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Magnetic and structural phase diagram of the solid solution LaCo,Mn;_, O3
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We present a structural and magnetic phase diagram of the solid solution LaCo,Mn;_,O;. We show by
neutron diffraction that the monoclinic structure previously observed for the elpasolite form La,CoMnOg
(LaCop5Mn( 503) is also observed for another member of the solid solution x = 0.35. We also present the
transition temperatures for the orthorhombic/monoclinic structures of the series to the rhombohedral structure
and determine the expected transition temperatures from rhombohedral to cubic symmetry. We present the
magnetic structures as determined by neutron diffraction for materials with lower cobalt content and provide
evidence, including ac and dc susceptibility measurements, for the possible glassy nature of the magnetism in
the cobalt-rich materials in the series. Based on high-resolution neutron diffraction, we also suggest that there is
a limit to the LaCo,Mn;_, 05 solid solution at x = 0.85. Finally we present a possible, previously unreported,
low-temperature monoclinic structure for the sample LaCog75Mng25053.
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I. INTRODUCTION

Perovskites with the general formula AB Qs (where A is
often a lanthanide and B commonly a transition metal) are an
important and widely studied class of materials, characterized
by subtle structural distortions from the cubic aristotype
(characterized by space group Pm3m). The ideal perovskite
structure consists of a corner-shared network of BOg octahedra
with the larger A cations sitting in interstitial sites coordinated
by 12 O atoms. The enormous variety of physical and chemical
properties that the perovskite family displays arises from the
fact that the A and B cations can be selected from a large
proportion of the periodic table.

Double perovskites (elpasolite) represent a variant of the
perovskite structure with the general formula A, BB’X¢ in
which the prime indicates the possibility of different cations.
In general, the B-site cations determine the physical properties
of the double perovskites, and three B-cation sublattice types
are recognized, random, rock-salt, and layered, with the latter
two demonstrating an ordered arrangement of the resulting
B X octahedra. B-site ordering in double perovskites typically
occurs when there is a significant charge and/or size difference
between the B and B’ cations.

The solid solution LaCo,Mn,_, O3 has been the subject of
a large body of work focused on understanding its complex
structure-property relationships. It is closely related to the
A-site doped manganites, which famously exhibit colossal
magnetoresistance [1], and itself displays a wealth of inter-
esting magnetic and electronic properties which change as a
function of x. Furthermore, mixed-metal perovskite oxides
are increasingly of interest for catalytic applications [2-4].
For example, it has been shown that low-level doping of
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LaCoOj3 with Mn forms an effective catalyst for the oxidation
of particulate matter in vehicle exhaust [5].

The x = 1 end member, LaCoOs3, undergoes some well
characterized temperature-driven electronic transitions. Atlow
temperature (<50 K), LaCoOs is a nonmagnetic insulator with
the trivalent cobalt in the low-spin (LS) state configuration
tg o e(g). At ~100 K the material becomes paramagnetic and with
increasing temperature the high-spin (HS) 73,¢; configuration
is populated. Above 648 K charge transfer between spin states
occurs and disproportionation into Co** and Co** species is
observed [6]. Structurally, LaCoO; is rhombohedral, space
group R3c (a"a~a~ in Glazer notation, representing three
antiphase tilts around the cubic a, b, and ¢ axes) [7,8]. In
contrast, at the other end of the series LaMnO3; (x = 0) is
an antiferromagnet (Néel temperature 140 K), an insulator,
and crystallizes in an orthorhombic structure (space group
Pbnm) [9]. This hetto-type structure results from antiphase
rotations of the MnQOyg octahedra about the [100] cubic/[010]
cubic directions and in-phase rotations around the [001] cubic
direction and can be described by the a~a~c™ tilt system in
Glazer notation [8].

For members of the solid solution rich in cobalt (x > 0.6),
the rhombohedral structure dominates, whereas for x < 0.6
the orthorhombic structure is found (for x = 0.6 a biphasic
mixture is observed) [10]. The structure of the material with
x = 0.5 has been a matter of some debate over the years
and has been reported as cubic [11], orthorhombic [12],
or even biphasic in nature [13]. However, high-resolution
neutron diffraction data show that the sample crystallizes in the
monoclinic space group P2;/n (tilt system a~a~c™), which
is a maximal nonisomorphic subgroup of the orthorhombic
Pbnm. In the monoclinic structure, the manganese and cobalt
cations order at the 90% level on the 2b and 2c sites,
respectively [14].

For the LaCo,Mn;_,O5 solid solution there have been
numerous magnetic property studies, and in 1961 Goodenough
et al. [13] suggested that across the series the cobalt ions
were in the diamagnetic low-spin state Co>* and hence only
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the ferromagnetic Mn**—0?>"-Mn3* and Mn**-0* —-Mn**
interactions contributed to the magnetic properties. How-
ever, further magnetic and electrical characterization studies
by Jonker showed that there is also a contribution from
Mn**-0*"-Co**, Mn*"-0*"-Mn*", and Mn**-O?"-Mn**
superexchange interactions through the anions [15]. Work by
Troyanchuk et al. [16] found that the magnetic properties
of LaCo,Mn;_,O3 could be explained on the basis of
positive Mn**—-Mn**, Mn**—Mn**, Mn**-Co?* and negative
Mn**—Mn**, Co**-Co?*, Co?*-Mn*" superexchange inter-
actions combined with Mn** and Co*" cation ordering. In
a more recent study combining both magnetic and transport
properties, it was shown that for the orthorhombic manganese-
rich region, cobalt enters as Co’>" and induces a mixed
Mn®**/Mn** valence state in the manganese. For x = 0.4
the majority of the ions are Co** and Mn**, and in the
rhombohedral cobalt-rich region the manganese is present
preferentially in the Mn*" state, inducing electronlike carriers
in the Co-O subarray [10]. In contrast with this, Sikora
et al. [17] found from x-ray absorption spectroscopy that the
valence of both cations increases almost linearly with x, and
furthermore, that they are mixed valent across the entire solid
solution.

The bulk magnetization behavior of these materials reflects
the complexity of the underlying interactions. For 0.4 < x <
0.9, Troyanchuk ez al. [16] proposed a mixture of cationically
ordered ferromagnetic and disordered spin-glass regions, and
noted that samples quenched from high temperature had an
increased fraction of spin-glass-like domains. Autret et al.
[10] observed a crossover from predominantly ferromagnetic
interactions at low Co content to predominantly antiferromag-
netic interactions at x = 1. For x = 0.4, a two-step transition
to a bulk ferromagnetic phase has been observed and attributed
to the presence of ferromagnetic clusters forming at the higher
transition temperature and coalescing to produce long-range
order (observable by neutron diffraction) at the lower. Whether
these clusters result from intrinsic chemical inhomogeneity or
from the presence of distinct cation ordered and disordered
regions is the subject of some debate [10,18]. For x = 0.5,
two ferromagnetic phases have been reported: one with a
higher T¢ (~225 K), which contains exclusively Co*>* and
Mn*t and exhibits extensive cation ordering, and a second
with a lower T¢ (~150 K), which contains a disordered
arrangement of mixed valent cations [19,20]. The coexistence
of these phases is almost unavoidable, though the fraction of
each can be controlled by the preparation method followed
[19,21]. It is therefore perhaps unsurprising that a range of
magnetic ground states has been proposed, from long-range
ferromagnetic order [22] to cluster-glass models [23], and
even superparamagnetism [24]. For x = 0.8, a similar, though
less pronounced, nonuniform magnetic behavior was observed
and was attributed to the existence of small ferromagnetic
clusters in a disordered matrix [10]. Furthermore, a peak in the
magnetic susceptibility at 25 K was attributed to a spin-glass
transition.

We have synthesized and studied materials in the
LaCo,Mn;_, O3 series (withx = 0.2,0.35,0.5,0.75, and 0.9).
Based upon these studies we present a structural phase diagram
for this solid solution. We show that crystallographic ordering
of the Co/Mn ions occurs at room temperature not only for
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x = 0.5, but also for x = 0.35, and we suggest that the sample
with x = 0.75 undergoes arhombohedral-to-monoclinic phase
transition at ~100 K. We have also determined temperatures
for the high-temperature rhombohedral-to-cubic transition for
each sample studied. We have used neutron diffraction and
magnetometry to analyze the magnetic structure of all the
materials in the series and present evidence for a glassy
ferromagnetic behavior in the cobalt-rich samples.

II. EXPERIMENTAL

A. Synthesis and x-ray characterization

Polycrystalline samples of LaCo,Mn,;_, O3 were prepared
by a modified nitrate decomposition route. Appropriate
mixtures of hydrated metal nitrate salts were dissolved in
the minimum amount of hot water in an alumina crucible,
and decomposition was achieved first by heating to dryness
on a hotplate and then by a slow heating to 870 K in a
tube furnace in air. Samples were subsequently annealed at
1270 K for 12 h and were cooled at a rate of ~2 K min~!
again in an air atmosphere. The degree of phase purity of
the perovskite was determined by x-ray diffraction (XRD)
with a Rigaku Miniflex x-ray diffractometer using Cu Ky »
radiation. High-temperature XRD was carried out on a
Rigaku SmartLab diffractometer fitted with a germanium (220)
monochromator. An Anton Paar HTK high-temperature stage
was used to collect diffraction patterns in the temperature range
293-1200 K.

B. Variable-temperature neutron diffraction

Ambient- and low-temperature time-of-flight neutron
diffraction measurements were carried out on the Polaris and
High Resolution Powder Diffractometer (HRPD) instruments
at ISIS, the UK’s spallation neutron source at the Ruther-
ford Appleton Laboratory. Initially, room-temperature and
50 K diffraction patterns were collected from all samples
using the medium-resolution, high-flux Polaris diffractometer
[equipped with an Abingdon Scientific (AS) “Orange” cryostat
for the low-temperature measurements]. Subsequent detailed
characterization of the cobalt-rich end of the series was carried
out on the high-resolution HRPD instrument at tempera-
tures in the range 4.2-300 K again using an AS “Orange”
cryostat.

C. Magnetic characterization

The dc magnetization measurements were carried out using
a Quantum Designs MPMS-XL7 (SQUID) magnetometer. A
finely ground powder sample of known mass was placed into
a gelatine capsule and mounted into a straw before being
introduced into the instrument at 300 K. Measurements of
the dc magnetization were made as a function of temperature
(1.8-300 K) in an applied field of 100 Oe and in both
field-cooled (FC) and zero-field-cooled (ZFC) conditions.
Hysteresis loops were also measured (+5 T) as a function
of temperature in the range 10-250 K.

The ac magnetic susceptibility was measured using a
Quantum Designs PPMS-9 equipped with an ac measurement
system (ACMS). The powdered sample was pressed into a
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pellet and annealed at 1100 °C for ~8 hours prior to loading
into a straw as described above. Magnetization measurements
at various temperatures (2-300 K) were carried out in zero-
field-cooled upon warming (ZFCW) conditions, with dc bias
fields between 0 and 1000 Oe, an ac field magnitude of 10 Oe,
and at a range of frequencies between 250 and 10 000 Hz.

III. RESULTS AND DISCUSSION

A. X-ray characterization

The samples were shown by Rietveld refinement to be,
on the whole, single phase, except for a small contami-
nant of La,O3 (~2-3wt %). X-ray diffraction confirmed the
crystallographic symmetry (within instrument and technique
resolution) to be orthorhombic (Pbnm) for the x = 0.2 and
0.35 samples, monoclinic (P2;/n) for the x = 0.5 sample,
and thombohedral (R3c¢) for the 0.75 and 0.9 samples. Despite
extensive efforts we were unable to prepare a phase pure
sample with the composition of x = 0.6 and can confirm
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previous reports that an ~50 : 50 mixture of rhombohedral
and orthorhombic phases were present [10]. The relative
proportion of Co and Mn in each sample was confirmed to
lie within error of the intended stoichiometry using x-ray
fluorescence (XRF).

B. X-ray characterization at high temperature

The high-temperature structural behavior of all samples in
the series has been studied using XRD. Changes are observed
in the region of the 112, 020, and 200 reflections at around
~2.75 A in the orthorhombic/monoclinic phases (x = 0.2,
0.35, and 0.5) with increasing temperature, as previously
reported for x = 0.33 [25]. Indexing of the high-temperature
diffraction pattern above 573 K shows that the reflections
are consistent with rhombohedral symmetry (indexed with
the R3c space group in the rhombohedral metric in the case
of x = 0.2 and 0.35 and R3 for x = 0.5). Shown in the
lower-right panel of Fig. 1 is the evolution of the 211 and
101 reflections for the rhombohedral LaCog9Mng 103, which
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FIG. 1. Upper: The variation of determined unit-cell length, volume, and rhombohedral cell angle with temperature for the x = 0.9 sample.
Lower left: The extrapolated transition temperature from the rhombohedral symmetry to cubic symmetry as a function of x. Lower right: The
changes upon heating in the x-ray diffraction pattern of the rhombohedral sample LaCoj 9Mn ;O3 are shown in the lower-right panel. The 211
and 101 reflections are shown at ~2.69 and 2.72 A, respectively, and are shown to shift to higher d spacing with increasing temperature, and
the spacing between the reflections is decreasing with increasing temperature.
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move to higher d spacing as a result of thermal expansion of
the unit cell and whose separation decreases with increasing
temperature, as a result of the decrease of the rhombohedral
unit-cell angle. Diffraction patterns measured at 473 K show
that there is coexistence of the orthorhombic and rhombohedral
phases, as would be expected given the first-order nature of
the structural transition [26]. The refined lattice parameters,
unit-cell volumes, and rhombohedral unit-cell angles are
shown in the upper panels of Fig. 1. Similar behavior has
been observed for all of the samples in the series which at
ambient conditions are orthorhombic or monoclinic in that
they transform to rhombohedral upon warming. The samples
in the series which are rhombohedral at room temperature show
no phase transitions in the temperature region measured using
XRD; however, they do show the same trend in that the splitting
of the 211 and 101 reflections decreases with increasing
temperature. (The determined unit-cell parameters for x = 0.9
are shown in Fig. 1.) Assuming a continued linear behavior
of the rhombohedral « angle, it is possible to extrapolate
the temperature at which it would become 60°. With an «
angle of 60° in the thombohedral symmetry, it is assumed
that the crystallographic symmetry would be transformed to
the cubic Pm3m via a second-order phase transition, as has
been shown previously for other systems such as LaAlO3 and
PrAlO; [27,28]. Figure 1 also shows the variation with x of
the temperature at which the rhombohedral angle extrapolates
to 60 deg. It is clear that with increasing cobalt content the
temperature at which the system becomes metrically cubic
decreases. Recently, Orayech et al. proposed to have observed
pseudocubic symmetry (Fm3m) in La,CoMnOg at 1545 K
(however, that study may have been resolution limited) [22].
Also plotted is the extrapolated temperature at which LaCoOj3
is expected to become cubic based upon the work of Thornton
et al. [7]. However, this is in contrast to the work recently
published by Kobayashi ef al. [29], who suggest a pseudocubic
transition at 1610 K (however, it may be that their result is again
resolution limited).

C. Magnetic characterization

Bulk dc magnetization measurements have been performed
for each of the samples in the series and the results are shown
in Figs. 2 and 3. For x = 0.2, 0.35, and 0.5 (Fig. 2), the
ZFCW and FCW magnetization curves are consistent with the
onset of long-range magnetic ordering. We see no evidence
for the two-step transition previously reported for x = 0.4 and
0.5 [10,18,21,24]. Above T the materials obey the Curie-
Weiss law, and the fitting to the linear region of an inverse
susceptibility versus temperature plot allows the determination
of an effective paramagnetic moment, (¢ (Table I). The values
of w.gr are larger than the theoretical spin-only moments (even
if both cations are assumed to be in a high-spin configuration)
and can be explained if the 3d orbital contribution to the
magnetic moment of Co>* is not fully quenched. This is con-
sistent with our previous report on the x = 0.33 composition
(e = 5.33ug/f.u.) [25], and with the findings of Burnus
et al. [20] for x = 0.5. The Weiss constants 6y, obtained from
the x intercepts of the linear fits, are also shown in Table I. The
positive values indicate that the magnetic interactions in the
materials are predominantly ferromagnetic, and their similarity
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FIG. 2. Upper: Magnetization of LaCo,Mn;_,O; (for x = 0.2,
0.35, and 0.5) as a function of temperature, under both zero-
field-cooled warming (ZFCW) and field-cooled warming (FCW)
conditions. Insert shows in detail the ZFCW behavior close to
the determined Curie temperature. Lower: Typical magnetization
versus applied field loops at temperatures above and below T¢ for
compositions x = 0.2, 0.35, and 0.5. No hysteresis is seen above T¢
but below, an open loop consistent with ferromagnetic ordering is
seen. Insert shows the data close to zero applied field.

to T¢ for x < 0.5 suggest that these systems are not frustrated.
Hysteresis loops (M versus H) are also shown in Fig. 2 and
are again consistent with the presence of ferromagnetic order
at temperatures below 7¢. The hysteresis loop at 100 K reveals
an apparent saturation magnetization of 2 up per formula unit,
which agrees reasonably well with the value obtained from
Rietveld refinement of neutron diffraction data collected at
50K (see Sec. III D) but is much smaller than the paramagnetic
Wefr- This observation suggests that the ferromagnetic ordering
is incomplete, perhaps because of the competing interactions
and the inherent disorder of the system.

Significantly different magnetic behavior is observed for
the samples with x = 0.75 and 0.9, as shown in Fig. 3. In
general, the response of these samples is much weaker than for
the lower-Co-content materials, and furthermore, the ZFCW
curves show two distinct features, one at ~7T¢ and a second at
~25-30 K. The hysteresis loops measured below 145 K are
reminiscent of those for a ferromagnetic material but do not
approach saturation, even at high field. At 145 K no hysteresis
is seen and little change is observed on further warming. The
values of ues for these materials are significantly lower than
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FIG. 3. Upper: Magnetization of LaCo,Mn;_,O; (for x = 0.75,
0.9) as a function of temperature, under both zero-field-cooled
warming (ZFCW) and field-cooled warming (FCW) conditions.
Insert shows in detail the unusual behavior below 250 K. Lower:
Magnetization versus applied field loops for x = 0.75 at temperatures
above and below the observed features ZFCW data. No hysteresis is
seen above 145 K, and below this temperature the curves resemble
those expected for a ferromagnetic material but do not approach
saturation, evenat H = 5.0 T.

for the x < 0.5 samples and are consistent with a combination
of Mn** and mixed-valent Co in an intermediate spin (IS)
state. (Calculated spin-only moments are 3.34 and 3.01 up for
x =0.75 and 0.9, respectively.) There is, of course, much
controversy surrounding the assignment of an IS state in
LaCoOs3 [7,30,31], and given the complexity of the cation

TABLE I. Magnetic parameters for LaCo,Mn;_,Os.

Sample Te (K)*  per(g) 60w (K)  Ordered moment (uug)°
x =02 177 4.99 186.36 2.81(1)

x =0.35 208 5.77 216.34 3.01(2)
x=05 228 5.33 230.38 3.14(1)

x =0.75 222 3.74 185.67

x=09 224 291 143.57

#Defined as a minimum in the first derivative of x (7).
"Determined from Rietveld refinement against Polaris data collected
at 50 K.
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distribution and magnetic interactions in LaCo,Mn;_, O3, it is
not possible to unambiguously assign oxidation or spin states.
The observed moments could also be explained by a mixture of
HS and LS states for either or both cations. The values of 8y for
these samples are rather smaller than 7, which may suggest
some degree of frustration is present in these materials. Further
discussion of the unusual magnetic behavior of the x = 0.75
and 0.9 samples is given in Sec. III D 2.

D. Neutron diffraction
1. Ambient temperature

Medium-resolution neutron diffraction measurements were
performed on the Polaris instrument at room temperature. The
focused and absorption-corrected data from all five of Polaris’
detector banks were subsequently analyzed using Rietveld
refinement, the results of which are shown in Table II. During
the refinements the occupancy of the mixed transition-metal
sites were constrained to unity but the ratios allowed to
refine. We found no evidence for oxygen nonstoichiometry.
(O-site occupancies did not change significantly from unity
during trial refinements and were subsequently fixed at
this value.) The material with x = 0.2 was shown to be
orthorhombic with space group Pbnm, in agreement with
previous reports and with x-ray diffraction. In this structure
both transition-metal (TM) ions are statistically distributed
over a single crystallographic site, and therefore the obtained
TM-O distances represent an average value which cannot
provide information on the occurrence of (or degree of)
charge ordering, or the assignment of possible oxidation states.
Of particular interest is the refinement of the sample with
the composition LaCog35Mng¢;03. In this case, the Pbnm
structure proved unsatisfactory and the data were in fact
best fit with a monoclinic structure, space group P2/n,
which has previously been reported only for the sample with
x = 0.5 [14]. The improvement in goodness-of-fit parameters
is detailed in Table II, and the fit itself is shown in Fig. 4.
This monoclinic structure provides two distinct sites for the
transition-metal ions, and refining the site occupancies on
the 2¢ and 2d Wyckoff sites reveals a high degree of order
and hence different TM-O distances for each cation can be
determined. For the samples with composition x = 0.75 and
0.9 the symmetry was found to be rhombohedral with the space
group R3c, which again does not allow any transition-metal
site ordering and only provides an average TM-O distance.

The reduced lattice parameters for the LaCo,Mn;_,0O3
series, as determined from medium-resolution neutron diffrac-
tion data, are shown in Fig. 5, along with those reported
by Autret et al. [10]. Interestingly, we do not observe a
pseudocubic lattice (i.e., ape > bpe 2 ¢)pe) for x = 0.2 in the
Pbnm space group and instead found that for x < 0.5 the
reduced lattice parameters changed only slightly, with a,. >
Cpe > by in all cases. The rhombohedral lattice parameter
reduces with x, in good agreement with previous reports.
The average bond distances show a gradual change from that
determined for LaMnO3 to LaCoOs with increasing cobalt
content, as shown in Fig. 6 and detailed in Table II.

For the x =0.75 and 0.9 composition samples, high-
resolution neutron powder diffraction data were measured on
the HRPD instrument. Data from the 90° bank of detectors
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TABLE II. Structural parameters for LaCo,Mn,;_,0; as determined by Rietveld refinement against Polaris data. Parameters for both
orthorhombic and monoclinic fits are shown for the sample with x = 0.35.

La

Co/Mn(1)

Co/Mn(2)

01

02

03

Space group
a(A)
b (A)
c(A)
a (%)
B )

y (©)
wR, (%)
R, (%)
Wyckoff site
X
y
e
Uio (A7)
S.OF.
Wyckoff site
X
y
Z
Uio (A7)
S.0.F (Co)
Co/Mn-O01 (A)
Co/Mn-02 (A)

Co/Mn-03 (A)
Wyckoff site
X
y
Z
Uio (A7)
S.0.F (Co)
Co/Mn-O1 (A)
Co/Mn-02 (A)
Co/Mn-03 (A)
Wyckoff site
X
y
Z
Usso (A%
S.OF.
Wyckoff site
X
y
Z
Uso (A7)
S.OF.
Wyckoff site
X
y
Z
Uso (A7)
S.OF

x=0.2
Pbnm
5.5297(1)
5.4884(1)
7.7774(2)
90
90
90
2.09
2.44

4c
0.9947(2)
0.0204(1)
0.25

0.00775(8)
1

4b

0.5
0
0

0.0024(1)
0.213(1)
2 x 1.97817(3)
2 x 1.97817(3)
2 x 1.97654(2)

4c
0.0656(1)
0.4948(2)
0.25

0.0087(2)
1

8d
0.7285(1)
0.2724(1)
0.03511(7)
0.0106(1)
1

x=0.35
Pbnm
5.5258(2)
5.4844(2)
7.7714(2)
90
90
90
3.03
3.01

4c
0.9916(2)
0.0212(1)
0.25

0.0069(1)
1

4b

0.5
0
0

0.0003(3)
0.350(2)
2 x 1.9774(2)
2 x 1.9774(2)
2 x 1.9781(7)

4c
0.0664(2)
0.4950(2)
0.25

0.0077(2)
1

8d
0.7283(1)
0.2712(1)
0.03751(8)
0.0088(1)
1

x=0.35
le/l’l
5.5259(1)
5.4840(1)
7.7709(1)
90
89.930(3)
90
2.00
2.16

de
0.0041(1)
0.02096(8)
0.2485(2)
0.00608(7)
1

2¢
0

0.5
0

0.001(2)
0.690(2)
2 x 2.0247(14)
2 x 2.0238(15)

2 x 2.033(2)

2d
0.5
0.0
0.0

0.0032(3)
0
2 x 1.9259(14)
2 x 1.9225(15)
2 x 1.920(2)

4e
0.2836(3)
0.2712(3)
0.0335(3)
0.0087(4)
1

4e
0.2631(2)
0.2765(4)
0.4633(2)

1

4e
0.5652(1)
-0.0062(1)
0.2425(3)

0.0082(2)
1

x=05
P21/n
5.52464(9)
5.48302(9)
7.7717(1)
90
89.898(3)
90
2.09
2.67

de
0.0057(1)
0.02160(9)
0.2438(1)
0.00400(7)
1

2¢

0

0.5

0

0.005
0.881(2)

2 x 2.0371(9)
2 x 2.0360(9)

2 x 2.0491(9)

2d
0.5
0.0
0.0
0.005
0.119(2)
2 x 1.9207(9)
2 x 1.9116(9)
2 x 1.9030(9)

de
0.2879(2)
0.2732(2)
0.0347(2)
0.0059(2)
1

4e
0.2611(1)
0.2775(2)
0.4621(2)

1

4e
0.5650(1)
-0.0053(1)
0.2404(1)

0.0073(1)
1

x=0.75
R3¢

5.4071(2)
=a
=a

60.828(1)
=«
=«
2.87
3.45

2a
0.25
0.25
0.25

0.00578(8)
1

2b
0
0
0

0.005
0.760(1)
6 x 1.94496(7)

6e
~0.19760(4)
0.69760(4)
0.25
0.00817(6)
1

x=09

R3c

5.3846(1)
=a
=a

60.801(1)
=«
=«
3.67
5.23

2a
0.25
0.25
0.25

0.00456(8)
1

2b
0
0
0

0.005
0.920(1)
6 x 1.93485(6)

6e
~0.19962(4)
0.69962(4)
0.25

0.00755(7)
1
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FIG. 4. Resultof Rietveld refinement of the x = 0.35 sample using
the monoclinic P2,/n structure. Inset (a) shows the poor fit of the
orthorhombic model to the data in the region of the 101 reflection, and
(b) the significant improvement on allowing the 101 and 101 to split
via the monoclinic 8 angle being non-90 deg, but also the presence
of the 011 reflection, which is a systematic absence in space group
Pbnm.

were exactly comparable to those measured on Polaris at room
temperature. For the x = 0.9 composition, data from the 168°
backscattering detector bank revealed shoulders on each of
the reflections. The best fit to these data was obtained with a

3.96
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FIG. 5. Determined lattice parameters as a function of com-
position for the series LaCo,Mn;_,O; for the orthorhombic and
rhombohedral unit cells. Shown are the three equivalent lattice
parameters (a,.) for the cubic ABX3 perovskite (where, for the
orthorhombic lattice parameters, a = /2, b = 2b ., and ¢ = 2¢ .
and for the rhombohedral unit cell a = ﬁa,,c). In this figure,
values for ap., b,., and c,. for the orthorhombic cells are shown
as solid squares, triangles, and circles, respectively, and a,,. for the
rhombohedral cells are shown as solid diamonds. The open symbols
are the reported values from Autret et al. [10].
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FIG. 6. Bond lengths obtained from Rietveld refinements for each
member of the LaCo,Mn;_,O; series. For the thombohedral (R3c)
and orthorhombic (Pbnm) structures, only an average Co/Mn-O
distance is determined as a result of site disorder. However, for the
monoclinic P2,/n structure distinct Co-O (~2.02 10\) and Mn-O
(~1.92 /0\) bond distances are determined as the transition-metal ions
Co and Mn are shown to be ordered and preferentially sited on the 2¢
and 2d Wyckoff sites, respectively (see Table II).

mixture of LaCoggsMng 1503 and LaCoQ; gs5. The structural
parameters of each phase were refined and are shown in
Table III. Taking into account the phase fractions of both
phases, the total ratio of Co:Mn in the sample remains 0.9:0.1,

TABLE III. Structural parameters for the two phases found for
the x = 0.9 sample. Overall goodness-of-fit parameters are wR, =
4.33%, R, = 2.45%.

Phase 1 Phase 2
Weight fraction 0.504(13) 0.496(13)
Space group R3c R3¢
a=b=c (A) 5.3950(4) 5.38401(9)
a=g=y () 60.801(2) 60.792(1)
La Wyckoff site 2a 2a
X 0.25 0.25
y 0.25 0.25
b4 0.25 0.25
U, (A7) 0.003 0.0017(7)
S.O.F. 1 1
Co/Mn Wyckoff site 2b 2b
X 0 0
y 0 0
z 0 0
Usyo (A7) 0.002(5) 0.005(2)
S.O.F. (Co) 0.85(1) 1
01 Wyckoff site 6e 6e
X —0.1988(3) —0.2010(3)
y 0.6988(3) 0.7010(3)
z 0.25 0.25
Usyo (A7) 0.0015(7) 0.0053(7)
S.O.F. 1 0.98(1)
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as intended. Since this phase separation is observable only by
high-resolution diffraction, we suggest that the limit of the
LaCo,Mn,_, O3 solid solution is reached at x = (.85.

2. Low temperature

Low-temperature neutron diffraction data were also ob-
tained for each of the samples on the medium-resolution
Polaris diffractometer. Datasets were obtained at 50 K (sig-
nificantly below the magnetic ordering temperature) with a
view to obtaining details of the magnetic structure.

For the compositions x = 0.2, 0.35, and 0.5, enhanced inten-
sity of the 110/002 and 112/020/200 reflections is consistent
with ferromagnetic ordering along the c-axis, magnetic space
group Pb'n’m, similar to our previous report [25]. The refined
ordered moments are reported in Table I. We stress that due to
limitations of data quality and instrument resolution, we used
the orthorhombic symmetry to model the magnetic structure of
all three samples, despite the nuclear structures of the x = 0.35
and 0.5 samples being better described by the monoclinic
structure. The magnetic structure of LaCopsMngys0; was
recently explored by Orayech et al. [22], who identified three
potential, though indistinguishable, ferromagnetic models in
space groups P2;/n and P2\ /n’.

In contrast, for the x = 0.75 and 0.9 samples, no extra
reflections are observed, even on cooling to 4 K. The lack
of reflections with magnetic origin suggests that there is
no long-range magnetic ordering in the materials at this
temperature. This is consistent with the observation of only
a weak ferromagnetic signal in the dc susceptibility. However,
we do note that if k = 0, the additional intensity will
be on the nuclear peaks and hence if small, masked by
atomic displacement parameters. Despite being statistically
acceptable, careful visual inspection of these fits revealed
some discrepancies in peak shape and position that could
not be resolved using the medium-resolution data. Hence, a
high-resolution study was carried out on the HRPD instrument.
We note briefly that for x = 0.9, the two-phase mixture
described above for the room-temperature data also produced a
satisfactory fit to the 4-K data. In contrast, the high-resolution
neutron diffraction study of the sample with composition
x = 0.75 at low temperature shows some interesting features.
There are significant shoulders to the reflections which are
particularly observable around 2.25 A. We have made signifi-
cant effort to fit this data set with the rhombohedral structure
in combination with other possible oxides containing La,Co,
and Mn, including the parent perovskites of the series. None
of these materials were able to satisfactorily fit the diffraction
pattern. To this end we tried a lower-symmetry crystalline
structure for the majority perovskite phase. This was achieved
initially by reducing the symmetry to triclinic P1, with a =
5.39302(28) A, b = 5.37840(58) A, c = 5.39303(28) A, a =
61.003(3)°, B = 61.003(5)°, and y = 61.003(3)°. We note
this metric has a = ¢ # b,a ~ B ~ y. Upon conversion to
a more standard monoclinic perovskite space group, 12/a, the
lattice parameters refine as a = 7.670(7) A, b =5.4729(5) A,
c=5.3821(5) A, and B =91.082(4)°. The quality of fit
by Rietveld refinement was given as wR, = 3.62% (which
should be compared with the value of 4.64% that was obtained
using the rhombohedral setting). While not fully satisfactory,
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FIG. 7. Selected region of the Rietveld refinement of the mon-
oclinic (/2/a) model for LaCog75Mng 505 using high-resolution
neutron data obtained from HRPD. Also shown are the allowed
reflections for the rhombohedral (R3c) structure, which highlights
the improvement in fit obtained by reducing the symmetry of the
model. The reflections marked with asterisks are attributed to the
cryostat background.

the fit did improve, as evidenced by the splitting of the 210
reflection from R3c at ~2.31 A to 112, 310, and 121 at ~2.31
Aand 121 at ~2.33 A in 12/a (Fig. 7). In this model the Co and
Mn are disordered on the 40 Wyckoff site, with TM-O bond
lengths ranging from 1.855 A 102016 A, entirely consistent
with Mn—O and Co—O bond lengths of varying TM oxidation
states. We suggest that this complicated monoclinic structure
could be used as a starting point for future studies of this
material and may start to account for the unusual magnetic
behavior of the materials in this series with high cobalt content.

The complete lack of magnetic Bragg reflections combined
with the weakly ferromagnetic nature of the x = 0.75 sample
prompted a detailed investigation of this material using ac
susceptibility. The real part of the ac susceptibility, x’, as
shown in Fig. 8(a), has a peak at ~218 K and a broad maxima
at ~25 K. The imaginary part of the ac susceptibility, x”,
is nonzero at temperatures lower than about 235 K, again
contains a peak at 218 K, and the broad maxima at low
temperature has sharpened into a second peak. The 218 K
feature does not exhibit a frequency dependence (see the
upper panel of Fig. 9), which implies that it arises from a
ferromagnetic ordering transition. Given the lack of magnetic
Bragg peaks, it is clear that the coherence length of this
ordering is rather small. Conversely, the position of peak at
~25 K does exhibit a clear frequency dependence across
the range measured (250-10000 Hz). Such a dependence,
observed at the relatively low frequencies used here, is
indicative of some form of frustrated and/or glassy ordering
[32]. The magnitude of the frequency dependence can be
approximated by the relationship AT;/T;A(logw), as per
Mydosh [32]. Values for T; at each frequency were obtained by
fitting a quadratic function of the form x” = A + B(T — Ty)*
to the peaks in the temperature dependence of x”, and a value
of 0.094 was obtained for the Mydosh parameter. This value
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FIG. 8. (a) Real and imaginary parts of the ac susceptibility of
LaCog75Mng 503 as a function of temperature (2-250 K), measured
at 1.016 kHz with O dc bias field. (b) The 0-50 K region of the ac
susceptibility measured at 255 Hz in various dc bias fields.

is larger than those observed for canonical spin glasses (which
tend to lie in the range 5 x 1073-2 x 1072) and significantly
smaller than those expected for superparamagnets (>>0.1) [32].
Some specific examples include 0.013 for double-perovskite
SrLaCoReOg [33], 0.022 for Sr,FeTeOg [34], and 0.085 for
LaCopsMng 503 [35]. Intermediate values of the Mydosh
parameter are commonly observed in so-called cluster glasses
where weakly interacting ferromagnetic clusters are randomly
oriented [36-38]. The magnitude of the frequency dependence,
in general, can be related to the strength of interaction between
the magnetic entities [37,39]. In the case of an ordered
ferromagnetic system, this interaction (between atoms) is
strong and hence very high frequencies (well outside the range
explored here) are required to see any frequency dependence.
Conversely, an idealized superparamagnetic system consisting
of noninteracting particles (for example, «-Ho,03(B,03) [32])
has a much higher sensitivity to frequency and thus a larger
value of the Mydosh parameter. To further characterize the
dynamics of the magnetic behavior of this material, the
low-temperature peak in the ac susceptibility was probed at
several additional frequencies, and an attempt was made to fit
the frequency dependence of Tt to the Vogel-Fulcher law, but
the fitted parameters were unphysical. Therefore the data were
fitted using the Ogielski scaling relation [40,41], Ty = T,[1 +
(f 70)'/2"], where T, is the “phase transition” temperature,
equivalent to extrapolating Tt to O Hz, 7y is a characteristic
time of the system, and zv a critical exponent. The fit is
shown in Fig. 9 and the values obtained were T, = 23.9(1) K,
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FIG. 9. (a, b) Close-up views of the two peaks in the imaginary
part of the ac susceptibility of LaCoj75Mng 505 at three different
frequencies. The frequency dependence in the position of the ~25 K
peak is clear. Arrows are a guide to the eye. (c) Result of fitting the
frequency dependence of 7; with the conventional critical “slowing
down” model.

79 = 4.8(7) x 1077 s, and zv = 2.0(1). The characteristic time
is indicative of rather slow spin-flipping dynamics and indeed
is rather higher than those typically obtained for canonical
spin glasses, but well within the range reported for reentrant
spin glasses and cluster glasses such as NdsGes (1077 s)
[42], Lag.95S1r9,95Co0O3 (10710 s) [43], LaCoq 5Nig 503 (1075 S)
[44], and LaMng sFeqs0; (1073 s) [45]. The evidence from
ac susceptibility overwhelmingly suggests that the behavior
of LaCog75Mng 503 can be classified as a cluster glass.
This behavior is very similar to the reentrant spin-glass
behavior observed in LaCogsNipsO3 [44], and the “glassy
ferromagnetism” reported several times for La;_,Sr,CoOj3
[46,47].

E. Phase diagram

In Fig. 10 we present the structural and magnetic phase
diagram of the solid solution LaCo,Mn;_,Oj3. For each of
the materials the synthetic conditions were identical. At room
temperature, a composition-dependent transition from or-
thorhombic to monoclinic and then rhombohedral is observed.
The monoclinic symmetry, as reported previously for x = 0.5
[14] and here for x = 0.35, is a result of transition-metal
cation ordering. Also shown is the orthorhombic/monoclinic-
to-thombohedral boundary and regions of phase coexistence.
The regions of phase coexistence are quite large as a result of
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FIG. 10. Phase diagram of the LaCo,Mn;_,O; series as a func-
tion of temperature. The points where the orthorhombic symmetry
materials exist are shown as open circles (o). Regions where
rhombohedral symmetry exist are shown by open squares ([J).
Regions of phase coexistence (both orthorhombic/monoclinic and
rhombohedral symmetry) shown as open triangles (A). Monoclinic
regions are shown by open diamond ({). The extrapolated transition
temperature from rhombohedral to pseudocubic symmetry is shown
by the joined solid squares (). The rhombohedral phase of LaCoO3
has been shown to exist from 4 to 1400 K by Thornton et al. [7]
and is shown by the crosses (4); data is also shown for the x = 0.33
sample from previous work [25]. The Curie temperature for each
ferromagnetic transition is also shown as a solid diamond (4). Finally,
the proposed monoclinic phase is shown as a solid star for the sample
with the composition x = 0.75.

the strain inherent in these samples (as indicated by the peak
width in the diffraction patterns, especially noticeable if you
compare that to the parent materials synthesized by the same
routes). The extrapolated second-order phase transition to the
metrically cubic phase is also shown, this transition being well
below the melting points for the parent compounds, 2013 K

PHYSICAL REVIEW B 94, 014102 (2016)

and 2153 K for LaCoO3 and LaMnOj3, respectively [48,49].
Also shown are the ferromagnetic ordering temperatures for
each material studied as described in Sec. III D and in tabulated
in Table 1.

IV. CONCLUSIONS

We have investigated the structural and magnetic phase
diagram of the solid solution LaCo,Mn;_,O3 using x-ray
and neutron diffraction and magnetometry techniques. We
have shown that for the composition x = 0.35 the transition
metals are site ordered and the sample crystallizes with a
monoclinic crystallographic structure P2;/n. We have also
confirmed the disordered nature of the transition-metal ions
in the compositions x = 0.2, 0.75, and 0.9. Phase separation
is observed in high-resolution neutron diffraction for x = 0.9
and suggests that the solid solution limit is in fact x = 0.85.
Structurally, we have also presented evidence to suggest that
the thombohedral x = 0.75 composition at low temperature
transforms into a monoclinic structure.

We have also been able to map out a potential phase
diagram as a function of temperature and have shown that
there are a series of temperature-driven transitions from
orthorhombic/monoclinic to rhombohedral and then to cubic.
Transition temperatures are composition dependent. Further
evidence is provided (by neutron diffraction and ac and dc
magnetometry methods) that the nature of the low-temperature
magnetic structure in the rhombohedral phases (x = 0.75
and 0.9) is glassy in nature. The ferromagnetic nature of
the orthorhombic and monoclinic materials has also been
confirmed by use of neutron diffraction.
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