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We present results of a study of the magnetism isSBICoGO; ., 5, the Co analog of the high. Tsupercon-
ductor BLSr,CuGQ;, 5. This system evolves from an antiferromagnéfé€) insulator to an unusual ferromag-
netic (FM) insulator ass is reduced from~0.5 to ~0.25. Whené is close to 0.5, the Co ions have formal
oxidation state 3 and order antiferromagnetically afF 250 K. The§~0.25 crystal has equal numbers of
C&?" and CS* and exhibits FM behavior with a moment1.5x,/Co at 5 T and a Curie temperature T
~100 K. Single crystal neutron scatteririgoth polarized and unpolarizgdmagnetization, and resistivity
measurements have been used to characterize the evolution of the magnetic and transport properties between
these two doping limits. For crystals with 02%<0.5, both FM and AF Bragg peaks are observed with
neutrons, above a critical field H 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 oéINeder and accompanying increase in the volume of the
FM domains with decreasing is measured for samples with 02%<0.5. We discuss this behavior in the
context of phase separation resulting in a hole rick® 'C&F phase and a hole poor, €o-Cc®* 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.
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I. INTRODUCTION field splitting and on-site exchangelund’s rule are in close
competition for the Co ion, resulting in the possibility for

In many transition metal oxides, the delicate interplay betemperature driven spin-state transitions and a high sensitiv-
tween the charge, orbital, and spin degrees of freedom resulity to changes in the local ligand fiefdThis is an important
in a rich phase diagram. For example, the manganites, dfifference between the Co compounds and the manganites,
general form A_,B,MnO; (A is a rare earth, and B is a since the Mn ions in the manganites are always in the high
divalent alkali earth atoim show a complex evolution of the spin state. Finally, there are several examples of cobalt-
magnetic and transport properties with hole dopifyy. oxides that are readily doped with oxygen such that the hole
Charge ordering, ferromagnetiEM), and antiferromagnetic concentration can be varied in a single saniple.

(AF) ordering, and a transition from metallic to insulating  The discovery of MR in thin films of La ,Sr,CoO; has
behavior are all observed in the ranges®<1. The phase directed considerable attention to this componid. bulk
diagram as a function of depends on the choice of Aand B La; Sk CoO;, the introduction of C&* with increasingx
ions, but the general feature of the manganites is that holeesults in a FM transition and MR, although the MR is sub-
doping of the pure M#" insulator results in ferromagnetism stantially smaller than that seen in the manganites. MR is
accompanied by large magnetoresistaidR). Although the  also observed in the perovskite based compdRBdCq,05
existence of FM order at finiteis qualitatively explained by (R=Eu, Gd.2 These materials exhibit a number of elec-
double-exchangéDE) between the M#i™ and Mif* ions, it tronic and magnetic phases because they accommadaite
has become clear that a more complete physical picture igeveral nonstoichiometric values between 0 and 1. For ex-
required to explain all of the experimental observations.  ample, the YBaCgOs compound(6=0) exhibits charge or-

To gain insight into the physics of the manganites, theder of the C8" and C3" ions®® Charge ordering has also
magnetic and electronic properties of related compoundbeen observed in LaSr, <CoO, where C8" and C3™ are
have been studied intensively. The cobalt oxides, in particuin the ratio of 1:1'°
lar, have attracted attention both because they exhibit similar Although one of the major themes in the study of the
properties to the manganites and because they constitute amanganites is the role of phase separatitrthere appears
interesting group of materials in their own right. The formalto be little evidence for phase separation occurring in the
oxidation state of Co can bet2 3+ or 4+ with the result  cobalt-oxides. One exception may be;LgSr,Co0;, where
that a wide range of mixed valence compounds can be olrecent susceptibility and electron diffraction results suggest
tained with chemical substitution. In addition, the crystalelectronic phase separatiti**In La; _,Sr,Co0O, hole-rich
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FM clusters form near the Sr ions and leave behind a holevhich an imiscibility gap between thé=0.5 and5=0.25
poor matrix with LgCoO; character. compositions may exist. In addition, we suggest that the FM
The formation of distinct phases with different hole den-phase is a charge-ordered checkerboard structure with alter-
sities is limited by long range Coulomb interactions. How- nating C3"* and Cé" ions.
ever, when compounds are doped with oxygen, electronic Our paper is organized as follows. In Sec. Il, the sample
phase separation may be accommodated by the mobility gireparation and characterization of single crystal
oxygen. In this paper, we report on our observation of magBi,Sr,CoO;, s are discussed. The results are presented in
netic phase separation in oxygen dopegBiCoO;, sinthe  three parts in Sec. Ill. In Sec. Il A, we discuss the antifer-
range 0.25:56<0.5. We show neutron scattering results thatromagnetic spin arrangement for the composition with
suggest phase separation between #'Gh AF phase and >0.4, which consists of predominantly €oions. In Sec.
a C@"-Ccd" FM phase. The phase separation occurs orll B, we present evidence for ferromagnetic order near the
sufficiently small length scales that the magnetic interactiordimit §~0.25. This oxygen concentration should correspond
at the phase boundary has a non-negligible effect on theo nearly equal amounts of €6 and C3* ions and is ap-
magnetic order within the individual phases. In addition, weparently the optimal concentration for forming the FM phase.
believe that the mobility of oxygen accommodates the fordn Sec. Il C, we discuss the presence of simultaneous FM
mation of distinct phases with different hole densities. and AF order, which exists in all samples with 028
Tarascon and  co-workérs first  synthesized <0.5. Neutron scattering and magnetization measurements
Bi,S,Co0;. 5 in an effort to study the effects of replacing of samples with a range ofylfrom 295 b 0 K are presented
Cu with Co in the high-T superconductor B5r,CuQ;, 5. to show the evolution of the FM clusters as oxygen vacan-
They found that the Co compound is essentially isostructuraties are introduced into the €6 AF. Presenting the data in
to the cuprate with the exception that the structural modulathis way clarifies which properties are intrinsic to either the
tion along the orthorhombie-axis has a period of four lat- FM phase or the AF phase and which properties result from
tice constants instead of five. the coexistence and interaction of two distinct magnetic
The Co spins in powder samples of,Bi,C0oGQ;s, s were  phases at intermediat® In Sec. IV, we discuss the experi-
found to order antiferromagnetically in theb plane at a mental results in terms of phase separation between the Co
Neel temperature J between 100 and 280 K, depending on AF and the C8"—Cc®* charge ordered FM. We present a
sample preparation, yet the susceptibility alanghowed a  microscopic model to explain the field dependence observed
FM peak at T,. Below Ty, the field dependence of the in the magnetically ordered, phase separated crystal and
moment alonga was superlinear, suggesting hidden ferro-show that this model can be mapped to a form of the random
magnetism. The authors of Ref. 15 suggested that an in-plarfield Ising model in two dimensions.
canting of the antiferromagnetic spins could explain the fer-
romagnetic behavior. However, this was based on their ob- Il. EXPERIMENTAL DETAILS
servation that the AF spin lies along thedirection, perpen-
dicular to the observed FM jump in the moment. Our Single crystals of BiSr,CoGO;, s were grown by the trav-
measurements of single crystal,Bi,CoQ;, s show that the eling solvent floating zone method. The polycrystalline sto-
spin direction is, instead, aloray which excludes the simple ichiometric feed rod was prepared from a solid state reaction
canting model described in Ref. 15. of Bi,O3, SrCQ,, and Cg@O, powders and the mixed pow-
Here, we report an extensive investigation of the FM be-der was calcined at 850 °C for 12 h followed by a second
havior of BLSr,C0G;, 5, focusing, in particular, on the en- anneal at 890 °C for 12 h. The final feed rod was annealed at
hancement of the ferromagnetism as the oxygen con&&nt, 900 °C in air. A B,,O5 rich flux was chosen at a molar ratio
is decreased fromd> 0.4 to 5~0.25. We show evidence that of 4:1 Bi,Sr,CoQ; to Bi,O5;. X-ray diffraction of crushed
the FM susceptibility and field induced uniform moment re-crystals confirmed that the crystals consist of a single chemi-
sult from FM clusters within the antiferromagnet. The clus-cal phase. As-grown samples typically hayg=200 K.
ters grow larger when oxygen is removed from the crystal Figure 1 shows the crystal structure of,8i,CoQ;, ;.
and dominate the magnetic behavior in samples in whigh T For clarity, the modulation along, which results in a four-
is reduced below~100 K. To understand the evolution of fold increase of the unit cell, is not shown. Note that each Co
the FM clusters with the removal of oxygen, we have charsite in Bi,Sr,C0O;, 5 is surrounded by six oxygen ions in an
acterized crystals with 0.256<0.5. We find that the elongated octahedron and in the absence of the long-
oxygen-rich crystal §>0.4) with mostly C8" shows AF  wavelength modulation, the Co sites would form a nearly
long-range ordeY, When the oxygen content is close to  square lattice in the CoQayers. Throughout this paper, we
0.25, such that the ratio of €6 to C?* approaches 1:1, the use notation describing the orthorhombic subcell of
spins order ferromagnetically alomgAt intermediate values Bi,Sr,CoQs, 5 With lattice parametera=b=5.45 A and
of 8, 0.25< §<0.5, we observe both AF and FM domains c=23.6 A.
with neutrons. We argue that phase separation into domains The crystal grows alonf and cleaves easily into rectan-
which are hole richmostly Co™) and domains which are gular pieces with the long axis alorgand the large faces
hole poor(equal numbers of G and C3™") results in dis-  perpendicular tac. X-ray Laue diffraction confirms the su-
tinct magnetic domains which are AF and FM, respectivelyperlattice reflections along. These features are used to ori-
Phase separation into hole rich and hole poor regions at higbnt small rectangular pieces to within 3° degrees of one of
temperatures is presumably allowed by mobile oxygen, fothe major crystallographic axes for magnetization measure-
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would have an antiferromagnetic state with the highggst T

Several groups have measured the oxygen content either
directly [thermogravimetric analysid GA)] or indirectly (ti-
tration of the C3") for as-grown crystal$>!® The results
vary substantially, fromé=0.15 (titration) (Ref. 15 to &
=0.4 (TGA).®®® |n the TGA method, a sample of
Bi,Sr,CoO;, 5 is annealed at high temperature in a reducing
atmosphere until the crystal decomposes into Bi and Co met-
als and SrO. The weight loss during decomposition is
equated to the loss of (45) oxygen atoms per formula unit.
This method has been used to estimate the oxygen content of
our as-grown samples. A flow of 5%,Hh He gas provides a
reducing environment for a single cryst@—-20 mg with
initial Ty=260 K. For several such TGA measurements in
which the sample is decomposed, the rangé ofeasured is
0.23<6<0.5. The error in this measurement results prima-
rily from incomplete decomposition and the partial evapora-
tion of Bi.

Although there is a large uncertainty in thbsoluteoxy-
gen content of the most oxygenated crystal, dfigerencein
oxygen content between two samples which have different
Neel temperatures can be measured very accurately. We first
anneal a crystal in vacuum so that the AF ordering is com-
pletely suppressed. Since, as mentioned above, the structural
oxygen content iss=0.25, it is not unreasonable to assume
that this reduced crystal is close to the compositién
=0.25. We then measure the weight gain after annealing the
crystal at 560 °C in oxygen in the TGA. The reoxidized crys-
tal has a ; of 240 K and 0.16 more oxygen per formula unit

FIG. 1. Structure of the tetragonal subcell in,8LC0Q;., 5, than the reduced crystal. Therefore, we determine that a crys-
indicating the orthorhombie-axis. The modulation along is not  tal with Ty=240 K has§=0.41, in good agreement with
shown. Each Co ion is surrounded by an elongated octahedron ¢he value of 5=0.37 for as-grown crystals determined by
oxygen ions. Zinkevich et al'® Samples withé greater than 0.4 can be

ments. Large, single crystal cylindrical rods, of order 3_50btain(°ad by further annealing. in_oxygen at temperatures
mm in diameter and 3 cm in length, are used for neutron 260 “C- Annealing at 800°C in oxygen results in g ds
scattering measurements. For most of the samples, magnlgl_gh as 295 K; however, this is also the temperature at which
tometry measurements are made on a small piece cut froRi2SC00s. s becomes unstable to formation of the double-
the same crystal used for neutron diffraction and provide af@yer compound BiSC0,Oq, 5 and the oxidation of
important check on the magnetic moments calculated fronBizSLC0Qs. 5 is therefore limited® From the above, we
neutron measurements. can say that samples withy®240 K haveé>0.4, though
The magnetic properties of Br,Co0;, 5 are very sensi- we do not believe we have reached the compositierD.5
tive to the oxygen content, which, in turn, is determined bycorresponding to only Gd.
the annealing conditions. Annealing an as-grown crystal in To obtain samples for neutron scattering and magnetiza-
vacuum reduces the Metemperature, J, significantly. For  tion measurements withyK 200 K, as-grown crystals were
example, annealing at 600 °C in vacuum10 mTorr) for 2  annealed in vacuum for up to 12 h. To obtain the most re-
h reduces [ from 235 to 170 K. For annealing temperaturesduced samples, as-grown crystals were annealed at 800 °C in
between 400 and 850 °C, the higher the temperature of than evacuated quartz tube containing Cu powder as a reducing
vacuum anneal, the lower the resulting .Tin addition, the agent. Although this procedure resulted in the most complete
structural model used in the refinement of the neutron powreduction of the sampléo measurable G AF), the large
der diffraction data from Ref. 15 includes an extra row oftemperature gradients in this process warped the weakly
oxygen in the bismuth—oxide layer, consistent with a for-coupled layers and samples obtained in this way had poor
mula unit of B,Sr,CoQ; 5. These two points suggest that mosaics consisting of several crystallites.
the as-grown crystals havé&>0.25, which favors trivalent Single crystal neutron scattering measurements were
Co. One expects an AF interaction between neighboringnade at the BT2 triple-axis spectrometer at NIST. Samples
Ca** ions with nonzero spin, S. Thus, the suppression of ARhat were reduced in the quartz tube contained multiple crys-
order when oxygen is removed indicates that the compositallites and, in this case, the largest crystallite was chosen for
tion with all cobalt ions in the high oxidation, or+3state, neutron study. The crystal mosaic varied, depending on the
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sample, from 0.1° to 1°. Different collimator slit widths (HOL) (OKL)

(FWHM) were chosen depending on the sample mosaic, al- “,0,0)

though most measurements were taken using -680" - Z Z

sample - 40 beam collimation with no collimator before the

detector. Field-dependent measurements were made using

split-coil superconducting magnet in conjunction with a He ——o——

cryostat. The incident neutron energy was 14.7 meV. For the

unpolarized neutron measurements, {Be 0, 2 reflection A

from pyrolytic graphite(PG) crystals was used for the mono- 2,0,0)

chromator and analyzer. For the polarized neutron measure

ments, a Heusler alloy was used for the monochromator anc

either a PG was used for the analyzgralf-polarization

analysi$ or another Heusler was usedull-polarization , 100 L otort ol o1 o (01,0

analysig. The flipping ratio in the polarization measurements /

exceeded 20:1, indicating that more than 95% of the neu- 4

trons remained polarized over the course of the scattering |

flight path. We calculated the magnetic moment per Co ion ‘/a'

(in absolute unitsby comparing the intensities of the mag-

netic peaks to those of the nuclear peaks. In these calculs

tions, we used the structure factors calculated in the powde (2) b)

refinement from Ref.15. All graphs showing raw neutron

data show statistical error bars, though in some cases, the FIG. 2. (a) Antiferromagnetic spin arrangement beloy TThe

error bar is smaller than the plot symbol. Unless otherwisepins lie along the orthorhombia direction and all spins in the

noted, the measured magnetic Bragg peaks were resolutiameac plane point in the same directiofb) Allowed nuclear

limited in width. (dark squargs and antiferromagnetiqovalg reflections in the
The temperature dependent magnetic susceptibil(ty), (HOL) and(OKL) zones. The orthorhombic distortion is exaggerated

and field-dependent uniform moment were measured in r clarity. Superlattice reflections which result from the fourfold

Superconducting QUantum Interference Devi@QUID)  increase in the unit cell alongare not shown.

magnetometer over the temperature range 5-400 K. Trans-

port measurements were made on cleaved rectangular piedééensity for various scattering geometries. For a collinear

with a thickness of 100-20Q:m. Line contacts of Cr and Spin arrangement, the magnetic cross section is given by

then Au were evaporated onto the top and sides for voltage

and current contacts, respectively. Au wire leads were at- do 51 5 ) ) 07 2

tached using silver epoxy cured at 100°C in air. Contacts d—ro(yro) (29mp) (F(Q)N(S)sin(a)) % exd) .

applied in this way resulted in room temperature contact re- (1)

sistances of 0.1-2 (k.

0,4,0)
— X

0,2,0)

0,0,2) 0,0,2)

In (1), F(Q) is the magnetic form factor, which is the same

IIl. RESULTS for the four spins in the magnetic unit c&l.74 denotes the
position of each spin and the sum {f) is the structure
factor, 3Q). Each spin has expectation val(®) and « is

In this section, we discuss the details of the antiferromagthe angle betwee(S) and the momentum transfer vectq,
netic order of the C8" spins occurring in samples with  Figure 3 shows the L dependence of the integrated intensity
=0.4. Initial neutron scattering measurements of the spif the AF peaks alongl, 0, L). The integrated intensity at
ordering in as-grown crystals were performed at zero field irthe Bragg positior(1, 0, L = odd) grows with increasing L
both the(HOL) and (OKL) scattering planes. We determined because of the increasing perpendicular componen® of
Ty~235 K from the peak in the susceptibility, as discussedwith respect taS). From Fig. 3 it is clear that the staggered
below. The neutron measurements revealed magnetic Braggoment is alonga, rather than alond, as proposed by
peaks at the positior$! = odd, K = even, L= odd) and(H  Tarascoret al™®
= even, K= odd, L = evern, consistent with antiparallel The temperature dependence of the intensity of(1he,
nearest-neighbaiNN) spins in the CoQ@layer and an effec- 1) Bragg peak, which is proportional to the square of the
tive FM interaction between NN spins in adjacent layers, a€a®" ordered moment, is shown in Figa}. The data are fit
shown in Fig. 2a).1° The four unique spins in the magnetic to an order parameter function with a Gaussian distribution
unit cell are therefore at the positiof, 0, 0, (1/2, 1/2, 0, of Neel temperatures. Although a good fig4<1) is ob-
(1/2, 0, 1/2, and (0, 1/2, 1/2. Figure Zb) summarizes the tained, the substantial rounding near the transition tempera-
allowed nuclear (closed squargsand antiferromagnetic ture prevents an accurate determination of the order param-
(open ovals peak positions in théHOL) and (OKL) scatter-  eter exponentB. Several fits to the data witly’<1 are
ing planes, in zero field. shown. The solid line is the result of a fit witB fixed at

We have determined that the spin direction is alanigy ~ 0.25, the value observed in many 2D square-lattice Heisen-
analyzing theQ dependence of the magnetic Bragg peakberg system$! and a fitted T,=218(2). Thedotted line is a

A. Antiferromagnetic order in Bi ,Sr,Co0g4 5, 6=0.4
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FIG. 3. Integrated intensities measured at the AF Bragg posi- 00 1(-)0 2(-)0 300
tions are proportional to the magnetic cross section,
F?(Q)S?(Q)sir(a) (solid line), where SQ) is the Q-dependent T (K)
structure factor. Shown here is a scan along L throdglo, L). The
intensity is maximized whe® and S are orthogonal, which ex- FIG. 4. (3 Integrated intensity at thél, 0, ) AF reflection

plains the increase in intensity with L. The drop off in intensity for Mmeasured as a function of temperature. The three curves are fits of
L = 5 is mostly due to an incomplete vertical integration of the the data, for 150 K, to an order parameter function with a

signal caused by the fairly large mosaic in this crystal. This effect isGaussian distribution of transition temperatures. The curves corre-
most severe at larg®)). spond to a fit with3 fixed at 0.12dark ling), 3 fixed at 0.25dotted

line), and Ty fixed at 235 K(dashed ling (b) Peak intensity of a

fit with 3 fixed at 0.12, the value for the 2D Ising model, and scan through the _rod _of 2D AF scattering as a function of tempera-
a fitted['Ig'Nz 208(1).Finally, the dashed line is a fit with,T ture; the dashed line is the background, measurédl.@¥7, 0, 0.4
fixed at 235 K, the transition temperature determined fromft 30K
the susceptibility, and a fitted value 6#=0.425(0.031). All - g rements provide an estimate-ef.3 meV for the in-plane
fits have a Gaussian distribution of &leemperatures with Af exchange interactiotusing(S)=1.3).

varianceo~30 K. The origin of the rounding is most likely

inhomogeneity of the oxygen content for this as-grown crys- B. Ferromagnetism in Bi,Sr,Co0g4 5, 6~0.25

tal, since annealed samples show narrower transitiens ( Bi,SI,C00;. 5 With 5=0.25 is expected to have equal

~10 K) . , , amounts of C6" and Cd*. The distinguishing feature of a
In Fig. 4(b), the peak intensity of a scan through the rOdsampIe with nominal composition B8r,CoQ; s is the ab-
arising from two-dimensional AF spin fluctuations is plotted gance of AF peaks found in B8r,C00;, 5, 5>0.4; a scan
as a function of temperature. This measurement is made igiong (0, 1, L) shows no temperature dependence between 5
the 2-axis mode without energy analysis, such that the deteg and 300 K. This indicates that NN spins in thb plane no
tor integrates over all final neutron energ?éﬂ'.he transfer of |onger have an AF Coup“ng. The Crysta| with this Composi_
weight out of the rod and into the Bragg peaks-&50 K  tion instead shows predominantly ferromagnetic behavior in
can be seen by comparing Figsa4and 4b). The two-  theab plane.
dimensional magnetic scattering near the 3D ordering tem- Figure 5a) shows a measurement of the temperature de-
perature is similar to that found in the Heisenberg antiferropendent susceptibility with the applied field H aloagb,
magnet LaCuQ,.?! In particular, the reduction of the andc. For the susceptibility along, both zero-field cooled
quasielastic intensity df, 0, 0.4 as the temperature is low- (ZFC) and field-cooled FC) measurements are shown. The
ered below T, is more gradual than the observed critical thermal hysteresis occurring below 30 K is only seen at low
behavior of KNiF,, a prototypical 2D Ising systefi.How-  fields and may indicate spin-freezing; we will focus on the
ever, the rounding at the transition resulting from inhomoge-magnetization above 30 K where the thermal hysteresis is
neity of the oxygen may obscure the true critical behavior. not observed. The susceptibility indicates a strong in-plane
The magnitude of the ordered €omoment,(Mag), is  spin anisotropy, with the largest susceptibility alangnd a
estimated by normalizing the AF peak to the nuclk€ar0, 2 much smaller susceptibility along. Although there is a
reflection, which has a known cross sectidiWe estimate sharp decrease in the susceptibility at 47.5 K, this does not
(Mpp)=2.5+0.8 up/Co resulting in (Sap)=1.3  result from an AF ordering of neighboring spins in thb
+0.4 u,/Co, assuming g= 2. The estimated moment is plane, as discussed above.
closest to the intermediate spin state=3, of the C3* ion A Curie fit of y, at high temperatureX300 K) yields a
in an octahedral crystal field. Preliminary spin wave mea+M Curie temperature ;~100 K, anduef~4uy, per Co.
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FIG. 5. (a) Temperature dependent susceptibility o6& 0.25
crystal. Both field-cooledFC) and zero-field cooled@?FC) suscep-
tibilities are shown fory,. (b) Temperature dependence of the
square of the uniform moment measured in the SQUdark
squaresand the magnetic contribution to the intensity at (Bg0,

4) Bragg peakiopen circleyin a 2.9 T field alonga. (c) The field
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In Fig. 5(b), the square of the uniform momentina 2.9 T
field is plotted as a function of temperatui@®e plot the
square of the moment for ease of comparison with the neu-
tron results). In this measurement, the field is applied along
a, the direction which shows the largest susceptibility. The
temperature dependence is suggestive of a ferromagnetic or-
dering with an onset near 100 K, consistent with the above
Curie fit. Note, however, that the temperature dependence of
the moment is strongly field dependent; in particular, the
zero field measurement in Fig(a, as well as the zero field
neutron datgshown below, reveal no net moment.

To explore a possible ferromagnetic ordering of the spins
with neutrons, we measure the magnetic contribution to the
intensity at the allowed nuclear reflectidsee Fig. 2b)]. All
of the measurements are performed in tBKL) plane with
the field alonga. Since the magnetic intensity is weak com-
pared to the nuclear intensity, we have chosen to look for
ferromagnetism at relatively weak structural positions. The
(0, 0, 4 nuclear position is ideal, as it is sufficiently weak
that the magnetic intensity is at least 10% of the nuclear
intensity and|Q| is small so that the form factor remains
large.

The temperature dependent ferromagnetic contribution to
the intensity of thg0, 0, 4 Bragg peak induced by a2.9 T
field is shown in Fig. &). The field is necessary because, as
noted above, the uniform moment vanishes at=H). We
determine the ferromagnetic contribution to the intensity at
(0, 0, 9 as the difference between the total intensity and the
intensity at 190 K, at which temperature the intensity at this
position is completely due to nuclear scattering. This is con-
firmed by the absence of field dependence at 190 K. The
neutron data are normalized to the SQUID data at 30 K to
show that both quantities have the same temperature depen-
dence. We note that the temperature dependence measure-
ment in Fig. %b) does not constitute a true order parameter
measurement of ferromagnetic ordering since the measure-
ment is not made at zero field. The absence of a spontaneous
ferromagnetic moment in zero field indicates that the vector
sum of the four spins in the magnetic unit cell is zero at zero
field. The moment measured in Fig(bb is therefore more

dependence of the uniform moment measured in the SQUID for HPPropriately called a field-induced ferromagnetic moment.

alonga at 30, 60, and 200 K. Also shown is the field dependence of

the square root of the intensity of the magnetic scatterir{g,a, 4
(large squares normalized to the SQUID data at 5 T.

Figure 5c) shows a SQUID measurement of the moment
vs field at 30, 60, and 200 K, again with the field applied
alonga. Above ~150 K, the moment is linear in field up to
5 T. Also plotted in Fig. &) is the field dependence of the
uniform moment measured by neutrons at 30 K. Again, the

For T>T. we can treat the paramagnetic susceptibility asyeytron data have been normalized to the magnetization at 5

arising from two sublattices, one with the spin of the?Co
and the other with the spin of the &g which are ferromag-
netically coupled. We find that the fitted value forg is

T to emphasize that the field dependence is the same for both
measurements. The absolute moment determined from neu-
trons is 2.2-0.7 uy, per Co at 5 T, which is within error of

greater than the value expected for either an equal mixture ahe moment of 1.50.1 u,/Co measured by the SQUID.

Co®" in the S= 1 state and C0 in the S= 3/2 state
(mer=3.39) or an equal mixture of G6 in the S= 2 state
and C3" in the S= 1/2 state fuos=3.67), but less than the
value expected for G4 in the S= 2 state and Co in the
S = 3/2 state fu.4=4.42). We note that thg 4 values ex-
pected for Cé" in the S= 1/2 state and Cg in the S= 1

The field dependence of the moment at low T shown in
Fig. 5(c) is unusual; the size of the moment increases rapidly
up to 2 T and then shows a much slower increase at fields up
to 7 T without saturating. The field dependence of the uni-
form moment is similar to that expected for a soft ferromag-
net, i.e., a ferromagnet with a small coercive field; however,

and O state are 2.35 and 1.22, respectively, which are much ferromagnet has a finite microscopic moment at=H0

smaller than the fitteg .

which can be seen by neutrons even if the uniform moment
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vanishes because of domain effects. That is, the intensity of T T T
the neutron peaks and the bulk magnetization would not co- 1.000
incide for a soft ferromagnet as they do in Figc)s There-
fore, we conclude that the field induces a continuous polar-
ization of the spins from a zero-moment ground state.

The size of the moment at 5 T is 8.1 w,,/Co, which
in the simplest picture is the expected moment for either an
equal mixture of S= 0 and S= 3/2 spinsor S 1 and S
= 1/2 spins. As in the Curie fit, we cannot determine
uniquely the separate spin on theCaand C3" sites from
the total(bulk) saturated moment.

Since the ferromagnetic Curie temperature and the non-
linear field dependence suggest that the dominant interaction
is ferromagnetic, we propose that the absence of a uniform 0.001 . L L
moment at zero field results from a small AF coupling along 0 100 200 300 400
¢ between ferromagnetic layers. This would explain the large T (K)
ferromagnetic susceptibility at high temperatures seep,in . o
and the suppression of the moment below 47.5 K. We note F_IQ..G. Semi-logarithmic plot of the tgmp_erat_ure dependent sus-
that this proposed spin arrangement would result in magneti€ePtRility for H parallel toa (the AF spin directioh for samples
Bragg peaks at thé0, 0, L = odd) positions at zero field. anne_aled in vacuum or oxygen to_yleld dlfferent_ox_ygen cont@nt,
Preliminary measurements in whi¢B, 0, L = odd) peaks Starttmg fro? the rlghlt,tthggpSeazk?Omztgg Sf?geggb'!?gccuga;ée?'

. X P T . .peratures, Joa, equal to 295, , , , 95, 47.5, an .
are Obi‘f“’e‘j to dlsappear in a ma_gnet|c f'eld confirm thlghe samples with J.4=270 and 235 K were measured as-grown.
picture=™ In the following section, evidence is presented for

. - . The samples with J,=170 and 95 K were annealed in
other samples that an antiparallel stacking of the layers is, 15 mTorr vacuum at 600 and 750°C, respectively. The two
indeed, the zero-field ground state for tlée-0.25, FM

samples with lowest L, were annealed in an evacuated quartz
phase. tube with Cu powder as a reducing agent. The sample with, T
=295 K was first reduced using the quartz tube method and then
annealed, at 800 °C, in a flow of pure oxygen.

M/H (cm’/mole)
I
=
[e]

o
=
=

C. Doping dependence, 0.28 6<0.5

The compositions BBSrL,CoOs5 and BLSr,CoOs,5 ap-  Curie—Weiss form with a ferromagnetic Curie temperature,
pear to be two end points in the phase diagram ofT.. T coincides with Feacfor Tpeae>100 K, while for Tyeqx
Bi,Sr,Co0;, 5. We have shown that thé=0.4 crystal with  below 100 K, T remains at 100 K even though,Jcontin-
mostly C6" spins undergoes a transition to an antiferromag-ues to decrease.
netic alignment of the spins in thab plane with T We have already discussed the AF spin ordering of a
>200 K. On the other hand, th#=0.25 crystal has nearly sample with6>0.4 and |,>200 K. From Fig. 6, it is clear
equal numbers of 3 and C&* ions and the in-plane in- that the ferromagnetic peak, though much reduced compared
teraction is ferromagnetic with ;7100 K. To study the to the&§~0.25 phase, is present for these highsamples as
evolution of the magnetism between these two end-pointvell. Therefore, we first focus on understanding the presence
compositions, we have characterized samples which havef ferromagnetism in samples which have nominally high
been annealed to give a range ofaNemperatures from 295 (5>0.4) and well defined AF transitions, before discussing

to 0 K. the full doping dependence of the magnetism for €25
Figure 6 shows the magnetic susceptibility with the field<0.4.
applied along for samples which haveyfranging from 295 The temperature dependent magnetic susceptibility of the

K to 0 K. The enormous growth of the ferromagnetic-like same crystal used to determine the AF spin structiigs. 3
peak with decreasingyTsuggests that the ferromagnetic in- and 4 is shown in Fig. 7. The inset shows the spin orienta-
teraction is favored by removal of oxygen from tion in a single magnetic layer, determined from the neutron
Bi,Sr,Co0; ., s and competes with the antiferromagnetic or- measurements discussed previously. Both zero-field cooled
der found in samples witld>0.4. As discussed below, the and field-cooled measurementsyof, xp, andy.ina 0.1 T
peak in the susceptibility occurs at the same temperature dield are shown, with the largest difference between zero-
Ty for Ty=125 K. On the other hand, the two curves with field cooling and field cooling occurring when the field is
the peak in the susceptibility occurring near 45 K correspondilong a. The peak in the susceptibility along at Tpeax

to two different samples, one with \F81.5 K (dark =235 K is identified as the transition to 3D AF order be-
squares, Jea=40 K) and one with no AF orderingppen  cause of the sharp drop in the susceptibility below this tem-
circles, T,ea=47.5 K). So as not to cause confusion, we perature. The N&l temperature determined in this way is
will distinguish between J.., the temperature coinciding close to that measured by neutrons, and we have already
with the peak in the susceptibility, andyT which is the shown that taking [ to be 235 K gives a satisfactory fit to
onset temperature for the sublattice magnetization measurede neutron datgsee Fig. 4a)].

by neutrons. For all of the samples shown in Fig. 6, the The susceptibility is also highly anisotropic, and while the
susceptibility at temperatures above the peak can be fit to eaxis susceptibility is small and nearly temperature indepen-
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FIG. 7. Temperature dependent magnetic susceptibility of a "
sample with | =Tyu=235 K for H parallel toa, b andc. The 0.00 H . . = e
susceptibility alonga, and to a lesser exterld, shows ferromag- 0 100 200 300 400

netic behavior above 235 K, while tlweaxis susceptibility is nearly
temperature independent. The inset shows the spin arrangement in
the AF phase in a single layer. FIG. 8. (a) Field dependence of a sample withe=215 K at
180 and 50 K with the field applied alorg The maximum in

dent, the susceptibility shows ferromagnetic behavior wheM/dH for the 180 K scan determines the critical field,Hvhich is
the field is alongg, and, to a lesser extent, when the field is1-6 T for this sample(b) Comparison between the moment at 5 T
along b. At temperatures above the peak ip, (T measured after cooling in zero fie[@FC) and after cooling in a
=300 K), the susceptibility is well described by a Curie— fied (FC).
Weiss form with a ferromagnetic ;& T,,=235 K and
tei= 1.4u, assuming all Co ions contribute. The comparison between(M) at 180 K and 50 K in Fig.

The result of the Curie fit is surprising both because of theg(a) shows that the hysteresis grows substantially with de-
difference in sign between the fitted Curie temperature andreasing temperaturéBelow 10 K there is no sign of a
that expected for AF exchange and the small magnitude afleviation from a constant susceptibility up to 5 T, suggesting
the Curie constanffor S = 1 and g= 2, one expectgi  that the hysteresis is larger than the range of the field used in
=2.8). In addition, the existence of a FM peak along thethe measurementThe growing hysteresis with decreasing
easy axis of the AF is difficult to explain. A peak in the temperature is consistent with the observed difference be-
susceptibility of an AF is usually an indication of a compet-tween field cooled and zero-field cooled measurements of the
ing FM interaction, which gives rise to a canted moment. Forsusceptibility. We note that when the field is applied albng
example, such weak ferromagnetism is observed yCL&®,  or c the moment is linear with field up to 5 T at all tempera-
because of the Dzyaloshinsky—Moriya interaction betweenures. This suggests that the jump in the moment is closely
neighboring spins, which causes the spin to cant out of theelated to the FM behavior since the susceptibility data show
plane?® However, the canting resulting from such a mecha-the largest peak when the field is aloag
nism is perpendicular to the AF spin direction, while in  Figure 8b) shows the moment as a function of tempera-
Bi,Sr,Co0;s. 5, the enhanced susceptibility is strongestture while cooling in a 5 T field. The moment vs temperature
along the AF spin direction. Furthermore, for ferromag- in the field cooled measurement resembles that of a ferro-
netism resulting from canting, the size of the canted momentnagnet. As discussed previously, this measurement is made
should be intrinsic to the AF order. It is clear from Fig. 6 that at high field and does not indicate the onset of a spontaneous
the size of the FM peak grows ag Ts suppressed, whereas moment; the absence of a FM moment for=HO has been
one would expect the staggered moment, and therefore theonfirmed with neutrons. Rather, the measurement in Fig.
canted moment, to decrease agdecreases. 8(b) shows the temperature dependence of a field induced

The field dependence of the moment(HJ, for T<T) ferromagnetic moment. The inflection point of(W in the
suggests ferromagnetism which is hidden at zero fieldldM field-cooled measurement is at the same temperaturgas T
with H alonga and T= 180 K is shown in Figure @) fora  measured in zero field, suggesting that the field induced FM
sample with a similar susceptibility to that shown in Fig. 7, behavior only occurs in the ordered phase of the AF. For
with Ty=Tpea=215 K. At low fields, the moment is linear comparison, the moment obtained at 5 T after cooling in
in field. Near 1.6 T, there is a large jump in the momentzero-field is also shown. The data show a substantial differ-
which corresponds te-0.25u,, per Co for the field sweep at ence between the field cooled and zero-field cooled moment
180 K. We define the maximum in dM/dH as the “critical for T<200 K, which may indicate that the low-field to high-
field,” H., for the jump in the moment. field transition is first order in nature.

T (K)
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scattering in te 7 K scan compared to the 300 K scan. In a
similar sample, we have confirmed that the field induced

2.0 : . '
—o—Fc7K 00 (0K 4.0) intensity at the(0, 0, 4 peak results from FM scattering by
& 15| —=—FC 300K /.. performing polarized neutron scattering without spin analy-
g o/ sis.
"g Lok H=7T /l o The magnetic field also affects the AF structure. Figure
g 9(b) shows a scan along L through, 1, L) at 10 K after
S b5 Q/ & cooling in zero field and after cooling in 7 T. When the
' / - (a) sample is cooled in zero field, there are AF Bragg peaks at
@ the L = even positions just as in Fig(l®. After cooling in a
0:8,(3 001 0.00 0.01 0.02 7 T field, these peaks disappear and new AF peaks appear at
K (rlu) the L = odd positions, indicating a high field AF phase with
8.0 — . . . a different spin arrangement than the=HO phase. The po-
m —®ZFC ©0.1.1) sitions of the high field AF peaks are consistent with a 180°
_ ol —O—FC o rotation of all of the spins in alternate layers of the low-field
E AF. This change in the stacking arrangement is indicated in
"g a0k T=10K T Fig. 9c), which shows a projection diagram of all four spins
é ‘ (b) in the mggnetic unit cell. o
8 Lol ‘ ] The high field AF peaks have a significantly smaller peak
: intensity and are nearly twice as broad as the AF peaks in
&\ ] g zero field, i.e., the high field AF peaks are no longer resolu-
00 0 1 2 3 tion limited. Comparing the integrated intensity of tfte 1,
L (r.lu) 0) peak after zero-field cooling and ttie, 1, 1) peak after

cooling in 7 T, we find that the scattering is nearly conserved
when the field is applied. The broadening of the AF peak
only occurs in the L direction, which implies that the antifer-
romagnetic order at high field has a smaller magnetic corre-
lation length alongc than that at zero field. To analyze the
peak widths, we define the correlation length as the inverse
of the half-width at half-maximuntHWHM) of a Gaussian
line shape in Q, which is convoluted with the spectrometer

000)  (1201/2) 000)  (1/201/2) resolution function to obtain the experimentally observed
H=0 H=7T peak in Q space. The correlation length determined for the
different magnetic Bragg peaks can then be compared. We

estimate that the magnetic correlation length, for the

H// a © high-field AF is~80 A, compared ta=400 A for the zero-

field cooled, resolution limited AF peaks
In Fig. 10@), the field dependence at 180 K of tf® 1,

FIG. 9. Applying a 7 T magnetic field along results in(a) :
increased scattering at tk@, 0, 4 nuclear peak, shown here at 7 K 0) and (0, 1, D AF peaks and the square of the uniform
and 300 K and(b) a shift in the AF peaks from the zero-field Moment, as measured in the SQUID, are shown. Clearly, the
positions(0, 1, L = even to the high field position§0, 1, L = odd). AF structure and the magnitude of the uniform moment both
The double peaks at low L in the scan(in) result from a second show strong variations at approximately the same field.
nearby crystallite. The shift in the positions of the AF peaks likely However, the magnetic peaks observed at the positions,
result from a change in the inter-plane stacking of the spins ad) and(0, 0, 4 cannot be caused by scattering from different
indicated in the sketch ifc). The shaded circles and open circles components of the same ordered momeér., a field in-
are in adjacent layers separated &. The arrow indicates the duced ferrimagnet or spin-flop of the antiferromagnes-
direction of the field, which is parallel ta. cause the peaks have different correlation lengths atoAg

high magnetic field, the peaks at the AF positions are not

Field-dependent neutron scattering measurements reveasolution limited and havé.~80 A while the FM peaks
both FM and AF Bragg peaks above Fr the sample stud- are resolution limited and hav&>=120 A. This is an im-
ied in Fig. 8. We first discuss the field induced FM peaks.portant point because it indicates that there are distinct AF
The scattering geometry is such that the field is applied alongnd FM regions in this sample.

a, as in the SQUID measurement, and the scattering plane is To further confirm that the observed peaks at the FM and
(OKL). After cooling in 7 T, we observe enhanced scatteringhigh field AF reflections do not result from a canted AF, we
at the(0, 0, 49 nuclear position, resulting from a FM align- have performed polarized neutron measurements on a similar
ment of the spins, just as for th&~0.25 sample. In Fig. sample. We have used a full polarization analysis set-up to
9(a), a transverse scgalong K) through the0, 0, 4 nuclear measure, independently, the neutron spin {85 and non-
position is shown for H= 7 T at 300 K and after field spin flip (NSF) cross sections for scattering from the ordered
cooling in 7 T to 7 K. There is a clear enhancement of thespins in the sample. The neutrons are polarized in the same
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1.00 T T T T T .- In Fig. 10b), scans through thé0, 0, 4 and (0, 1, 1)

180 K : peaks are shown for both the NSF and SF configurations.

1 Also indicated is the background expected from imperfect
® polarization. The absence of SF processes above the back-

. ,-.. ---m-- (0,1,0) ground at the0, 0, 4 reflection indicates that the FM mo-

. .P e ] ment is collinear with the-axis, as expected. At the A@®,

" o-- (0,1, 1) ; . ; )
0.50 F N - 1, 1) reflection, the amplitude of the peak in the SF configu-
) —e— SQUID ration corresponds to 4.75% of the amplitude of the NSF
] peak, which is slightly higher than what is expected from
imperfect polarization(3.3%).

,. We now explain why these results are inconsistent with a
. o n._ T canting model. In a canted AF, the FM moment arising from
SR TP P a canting of AF spins is necessarily perpendicular to the di-
0.00 Hosese® : ' . : u rection of the staggered moment. Therefore, if the neutrons
H (T) are polarized along the FM component of a canted AF, the
(a) neutron spin and staggered moment will be perpendicular to
one another. Since a neutron’s spin flips when scattered from
(0, 0, 4) ©,1,1) a perpendicular moment, this situation will lead to 100%
T T 800 r spin flip scattering at the AF reflections. In this situation, the
B NSF ratio of SF to NSF scattering at the AF reflection will be
% given by (1+ P)/(1—P)sin’(a), where « is the angle be-
u tween the direction of the staggered moment and the momen-

] tum transfer vector, Q. We estimate that the SF scattering
arising from an AF with a canted moment shoulddideast
* 1.4 times as great as the NSF scattering, i.e., the SF peak

amplitude should bgreaterthan the NSF peak amplitud@.
4000} 1 400f . The SF scattering seen at tt@ 1, 1) reflection in Fig. 1(b)
is clearly muchlessthan the NSF scattering. Therefore, the
[ ] u simultaneous FM and AF reflections seen at high field can-
not result from a canted AF.
Although simultaneous FM and AF reflections could re-
u [ | sult from a collinear ferrimagnetic ordering, the ratio of the
u n FM to AF peak intensity should not depend on the magnetic
m m ordering temperature. As shown below, the suppression of
0 0%: the Neel transition temperature results in an increase in the
100 101 102 103 24 26 2 FM moment relative to the ARstaggeremoment.
0 (degrees) 0 (degrees) For the above reasons, we conclude that the FM and AF
(b) peaks result from distinct magnetic domains in the sample.
To quantify the intensity of the FM and AF peaks in absolute
FIG. 10. (a) Field dependence of the intensity of tf& 1, O units, we use the following normalization: The FM intensity
and (0, 1, ) AF peaks at 180 K. The square of the moment mea-at (0, 0, 4 is attributed to a uniform moment per Co ion, i.e.,
sured in the SQUID, from Fig.(@), is also shown. The increase in each Co site has a spi{iSgy), which lies alonga. The ad-
intensity of the(0, 1, 1) peak and the jump in the uniform moment ditional scattering at the positiof®, O, 4 is therefore pro-
occur at approximately the same magnetic fi¢hi. Measurement  portional to(Sgy)2. Similarly, the intensity at the AF peak is
of spin-flip (SP and nonspin fliNSF) intensities of the0, 0, 4  attributed to a spikS,e) on each Co of each sublattice in an
and(0, 1, J peaks in a full polarization set-ugee text The dark  antiferromagnet domain. Since we believe that the origin of
line indicates the intensity of SF scattering expected from imperfecthe FM and AF ordered moments arise from different do-
polarization. The experimentally determined polarization is 0.94. maijns, we should ideally normalize the magnetic intensity at
direction as the applied field, which is along trexis of the e AF and FM peak positions to the number of spins in the
sample. The beam’s polarization may be determined by medF ©f FM domain, respectively. Since we do not knaw
suring the ratio of NSF to SF intensities at several structuraPriori the volume of either domain, we normalize the inten-
reflections above J. We find that the polarization alorais ~ Sity t0 the total number of Co ions in the crystal. However,
0.94+0.01.[The polarization, P, is defined #&6—1)/(F+1), ~ OuUr interpretation is that the two quantitiegM,e) and
where F is the ratio of neutrons with spin up to neutrons with{Mew), describe distinct magnetic phases.
spin down] The SF and NSF cross sections of the FMO, The magnetic cross section also depends on the direction
4) and AF (0, 1, 1) reflections are measured after cooling to of the magnetic spin with respect to the momentum transfer
5K ina 7 T field parallel toa and then reducing the field to vectorQ [Eg. (1)]. We have shown that the spin lies aloag
1 T (due to hysteresis, it is possible to reduce the field to 1 Tn both the AF and FM domains at all fields. Therefore all
without changing the high-field state peaks measured in tHOKL) scattering plane hav® L to

0.75

1
g
L

0.25

Intensity (arb. units)

8000

Counts (4 minutes)
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FIG. 11. Temperature dependencies of (Be 1, O integrated =
intensity in zero field and th€0, 1, 1 and (0, O, 4 integrated 0.0 /i
intensities in 7 T. The field is applied aloag The line through the
temperature dependence of e 1, O peak intensity is a guide to 3t
the eye. The uniform moment squargthrk ling, measured in the [
SQUID at 5 T, is also shown. ~, 2r
=
. . 1k p
(S) and sirf a=1. We thus estimate that the FM moment for ©
the sample studied in Figs. 8—10 is between 0.4 ang .8 ok N |
per Co ion. The range of values represents the uncertainty in 0 100 200 300
determining the absolute intensity of the different nuclear T (K
peal

peaks for the normalization.
Figure 11 shows the temperature dependencies of the in- g, 12. (a) Ty, determined by neutrons, ang Tdetermined
tegrated intensity of thed, 1, 0 peak in zero field, th€0, 1, from the Curie susceptibility, vs;L;, the peak in the susceptibility.
1) peak and thé0, 0, 4 peak in 7 T, and a SQUID measure- The lines are guides to the eye. Beloy.d~100 K, T;is constant
ment of the square of the uniform moment in a 5 T field forwhile T drops abruptly to zergb) Calculated AF momentMae),
the above sample. The integrated intensities of(thel, O and FM moment(Mgy), as a function of Ju. The point at
and (0, 1, ) peaks are proportional to the square of theT,.,=47.5 K corresponds to the sample with no in-plane AF or-
ordered moment in the AF phase at zero and high field, reder, discussed in Sec. Ill B. The lines are guides to the @y&he
spectively, while the integrated intensity of tfis 0, 4 peak  decrease in the critical field, H with decreasing Je.. The error
is proportional to the square of the ordered moment in thévars correspond to the larger of the width of the transitian, the
FM phase. All of the data are plotted in the form HWHM of dM/dH) or the hysteresis.

M2(T)/M?(0). Remarkably, the ordering temperatures for _ . .
the low and high field AF phases, as well as the FM phaseordererlng temperatures decouple withdetermined by the

. ; ; trinsic properties of the FM phase. These results are sum-
appear to be the same. At first sight, this appears to be é}?arized F;n FI):ig 12, where _E and T, are plotted as a
odds with our arguments for phase separation. However, wg] . : ’ . N .
. L : unction of Tpear. We use Teqcto differentiate samples with
believe that the coincidence of the ordering temperatures cal p

be explained by considering the interaction between the tw fferent oxygen content, since this is more easily measured
P y 9 an . We note that while the AF order is likely very sensi-

magnetic_domains, such that the qrdering of one phase drivqﬁle near the compositiod~0.25, Tea Shows little varia-
the ordering of the_other. A§ we discuss below, .the data SUgion. This may explain why we observe a slightly lowegJ,
gest that the ordering of spins in the AF phase induces ordgf, ihe sample which hasyF-80 K compared to the sample
in the FM phase. _ ‘which has no observable long-range AF order. Since the sub-
We now discuss the observed growth in the ferromagnetigtantial rounding near the onset temperature for AF ordering
behavior ass is reduced froms>0.4 to 6~0.25. We have prevents a reliable fit of the data from sample to sample, we
already shown that removal of oxygen not only suppressegefine T, in Fig. 12a) as the temperature at which the in-
Ty but enhances the ferromagnetic pealginby nearly two  tensity of the AF Bragg peak is 10% of the maximum inten-
orders of magnitude between the sample withe,J sity. T, is the FM Curie temperature determined from the
=295 Kand the sample with,I=47.5 K(see Fig. 6. By  Curie fits of the paramagnetic susceptibility. There are fewer
comparing the neutron data to susceptibility measurementgoints for Ty than T, because we can only measurg With
we find that for samples with L, =125 K, Toeae=Tn, neutrons, while T is easily determined from the susceptibil-
while for Ty<125 K, T and Ty differ. In addition, we ity.
find that T, from the Curie fit of the paramagnetic suscepti- In Fig. 12b), the ordered AF moment at & 0, (Maf)
bility is =Tpeak fOr Tpeae>100 K, while for samples with  =g(S,r), and the field induced uniform momeMgy)
Tpeak<100 K, T; remains fixed at=100 K even though =g(Sgy), determined from neutrons, are plotted as a func-
Tpeak decreases to 40 K. This suggests that the AF ordetion of Ty, The data in Fig. 1) show that as oxygen is
determines the ordering of the FM phase wheniggreater removed and [ is suppressed the FM moment increases and
than 100 K, but when Jis below 100 K, the FM and AF the AF staggered moment decreases.
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TABLE I. Calculated{(Mr) measured at zero-field aftr,) 1.0
measured at 7 T. For comparison, the field induced FM moment i e T =215K
measured in the SQUID at 5 K after cooling in 5 T is also shown. = % peak
(Mag), (Mgy), and the SQUID FM moment are all in units of o QDQ
up/Co. Multiple entries for the same sample correspond to normal- E 0.5F o (0,1,0),H=0 A
ization to different nuclear peaks. = A (0,1,D,H=7T
e (0,0,4),H=7T
Ty (K) Mar Meu Mey SQUID N
237 2.5-0.82 1.0
225 2.4-0.8°  0.45+.15° 0.38 = T ,.=125K
3.7+1.2° 0.8+.3¢ o~ s,
115 1.9-0.7°  0.8+0.2° = 0.5} o
1.8+0.7°  0.6+0.2° = 3

81.5 1.3:0.4° 2.1+0.7° 1.7 b
1.3+0.4° 1.9+0.6° ol %Im X . ( )_

No in-plane 2.4+0.8° 1.75
AF order 1.9-0.6° —_
S T  =40K
Normalized to thg002 nuclear Bragg peak. NE
®Normalized to thg004) nuclear Bragg peak. &
‘Normalized to thg020) nuclear Bragg peak. =
Table | shows the calculated magnetic moment from mag- . . ©) |

netic neutron scattering measurements compared with the ' ' 1
moment measured in the SQUID magnetometer. There is T ..=475K

some variation in the magnetic moment calculated from the
neutron peaks depending on which nuclear peak is used for
normalization. This probably results from extinction effects.
For most samples, the table shows two entries, one for nor-
malization with the(0, 0, 4 nuclear peak, which is a weak (d)
nuclear reflection, and the second line for normalization with 0.0 . : n
the (0, 2, 0 nuclear peak, which is a strong nuclear reflec- 0 100 200 300
tion. The errors correspond tb30%. T(K)

Figure 12c) is a plot of the critical field, H, as a func-
tion of Tyea. Since the critical field can only be measured by ~ FIG. 13. Temperature dependence of tBel, 0, (0, 1, 1, and
first cooling the sample in zero field to below, Bnd then (0, O, 4 integrated intensities measured in samples WaNT pea
measuring the field dependence, there is some error in deteIn) =215 K (225 K), (b) 125 K (115 K), and(c) 40 K (81.5 K),
mining H, at low temperatures because of the hysteresis. T8nd (d) for a sample in which no AF order of the Eospins is
avoid hysteresis, the critical field is measured for temperameasured. The SQUID measurement, at 5 T, is shown as a solid
tures within 25% of ;. The critical field appears to vanish Curve for each case, except fah) where a 2.9 T field is applied for_
for samples with Tea between 95 K and 45 K, which is the both the_ SQUID and neutron measurements._ All measurements in a
same temperature range over which and -I;)eak appear to magnetic field are measured after field-cooling. The data are nor-

decouple. This suggests that the critical field depends on thne1allzed at base temperature.

fraction of the sample that is in the AF phase. _the C3* AF order. The data clearly show that when theeNe
Figure 13 shows the temperature dependencies of the ilemperature is below about 125 K, the FM order is indepen-
tegrated intensity of th€0, 1, 0 Bragg peak at H= 0 and  dent of the Nel ordering: Comparingc) and (d), the onset
the (0, 1, 0 and (0, 0, 4 peaks at 7 T for samples with temperature for the FM moment occurs at approximately the
Tpeal Tn) =215(225), 125115), 40 (81.5, and 47.50) K. same temperature, even though the AF ordering has disap-
The solid line in Fig. 13 is the square of the uniform momentpeared in(d).
measured in the SQUID in a FC measureménfl). The We have not, up to this point, considered the zero field
dotted line is used to emphasize tt@® 1, 0 data, which  behavior of the FM domains in a sample exhibiting phase
reflect the zero-field AF order parameter. (B and(c) the  separation. As discussed above, the FM scattering measured
SQUID data show a more rapid fall off with temperature at the nuclear positions disappeared below the critical field.
than indicated by th€0, 0, 4 Bragg peak. This may reflect It was therefore necessary to search for FM scattering at
the lower field available for the SQUID measurement. Thereother Q positions. The measurements of #e0.25 FM
are no SQUID data available for the sampldli In (c) the  sample suggested that the reduction of the moment to zero in
temperature dependence of tife 1, 1) peak at high field is  zero field resulted from an AF interaction between FM lay-
not shown because we did not take these data afd) there  ers. This type of AF stacking would be characterized by
is no peak at0, 1, 1), consistent with the disappearance of magnetic Bragg peaks at the positidhs= even, K= even,

No in-plane AF order
0.5 P ]

M*M*0)
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Lot ' ' ' insulating behavior with an activation energy-e0.5 eV is
observed for 0.4x=<0.7, with a maximum resistivity fox
10° " =0.5. The compositiox=0.5 in Lg_,Sr,Co0, has equal
= 1ot numbers of C&" and C3" and therefore corresponds to our
£ 5=0.25 samples.
g 107
2 o2t IV. DISCUSSION
10' , ] The important result of our annealing studies is that the
ol - removal of oxygen suppresses the AF order characteristic of
10 , , ™ the crystal with mostly C&", while the peculiar ferromag-
0 5 10 15 20 netic features, namely the size of the ferromagnetic peak in

1000/T (K™) Xa at Ty and the field induced ferromagnetic moment, are
enhanced. In addition, the field dependent neutron scattering
FIG. 14. Temperature dependent resistivity for samples with difresults provide strong evidence for magnetically distinct
ferent Toea. Samples with different L. show the same activated phases. The arguments are twofold. First, we have shown
behavior, with activation energy 250 meV. The inset shows the that the AF and FM peaks at high field have different corre-
resistivity measured at 290 K as a function gtz. The error bars  |ation |lengths alonge. Second, the polarized neutron mea-
result from uncertainty in the geometric path of the current in theg,rements show that both the AF and FM moments lie along
4-probe measurement. a which is not possible in a single magnetic phase.
L = odd. We have therefore made preliminary measure- We propose that the simultaneous AF and FM peaks result
ments to look for magnetic peaks at these positions in &0m the existence of electronically distinct phases which
sample exhibiting phase separation. In  the=TT e exh|+b|_t distinct magnetic ordering. One phase has mostly
=215 K sample(see Fig. 8 we found magnetic peaks at cao® ions and IS characterized by spins which are antiferro-
the (0, 0, L = odd) reflections, in zero field, which disap- magnetically aligned alon@, while the other phase has
peared at the N transition. Unfortunately, this scattering €dual amounts of C8 and Cd* which are FM aligned
setup did not include a magnetic field, and it was not pos2longa. Here, we will refer to the phase with mostly Coas
sible to check that the peaks shifted@ 0, L= evenr) atthe the AF phase and the phase with equal amounts éf God
critical field. However, the zero field peaks(t 0, L= odd) ~ CO°" as the FM phase.
showed the same intensity as the high field FM peak®at  The magnetization of BBr,CoGs, s evolves smoothly
0, L = even measured in a different setup. Similar behaviorwith decreasings to exhibit purely ferromagnetic behavior,
has also been observed in another sample with differgnt T Suggesting that it is the removal of oxygen that increases the
Although more work remains to be done to unambigu-volume of the FM phase, which is €b rich, while sup-
ously identify the zero-field magnetic structure of the FM pressing the AF ordering of the €0 spins in the AF phase.
phase, the measurements described above provide fairljhe decrease in the Mktransition temperature with decreas-
strong evidence for an antiparallel stacking of adjacent FMng ¢ likely results from finite inclusions of the FM phase in
layers at zero-field. We note that the three dimensional orthe AF phase.
dering of the FM domains at the same temperature as the AF We now discuss the microscopic mechanism for both an-
domains implies an interaction between the two domains. Wéferromagnetism and ferromagnetism in,Bi,CoGs ;. 5. As
will discuss this in more detail below. discussed above, the spin state of Cdor the samples with
Given the dramatic changes in the magnetism, it is suré near 0.5 is closest to § 1, the intermediate spin state of
prising that the resistivity is relatively insensitive to doping. trivalent Co. C3" at perfectly octahedral sites is usually
Figure 14 shows the temperature dependent resistivity foiound to have S= 0. However, a tetragonal distortion of the
samples with a range of AF ordering temperatures. On thisurrounding oxygefiFig. 15a)] favors the intermediate spin
Arrhenius plot, all of the resistivity curves have the samestate of C8" because the crystal field energy splitting be-
slope above 200 K indicating a constant activation energytween the g and %4 orbitals is lowered with respect to the
E,~0.25 eV. There is no feature p(T) at T,eocfor any of  electron—electron exchange. In,Bi,CoGs ., 5, the tetrago-
the samples, suggesting that the magnetic order has no sigal distortion is(c—a/a = (2.46—1.9%1.95 = 0.268 This
nificant effect on the transport. The inset shows the magnishould be compared to the nearly perfectly octahedral con-
tude of the resistivity measured at 290 K, for which there isfiguration in L CoGO, or LaCoG; in which the S= 0 ground
a distinct minimum for samples with I near 115 K. The state may be preferred. For a sample in which every Co is in
resistivity curves for o= 175 and 115 K show a crossover the 3+ state with S= 1, an AF interaction between neigh-
to more weakly activated behavior with decreasing temperaboring CG* ions can be explained in the usual way by su-
ture, which may be related to the minimum in resistivity. perexchangé¢Fig. 15b)] between spins in the half filleg?
Although crystals with low T are expected to have large andxy orbitals?®
FM domains, there is no evidence for a transition to metallic We have shown that the volume of the ferromagnetic do-
behavior as one finds in the manganites. We note that thmains in ByS,CoGOs . 5 increases with the removal of oxy-
related compound La ,Sr,CoO, shows a similar insensitiv- gen. Since the removal of oxygen is equivalent to electron
ity of the resistivity to Sr doping’ In the latter crystals, doping, this suggests that it is the addition of?Canhich
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2 therefore discuss the ferromagnetic interaction occurring in

-y
I the 6~0.25, FM phase in terms of nearest neighbof Co
% j_‘_ and Cd" ions which have S= 3/2 and S= 1, respectively.
z? The electron energy levels for the Toin the S= 1 state
and the C8" in the S= 3/2 state are indicated on the right-
Xy hand side of Fig. 1%). This configuration is analogous to
that of the manganites in which adjacent Mnand Mr#*
e yz, Xz have a FM interaction which is qualitatively explained by
double-exchang€DE). The DE interaction favors the FM
4 4 ground state because the delocalized spin, in this case, the
spin in thex?—y? orbital, can satisfy the large on-site ex-
S=0 S=1 change(Hund’'s Rulg only if all sites have parallel spins.
However, FM resulting from DE is usually associated with
(a) metallic behavior and canting in AF systems, while our FM
samples are insulating and we do not observe a canting of the
AF. Therefore, the simplest DE mechanism cannot explain
the FM behavior. However, we believe that DE together with
AF FM charge ordering of the G6 and C3" can explain our re-
Co3-Co* Co3-Co? sults. In particular, the charge-ordering will create a gap for
P exchange of Cb" and CG" sites so that thé~0.25 crystal
A 2y will be insglating. As ang as thi_s gap is not too Igrge, the
. " A ) nearest neighbor coupling will still be ferromagnetic.

z We do not know why samples withh intermediate be-
tween 0.25 and 0.5 are insulating. The constant activation
energy, independent @&, suggests that the conductivity may

A A Xy be limited by hopping of small polarons.
—% yz, xz If the FM interaction in the FM phase arises from neigh-
’ boring CG* and C3" ions, then we expect a checkerboard
arrangement of the 8 and 2+ ions as observed in
Co 3 Co Co 2+ Lay 5Sr.C00,.2° Such an in-plane charge ordering of Co
(S=1) (S=1) (S=3/2) and CA" in Bi,Sr,CoQs. 5 should result in superlattice re-
flections detectable by neutron, x-ray or electron diffraction
techniques. The neutron data in this regard are still incom-
(b) plete. We have observed a peak in the neutron powder spec-
trum occurring at the positiof0, 1, 2 or (1, 0, 2, which is
FIG. 15. (a) Crystal field splitting from the tetragonal distortion Consistent with a checkerboard of charge ordering and has an
favors the intermediate spiiiS) state of C8*, which has unpaired Onset near 300 K. However, the peak is several orders of
spins in thexy andz?2 orbitals. (b) Expected magnetic interaction Magnitude larger than expected for superlattice reflections
between neighboring &6 ions (left and center figurgsin the AF  resulting from a charge density wave and is only observed at
phase §=0.5) and adjacent G6 and C8" ions(center and right @ single reciprocal lattice vector. This will be studied with
figureg in the FM (6=0.25) phase. The FM interaction can be single crystals in the near future.
explained by a double-exchange model in which delocalization of We note also that if the FM cluster contains a checker-
the electron is prevented by charge ordering. board of C8* and C3* spins, which do not have the same
size moment then superlattice magnetic reflections should
induces the FM interaction. In addition, since the FM stateoccur in the(OKL) plane at the position®, 1, L = even or
seems most favorable when there are an equal number @, 1, L = odd) as well as at0, 0, L = evern. We have not
Co** and C3" sites (5=0.25), we infer that the FM inter- observed these peaks. However, they should be of order 25
action arises from nearest neighbot 3and 2+ sites. We  times smaller than the FM peaks, assuming an equal mixture
have noted that our analysis of the susceptibility in the FMof S = 1 and S= 3/2 spins, and such weak scattering is
phase does not allow us to uniquely determine the spin statifficult to detect. Clearly more structural and magnetic stud-
onthe C3* and C3" sites. However, the data are consistenties are required to unambiguously establish the charge-
with either an equal mixture of €6 in the S= 1 state and ordered checkerboard pattern.
Co®* in the S= 3/2 state or an equal mixture of €oin the We now consider a specific model of the spin arrangement
S = 2 state and C0 in the S= 1/2 state. The former in the phase-separated crystal that can help to explain the
configuration seems most likely for several reasons. The firdhteraction of the two phases. In particular, any model must
is that it preserves the local spin state of theeCion with  explain the simultaneous change in the AF and FM structure
doping. The second is that €ois most commonly found in  at H,. Figure 16a) shows a plausible magnetic ground state
the high-spin, S= 3/2 state'® Last, as we show below, a FM for adjacent AF and FM domains. In the figure, the boundary
interaction can be expected from this configuration. Webetween the two phases occurs at the mididigolane, since

‘.
<_
I_
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Co 3+ > Co 2+ therefore prefers to polarize in this direction. In the bottom
layer, the AF ordering in the AF phase causes the FM cluster
to polarize toward the left. In Fig. 18), all of the magnetic

FM AF bonds are satisfied; all nearest neighbo? CTspins are an-
tiparallel and all neighboring G6 and C3" spins are par-
\? P 4 allel. In addition, the perpendicular couplings between layers

in the AF phase and between FM layers in the FM phase are
satisfied because the FM clusters are antiparallel from layer

5
J L H=0 to layer.
_ - The model in Fig. 16 can explain the effect of the applied
<« »;éé’;_ magnetic field, which induces both a change in the stacking
M > between layers in the AF phase and the onset of an overt
moment in the FM phase at the same field. Consider the
interaction of the spins in the two-phase mixture in Figal6
; with a magnetic field along the spin directian,The spins in
" (a) the AF phase are not expected to contribute to the suscepti-
bility since the field is applied along the easy axis of the AF.
The field dependence of the €o- Ce?** FM phase should
have the behavior shown in Fig(ch: a polarization of the
moment along the field direction. However, in the mixed
phase crystal, there is a strong in-plane FM exchange at the
phase boundary which changes sign from layer to layer. The
H>H surrounding AF phase prevents the FM cluster from polariz-
;y ¢ ing along the field direction without costing the in-plane FM
exchange energy,rJ, for those spins on the edge of the
cluster®® However, a rotation of every other €0 AF layer
allows the FM domain to polarize with the field, without
7 (b breaking the in-plane bonds at the phase boundé&iy.
(b) 16(b)]. Such a rotation results in a shift of the AF peaks from
the positionq0, 1, L = even to (0, 1, L = odd) at the same
< »> field as the onset in the uniform moment, as observed.
Phase boundary Although the model described in Fig. 16 can explain the
behavior of a single FM domain in the AF host, the random
direction of the FM domains makes the real system more
The zero field configuration is shown i@). The double headed compllpated. Let us lelde sites n eac.h layer _Into Aand B
arrow connects nearest neighbor spins in adjacent layers in the AuS—UbIatmeS' ,The Cd in each FM domain may lie on the A
phase, which are parallel at zero field. Note that in ghe0.25  OF B sublattice. We call these A-type and B-type domains.
phase, the spins are ferromagnetically arranged in the layer, but at ;v Such domains are shown in Fig. 17, separated by an AF
= 0 adjacent layers point in opposite directions. The FM phase i§€gion. We further assume that the stacking of the FM do-
pinned in each layer by the FM couplingy,] between C& and ~ Mains maintains the AB sublattice coherence, at least on a
Co** spins at the phase boundafly) When the field is greater than finite length scale. We see from Fig. 17 that the A-type and
H., every other layefin both phasesrotates by 180°. The high B-type domains are driven by the boundary with the AF to
field configuration preserves the in-plane interactiogs and J  order inoppositedirections. Thus in zero field the FM order
but costs the perpendicular exchang€ ih the antiferromagnetic is necessarily short range, with a coherence length of the
phase. order of the domain size. If we now apply a large magnetic
field to the right alonga, the spins in the B-type domain will
to the right of this plane all of the Co ions are-3while to  flip. This will tend to flip the AF sublattice magnetization as
the left, there are equal numbers of 2nd 3+ Coions. The  explained earlier. However, this is opposed by the A-type
AF phase consists of only 6 spins, which have the spin domains, which do not flip and the orientation of the AF
arrangement discussed in Sec. IllA. Note that this meansublattice magnetization is then frustrated. This problem is
that all of the spins in a giveac plane point in the same reminiscent of the random field Ising model and, in fact, can
direction, which is described by a ferromagnefi€ Between  be modeled as such.
adjacent layers in the AF phase. The relevant in-plane ex- Let us defineMg as the sublattice magnetizatiod §

FIG. 16. Idealization of the two phase mixture. The left cell is in
the §=0.25 FM phase and the right cell is in ti#e= 0.5 AF phase.

change interactions are,J between nearest neighbor €o =M ,—Mjy, whereM, and My are the magnetizations of
and C3" spins and & between nearest neighbor ¥o the A-type and B-type domains, respectiyelyhe coupling
spins. We assume that\Jis less than 4k . across the A-type and B-type FM domain walls can be mod-

In the top cobalt oxide layer shown in Fig. (85 the eled by an effective fieltH(r), which is positive for A-type
ordering of the AF spins at \J creates an effective field and negative for B-type domains. Extending the description
pointing to the right on the FM cluster in this layer, which to different layers, we see from Fig. 8 that for a given
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(1) In zero field, thec-axis correlation length of the FM
Bragg peak is limited by the-axis coherence of the sublat-
tice occupation of the Cd ;

(2) In high field, thec-axis correlation length of the AF
Bragg peak is limited by the same length ag1ix

(3) In zero field, the FM correlation length in tlaé plane
is limited by the domain size of thé=0.25 clusters;

(4) In high field, the AF correlation length in theb plane
is finite, but may be much larger than the FM correlation
length in(3);

(5) The random field Ising model may explain the glassy
behavior and hysteresis effects we observe.

The critical field for the transition described above is de-
termined by a balance between the Zeeman energy gained by

\‘_/ the spins in the FM domain and the cost in the exchange
i *" energy between layers in the AF domain. A simple calcula-
» Co tion for a single FM patch in an AF background would give
Co3*
AFc2
FIG. 17. lllustration of the zero external field spin configuration _ ZNap(J1" Sar)

()

in a single layer, showing an AF regiod0.5) in contact with ¢ Nem(9usSem)

two FM domains §=0.25). The C8" spins lie on sublattice A in

thg top domain and on sublatt.ice B in the bottom domain. Note thgyhere ney and nae are the densities of the FM and AF

spin reversal of the FM domains. phases, respectively,Jis the interlayer exchange in the AF
phase, andz=4 is the number of nearest neighbors. The

FM patch, the coupling changes sign from one layer to thexxpression for Hin (3) explains the decrease ofHvith

next. After coarse graining, we may write down the follow- TpeakShown in Fig. 12b): a decreasing Jameans the ratio

ing effective Hamiltonian: of Ngy to Nag is decreasing.

For the sample with J=215 K, the experimentally mea-

. sured H is 1.6 T. We estimate close to 0.4 so thabgy,
Heﬁzz_ fdzr(—l)JHs(r)MS(r), (2 =2(1-26)=0.4. Using $~5/4 and ~1, the above
! equation gives J~38 ueV.

It is important to point out that the spin arrangement in
wherej is the layer index. The sum ovgiis restricted to the Fig. 16@) assumes a specific three-dimensional charge stack-
number of layers where the &b coherently occupy A or B ing wherein all of the C8" ions are confined to thec plane
sites. Equation(2) is the classic random field Ising model. in the FM phase. Another configuration, in which all of the
By the Imry—Ma argument, the system may break up intoCc®" ions are confined to thac plane, would result in FM
domains of size L, where the energy cost of the domain wallslusters in adjacent layers polarized in the same direction and
oL is balanced by the RMS fluctuation of the randoma net moment at zero field which is not observed experimen-
field energy, which goes asig/L%2. According to this argu- tally. Note that were the crystal tetragonal, the Coulomb in-
ment,d=2 is the lower critical dimension; i.e., the system is teraction would be the same whether the’Cdons were
always disordered below two dimensions. The physics foconfined to théc or ac planes. The orthorhombic distortion
the two dimensional system is subtle, but fortunately weand the fourfold modulation along should lift this degen-
have a rigorous proof which states that the ground state igracy. Confining the Cg in the FM phase to thbc plane is
always disordered, independent of the strength of the randomecessary to explain the observation of antiparallel adjacent
field 332 Apparently, the system is always able to find aFM layers.
domain configuration which allows it to gain from the fluc-  Since the T for the FM phase is of order 100 K, we argue
tuations in the random field configurations. The domain sizehat when T, is greater than J~100 K, the FM clusters
will be extremely large for weak random fields, but never-order because of the effective field imposed at the phase
theless finite. Accepting this result, our picture is that in highboundary with the long range ordered AF phase. On the other
magnetic field, the AF region will break up into large do- hand, the three-dimensional charge ordering of theé'Gmd
mains with oppositéls. However, due to the{1)! termin  Co®* shown in Fig. 16a) must exist above or at the transi-
Eq. (2), the sublattice magnetization on neighboring layers igion to 3D AF order, so that the FM layers polarize in oppo-
always opposite, i.e., thelative orientation of the sublattice site directions from layer to layer. Since we ascribe the FM
is always flipped by applying a large magnetic field. Thispeak and Curie tail in the susceptibility to the magnetic fluc-
finally is the explanation of the field driven shift in the Bragg tuations in the FM phase, the in-plane charge ordering must

peaks[Fig. 9b)] reported in this paper. occur at temperatures well abovg TNote that the suppres-
The random field model makes several predictions, whictsion of the susceptibility at the Netransition is explained
may be tested experimentally: by the pinning of the FM domains when the AF phase orders.
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The above model does not address the mechanism whidistinct 5=0.25(FM) and §=0.5 (AF) phases. We note that
prefers the charge segregation necessary to create the Cothe neutron scattering measurements thus far do not show
rich FM clusters. Recent TGA measurements suggest thany evidence of chemical phase segregation due to inhomo-
annealing at temperatures as high as 900 °C is necessary geneous oxygen doping. For example, we are not able to
obtain the phase separatithWe have also noted that the resolve twoc-axis lattice constants which might be expected
FM Curie tail in the susceptibility, which is a measure of thefor coexisting oxygen-rich and oxygen-poor phases. X-ray
amount of FM phase, extends up to 400 K. Therefore, we dand electron diffraction measurements are in progress to look
not believe that phase separation is driven by a competitiofor both charge ordering and oxygen phase separ&tith.
between FM and AF interactions. Rather, the distinct mag-
netic regions appear to result from two electronically distinct V. CONCLUSION
phases which exist at higher temperatures4Q0 K) than
the magnetic order. In the similar cobalt—oxide system
La, ,Sr,CoQ,, charge ordering in the=0.5 crystal occurs
near 700—800 K, while the magnetic ordering occurs at 3
K.1%La, St CoQ, is, of course, optimized for charge order-
ing of the C6" and C3" ions and does not require any
large-scale segregation of charge. In®3,CoQ;, 5, phase

This is the first extensive study of the origin of the ferro-
‘magnetism in BiS,CoG;, 5. We have shown that the oxy-
gen rich crystal withs close to 0.5 is an antiferromagnet of
Ca®" spins while the crystal wit=0.25 is predominantly
ferromagnetic. At intermediate oxygen content, the crystal
appears to contain phase separated regions of the hole rich,

S . . . . AF and hole poor, FM phases. We have constructed a model
separation into regions which are €orich and regions . . . . .
of interacting domains to account for the similar ordering

; T : )
which are Cé" poor is energetically unfayorable becausetemperature and field dependence of the AF and FM phases
the resulting long range Coulomb energy is expected to be

large. For small electron densitiés., small deviations from Ih the two-phase system.

6=0.5), the charge se_gregat|on energy can be of order 1 gV ACKNOWLEDGMENTS
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