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X-ray and neutron-diffraction, dc magnetic susceptibility, magnetization, and specific-heat measure-
ments are reported for Fe,Co;_,Ta,O¢ mixed oxides. X-ray refinement indicates homogeneous samples
for all the reported concentrations. The neutron-diffraction measurements reveal magnetic structures
with double propagation vectors (*+1/4, 1/4,1/4) for CoTa,Oq, and (1/2,0, 1/2) and (0, 1/2, 1/2) for
FeTa,Oq¢. The latter remain unchanged in the Fe-rich samples, for 0.46 = x < 1.00, while the Co-rich
samples show propagation vectors (*£1/4,1/4,0) for 0.09 < x < 0.46. The temperature vs x phase
diagram exhibits a bicritical point at about 7 = 4.9 K and x = 0.46. For this concentration, and at low
temperatures, the system shows coexistence of both magnetic structures. This novel bicritical behavior
is interpreted as induced by competition between the different magnetic and crystallographic structures.
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In general terms, the phenomenon of phase separa-
tion is related to a competition between two ordered
states. Typical phase diagrams consist of three regions,
corresponding to the high-temperature state and the
two different ground states. As the temperature is low-
ered, the system undergoes a second-order transition
from the homogeneous high-temperature phase to either
of the competing ordered phases. Thus, a bicritical point
exists in the phase diagram where the two second-order
transition lines meet a first-order one separating the or-
dered states.

Spatial phase separation in magnetic semiconductors
was theoretically predicted by Nagaev [1] in the early
1970’s. Lately, interest in the subject has been revived
in connection with the observation of stripe phases in
high-temperature superconductors, and various types
of phase coexistence in colossal-magnetoresistance
manganites [2—7]. Competition in these systems mostly
occurs between ferromagnetic (FM) and antiferro-
magnetic (AF) phases, but also between charge-ordered
and charge-exchange states, or between charge/orbital
ordering and FM states [2]. In this context, a bicriti-
cal point was clearly observed, for example, in
Prs5(Ca;—Sr,)o4sMnO;3 [5].

Initially, the observation of phase separation was re-
lated to chemical inhomogeneities, but its evidence in
single crystals of Sr;CulrOg4 [8] suggested that its oc-
currence was more widespread, not restricted to a small
number of materials nor to chemically inhomogene-
ous compounds. Dagotto ef al [2] pointed out that co-
existence of competing phases is an intrinsic feature
in manganites, unrelated to grain-boundary effects of
polycrystals, and that its theoretical understanding and
experimental control is a challenge that should be
strongly pursued. Recently [9], spatially separated phases
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were directly observed via electron microscopy in
La0,5Ca0‘5MnO3.

In this Letter, we present results evidencing the exis-
tence of a bicritical point for a different type of insulating
material, Fe,Co;_,Ta,Og, whose sample preparation and
structure refinement have been recently reported [10,11].

Accurate x-ray measurements at room temperature
show that all the samples are single phase (no spurious
reflections) and homogeneous (no abnormal line broad-
ening as a function of the diffraction angle), therefore
characterizing an unlimited and homogeneous solid so-
lution. Detailed crystallographic studies of this kind of
compounds can be found in the literature [12]. The system
crystallizes in the trirutile structure with space group
P4,/mnm. In this structure, Fe>T or Co?' and Ta’*
ions are surrounded by O~ octahedra. This yields
Fe/Co-O layers (at z =0 and z = 1/2) separated by
two Ta-O layers (at z ~ 1/6 and z ~ 1/3). According to
Eicher et al [12], the magnetic structure for FeTa,Oq
consists of two families of AF planes, the anisotropy
axis of one family being rotated by 90° with respect
to the other, and a 3D magnetic lattice is observed
which can be viewed as a stack of alternating planes
of each family. The anisotropy-axis direction on the
basal plane correlates well with the symmetry of the
local field originating from the oxygen atoms surround-
ing each Fe atom in the lattice. On the other hand,
according to Reimers et al [13], magnetic order in
CoTa,04 can be better described as a complex helical
spin structure with components on the basal plane as
well as in the ¢ direction. It was the perspective of ob-
taining a mixed oxide with competing anisotropies that
motivated us to undertake the present investigation.
Surprisingly, our results show that anisotropy plays a
minor role in the observed bicriticality, which is due to

© 2003 The American Physical Society 197208-1



VOLUME 91, NUMBER 19

PHYSICAL REVIEW LETTERS

week ending
7 NOVEMBER 2003

competing AF interactions modified by changes in the
lattice parameters.

Direct-current magnetic susceptibilities (y) were mea-
sured in an extraction magnetometer, for temperatures in
the range from 1.5 to 50 K, at a constant magnetic field
MmoH = 0.5 T in the field-cooled state. Specific-heat mea-
surements were performed with an ac calorimeter at
temperatures ranging from 4.2 to 25 K. The behavior of
x above 50 K was obtained by extrapolating the magne-
tization versus field data down to zero applied field at
several temperatures between 50 and 300 K. Neutron
powder-diffraction experiments were made with the
CRG-DIB diffractometer operated by the CNRS at the
Institute Laue Langevin, in Grenoble, France. These
measurements were performed with wavelength A =
2.52 A in the angular range from 16° to 96° with steps
of 0.2° at temperatures from 1.5 to 100 K. Crystal and
magnetic structures were refined using the FULLPROF
program [14].

A typical susceptibility vs temperature curve for one
of the studied samples is shown in Fig. 1. Similar curves
were obtained for all samples, in agreement with pre-
vious results for FeTa,O4 [15]. The Néel temperature,
Ty, is marked by an abrupt change of slope in the sus-
ceptibility curve, coinciding with the position of a sharp
peak observed in the specific-heat data. As can be seen
in Fig. 1, the susceptibility presents a relatively broad
maximum just above Ty, which indicates the presence
of enhanced short-range correlations characteristic of
a low-dimensional material. This should actually be
expected on the basis of the stacking-planes structure
described above. Indeed, we were able to fit the suscepti-
bility data almost down to Ty (solid line in Fig. 1) using a
high-temperature series expansion for a Heisenberg anti-
ferromagnet with competing nearest-neighbor (J;) and
next-nearest-neighbor (J,) AF interactions on a 2D
square lattice, including a single-ion anisotropy term
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FIG. 1. Variation of the uniform magnetic susceptibility as a
function of temperature for the indicated sample. The arrow
indicates the slope change that occurs at the Néel temperature.
Circles are experimental data, while the solid line is a fitting to
a two-dimensional Heisenberg model, as briefly described in
the text.
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related to an in-plane easy axis [16]. It is worth mention-
ing that the Fe/Co-O planes were described by the same
model for all concentrations, with the uniaxial anisotropy
strength D varying from a highest value for pure Co to a
lowest value for pure Fe, but always large enough to
guarantee that the spins lay along the easy axis in each
plane. Besides, the best-fitting ratio J,/J, never departed
much from unity, in contrast to other calculations
[13,17,18], and J; = J, for x =~ 0.4.

Our main result is the 7 X x phase diagram shown in
Fig. 2. It can be seen that T values for the Fe-rich re-
gion (x > 0.46) decrease from 9.5 to 4.9 K, while for the
Co-rich region Ty varies from 7.1 to 49 K. It is also
clear that the Fe(4Co(5,Ta,0g sample lies at or close
to a bicritical point corresponding to 7 =4.9 K. The
magnetic structures below T were assessed by neutron-
diffraction measurements down to 1.5 K and are iden-
tified by their propagation vectors, as will be discussed
in detail below. Except for Feq45Cogs4Ta,Og, all the
samples showed to be single phase with respect to
both crystal and magnetic structures. There is no evidence
of mixed phases at any temperature for all the other
sample. In contrast, Fey 46Cogs4Ta,0O4 exhibited a single
crystallographic phase but coexistence of two mag-
netic phases. Such results are illustrated in Fig. 3 for
samples F60436C00.64Ta206’ Feo_46C00‘54T3206, and
Fe( 50Cop43Ta,06. For x = 0.46 and T = 1.5 K, we can
determine that 62% of the system is in the phase char-
acterized by the propagation vectors (*1/4,1/4,0),
while the remaining 38% corresponds to the vectors
(1/2,0,1/2) and (0,1/2,1/2). This holds with little
variation (less than 2%) up to 4 K, along the vertical
line shown in Fig. 2, although the average local moment
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FIG. 2. T vs Fe concentration phase diagram. Solid circles are
Ty obtained from magnetic susceptibility measurements and
open circles were obtained from neutron diffraction on the
Fe( 46Cog 54 Ta,04 sample. Broken lines are guides to the eye.
The two AF ordered states are labeled by their propagation
vectors (see text). The dash-dotted vertical line has been
arbitrarily positioned, since only the sample with x = 0 lies
inside that region.
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FIG. 3. Neutron diffraction pattern taken at 1.5 K for samples
near the bicritical point. The bars are crystallographic Bragg
reflections; solid triangles are magnetic reflections indexed by
the propagation vectors (*£1/4, 1/4, 0); open triangles are mag-
netic reflections indexed by the propagation vectors
(1/2,0,1/2) and (0,1/2,1/2). Notice that only the middle
sample shows reflections from both magnetic structures.

is reduced in both phases as the temperature rises. Notice
that this vertical line fixed at x = 0.46 is not a true first-
order line, although we know for sure that its points are
located inside the coexistence region of the two phases.
From our sample set we cannot determine the precise
width of this coexistence region. We can only ascertain
that it is confined within the range 0.36 < x < 0.52, since
the two limiting samples unambiguously show a single
phase, as can be seen in Fig. 3.

It is interesting to notice that our phase diagram, Fig. 2,
is astonishingly similar to the one obtained by Tomioka
and Tokura for Pryss(Ca;_,Sr,)o4sMnO;5 [5]. However,
the phases involved are completely different in nature:
the phase boundary in the above manganites is between
charge/orbital-ordered and FM states, while here both
Co-rich and Fe-rich compounds are AF, but with different
propagation vectors. Thus, we expect the phase coexis-
tence to be related to some subtle competition between
magnetic interactions.

We now turn to a more detailed discussion of the
ordered phases. In order to better describe the magnetic
structure we will refer to the conventional crystallo-
graphic unit cell, which is body centered tetragonal,
with magnetic ions at the corners and center, i.e., posi-
tions 000 and 111, respectively. Then, the samples with
x < 0.46 present a magnetic structure that can be de-
scribed by two propagation vectors: (1/4,1/4,0) with
M, || [110], referring, e.g., to the magnetic moments of
corner ions, and (—1/4, 1/4, 0) with M, || [110], describ-
ing the magnetic moments of center ions. Two neighbor-
ing planes of this arrangement are depicted in Fig. 4(a). It
can be observed that the two types of planes are stacked
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FIG. 4. Schematic representation of (a) Co- and (b) Fe-rich
magnetic structures along the ab planes. Filled and open circles
represent magnetic ions at positions 000 and 111 of the crys-
tallographic unit cell, respectively. The Co-rich structure is
described by the propagation vectors (*=1/4, 1/4, 0), while the
Fe-rich one is described by (1/2,0,1/2) and (0,1/2,1/2).
Dashed lines are limits of crystallographic unit cells, while
the magnetic unit cells for each structure are depicted with

solid lines.

in an alternating sequence, with the spins in each family
being rotated by 90° with respect to the other. Notice that
this structure is different from that obtained by Reimers
et al. for CoTa,O¢ [13]. Actually, for CoTa,Og we ob-
tain a more complex structure, with propagation vectors
(%£1/4,1/4,1/4), while the two-family structure de-
scribed above appears for 0.09 = x << 0.46. On the other
hand, for x > 0.46 we find the same structure obtained by
Eicher et al for FeTa,O¢ [12], with propagation vectors
(1/2,0,1/2) and (0,1/2,1/2) for atoms located at 000
and %%%, respectively, as illustrated in Fig. 4(b). Thus,
roughly speaking, we observe two double-vector struc-
tures, one for cobalt-rich and another for iron-rich
samples. In the borderline between these two regimes,
Feg 46C0g 54Ta,Og shows coexistence of both magnetic
phases.

As we mentioned before, the observed phase separation
should be naturally interpreted as due to competition
between magnetic interactions. This, in turn, should be
related to crystallographic changes in the samples which
affect the exchange constants and single-ion anisotropy.
In fact, the model parameters that we use to fit our
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susceptibility data vary smoothly with x. More speci-
fically, both J; and J, are reduced in absolute value, but
the variation of the latter is more pronounced, such that
the ratio o = J,/J, decreases from o > 1 for Co-rich
samples to a < 1 for Fe-rich ones. However, the strongest
variation occurs in the anisotropy strength D, indicating
that the oxygen octahedra surrounding each magnetic ion
are being reshaped. In this sense, it is interesting to
observe the behavior of the distortion index, defined as

~ 02-02 - 01-01
(0i-0i)

where Oi-Oi stands for the bond length between equiva-
lent oxygen ions in the AB,Og structure [11]. In the low-
temperature region, where the ordered phases compete,
increases with x, which means that the octahedra are
shortening along the O1-A-O1 diagonal, A being the
magnetic atom (either Fe or Co). Thus, the main effect
on the exchange parameters is probably due to variations
of the bond angle of A-O-A superexchange interactions.
These considerations are not sufficient to infer what
magnetic structures should be expected. Given that an-
isotropy axes are fixed in each plane, a simple counting of
bond energies allows us to verify that the in-plane order-
ings shown in Fig. 4 are energetically favored over the
Néel state for the corresponding sets of parameters within
the model utilized here. However, for x ~ 0.4 the ex-
change constants J; and J, become approximately equal,
leading to frustration of the 2D order. In any case, since
the overall magnetic structure is clearly three dimen-
sional, interplane coupling must play an important role
in stabilizing the ordered states. Unfortunately, a full 3D
model for the magnetic interactions in such systems is not
available at present. We can speculate only that variations
of interplane coupling due to deformation of the oxygen
octahedra could yield different ordered states depending
on the concentration, since this coupling also involves
superexchange through the oxygen atoms.

In conclusion, we have shown that the antiferromag-
netic insulating compound Feg 46Coq 54 Ta,Og, which pre-
sents typical two-dimensional magnetic behavior above
Ty, also exhibits magnetic phase separation below this
temperature. This compound is near the borderline be-
tween two distinct AF magnetic regimes observed in
the family of compounds Fe, Co,_,Ta,04, for which a
bicritical point appears in the 7" X x phase diagram. We
suggest that this behavior is caused by a complex com-
petition between intra- and interplane exchange interac-
tions in the presence of strong anisotropy.
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