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The layered oxides Bi2Sr2Mn06+~ and Bi2Ca&Mn06+~, the Mn analogs of the superconductor
Bi2Sr2Cu06+~, have anomalously sharp peaks in their magnetic susceptibility as a function of tem-

perature at 120 and 100 K, respectively. We have studied the crystallographic and magnetic struc-
ture of these compounds by x-ray, electron, and neutron diffraction on both powders and single

crystals and correlated the structure with the magnetic properties. In the magnetically ordered
state, nearest-neighbor Mn moments are antiparallel and point normal to the Mn02 layers. As in

the superconducting Cu analog, the crystallographic structure of these compounds is distorted; be-

cause of the fiexing of the atomic slabs associated with the distortion, not all the Mn in the crystal
are crystallographically identical, so the magnetic moment of Mn can vary between these different

lattice sites. As a result, the moments on adjacent sites do not exactly cancel, and each layer of
Mn02 is a ferrimagnet. A magnetic field can induce a transition from an antiferromagnetic phase,
where the net moments of different layers are opposed, to a ferrimagnetic phase, where the net mo-

ments are aligned. A simple mean-field theory mimics the shape of the susceptibility versus temper-
ature, and the deficiencies of the mean-field theory suggest the importance of Auctuations and
domains.

I. INTRODUCTION

In the structure of the layered superconductors
Bi2Sr2Ca„|Cu„O»,two types of packages of layers alter-
nate along the c axis: n CuOz layers interleaved with Ca
layers; and BiO bilayers sandwiched between SrO layers. '

Superimposed on this substructure is a superstructure: a
distortion that in the Cu compounds is incommensurate
with the substructure. One goal in studying these materi-
als is to explain how the superstructure afFects other
properties, especially superconductivity, but the incom-
mensurability of the distortion has complicated this work
because standard methods of crystallography cannot re-
veal fully the atomic displacements associated with the
superstructure.

Related compounds in which Cu is completely re-
placed by other transition metals M have similar struc-
tures, but in some cases the distortion is commensurate.
This commensurability has allowed the full crystal struc-
ture, including the distortion, to be solved for two com-
pounds, Bi2Sr3Fe209 z (Ref. 3) and Bi2Ca2Co06+». The
solution shows that the distortion originates in the Bi-0
layers and is associated with extra oxygen inserted in
these layers. This extra oxygen is undoubtedly also
present in the cuprates, where it is presumably responsi-
ble for at least some of the doping that makes the

cuprates metallic, although nonstoichiometry in the cat-
ions may also play a role. '

Like the structure, the magnetism of the cuprates is be-
ing studied for its possible links to superconductivity.
Many of the cupr ate super conductors have related
"parent" compounds that are antiferromagnetic insula-
tors. The magnetism should be influenced both by the
layered nature of the structures and by any distortions.
In orthorhombic LazCu04, for example, the structure is
distorted by rotations of the Cu06 octahedra, and as a re-
sult the spins in the antiferromagnetic state cant slightly
out of the Cu02 planes. ' The canting is responsible for
the shape of the peak in the susceptibility near the transi-
tion, and for the field-induced magnetic transition at
lower temperatures.

Related compounds in which Cu is replaced by other
transition metals also show novel magnetic behavior.
The compounds with n = 1 and M =Co are antiferromag-
nets. Their magnetic susceptibilities as a function of tern-
perature peak sharply, possibly indicating hidden fer-
romagnetism or canted spins. ' This nove1 behavior is in-
teresting in its own right, but studying the magnetism in
these related compounds may also help us understand the
magnetism, and so perhaps the superconductivity, in the
cupr ates.

To exp1ore the relation between magnetism and struc-
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ture in these layered compounds further, we prepared
and studied Mn analogs of the Co compounds with n =1.
The next section describes the techniques of sample
preparation and measurement. Section III discusses our
attempts to change the crystallographic distortion by
doping the materials with Pb and La. Section IV
presents the crystallographic structure. Sections V and
VI describe the magnetization measurements and the
magnetic structure, respectively, and Sec. VII compares
these results with the predictions of a simple mean-field
model. Section VIII compares the results with those for
LazCu04 and related compounds.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

Single crystals of BizSrzMn06+y and BizCazMn06+y
were prepared from powders of Bi&03, CaCO& or SrCO3,
and Mn02, mixed in the appropriate ratios. The powders
were heated in an atmosphere of argon or nitrogen to
1300'C over 8 h, held at this temperature for 1 h, cooled
to 800'C at 10'C/h, then cooled to room temperature in
1 h. This procedure produced black lustrous crystals in
the form of platelets, typically 3-5-mm long, 0.5—2-mm
wide, and a few micrometers thick. In a second pro-
cedure, which produced smaller crystals of the Sr com-
pound but did yield the crystal studied by x-ray
diffraction, a stoichiometric mixture of the preceding
compounds were heated in nitrogen to 1250'C in 6 h,
held for 2 h, cooled to 950'C at 5'C/h, then cooled to
room temperature in 6 h.

Black-grey powders of single phase
Bi2(Sr, Ca)2Mn06+~ were prepared by reacting Bi203,
CaCO& or SrCO3, and MnOz at temperatures between
850 and 1050'C in an atmosphere of argon or nitrogen.
When these powders were heated in air, other oxides
formed: yellow BiOp 765SrOp $350] 3s3 (Ref. 11) or
yellow-green Bi6Ca70, 6 (Ref. 12), along with black-grey
SrMn03 „(Ref.13) or CaMn03 „(Ref.14). Attempts
to prepare Bi2Ba2MnOy failed. We usually obtained
BaMn03 „(green to black as x goes from 0 to 0.5 ) and a
dark red phase that could be Ba(Bi,Mn)O„(since it has a
similar x-ray pattern to BaBiOQ 77).

X-ray powder patterns of two samples made in air
showed some peaks that might be due to n=2 phases
(two layers of MnOz separated by Ca or Sr), but we have
not isolated this phase. The n =2 phase is either hard to
prepare, or else it does not exist. In either case, the n =1
phases of the Mn compounds are unlikely to be contam-
inated by intergrowths of the n =2 phase, in contrast to
the analogous Co, Fe, or Cu compounds, where the n =2
phases form easily.

We tried to substitute Pb for Bi (Bi2 „Pb„Sr2MnO„),
or La for Sr (Bi2Sr2 „La„MnO), hoping to modify the
modulation of the structure. Mixtures of the starting ma-
terials already listed with appropriate amounts of PbO or
La203 were reacted near 850 C for several hours under
nitrogen. We could not produce single-phase materials;
the main phase was Bi2Sr2Mn06+y. In the case of Pb, we
did see shifts in the lattice parameters of the predominant

phase. As we discuss in Sec. III, we believe these shifts to
be from the formation of Sr deficient Bi2Sr2Mn06+, ' we
confirmed this by making this Sr deficient material with
the appropriate amount of Sr.

B. X-ray and electron difFraction

A single crystal of the Sr compound of size
0.34X0.12X0.07 mm was analyzed by single-crystal x-
ray diffraction. ' Like the Co analog Bi2Sr2CoOy, it had
the form of a rectangular platelet with its long side along
b and its short side along c. The crystal structure was
refined with standard least-squares methods using the
NRcvAx system of programs. ' Powders of both
Bi&Sr2Mn06+y and BizCazMn06+y were examined by
transmission electron microscopy.

C. Magnetization measurements

Magnetization was measured on 2-17 mg of oriented
single crystals (typically 3—10 crystals) in a SQUID mag-
netometer. These are dc measurements, and in what fol-
lows we define the mass susceptibility y to be M/H,
where M is the magnetization per unit mass and 8 the
applied field. The crystals were in the form of platelets,
typically 3-5-mm long by 1-mm wide, and at least 10
times thinner in the third direction. We assume that all
crystals with the same aspect ratio are oriented in the
same way as the crystal measured by x-ray diffraction. If
this is not true, our attempts to find magnetic anisotropy
in the a-b plane may have failed because the sample had
mixtures of both a and b orientations in a given direction.
The magnetization of one sample (10.5 mg) of randomly
oriented crystals of Bi2SrzMn06+y sealed in a container
under argon was also measured with a Faraday tech-
nique' to 1000 K.

D. Oxygen content

We could not find a technique to determine the oxygen
content of these materials accurately. The materials did
not fully dissolve in any acid we tried, making chemical
methods impossible. The compounds appear to react
with Pt containers in hydrogen, so thermogravimetic
analysis (TGA) also failed. TGA measurements show
that, under oxygen, the mass of samples prepared under
nitrogen jumps by about 1% at 700'C, and the sample
decomposes into a mixture of the oxides found in Sec.
IIA. This decomposition explains why these samples
cannot be preared in an oxygen atmosphere.

K. Resistance measurements

We measured the resistance of a crystal of
Bi2Sr2Mn06+„, 2.5X1.2 mm in area and 22-pm thick,
and for a crystal of Bi2Ca2Mn06+y, 0. 1X0.1 mm in
cross section and 0.55-mm long. Four leads were fixed on
the Sr samples with silver paste, but only two on the Ca,
sample, and a dc current of 0.5-pA current was used.
The results showed that both compounds are semicon-
ductors with a room-temperature resistivity of
1. 1 X 10 Q cm and about 10 0 cm for the Sr and Ca com-
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pounds, respectively. The temperature dependence of
resistivity approximately follows an Arrhenius law, with
an activation energy of 0.16 eV and 0.12 eV, for Sr and
Ca, respectively.

F. Neutron din'raction

Neutron diffraction was performed at the Neutron
Beam Split-Core Reactor (NBSR) at the National Insti-
tute of Standards and Technology, on a triple-axis spec-
trometer set for zero-energy transfer. The incident ener-

gy was fixed at 14.7 meV and (002) highly oriented pyro-
lytic graphite was used for both monochromater and
analyzer with collimators set at 40'-25'-25'-40'. Higher-
order harmonics were eliminated using a pyrolytic graph-
ite filter.

Powder samples of Bi2Sr2Mn06+y and Bi2Ca2Mn06+y
were measured both above the ordering temperature and
at 9 K. The data were subtracted (after correcting for
thermal expansion) to obtain only the magnetic Bragg in-
tensity. This subtraction was necessary due to the pres-
ence of various neighboring nuclear Bragg peaks arising
from the superstructure. We also made some preliminary
measurements on a single crystal of mass 8 mg.

III. CRYSTAL STRUCTURE

The atomic coordinates of Bi2Sr2Mn06+~ determined
in this work have already been reported. ' This structure
is body centered, isostructural with Bi2Sr2Co06+y. '
The crystals of Bi2CazMnOy were thin, and did not grow
flat enough to give good x-ray diffraction patterns, so we
could not obtain their crystal structure. The lattice pa-
rameters of Bi2Sr2Mn06+y determined from least-squares
refinements are a =21.805(11) A, b =5.426(2) A,
c =23.613(8) A from single-crystal x-ray diffraction;
those of Bi2Ca2Mn06+~ are a =21.374(2) A,
b =5.360(1) A, c =23.151(2) A from powder x-ray
diffraction. (The numbers in parentheses are the estimat-
ed standard deviations in the last digit. )

TEM diffraction patterns in the (010) plane are shown
for both Bi2Sr2Mn06+y and Bi2Ca2Mn06+y in Fig. 1.
Both patterns show strong and weak bands of spots nor-
mal to a, a result of the modulation along a. The pat-
terns are made up of two interpenetrating rectangular (al-
most square) subsets; the subset that contains the strong-
est spots corresponds to (&+I ) even, the other subset to
(6+1) odd. The weaker subset violates the body-
centering condition. We have recently observed this
weaker subset with x rays, and are planning to include it
in the refinement of the structure.

This weaker subset of spots changes the symmetry rela-
tionships between different atomic layers, since they are
no longer related by the operation of body centering. It
is not expected, however, to change the structure of the
individual Mn02 layers significantly. In particular, it will
not affect the aspect of the distortion most relevant to the
magnetism. The distortion produces different types of
Mn sites, each with similar, but not identical, environ-
ments. This differentiation of the Mn sites is the basis of
the model proposed below to explain the magnetic re-

FIG. 1. Electron diffraction patterns for (a) Bi2Ca&Mn06+y
and (b) Bi2Sr2Mn06+y in the (010) plane. Samples were taken
from powders.

suits.
All Mn sites are surrounded by a distorted octahedron

of oxygen, with the four oxygens in the Mn02 layers
closer than the two oxygens along c. The distances from
Mn to the oxygens in the layers ranges from 1.90 to 1.96
A, shorter than the distances expected for high-spin
Mn +, but comparable to those of low-spin Mn + and
high-spin and low-spin Mn +. Because of the uncertain-

0
ties in the Mn-0 distances of about 0.05 A, we cannot
infer the spin of the Mn atoms from the structure.

IV. NONSTOICHIOMETRY (Bi AND Sr)
AND DOPING (Pb AND La}

Although our structure supports the idea that the dis-
tortion is associated with extra oxygen in the Bi-0 layers,
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other models of the distortion have been proposed, such
as the ordering of Bi vacancies in the Bi-0 layers, ' or the
ordering of Bi atoms in the Sr-0 layers. Proving which
model is correct is difficult because the nonstoichiometry
in the various components is hard to determine. One ad-

vantage of the Mn compounds over the Cu, Co, or Fe
analogs is that they can be prepared only under nitrogen,
so that the oxygen content is presumably well defined.
We tried to vary some of the other stoichiometries in
hopes of changing the wavelength of the distortion.

A. Sr and Bi nonstoichiometry

The lattice parameter of the dominant phase of
powders of nominal composition Biz+„Sr2Mn06+y and

Bi2Sr2+, Mn06+y are given in Table I. In our
refinements of the lattice parameters, c had the smallest
fractional standard deviation and so is used to compare
the various samples. The compounds listed in Table I are
arranged in order of increasing c. The differences in the
lattice parameters for the three samples of Bi2Sr2Mn06+
give an idea of the scatter in the experimental results.
Within the error of our measurements, the c parameter
did not change with excess Sr but decreased with excess
Bi or a deficiency in Sr. This suggests the samples can ac-
commodate either Sr vacancies or Bi on the Sr sites.
Similar shifts in lattice parameters have been seen in
Bi2SrzCuOy.

TEM diffraction patterns show that the modulation in
samples with Sr deficiency or excess Bi remains com-
mensurate, with the same periodicity as in stoichiometric
samples. This suggests that Sr vacancies or Bi in the Sr
layer do not influence the structural modulation.

B. La and Pb substitution

The wavelength of the distortion in Bi2Sr2CaCu20y in-

creases when Pb replaces Bi; ' the increase is roughly
that expected if the oxygen content of the (Bi,Pb)-0 lay-
ers decreases to keep the total Cu valence constant. ' We
tried to change the modulation in the n =1 Mn com-
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FIG. 2. Susceptibility vs temperature for (a) Bi&SrzMn06+y
and (b) BizCa&Mn06 y for warming in 500 G, after cooling in

zero field. The inset to (a) shows the inverse susceptibility be-
tween 300 and 1000 K; the solid curve is the data, and the
dashed curve is the data corrected for the diamagnetic back-
ground. The field is along c.

pounds, both by substituting Pb for Bi and La for Sr. In
both cases, the Pb or La did not go into the structure.

In the case of La, a second phase was observed, and the
lattice parameters of the dominant Bi2Sr2Mn06+y phase
did not change. For Pb, a second phase was also ob-
served, but the lattice parameters of Bi2Sr2Mn06+ did
change. The samples doped with Pb have a value of c
smaller than 23.57 A, undoped stoichiometric samples
have c larger than 23.58 A. Although at first glance this

TABLE I. Lattice parameters for (Bi,Pb)2Sr2Mn06+y and Bi,Sr„Mn06+y determined from powder
x-ray diffraction by least-squares refinements. The a parameter is for the subcell (neglecting the crystal-
lographic distortion). Standard deviations from the refinements are typically 2 in the last digit. The
compounds have been arranged in increasing c. The preparations were single phases except where not-
ed.

Compound

Bi2Sr, 3Mn06+y
BiqSrl qMn06+
Bi~Sr, 3Mn06+y
BrzSri 8Pbo. 2Mn06+y
Br2Sr, 8Mn06+y
Bi, 5Pbp 5Sr2Mn06+y
Biz 3SrzMn06+y
Bi~Sr2Mn06 t y

Bi&Sr2 3Mn06+y
Br2Sr2Mn06+y
Bi, 8Sr&Mn06+y
Bi2Sr2Mn06+y

i,Sr2 sMno, +,

a (A)

5.454
5.442
5.452
5.435
5.452
5.437
5.450
5.450
5.420
5.448
5.445
5.445

b (A)

5.440
5.445
5.442
5.430
5.438
5.434
5.440
5.430
5.430
5.431
5.439
5.424

c(A)

23.543
23.550
23.558
23.562
23.567
23.570
23.581
23.600
23.607
23.610
23.618
23.624

Comments

Extra peaks

Extra peaks

Extra peaks

Extra peaks

Two phases
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reduction in c suggests that Pb is entering the structure,
we were unable to eliminate the second impurity phase.
Moreover, as Table I shows, samples deficient in Sr or
rich in Bi show a reduction in c similar to that for sam-

ples doped with Pb. We conclude that Pb does not enter
the structure, but rather that it robs the structure of Sr
producing either Sr vacancies or Bi in the Sr-0 layers.

V. MAGNETIC PROPERTIES

Figure 2 shows the mass susceptibility y (the measured
magnetization divided by the field and the mass) versus
temperature T for Bi2Sr2Mn06+y and Bi2Ca2Mn06+y.
The results in Fig. 2 were obtained on warming in 500 0,
after the samples had been cooled in zero field; as dis-
cussed in the following, the susceptibility at low tempera-
tures depends on field and on the previous history. For
increasing T,g for the Sr compound shows two maxima,
a broad one near 50 K and a sharper one near 120 K.
For the Ca compound, y has an abrupt change of slope at
50 K and a sharp peak near 100 K.

The inset in Fig. 2(a) shows the inverse susceptibility in
@emu/g for the Sr compound between 300 and 1000 K.
The data to 900 K were fitted to a Curie-Weiss law plus a
diamagnetic background; the dashed curve gives the data
with the background removed. The background so deter-
mined was —0.39 pemu/g, compared to —1.11 pemu/g,
calculated from the core diamagnetism of the various
ions. The other parameters in the fit were an effective
(paramagnetic) moment of n =4.96p~ and a Curie-Weiss
temperature of 8= —41 K. This moment is close to that
expected for high-spin Mn+, n =4.901" (spin 2 ), but
often the moment inferred from a Curie-Weiss law is
smaller than the spin state of the ion would suggest, so
the compound could also contain high-spin Mn + (spin
2.5, nz =5.92pz).

The effective moments determined by fitting the data
on oriented single crystals below 300 K gave moments
within 10% of the preceding fit but with a greater uncer-
tainty because these temperatures are too close to the
magnetic transition. Powders and single crystals of the
Ca compound below 300 K gave n~=5. 1+0.lpga and
n =4.76+0.04p~, respectively, and both gave
8=—40+5 K, where the errors are the scatter from two
or three different samples.

In both compounds, the magnetization differs from
that in Fig. 2 if the history of thermal and magnetic treat-
ment is different. To obtain Fig. 2(b), where the magne-
tization begins at zero at 10 K for the Ca compound, we
had to null out the residual fields in the magnetometer,
and we found that the curve in Fig. 2 changed appreci-
ably if the field during cooling was changed by as little as
0.05 G. This history dependence is discussed in mare de-
tail in the following.

There are various ways to discuss the irreversibility at
low temperatures. In spin glasses, for example, one dis-
tinguishes a thermal remanent magnetization (TRM)
from an isothermal remanent magnetization (IRM) ~

The TRM is measured by cooling the sample in a field,
then reducing the field to zero; the IRM by cooling a
sample in zero field, then cycling the field up to some

value and back to zero. Figure 3 shows the TRM for
Bi2Sr2Mn06+y and Bi2Ca2Mn06+y at 10 K, as well as
the magnetization M(H, &) measured before the field is
turned to zero; both are plotted as a function of the field
during cooling (H, , ). There is a striking difference be-
tween the two compounds. In the Ca sample the TRM is
almost the same as M(H„„);the magnetization does not
decrease significantly when the field is removed, suggest-
ing ferromagnetism or ferrimagnetism. In the Sr sample
the TRM is about five times smaller than M(H„,&), ex-
cept below 2 kG [Fig. 3(b)], suggesting a field-induced
transition. We consider further examples of the irreversi-
bility as we discuss the Sr and Ca compounds in turn.
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FICx. 3. Magnetization following cooling from 150 to 10 K,
as a function of the field applied along c during the cooling.
The sample was reheated to 150 K between each data point.
The solid circles give the magnetization in the field at 10 K; the
open squares the magnetization after the field is turned to zero,
also at 10 K. (In spin glasses, the magnetization given by the
open squares is called the thermal remanent magnetization, or
TRM. ) {a)and (b} show the same data for the Bi2SrzMn06+y on
difFerent vertical scales; (c) shows the data for Bi&Ca2Mn06+y.

A. Bi2SrzMnO@+y

Figure 4(a) shows y versus T for Bi2Sr2Mn06+„mea-
sured at 500 6, for increasing and decreasing T. When
the sample is cooled in a field, the maximum at 50 K
disappears; y continues to increase as T decreases below
50 K. Figure 4 also shows y(T) when a sample is cooled
in zero field, warmed in a field to a temperature below 50
K, then cooled; y stays constant on the second cooling.
For fields applied normal to c, y shows little evidence of
this history dependence or of the sharp features [Fig.
4(b)]. In one sample, M(T) increased by about 20% as
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FIG. 4. Mass susceptibility (magnetization divided by field)

per gram for Bi2Sr2Mn06+y for cooling and warming in 500 G.
The curve for warming (solid circles) was measured after the
sample was cooled in zero field; if the sample is cooled in 500 G,
the data follows, to within experimental error, the data mea-
sured on cooling in 500 G (open triangles). Lying between these
two curves at low temperatures is the susceptibility measured
when a sample is cooled to 10 K in zero field, warmed to only 40
K in 500 G, then cooled in 500 G (open squares). The inset
shows the shape of the peak near 120 K for different applied
fields. The curves in the inset have been shifted upward for
clarity. (b) Susceptibility vs temperature for warming in a field

of 500 G for fields along a and b. In these directions, and for
this sample, the warming and cooling curves are indistinguish-
able within experimental error.
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differential susceptibility of the high-field phase, and de-
creases to zero at zero temperature.

Figure 6(b) shows the remanent magnetization as a
sample is warmed, after it had been cooled in various

the sample cooled with H~~b; in the sample shown in Fig.
4, the difference between cooling or warming was negligi-
ble.

The inset to Fig. 4(a) shows how the sharp peak in M
disappears with increasing field. The rapid increases in
M at 120 K persist, however, indicating that the bound-
ary between the high-temperature paramagnetic state and
the low-temperature state does not vary appreciably with
field up to 50 kG.

Figure 5 shows the field dependence of M. For all tem-
peratures below 120 K, M increases suddenly at some
field below 5 kG as H increases. In some samples, M(H )

increased in two or three steps between 2 and 7 kG. For
fields normal to c, M also increases rapidly, but only near
zero field, as shown in Fig. 5(b). For fields over a few kG
and temperatures below 120 K, M is about 10 times
smaller for fields normal to c than for fields along c.

For H decreasing, M(H) varies linearly with H above
10 kG. Figure 6 shows the slope and vertical intercept of
that linear variation as a function of T, for H parallel to c
and decreasing from a maximum value of 50 kG. The
slope shows a maximum near 50 K, while the intercept
shows no feature there; on the other hand, the intercept
becomes negligible near 120 K, whereas the slope does
not. The intercept measures the magnetization of the
high-field phase; it decreases to zero at the phase transi-
tion to the paramagnetic state. The slope measures the
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FIG. 6. (a) Intercept and slope of linear fits to data like those
in Fig. 5, for the field parallel to c. The fits were to data mea-
sured as the field decreased from 50 to 10 kG. {b) Remanent
magnetization (measured at zero field) after samples were cooled
to 10 K in the fields indicated (fields para11el to c). The inset
shows the data for 30 kG on a compressed scale.
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fields. The remanent magnetization changes slope
abruptly at 50 K, and is considerably smaller above 50 K
than below. The maximum magnetization in the inset to
Fig. 6(b), 0.6 emu/g, corresponds to a moment of 0.04ps
per Mn ion.

Although not obvious in Fig. 6, samples also show a
small remanent magnetization after they have been cy-
cled to high fields (an isothermal remanent magnetiza-
tion, or IRM, in the terminology of spin glasses ). These
IRM, 0.04 emu/g at 10 K and 0.02 emu/g at 80 K, are
about 10 times smaller than the TRM shown in Fig. 6(a).
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FIG. 7. Magnetization vs field for Bi2Ca2Mn06+~, showing
the first hystersis loop at 10 K. This should be compared to the
data in Fig. 5 for Bi&Sr&Mn06+y which is half the loop and
shows a much smaller remanence.

S. Bi2Ca2MnO&+„

Although the curves in Fig. 2 suggest that the magne-
tism in the Ca compound is similar to that in the Sr one,
the irreversible behavior at low temperatures is
significantly different in the two compounds, as shown in
Fig. 3. Both compounds show a similar magnetization in
a field, but the Ca compound has a much larger magneti-
zation than the Sr one in zero field after most histories of
field and temperature. In fact, the Ca compound behaves
like a classic ferromagnet at low temperatures. Figure 7
shows the magnetization as the field is cycled around a
loop. This is behavior typical of the first cycle of a fer-
romagnet around a hysteresis loop. The saturation mag-
netization reached in Fig. 7 is about 0.7 emu/g, corre-
sponding to a moment of 0.05pz per Mn ion. The value
of M at the beginning of the loop (in the center) depends
sensitively on the field during cooling, as discussed in
reference to Fig. 2.

Figure 8 compares M versus T for several cases. The
curve showing warming in zero field after cooling in 500
G should be compared with the corresponding curve for
the Sr compound in Fig. 6(b). That curve for the Ca
compound shows a kink near 50 K, but the size of M is
comparable below and above that temperature; in the Sr
compound M is considerably smaller above 50 K than
below 50 K. Near 100 K, the curves for the Ca com-
pound depend on whether the temperature was being in-
creased or decreased; in the Sr compound near 120 K,
they are nearly identical. Finally, M obtained for fields
normal to c for the Ca compound shows a large change as
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FIG. 8. Magnetization per gram for Bi2Ca2Mn06+~ for cool-
ing (triangles) and warming (squares) in 500 G, for fields (a)

along c and (b) along a and b. Also shown in (a) are data ob-
tained on warming in zero field after cooling in 500 G (circles).
The data for warming and cooling in the field differ only near
100 K, and only for H~~c; that region is expanded in the inset to
(a).

T drops below 100 K; in the Sr compound there is little
change at the corresponding temperature (120 K). The
peaks in M are less obvious in Fig. 8(a) than in Fig. 2(b),
where the sample was cooled in a field and measured on
warming.

VI. NEUTRON DIFFRACTION

Figure 9 shows the magnetic neutron diffraction from
powder samples of Bi,Sr,MnO, +„and Bi,Ca,MnO, +„.
The similarity between the two spectra indicates that the
antiferromagnetic ordering in the two compounds is the
same. To determine the spin arrangement in the crystal,
we compared the measured intensities with those calcu-
lated for various cases. Because only antiferromagnetic
reflections due to the subcell structure are observed, the
superstructure could be safely ignored. Reasonable
agreement between experiment and calculation was ob-
tained only for moments directed along the c axis and the
antiferromagnetic wave vector along [100] or [010]. The
comparison is shown in Table II, for the [010] case, but
the intensities calculated for [100]ordering are identical.

Because of the small difference between the a and b
subcell lattice parameters, powder diffraction cannot dis-
tinguish between the [100] and [010] antiferromagnetic
ordering directions. Consequently, we investigated a sin-
gle crystal of Bi2SrzMn06+~, and found only a (010)
peak, with no measurable intensity at the (100) position in
zero field. Thus, the antiferromagnetic ordering direction
is along [010],perpendicular to the structural modulation
along [100]. This result also implies that the 8-mg crystal
used is a single domain both magnetically and crystallo-
graphically. The temperature dependence of the (010)
refiection for this crystal is shown in the inset of Fig. 9(a).
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Preliminary experiments on this crystal show that the
(100) peak appears when a magnetic field is applied along
the c axis, indicating that a weak ferromagnetic com-
ponent must be associated with the [100]-type ordering.

The two possible antiferromagnetic orderings, [010]
and [100],are illustrated in Fig. 10, where they are denot-
ed AFM and FIM for reasons to be explained shortly.

The figure is a projection of the Mn atotns along [010];
the bold circles represent atoms with positive fractional
coordinates along [010],and the regular circles represent
atoms with negative coordinates. In the subcell of
Bi2Sr~Mn06+y the Mn ions form a face-centered ortho-
rhombic (nearly tetragonal) lattice, and all the Mn sites
are equivalent. The superstructure, a displacement wave
along [100], produces three crystallographically different
Mn sites, distinguished by symbols within the circles in
the figure. The difFerent Mn environments could produce
slightly varying magnitudes or canting of the motnents.
This difFerence is represented in the Sgure by the
diS'erence in the length of the spins; for simplicity, the
spins on one type of site are shown shorter than those on
the other two types of site.

Because the displacement wave of the crystallographic
distortion is along [100],a given (100) plane contains Mn
sites of only one type, whereas a given (010) plane (the
bold circles in the figure, for example) contain Mn sites of
all types. Consequently, in antiferromagnetic ordering
along [010] (the upper two layers of Mn ions in the figure)
the moments must completely cancel, producing a true
antiferromagnet (AFM). On the other hand, in ordering
along [100] (the bottom two Mn layers in the figure), the
moments may not completely cancel, leading to a ferri-
magnetic (FIM) structure with a small net moment.

The in-plane Mn-Mn distance (normal to c) is only
about —,

' the out-of-plane distance, so it is natural to view

the Mn lattice as a stack of (001) Mn layers In bo. th the
magnetic structures, the arrangement of a given layer is
the same: adjacent Mn spins are antiparallel. Because of
the differences in Mn environments, the moments of adja-
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FIG. 9. Magnetic neutron powder diffraction for (a)
BizSr2Mn06+„and (b) Bi2Ca&Mn06+~, obtained by subtracting
data taken above the transition [200 K for (a) and 175 K for (b)]
from data collected at 9 K. The solid curves are from least-
squares fits of the peaks to a Gaussian line shape and were used
in determining the integrated intensity. The inset of (a) shows
the temperature dependence of the (010) reAection in zero field
obtained from a single crystal. The solid curve in the inset is
the square of a Brillouin function for spin 2, and is indistin-
guishable from the mean-field theory discussed in the text. The
peaks are labeled assuming the antiferromagnetic ordering
direction is along [010].

FIG. 10. Two possible magnetic structures consistent with
the powder patterns in Fig. 9, projected along the b or [010]
axis. The Mn positions are from the measured crystal structure;
the distances along a and c are to scale, and the crystallographic
distortion is not exaggerated. The three crystallographically
distinct types of Mn sites are distinguished by open circles, cir-
cles enclosing +, and circles enclosing X. The bold circles are
atoms projected from positive positions along b; the regular cir-
cles are those projected from negative positions.
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TABLE II. Relative intensities obtained from the data in Fig. 9 and compared to the calculated in-

tensities assuming moments directed along the c axis and the antiferromagnetic ordering wave vector
along the [010] direction. The (101) intensities are normalized to 100. The error on each of the mea-

sured relative intensities is +2.

Reflection

(010)
(101)
(012)
(103)
(014)
(105)
(016)

Measured
B&2Sr2Mn06+y

58
100
84
46
25
18
9

Relative intensities
Measured

BizCa2Mn06+y

60
100
66
37
21
12
6

Calculated

55
100
73
47
28
16
9

cent spins are different, and each layer has a net moment.
In the AFM structure, the net moments of adjacent lay-
ers cancel; in the FIM structure, they do not.

VII. MEAN-FIELD THEORY

The sharp peak in susceptibility at first glance suggests
canting or hidden ferromagnetism. ' However if canting
were the explanation, the peak shou1d be observed when
the field is perpendicular to the direction that the spina
take in the ordered state, not parallel to it. We propose
that the shape of y can be understood in terms of ferri-
magnetism of the individual Mn02 layers, and we present
the mean-field solution of the simplest case that mimics
the experimental results.

According to Neel's theory of ferrimagnetism, z" I/y
versus T above the Curie temperature is a hyperbola. A
plot of the Neel expression for y (or of data for ferrimag-
nets, like those in Ref. 25} versus T resembles the results
of Fig. 2 above the peak in y. Below the transition, how-
ever, y=M/H for a true ferrimagnet diverges as the sys-
tem acquires a nonzero magnetization in zero field,
whereas in Fig. 2 the anomaly in y is finite. In short, y
looks like a ferrimagnet above the transition temperature,
but like an antiferromagnet below. We suggest that this
is precisely what it is: each layer of the compound is a
ferrimagnet, but alternating layers couple antiferromag-
netically, producing no net magnetization in the ordered
state.

The Appendix outlines the calculation of the suscepti-
bility for a simplified model that includes the essential
features of the structure. Our goal was not to reproduce
the experiment exactly, but rather to find the simplest
model that captures the essential behavior. Based on
Neel's theory of ferrimagnets, the model considers a
body-centered tetragonal structure with two types of
spins in each layer, with spins S, and Sb, respectively,
and identical g factors. In fact, the g factors probably
differ, but this assumption reduces the number of param-
eters without significantly changing the results; the im-
portant thing is that the moments of the different types of
sites are different.

We divide the tetragonal lattice into four sublattices,
and consider the four interactions between spins on the

various sublattices, as shown in Fig. 11. The numbering
was chosen so that J, is the interaction between spins on
sublattice i with spins on sublattice 1. In this arrange-
ment, we assume that the spin or moment of Mn sites of
two of the three types of Mn sites in Fig. 10 are the same;
this assumption should not change the qualitative details
because in the observed magnetic structure the spins of
those two types of sites are parallel in any given layer.
The largest interaction is taken to be Jz, the nearest-
neighbor interaction, which is assumed to be negative to
account for the observed antiferromagnetic arrangement
of spins in each layer Beca.use S,ASb, the antiferromag-
netic arrangement gives each layer a net moment. If the
net moments in all layers point in the same direction, the
low-temperature phase is a ferrimagnet; if the net mo-
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FIG. 11. The interactions and sublattices for the model con-
sidered in the text. Only the Mn atoms are shown. The open
circles correspond to the open circles in Fig. 10, and the solid
circles to the two other types of Mn atoms in Fig. 10. In a given
a-b plane, the spins of open and solid circles point in opposite
directions in the magnetically ordered state.
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ments of adjacent layers point in opposite directions, it is
an antiferromagnet, but one composed of ferrimagnetic
layers.

The details of the mean-field analysis of the interac-
tions in Fig. 11 are discussed in the Appendix. We now
compare the calculations with experiment. The
difference in the ordering or Neel temperature T&=120
K and the Curie-Weiss temperature 8= —40 K in

Bi2Sr2Mn06+y can be accounted for if the second-
neighbor interaction J, is positive (ferromagnetic) and
half as large in magnitude as J2. We used this relation-
ship (J, = —J2/2) as a constraint in comparing the cal-
culations with the experiments. The susceptibility above
the transition temperature, and the ordering temperature
itself, can be found analytically; below the transition tem-
perature, the mean-field equations can be solved by itera-
tion.

The difference S,—Sb determines the width of the
peak in y(T): the larger the difference, the larger the
width. Figure 12 shows two examples of the calculation,
with this difference taken to be 0.64 and 0.10, and for
comparison the data for BizSrzMn06+y on warming in
500 G after the compound was cooled in zero field. Al-
though the larger difference in S, —Sb is needed to make
the peak in the calculation as wide as the experiment, the
difference is probably closer to the smaller value, for the
following reasons. The model does not consider the two-
dimensional fluctuations in the layers, and these fluctua-
tions should broaden the peak beyond the mean-field re-
sult. Moreover, even in three-dimensional ferrimagnets,
the susceptibility calculated in mean-field theory diverges
much faster than experiment as the Curie temperature is
approached from above, as shown, for example, in Ref.
25.

The MFT predicts that the saturation moment of the
FIM phase should be gpss(S, —Si, )/2 per Mn atom at
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FIG. 12. Comparing the susceptibility of Bi~Sr~Mn06+„with
the predictions of mean-field theory. The solid curve is for
S =2.3 Sb = 1.659 T =79.5 Tl = TP/2 T3 = T4=6 K.
These parameters are unreasonable but were chosen to give a
close fit to the data. The dashed curve is for S, =2.05,
Sb = 1.949 T2 =77.8 Tl = T2 l2 T3 = T4 =0, and show that
the peak is too narrow when more reasonable parameters are
used. In both cases, the value of Sb was chosen so that the
high-temperature limit gives a Curie-Weiss law with an effective
moment corresponding to a spin of 2.

8J 16(J4 —Ji ) S,Sb
(S, —Sb )+

gjM3 Sg Sb
Hc

gPa

If S, —Sb =0.1, J,=J4 =10 J2, and the difference

J3 J4 10 J2, then the first term in H, is 3 G, and the
second term is 2.5 kG. For comparison, the rapid in-
crease in the magnetization at 10 K in Fig. 3(a) is at
about 1.5 kG. Thus the difference in J3 —J4 determines

H„for reasonable values of the out-of-plane interactions.
Experimentally, the magnetization does not increase

discontinuously with field, whereas MFT predicts that it
should. Moreover, MFT predicts that y should decrease
monotonically to zero at low temperatures in the AFM
phase, again in contradiction to experiment. The hys-
teresis observed at low temperatures implies domains are
present even at low fields. We suggest that a small
amount of the FIM phase forms even in small fields, and
that the susceptibility at low temperature is largely due to
that FIN phase.

For Bi2Ca2MnO, which looks like a ferromagnet or a

zero temperature. We can compare this with the magne-
tization reached by cooling in a field, in Fig. 3. If the
solid circles in Fig. 3(a) and Fig. 3(c) are extrapolated to
zero field, the magnetization is 1.62 emu/g and 1.23
emu/g for Sr and Ca, respectively. If we take g =2 for all
Mn atoms, this implies a difference in spin S,—Sb of
0.054 and 0.036, respectively. Preliminary experiments
with neutron diffraction on Bi2Sr2Mn06+y suggest that
the entire sample may not be fully in the FIM phase even
at the highest fields in Fig. 3 (perhaps because of strains
or inhomogeneities), so these numbers may underestimate
S, —Sb, but probably not more than a factor of 2. Thus
the value S, —Sb of 0.10 in Fig. 12 is a reasonable esti-
mate, certainly closer to the truth than 0.64.

The interactions normal to the Mn02 planes, J3 and

J4, determine the difference in the ordering temperatures
of the AFM and FIM phase, and, in turn, the height of
the peak in y. The maximum of the wider MFT peak in
Fig. 12 is too large unless J3 and J4 are assumed to be
about 10% of J2 in magnitude. Such values are orders of
magnitude too large. In La2Cu04, for example, where
the interlayer distance is half as large as in

Bi2SrzMn06+, the out of plane interactions are about
10 times smaller than the nearest-neighbor in-plane
ones. This is another indication that the larger value of
S, —Sb in Fig. 12 is unreasonable. On the other hand, for
the smaller value of S, —Sb, the height of the peak is set
by the resolution of the calculation (the increment in tem-
perature used was 0.1 K); the out-of-plane interactions
for that curve in Fig. 12 were set to zero. In a real sys-
tem with such a value of S, —Sb (if it were described by
MFT), the peak height would probably be determined by
inhomogeneities. Thus we cannot infer values of J& or J4
from the shape of y, at least in mean-field theory, for
S, —Sb ='0. 1.

Below the transition temperature, the MFT predicts
that the system should switch discontinuously to the fer-
rimagnetic state at some field H, . According to Eq. (2) of
the Appendix, the energies of the AFM and FIM phases
at zero temperature are equal at H, given by
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ferrimagnet at low temperature, the sample is probably in
the FIM phase, even in low fields. The interplane in-
teractions in the MFT can be chosen so that the FIM
phase is stable at all fields. In this case, the MFT predicts
the usual magnetization for a ferrimagnet, and does not
predict a peak in y=M/H, in contradiction with Fig. 2
and Fig. 8. But the peak is large only when the sample is
warmed after a special history that has made the mea-
sured magnetization small at low temperature, so that
there are roughly equal numbers of up and down
domains. When the sample is cooled in even a small field
(presumably forming only domains of one direction), the
peak is considerably smaller (Fig. 8). This peak may be
explained by fluctuations. We conclude that
BizCazMnOy has the FIM magnetic structure below 100
K at all fields, but this has not yet been confirmed by neu-
tron diffraction.

VIII. DISCUSSION

The structural modulation in BizSrzMnOy and

BizCazMnOy strongly influences the magnetic properties
in these compounds. Because of the modulation, not all
the Mn in the crystal are crystallographically identical,
so the magnetic moment of Mn can vary between these
different lattice sites. As a result, each layer of MnOz can
have a net moment below the transition. At low fields in
BizSrzMn06+y the moments alternate from one layer to
the next, leading to an antiferromagnetic phase. But an
applied field can flip the moments, causing a field-induced
transition. From the MFT discussed in the preceding
section, we suggest that the ferrimagnetism of the indivi-
dual layers is responsible for the sharp peak in the sus-
ceptibility in BizSrzMn06+y.

But there are inconsistencies in the parameters in the
MFT. If we calculate a value of S, —Sb from the mag-
netic moment of a sample cooled in a large field, then the
peak in y is too narrow; matching the peak in g requires
S, —Sb roughly 10 times larger, and also leads to un-

reasonable values for the out-of-plane interactions. A
proper treatment of fluctuations may correct this prob-
lem.

We have assumed that the differences in S, and Sb in
the model are a result of differences in the size of the mo-
ment of Mn on crystallographically distinct sites. Anoth-
er possibility is that these difFerences in moment are pro-
duced by canting. Because of the crystallographic distor-
tion, the MnOz planes can be tilted locally by several de-
grees out of the a —b plane. If the spin tries to lie normal
to the local MnOz planes, it would tend to cant away
from c. Perhaps the differences in S, and Sb reflect
differences in the component of spin along c, rather than
differences in the total spin.

Whatever the role of canting, it is clear that the peak
in y in BizSrzMn06+y cannot have the same origin as the
peak in LazCu04 where canting has been shown to be im-
portant. The spins in the ordered states of
BizSrzMn06+y and BizCazMn06+y point normal to the
MnOz layers, whereas the spins in LazMO4, with

M=Cu, Ni, and Co, lie in the MOz planes. In both
families of compounds, the largest anomaly in g is seen
when the field is applied normal to the layers. ' Thus
the anomaly is produced by a field along the spins in
BizSrzMn06+y and normal to them in LazMO4. Al-
though the origins of the net moment of a given layer in
LazCu04 and BizSrzMn06+y are different, both com-
pounds show field-induced transitions when the applied
field aligns these net moments at some critical field.

The spins also point normal to layers of MnOz in Mn
oxides with the KzNiF~ structure, in CazMnO& (Ref. 29)
and SrzMn04 (Ref. 30). These compounds show two-
dimensional fluctuations; the susceptibility normal to the
layers in CazMnO~ and SrzMn04 sho~s no anomalies at
the ordering transition temperature (114 and 170 K, re-
spectively), but does show a broad maximum at about 100
K above the transition. Thus the sharp peak in g seen in
BizSrzMn06+y is not seen in undistorted MnOz layers.

Oddly, the broad peak associated with two-dimensional
fluctuations is not seen in BizSrzMn06+y up to 1000 K
(Fig. 2), even though the MnOz layers are twice as far
apart in BizSrzMn06+y as in SrzMn04, and one would
therefore expect still weaker coupling. The MFT of Fig.
12 gives the nearest-neighbor in-plane interaction in
BizSrzMn06+ Jz to be Jz/k = —5 K. The correspond-
ing values for CazMn04 and SrzMn04 are —26 and —40
K; these were calculated from the two-dimensional
Heisenberg model. Much of the disagreement between
these values and ours arises because mean-field theory
typically gives interactions less than half as large as those
obtained from more accurate treatments. It is unlikely,
therefore, that the peak expected from two-dimensional
fluctuations could be pushed to temperatures above 1000
K in BizSrzMn06+y when it is near 300 K in SrzMn04.

In addition to its underestimation of the width of the
peak in y, the other major deficiency of the mean-field
theory of Sec. VII is in its predictions at temperatures
below T~. The susceptibility of BizSr,Mn06+y shows
hysteresis even in the AFM or low-field state. To explain
this second problem, we propose that small domains of
the ferrimagnetic phase form even in small fields. In
BizCazMn06+y, the FIM phase is probably the stable
phase even at zero field. Another deficiency at low tem-
peratures is that the intensity of the (010) peak in the in-
set to Fig. 9(a) is not described by MFT.

In spite of its limitations, though, the mean-field theory
gives a plausible explanation of the relationships between
the magnetization, magnetic structure, and the crystallo-
graphic distortion in BizSr,Mn06+y and Bi,Ca,Mn06+y.
The discrepancies between theory and experiment may be
resolved by more accurate theories that properly treat the
two dimensionality of the MnOz layers.

Rote added in proof We have found. that the tempera-
tures we were using to prepare compounds with Bi re-
placed by Pb were too low. Powders of
Biz ~ Pb SrzMn06+y and Biz,Pb CazMn06+y can be
prepared free of impurity phases at 960 C in 48 h. For
Sr, the solubility ranges of Pb are 0 & x & 0.6 and
0.8 &x &1.2 at this temperature, according to powder x-

ray diffraction.
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APPENDIX: MEAN-FIELD THEORY

Consider a body-centered tetragonal lattice with two
types of sites, a and b, in each layer. Figure 11 shows the
four sublattices and the four interactions between sublat-
tices. Although only nearest-neighbor interactions are
shown, the interactions actually represent the total in-
teraction between a spin on one sublattice and all the
spins on another, in the spirit of mean-field theory. The
interactions have been numbered so that J; is the interac-
tion between sublattice 1 and sublattice i. Spins S, and

S3 have maximum value S, ; S2 and S4 have maximum
value Sb.

For convenience, we introduce a staggered field H,
that couples to (S, —Sz) —(S3 —S4). The energy per
cluster of four sites, E, is given by

E = gp&H($—
&
+S2 +S3 +S4 )

gpsH,—(S, —S2 —S3+S4)
—4J, (S, +S~+$3+S~ ) —8Jq(S(Sq+$3$~)
—8J3(S,S,+$2$~ )

—8J4($,$4+$,$3 ) .

This expression assumes that both sites have the same g
factor. Following Ref. 31, we drop the minus sign in the
relation between spin and magnetic moment.

The dominant interaction is assumed to be J2, which is
antiferromagnetic (negative). This interaction drives the
spins in the two sublattices in each layer to be antiparal-
lel. But because S, is different from Sb, there are two
possible three-dimensional orderings consistent with neg-
ative Jz. a true antiferromagnet (AFM} in which the mo-

ment of one layer is opposed to that of the next, so the
lattice has no net moment; and a ferrimagnet (FIM), in
which the total moment of all layers is in the same direc-
tion, giving the lattice a net moment. At T=O, these or-
dered states are, for AFM and FIM,

The first term on the right-hand side of Eq. (2) shows
that an applied field favors the FIM state, as expected; in
a field, the energy of the system is lower in the state with
a net moment. The second and third terms show there
are two different reasons that the AFM state could be
favored over the FIM state in zero field: by a difference
in the interactions between layers, J3 —J4, and by a
difference in the spin of the ion on each sublattice,
S, —Sb.

The spins S;,i = 1, . . . , 4 can be found in mean-field

theory in the usual way, ' from equations of the form

S& =So&s.(~i ) (3)

where 8& is the Brillouin function, ' and x
&

is a dimen-
a

sionless variable determined by the effective field on sub-
lattice 1:

S,
x 1 kT gPBHeff, 1

(4)

The equations for the other sublattices are similar, except
those for two and four involve Sb instead of S, .

These equations can be linearized at small fields above
the transition temperature, and then they separate into
two pairs of equations. One pair involves the sums
S

&
+S3 and Sz +S4, and the other pair the differences

S, —S3 and S2 —S4. From these, the following quantities
can be calculated:

S& =S S2 = Sb S3 = S S4=Sb

S]=S S2 = Sb S3 =S S4= Sb

The difference in energy of these two states at T=0 and
H, =Ois

+F1M +AFM RPBH( a Sb

+32(J3 —J~)S,Sb —16J3(S,—Sb) . (2)

S)ES2+S3+S4S+=
4

gpsH+ (1+@)T+T,+T3 —T4+T~
k T~+2(1+y)T(T)+T )+3(T)+T ) —3(T2+Tg)

t

(5)

where H+ =H, and H =H, . The interactions J; have
been converted to temperatures with the relation

SJ;
T; = — QS, (S, +1)Sq(Sb+1) .

3k
(6)

The factor y is one measure of the diff'erence between S,
and Sb, and is defined by

S,(S,+1) Sb(Sb+1}
Sb(Sb+1} $,(S,+1) (7)

1y=2

S+ is the average spin per site, and so diverges at the
transition temperature for any phase that has a net mo-
rnent, and for the FIM phase in particular. The mea-
sured susceptibility is proportional to S+. S is the
staggered spin, or order parameter for the AFM phase.

For independent layers, ( T3 = T4 =0) and equal sublat-
tice spins (S, =Sb, or y =0), S+ is given by

gpgH+
k T+T2+ T,

(8)

S diverges at the Neel temperature TN = Tz —T, . The
Curie-Weiss temperature 0 is defined by

RPaH+ 1

k T—0 (9)

and so is given by 8= —(Tz+ T, ). The difference be-
tween —0 and T~ is a special case of a more general re-
sult. ' For BizSrzMnO, where T~=120 K and 8= —40
K, we take T2 =80 K and T& = —40 K.

When the layers interact, or when S, is not equal to Sb,
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the transition temperatures for AFM and FIM phases are
different. To lowest order, the difference is given by

T~„M—
TFIM —2(T3 —T4)+2yT3(T2 —T, )/T2 . (10)

Since the interactions T3 and T4 are expected to be or-
ders of magnitude smaller than T2, the difference in tran-
sition temperatures is small. If T3 is positive, and larger
than T4, then the AFM phase has the higher transition
temperature (S diverges at a higher temperature than
S+ ). Then the formation of the AFM phase interrupts
the divergence in S+. As the temperature decreases, the
measured susceptibility (proportional to S+ ) will begin to

diverge, but will stop just short of its divergence, then de-
crease in the ordered AFM state, leading to a sharp peak
as observed.

In comparing the MFT with experiment, we con-
strained the parameters. We chose S„then calculated S&
so that the high-temperature limit gives a Curie-Weiss
moment appropriate for spin 2, as found experimentally
(Fig. 2). We set T, = —T2 l2 to account for the
difference in Tz and —8, then for given values of T3 and
T4 we adjusted T, to give a transition temperature of 122
K. To calculate Fig. 12, we iterated the full (nonlinear-
ized) equations for S, . The iteration converged at all tem-
peratures.
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