fig. 2~b!. After cooling in a
7 T field, these peaks disappear and new AF peaks appe
the L 5 odd positions, indicating a high field AF phase wi
a different spin arrangement than the H5 0 phase. The po-
sitions of the high field AF peaks are consistent with a 18
rotation of all of the spins in alternate layers of the low-fie
AF. This change in the stacking arrangement is indicated
Fig. 9~c!, which shows a projection diagram of all four spin
in the magnetic unit cell.

The high field AF peaks have a significantly smaller pe
intensity and are nearly twice as broad as the AF peak
zero field, i.e., the high field AF peaks are no longer reso
tion limited. Comparing the integrated intensity of the~0, 1,
0! peak after zero-field cooling and the~0, 1, 1! peak after
cooling in 7 T, we find that the scattering is nearly conserv
when the field is applied. The broadening of the AF pe
only occurs in the L direction, which implies that the antife
romagnetic order at high field has a smaller magnetic co
lation length alongc than that at zero field. To analyze th
peak widths, we define the correlation length as the inve
of the half-width at half-maximum~HWHM! of a Gaussian
line shape in Q, which is convoluted with the spectrome
resolution function to obtain the experimentally observ
peak in Q space. The correlation length determined for
different magnetic Bragg peaks can then be compared.
estimate that the magnetic correlation length,jc , for the
high-field AF is;80 Å, compared to>400 Å for the zero-
field cooled, resolution limited AF peaks

In Fig. 10~a!, the field dependence at 180 K of the~0, 1,
0! and ~0, 1, 1! AF peaks and the square of the unifor
moment, as measured in the SQUID, are shown. Clearly,
AF structure and the magnitude of the uniform moment b
show strong variations at approximately the same fie
However, the magnetic peaks observed at the positions~0, 1,
1! and~0, 0, 4! cannot be caused by scattering from differe
components of the same ordered moment~i.e., a field in-
duced ferrimagnet or spin-flop of the antiferromagnet! be-
cause the peaks have different correlation lengths alongc. At
high magnetic field, the peaks at the AF positions are
resolution limited and havejc;80 Å while the FM peaks
are resolution limited and havejc>120 Å. This is an im-
portant point because it indicates that there are distinct
and FM regions in this sample.

To further confirm that the observed peaks at the FM a
high field AF reflections do not result from a canted AF, w
have performed polarized neutron measurements on a sim
sample. We have used a full polarization analysis set-up
measure, independently, the neutron spin flip~SF! and non-
spin flip ~NSF! cross sections for scattering from the order
spins in the sample. The neutrons are polarized in the s

s
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K. J. THOMAS et al. PHYSICAL REVIEW B 66, 054415 ~2002!
direction as the applied field, which is along thea-axis of the
sample. The beam’s polarization may be determined by m
suring the ratio of NSF to SF intensities at several structu
reflections above Tc . We find that the polarization alonga is
0.9460.01.@The polarization, P, is defined as~F21!/~F11!,
where F is the ratio of neutrons with spin up to neutrons w
spin down.# The SF and NSF cross sections of the FM~0, 0,
4! and AF ~0, 1, 1! reflections are measured after cooling
5 K in a 7 T field parallel toa and then reducing the field t
1 T ~due to hysteresis, it is possible to reduce the field to
without changing the high-field state!.

FIG. 10. ~a! Field dependence of the intensity of the~0, 1, 0!
and ~0, 1, 1! AF peaks at 180 K. The square of the moment m
sured in the SQUID, from Fig. 8~a!, is also shown. The increase i
intensity of the~0, 1, 1! peak and the jump in the uniform mome
occur at approximately the same magnetic field.~b! Measurement
of spin-flip ~SF! and nonspin flip~NSF! intensities of the~0, 0, 4!
and~0, 1, 1! peaks in a full polarization set-up~see text!. The dark
line indicates the intensity of SF scattering expected from imper
polarization. The experimentally determined polarization is 0.94
05441
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In Fig. 10~b!, scans through the~0, 0, 4! and ~0, 1, 1!
peaks are shown for both the NSF and SF configuratio
Also indicated is the background expected from imperf
polarization. The absence of SF processes above the b
ground at the~0, 0, 4! reflection indicates that the FM mo
ment is collinear with thea-axis, as expected. At the AF~0,
1, 1! reflection, the amplitude of the peak in the SF config
ration corresponds to 4.75% of the amplitude of the N
peak, which is slightly higher than what is expected fro
imperfect polarization~3.3%!.

We now explain why these results are inconsistent wit
canting model. In a canted AF, the FM moment arising fro
a canting of AF spins is necessarily perpendicular to the
rection of the staggered moment. Therefore, if the neutr
are polarized along the FM component of a canted AF,
neutron spin and staggered moment will be perpendicula
one another. Since a neutron’s spin flips when scattered f
a perpendicular moment, this situation will lead to 100
spin flip scattering at the AF reflections. In this situation, t
ratio of SF to NSF scattering at the AF reflection will b
given by (11P)/(12P)sin2(a), wherea is the angle be-
tween the direction of the staggered moment and the mom
tum transfer vector, Q. We estimate that the SF scatte
arising from an AF with a canted moment should beat least
1.4 times as great as the NSF scattering, i.e., the SF p
amplitude should begreater than the NSF peak amplitude.26

The SF scattering seen at the~0, 1, 1! reflection in Fig. 10~b!
is clearly muchlessthan the NSF scattering. Therefore, th
simultaneous FM and AF reflections seen at high field c
not result from a canted AF.

Although simultaneous FM and AF reflections could r
sult from a collinear ferrimagnetic ordering, the ratio of th
FM to AF peak intensity should not depend on the magne
ordering temperature. As shown below, the suppression
the Néel transition temperature results in an increase in
FM moment relative to the AF~staggered! moment.

For the above reasons, we conclude that the FM and
peaks result from distinct magnetic domains in the sam
To quantify the intensity of the FM and AF peaks in absolu
units, we use the following normalization: The FM intensi
at ~0, 0, 4! is attributed to a uniform moment per Co ion, i.e
each Co site has a spin,^SFM&, which lies alonga. The ad-
ditional scattering at the position~0, 0, 4! is therefore pro-
portional to^SFM&2. Similarly, the intensity at the AF peak i
attributed to a spin̂SAF& on each Co of each sublattice in a
antiferromagnet domain. Since we believe that the origin
the FM and AF ordered moments arise from different d
mains, we should ideally normalize the magnetic intensity
the AF and FM peak positions to the number of spins in
AF or FM domain, respectively. Since we do not knowa
priori the volume of either domain, we normalize the inte
sity to the total number of Co ions in the crystal. Howev
our interpretation is that the two quantities,^MAF& and
^MFM&, describe distinct magnetic phases.

The magnetic cross section also depends on the direc
of the magnetic spin with respect to the momentum trans
vectorQ @Eq. ~1!#. We have shown that the spin lies alonga
in both the AF and FM domains at all fields. Therefore
peaks measured in the~0KL! scattering plane haveQ ' to

-
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ANTIFERROMAGNETISM, FERROMAGNETISM, AND . . . PHYSICAL REVIEW B66, 054415 ~2002!
^S& and sin2 a51. We thus estimate that the FM moment f
the sample studied in Figs. 8–10 is between 0.4 and 0.mb
per Co ion. The range of values represents the uncertain
determining the absolute intensity of the different nucle
peaks for the normalization.

Figure 11 shows the temperature dependencies of the
tegrated intensity of the~0, 1, 0! peak in zero field, the~0, 1,
1! peak and the~0, 0, 4! peak in 7 T, and a SQUID measure
ment of the square of the uniform moment in a 5 T field
the above sample. The integrated intensities of the~0, 1, 0!
and ~0, 1, 1! peaks are proportional to the square of t
ordered moment in the AF phase at zero and high field,
spectively, while the integrated intensity of the~0, 0, 4! peak
is proportional to the square of the ordered moment in
FM phase. All of the data are plotted in the for
M2(T)/M2(0). Remarkably, the ordering temperatures f
the low and high field AF phases, as well as the FM pha
appear to be the same. At first sight, this appears to b
odds with our arguments for phase separation. However
believe that the coincidence of the ordering temperatures
be explained by considering the interaction between the
magnetic domains, such that the ordering of one phase dr
the ordering of the other. As we discuss below, the data s
gest that the ordering of spins in the AF phase induces o
in the FM phase.

We now discuss the observed growth in the ferromagn
behavior asd is reduced fromd.0.4 to d;0.25. We have
already shown that removal of oxygen not only suppres
TN but enhances the ferromagnetic peak inxa by nearly two
orders of magnitude between the sample with Tpeak
5295 K and the sample with Tpeak547.5 K ~see Fig. 6!. By
comparing the neutron data to susceptibility measureme
we find that for samples with Tpeak >125 K, Tpeak.TN ,
while for TN,125 K, Tpeak and TN differ. In addition, we
find that Tc from the Curie fit of the paramagnetic suscep
bility is .Tpeak for Tpeak.100 K, while for samples with
Tpeak,100 K, Tc remains fixed at.100 K even though
Tpeak decreases to 40 K. This suggests that the AF or
determines the ordering of the FM phase when TN is greater
than 100 K, but when TN is below 100 K, the FM and AF

FIG. 11. Temperature dependencies of the~0, 1, 0! integrated
intensity in zero field and the~0, 1, 1! and ~0, 0, 4! integrated
intensities in 7 T. The field is applied alonga. The line through the
temperature dependence of the~0, 1, 0! peak intensity is a guide to
the eye. The uniform moment squared~dark line!, measured in the
SQUID at 5 T, is also shown.
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orderering temperatures decouple with Tc determined by the
intrinsic properties of the FM phase. These results are s
marized in Fig. 12~a!, where Tc and TN are plotted as a
function of Tpeak. We use Tpeak to differentiate samples with
different oxygen content, since this is more easily measu
thand. We note that while the AF order is likely very sens
tive near the compositiond;0.25, Tpeak shows little varia-
tion. This may explain why we observe a slightly lower Tpeak
for the sample which has TN;80 K compared to the sampl
which has no observable long-range AF order. Since the s
stantial rounding near the onset temperature for AF orde
prevents a reliable fit of the data from sample to sample,
define TN in Fig. 12~a! as the temperature at which the in
tensity of the AF Bragg peak is 10% of the maximum inte
sity. Tc is the FM Curie temperature determined from t
Curie fits of the paramagnetic susceptibility. There are few
points for TN than Tc because we can only measure TN with
neutrons, while Tc is easily determined from the susceptib
ity.

In Fig. 12~b!, the ordered AF moment at H5 0, ^MAF&
5g^SAF&, and the field induced uniform moment^MFM&
5g^SFM&, determined from neutrons, are plotted as a fu
tion of Tpeak. The data in Fig. 12~b! show that as oxygen is
removed and TN is suppressed the FM moment increases a
the AF staggered moment decreases.

FIG. 12. ~a! TN , determined by neutrons, and Tc , determined
from the Curie susceptibility, vs Tpeak, the peak in the susceptibility
The lines are guides to the eye. Below Tpeak;100 K, Tc is constant
while TN drops abruptly to zero.~b! Calculated AF moment,̂MAF&,
and FM moment,̂ MFM&, as a function of Tpeak. The point at
Tpeak547.5 K corresponds to the sample with no in-plane AF
der, discussed in Sec. III B. The lines are guides to the eye.~c! The
decrease in the critical field, Hc , with decreasing Tpeak. The error
bars correspond to the larger of the width of the transition~i.e., the
HWHM of dM/dH! or the hysteresis.
5-11
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Table I shows the calculated magnetic moment from m
netic neutron scattering measurements compared with
moment measured in the SQUID magnetometer. Ther
some variation in the magnetic moment calculated from
neutron peaks depending on which nuclear peak is used
normalization. This probably results from extinction effec
For most samples, the table shows two entries, one for
malization with the~0, 0, 4! nuclear peak, which is a wea
nuclear reflection, and the second line for normalization w
the ~0, 2, 0! nuclear peak, which is a strong nuclear refle
tion. The errors correspond to630%.

Figure 12~c! is a plot of the critical field, Hc , as a func-
tion of Tpeak. Since the critical field can only be measured
first cooling the sample in zero field to below TN and then
measuring the field dependence, there is some error in d
mining Hc at low temperatures because of the hysteresis
avoid hysteresis, the critical field is measured for tempe
tures within 25% of TN . The critical field appears to vanis
for samples with Tpeakbetween 95 K and 45 K, which is th
same temperature range over which TN and Tpeak appear to
decouple. This suggests that the critical field depends on
fraction of the sample that is in the AF phase.

Figure 13 shows the temperature dependencies of the
tegrated intensity of the~0, 1, 0! Bragg peak at H5 0 and
the ~0, 1, 0! and ~0, 0, 4! peaks at 7 T for samples wit
Tpeak(TN)5215(225), 125~115!, 40 ~81.5!, and 47.5~0! K.
The solid line in Fig. 13 is the square of the uniform mome
measured in the SQUID in a FC measurement~5 T!. The
dotted line is used to emphasize the~0, 1, 0! data, which
reflect the zero-field AF order parameter. In~a! and ~c! the
SQUID data show a more rapid fall off with temperatu
than indicated by the~0, 0, 4! Bragg peak. This may reflec
the lower field available for the SQUID measurement. Th
are no SQUID data available for the sample in~b!. In ~c! the
temperature dependence of the~0, 1, 1! peak at high field is
not shown because we did not take these data and in~d! there
is no peak at~0, 1, 1!, consistent with the disappearance

TABLE I. Calculated^MAF& measured at zero-field and^MFM&
measured at 7 T. For comparison, the field induced FM mom
measured in the SQUID at 5 K after cooling in 5 T is also show
^MAF&, ^MFM&, and the SQUID FM moment are all in units o
mb /Co. Multiple entries for the same sample correspond to norm
ization to different nuclear peaks.

TN ~K! MAF MFM MFM SQUID

237 2.560.8a
••• •••

225 2.460.8b 0.456.15b 0.38
3.761.2c 0.86.3 c

115 1.960.7b 0.860.2b
•••

1.860.7c 0.660.2c

81.5 1.360.4b 2.160.7b 1.7
1.360.4c 1.960.6c

No in-plane ••• 2.460.8b 1.75
AF order 1.960.6c

aNormalized to the~002! nuclear Bragg peak.
bNormalized to the~004! nuclear Bragg peak.
cNormalized to the~020! nuclear Bragg peak.
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the Co31 AF order. The data clearly show that when the Ne´el
temperature is below about 125 K, the FM order is indep
dent of the Ne´el ordering: Comparing~c! and ~d!, the onset
temperature for the FM moment occurs at approximately
same temperature, even though the AF ordering has di
peared in~d!.

We have not, up to this point, considered the zero fi
behavior of the FM domains in a sample exhibiting pha
separation. As discussed above, the FM scattering meas
at the nuclear positions disappeared below the critical fie
It was therefore necessary to search for FM scattering
other Q positions. The measurements of thed50.25 FM
sample suggested that the reduction of the moment to ze
zero field resulted from an AF interaction between FM la
ers. This type of AF stacking would be characterized
magnetic Bragg peaks at the positions~H 5 even, K5 even,

nt
.

l-

FIG. 13. Temperature dependence of the~0, 1, 0!, ~0, 1, 1!, and
~0, 0, 4! integrated intensities measured in samples with~a! Tpeak

(TN)5215 K ~225 K!, ~b! 125 K ~115 K!, and~c! 40 K ~81.5 K!,
and ~d! for a sample in which no AF order of the Co31 spins is
measured. The SQUID measurement, at 5 T, is shown as a
curve for each case, except for~d! where a 2.9 T field is applied for
both the SQUID and neutron measurements. All measurements
magnetic field are measured after field-cooling. The data are
malized at base temperature.
5-12
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ANTIFERROMAGNETISM, FERROMAGNETISM, AND . . . PHYSICAL REVIEW B66, 054415 ~2002!
L 5 odd!. We have therefore made preliminary measu
ments to look for magnetic peaks at these positions i
sample exhibiting phase separation. In the TN.Tpeak
5215 K sample~see Fig. 8!, we found magnetic peaks a
the ~0, 0, L 5 odd! reflections, in zero field, which disap
peared at the Ne´el transition. Unfortunately, this scatterin
setup did not include a magnetic field, and it was not p
sible to check that the peaks shifted to~0, 0, L5 even! at the
critical field. However, the zero field peaks at~0, 0, L5 odd!
showed the same intensity as the high field FM peaks a~0,
0, L 5 even! measured in a different setup. Similar behav
has also been observed in another sample with differentN .

Although more work remains to be done to unambig
ously identify the zero-field magnetic structure of the F
phase, the measurements described above provide f
strong evidence for an antiparallel stacking of adjacent
layers at zero-field. We note that the three dimensional
dering of the FM domains at the same temperature as the
domains implies an interaction between the two domains.
will discuss this in more detail below.

Given the dramatic changes in the magnetism, it is s
prising that the resistivity is relatively insensitive to dopin
Figure 14 shows the temperature dependent resistivity
samples with a range of AF ordering temperatures. On
Arrhenius plot, all of the resistivity curves have the sam
slope above 200 K indicating a constant activation ene
Ea;0.25 eV. There is no feature inr(T) at Tpeak for any of
the samples, suggesting that the magnetic order has no
nificant effect on the transport. The inset shows the mag
tude of the resistivity measured at 290 K, for which there
a distinct minimum for samples with Tpeak near 115 K. The
resistivity curves for Tpeak5175 and 115 K show a crossove
to more weakly activated behavior with decreasing tempe
ture, which may be related to the minimum in resistivi
Although crystals with low TN are expected to have larg
FM domains, there is no evidence for a transition to meta
behavior as one finds in the manganites. We note that
related compound La22xSrxCoO4 shows a similar insensitiv
ity of the resistivity to Sr doping.27 In the latter crystals,

FIG. 14. Temperature dependent resistivity for samples with
ferent Tpeak. Samples with different Tpeak show the same activate
behavior, with activation energy;250 meV. The inset shows th
resistivity measured at 290 K as a function of Tpeak. The error bars
result from uncertainty in the geometric path of the current in
4-probe measurement.
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insulating behavior with an activation energy of;0.5 eV is
observed for 0.4<x<0.7, with a maximum resistivity forx
50.5. The compositionx50.5 in La22xSrxCoO4 has equal
numbers of Co21 and Co31 and therefore corresponds to o
d50.25 samples.

IV. DISCUSSION

The important result of our annealing studies is that
removal of oxygen suppresses the AF order characteristi
the crystal with mostly Co31, while the peculiar ferromag-
netic features, namely the size of the ferromagnetic pea
xa at TN and the field induced ferromagnetic moment, a
enhanced. In addition, the field dependent neutron scatte
results provide strong evidence for magnetically distin
phases. The arguments are twofold. First, we have sh
that the AF and FM peaks at high field have different cor
lation lengths alongc. Second, the polarized neutron me
surements show that both the AF and FM moments lie al
a which is not possible in a single magnetic phase.

We propose that the simultaneous AF and FM peaks re
from the existence of electronically distinct phases wh
exhibit distinct magnetic ordering. One phase has mo
Co31 ions and is characterized by spins which are antifer
magnetically aligned alonga, while the other phase ha
equal amounts of Co21 and Co31 which are FM aligned
alonga. Here, we will refer to the phase with mostly Co31 as
the AF phase and the phase with equal amounts of Co21 and
Co31 as the FM phase.

The magnetization of Bi2Sr2CoO61d evolves smoothly
with decreasingd to exhibit purely ferromagnetic behavio
suggesting that it is the removal of oxygen that increases
volume of the FM phase, which is Co21 rich, while sup-
pressing the AF ordering of the Co31 spins in the AF phase
The decrease in the Ne´el transition temperature with decrea
ing d likely results from finite inclusions of the FM phase
the AF phase.

We now discuss the microscopic mechanism for both
tiferromagnetism and ferromagnetism in Bi2Sr2CoO61d . As
discussed above, the spin state of Co31 for the samples with
d near 0.5 is closest to S5 1, the intermediate spin state o
trivalent Co. Co31 at perfectly octahedral sites is usual
found to have S5 0. However, a tetragonal distortion of th
surrounding oxygen@Fig. 15~a!# favors the intermediate spin
state of Co31 because the crystal field energy splitting b
tween the eg and t2g orbitals is lowered with respect to th
electron–electron exchange. In Bi2Sr2CoO61d , the tetrago-
nal distortion is~c–a!/a 5 ~2.46–1.95!/1.95 5 0.26.28 This
should be compared to the nearly perfectly octahedral c
figuration in La2CoO4 or LaCoO3 in which the S5 0 ground
state may be preferred. For a sample in which every Co i
the 31 state with S5 1, an AF interaction between neigh
boring Co31 ions can be explained in the usual way by s
perexchange@Fig. 15~b!# between spins in the half filledz2

andxy orbitals.29

We have shown that the volume of the ferromagnetic
mains in Bi2Sr2CoO61d increases with the removal of oxy
gen. Since the removal of oxygen is equivalent to elect
doping, this suggests that it is the addition of Co21 which
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induces the FM interaction. In addition, since the FM st
seems most favorable when there are an equal numbe
Co31 and Co21 sites (d50.25), we infer that the FM inter
action arises from nearest neighbor 31 and 21 sites. We
have noted that our analysis of the susceptibility in the F
phase does not allow us to uniquely determine the spin s
on the Co31 and Co21 sites. However, the data are consiste
with either an equal mixture of Co31 in the S5 1 state and
Co21 in the S5 3/2 state or an equal mixture of Co31 in the
S 5 2 state and Co21 in the S 5 1/2 state. The former
configuration seems most likely for several reasons. The
is that it preserves the local spin state of the Co31 ion with
doping. The second is that Co21 is most commonly found in
the high-spin, S5 3/2 state.10 Last, as we show below, a FM
interaction can be expected from this configuration.

FIG. 15. ~a! Crystal field splitting from the tetragonal distortio
favors the intermediate spin~IS! state of Co31, which has unpaired
spins in thexy and z2 orbitals. ~b! Expected magnetic interactio
between neighboring Co31 ions ~left and center figures! in the AF
phase (d.0.5) and adjacent Co31 and Co21 ions ~center and right
figures! in the FM (d.0.25) phase. The FM interaction can b
explained by a double-exchange model in which delocalization
the electron is prevented by charge ordering.
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therefore discuss the ferromagnetic interaction occurring
the d;0.25, FM phase in terms of nearest neighbor Co21

and Co31 ions which have S5 3/2 and S5 1, respectively.
The electron energy levels for the Co31 in the S5 1 state

and the Co21 in the S5 3/2 state are indicated on the righ
hand side of Fig. 15~b!. This configuration is analogous t
that of the manganites in which adjacent Mn41 and Mn31

have a FM interaction which is qualitatively explained b
double-exchange~DE!. The DE interaction favors the FM
ground state because the delocalized spin, in this case
spin in thex22y2 orbital, can satisfy the large on-site ex
change~Hund’s Rule! only if all sites have parallel spins
However, FM resulting from DE is usually associated w
metallic behavior and canting in AF systems, while our F
samples are insulating and we do not observe a canting o
AF. Therefore, the simplest DE mechanism cannot exp
the FM behavior. However, we believe that DE together w
charge ordering of the Co21 and Co31 can explain our re-
sults. In particular, the charge-ordering will create a gap
exchange of Co31 and Co21 sites so that thed;0.25 crystal
will be insulating. As long as this gap is not too large, t
nearest neighbor coupling will still be ferromagnetic.

We do not know why samples withd intermediate be-
tween 0.25 and 0.5 are insulating. The constant activa
energy, independent ofd, suggests that the conductivity ma
be limited by hopping of small polarons.

If the FM interaction in the FM phase arises from neig
boring Co21 and Co31 ions, then we expect a checkerboa
arrangement of the 31 and 21 ions as observed in
La1.5Sr0.5CoO4.10 Such an in-plane charge ordering of Co21

and Co31 in Bi2Sr2CoO61d should result in superlattice re
flections detectable by neutron, x-ray or electron diffracti
techniques. The neutron data in this regard are still inco
plete. We have observed a peak in the neutron powder s
trum occurring at the position~0, 1, 2! or ~1, 0, 2!, which is
consistent with a checkerboard of charge ordering and ha
onset near 300 K. However, the peak is several orders
magnitude larger than expected for superlattice reflecti
resulting from a charge density wave and is only observe
a single reciprocal lattice vector. This will be studied wi
single crystals in the near future.

We note also that if the FM cluster contains a check
board of Co21 and Co31 spins, which do not have the sam
size moment then superlattice magnetic reflections sho
occur in the~0KL! plane at the positions~0, 1, L 5 even! or
~0, 1, L 5 odd! as well as at~0, 0, L 5 even!. We have not
observed these peaks. However, they should be of orde
times smaller than the FM peaks, assuming an equal mix
of S 5 1 and S5 3/2 spins, and such weak scattering
difficult to detect. Clearly more structural and magnetic stu
ies are required to unambiguously establish the cha
ordered checkerboard pattern.

We now consider a specific model of the spin arrangem
in the phase-separated crystal that can help to explain
interaction of the two phases. In particular, any model m
explain the simultaneous change in the AF and FM struct
at Hc . Figure 16~a! shows a plausible magnetic ground sta
for adjacent AF and FM domains. In the figure, the bound
between the two phases occurs at the middlebc plane, since
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ANTIFERROMAGNETISM, FERROMAGNETISM, AND . . . PHYSICAL REVIEW B66, 054415 ~2002!
to the right of this plane all of the Co ions are 31, while to
the left, there are equal numbers of 21 and 31 Co ions. The
AF phase consists of only Co31 spins, which have the spin
arrangement discussed in Sec. III A. Note that this me
that all of the spins in a givenac plane point in the same
direction, which is described by a ferromagnetic J'

AF between
adjacent layers in the AF phase. The relevant in-plane
change interactions are JFM between nearest neighbor Co31

and Co21 spins and JAF between nearest neighbor Co31

spins. We assume that JFM is less than JAF .
In the top cobalt oxide layer shown in Fig. 16~a!, the

ordering of the AF spins at TN creates an effective field
pointing to the right on the FM cluster in this layer, whic

FIG. 16. Idealization of the two phase mixture. The left cell is
thed50.25 FM phase and the right cell is in thed50.5 AF phase.
The zero field configuration is shown in~a!. The double headed
arrow connects nearest neighbor spins in adjacent layers in th
phase, which are parallel at zero field. Note that in thed;0.25
phase, the spins are ferromagnetically arranged in the layer, but
5 0 adjacent layers point in opposite directions. The FM phas
pinned in each layer by the FM coupling, JFM , between Co31 and
Co21 spins at the phase boundary.~b! When the field is greater tha
Hc , every other layer~in both phases! rotates by 180°. The high
field configuration preserves the in-plane interactions JFM and JAF

but costs the perpendicular exchange J'
AF in the antiferromagnetic

phase.
05441
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therefore prefers to polarize in this direction. In the botto
layer, the AF ordering in the AF phase causes the FM clu
to polarize toward the left. In Fig. 16~a!, all of the magnetic
bonds are satisfied; all nearest neighbor Co31 spins are an-
tiparallel and all neighboring Co21 and Co31 spins are par-
allel. In addition, the perpendicular couplings between lay
in the AF phase and between FM layers in the FM phase
satisfied because the FM clusters are antiparallel from la
to layer.

The model in Fig. 16 can explain the effect of the appli
magnetic field, which induces both a change in the stack
between layers in the AF phase and the onset of an o
moment in the FM phase at the same field. Consider
interaction of the spins in the two-phase mixture in Fig. 16~a!
with a magnetic field along the spin direction,a. The spins in
the AF phase are not expected to contribute to the susc
bility since the field is applied along the easy axis of the A
The field dependence of the Co312Co21 FM phase should
have the behavior shown in Fig. 5~c!: a polarization of the
moment along the field direction. However, in the mix
phase crystal, there is a strong in-plane FM exchange at
phase boundary which changes sign from layer to layer.
surrounding AF phase prevents the FM cluster from pola
ing along the field direction without costing the in-plane F
exchange energy, JFM , for those spins on the edge of th
cluster.30 However, a rotation of every other Co31 AF layer
allows the FM domain to polarize with the field, withou
breaking the in-plane bonds at the phase boundary@Fig.
16~b!#. Such a rotation results in a shift of the AF peaks fro
the positions~0, 1, L 5 even! to ~0, 1, L 5 odd! at the same
field as the onset in the uniform moment, as observed.

Although the model described in Fig. 16 can explain t
behavior of a single FM domain in the AF host, the rando
direction of the FM domains makes the real system m
complicated. Let us divide sites in each layer into A and
sublattices. The Co21 in each FM domain may lie on the A
or B sublattice. We call these A-type and B-type domai
Two such domains are shown in Fig. 17, separated by an
region. We further assume that the stacking of the FM
mains maintains the AB sublattice coherence, at least o
finite length scale. We see from Fig. 17 that the A-type a
B-type domains are driven by the boundary with the AF
order inoppositedirections. Thus in zero field the FM orde
is necessarily short range, with a coherence length of
order of the domain size. If we now apply a large magne
field to the right alonga, the spins in the B-type domain wil
flip. This will tend to flip the AF sublattice magnetization a
explained earlier. However, this is opposed by the A-ty
domains, which do not flip and the orientation of the A
sublattice magnetization is then frustrated. This problem
reminiscent of the random field Ising model and, in fact, c
be modeled as such.

Let us defineMS as the sublattice magnetization (MS
5MA2MB , whereMA and MB are the magnetizations o
the A-type and B-type domains, respectively!. The coupling
across the A-type and B-type FM domain walls can be m
eled by an effective fieldHS(r ), which is positive for A-type
and negative for B-type domains. Extending the descript
to different layers, we see from Fig. 16~b! that for a given

F

t H
is
5-15



th
-

l.
nt
al
m

is
fo
w
e
do
a

c-
iz

er
igh
o-

i

is
g

ic

t-

on

sy

e-
d by

nge
la-
e

F
F
he

-

in
ack-

e

and
en-
in-

n

ent

e

ase
ther

i-
o-
M
c-
ust

-

rs.

on

th

K. J. THOMAS et al. PHYSICAL REVIEW B 66, 054415 ~2002!
FM patch, the coupling changes sign from one layer to
next. After coarse graining, we may write down the follow
ing effective Hamiltonian:

Heff5(
j
E d2r ~21! jHS~r !MS~r !, ~2!

wherej is the layer index. The sum overj is restricted to the
number of layers where the Co21 coherently occupy A or B
sites. Equation~2! is the classic random field Ising mode
By the Imry–Ma argument, the system may break up i
domains of size L, where the energy cost of the domain w
sLd21 is balanced by the RMS fluctuation of the rando
field energy, which goes asuHSuLd/2. According to this argu-
ment,d52 is the lower critical dimension; i.e., the system
always disordered below two dimensions. The physics
the two dimensional system is subtle, but fortunately
have a rigorous proof which states that the ground stat
always disordered, independent of the strength of the ran
field.31,32 Apparently, the system is always able to find
domain configuration which allows it to gain from the flu
tuations in the random field configurations. The domain s
will be extremely large for weak random fields, but nev
theless finite. Accepting this result, our picture is that in h
magnetic field, the AF region will break up into large d
mains with oppositeMS . However, due to the (21) j term in
Eq. ~2!, the sublattice magnetization on neighboring layers
always opposite, i.e., therelativeorientation of the sublattice
is always flipped by applying a large magnetic field. Th
finally is the explanation of the field driven shift in the Brag
peaks@Fig. 9~b!# reported in this paper.

The random field model makes several predictions, wh
may be tested experimentally:

FIG. 17. Illustration of the zero external field spin configurati
in a single layer, showing an AF region (d50.5) in contact with
two FM domains (d50.25). The Co21 spins lie on sublattice A in
the top domain and on sublattice B in the bottom domain. Note
spin reversal of the FM domains.
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~1! In zero field, thec-axis correlation length of the FM
Bragg peak is limited by thec-axis coherence of the subla
tice occupation of the Co21;

~2! In high field, thec-axis correlation length of the AF
Bragg peak is limited by the same length as in~1!;

~3! In zero field, the FM correlation length in theab plane
is limited by the domain size of thed50.25 clusters;

~4! In high field, the AF correlation length in theab plane
is finite, but may be much larger than the FM correlati
length in ~3!;

~5! The random field Ising model may explain the glas
behavior and hysteresis effects we observe.

The critical field for the transition described above is d
termined by a balance between the Zeeman energy gaine
the spins in the FM domain and the cost in the excha
energy between layers in the AF domain. A simple calcu
tion for a single FM patch in an AF background would giv

Hc5
znAF~J'

AFSAF
2 !

nFM~gmbSFM!
, ~3!

where nFM and nAF are the densities of the FM and A
phases, respectively, J'

AF is the interlayer exchange in the A
phase, andz54 is the number of nearest neighbors. T
expression for Hc in ~3! explains the decrease of Hc with
Tpeakshown in Fig. 12~b!: a decreasing Tpeakmeans the ratio
of nFM to nAF is decreasing.

For the sample with TN5215 K, the experimentally mea
sured Hc is 1.6 T. We estimated close to 0.4 so thatnFM
52(122d)50.4. Using SFM;5/4 and SAF;1, the above
equation gives J';38 meV.

It is important to point out that the spin arrangement
Fig. 16~a! assumes a specific three-dimensional charge st
ing wherein all of the Co21 ions are confined to thebc plane
in the FM phase. Another configuration, in which all of th
Co21 ions are confined to theac plane, would result in FM
clusters in adjacent layers polarized in the same direction
a net moment at zero field which is not observed experim
tally. Note that were the crystal tetragonal, the Coulomb
teraction would be the same whether the Co21 ions were
confined to thebc or ac planes. The orthorhombic distortio
and the fourfold modulation alonga should lift this degen-
eracy. Confining the Co21 in the FM phase to thebc plane is
necessary to explain the observation of antiparallel adjac
FM layers.

Since the Tc for the FM phase is of order 100 K, we argu
that when TN is greater than Tc;100 K, the FM clusters
order because of the effective field imposed at the ph
boundary with the long range ordered AF phase. On the o
hand, the three-dimensional charge ordering of the Co21 and
Co31 shown in Fig. 16~a! must exist above or at the trans
tion to 3D AF order, so that the FM layers polarize in opp
site directions from layer to layer. Since we ascribe the F
peak and Curie tail in the susceptibility to the magnetic flu
tuations in the FM phase, the in-plane charge ordering m
occur at temperatures well above TN . Note that the suppres
sion of the susceptibility at the Ne´el transition is explained
by the pinning of the FM domains when the AF phase orde
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ANTIFERROMAGNETISM, FERROMAGNETISM, AND . . . PHYSICAL REVIEW B66, 054415 ~2002!
The above model does not address the mechanism w
prefers the charge segregation necessary to create the21

rich FM clusters. Recent TGA measurements suggest
annealing at temperatures as high as 900 °C is necessa
obtain the phase separation.24 We have also noted that th
FM Curie tail in the susceptibility, which is a measure of t
amount of FM phase, extends up to 400 K. Therefore, we
not believe that phase separation is driven by a competi
between FM and AF interactions. Rather, the distinct m
netic regions appear to result from two electronically disti
phases which exist at higher temperatures (.400 K) than
the magnetic order. In the similar cobalt–oxide syste
La22xSrxCoO4, charge ordering in thex50.5 crystal occurs
near 700–800 K, while the magnetic ordering occurs at
K.10 La1.5Sr0.5CoO4 is, of course, optimized for charge orde
ing of the Co21 and Co31 ions and does not require an
large-scale segregation of charge. In Bi2Sr2CoO61d , phase
separation into regions which are Co21 rich and regions
which are Co21 poor is energetically unfavorable becau
the resulting long range Coulomb energy is expected to
large. For small electron densities~i.e., small deviations from
d50.5), the charge segregation energy can be of order 1
per charge. However, if the oxygen vacancies can move w
the added electrons, the charge assembly energy can be
siderably reduced. Since the oxygen is likely mobile over
range of temperatures where the annealing is effective,
believe that the FM and AF phases are actuallychemically
R.
.
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e

V
th
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e

distinctd50.25 ~FM! andd50.5 ~AF! phases. We note tha
the neutron scattering measurements thus far do not s
any evidence of chemical phase segregation due to inho
geneous oxygen doping. For example, we are not able
resolve twoc-axis lattice constants which might be expect
for coexisting oxygen-rich and oxygen-poor phases. X-
and electron diffraction measurements are in progress to
for both charge ordering and oxygen phase separation.24,33

V. CONCLUSION

This is the first extensive study of the origin of the ferr
magnetism in Bi2Sr2CoO61d . We have shown that the oxy
gen rich crystal withd close to 0.5 is an antiferromagnet o
Co31 spins while the crystal withd.0.25 is predominantly
ferromagnetic. At intermediate oxygen content, the crys
appears to contain phase separated regions of the hole
AF and hole poor, FM phases. We have constructed a m
of interacting domains to account for the similar orderi
temperature and field dependence of the AF and FM pha
in the two-phase system.
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