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Abstract

Powder neutron diffraction studies show that CaLaMnMoOg double perovskite crystallizes in monoclinic P2;/n, with a = 5.56961(9),
b =5.7151409), c = 7.9358(1),& and f = 90.043(1)°. Mn and Mo occupy the 2¢ and 2d positions, respectively, with 6.0(4)% Mn/Mo anti-
site mixing. Temperature-dependent magnetic susceptibility measurements reveal that CalLaMnMoOg is ferrimagnetic, with
Tn = 92(3) K, below which large magnetic frustration is detected. The zero-field magnetic moment measured at SK is about 1.2 ug,
comparable to that of ALaMnMoOQg (4 = Ba and Sr), but much lower than expected for antiparallel ordering of formally Mn>* (4°) and
Mo’ " (d"). Moreover, no long-range magnetic ordering is observed in neutron diffraction data down to 4 K. The magnetic frustration is
discussed in the framework of nearest-neighbors next-nearest-neighbors magnetic frustration.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The discovery of colossal-magnetoresistance (CMR)
properties at temperatures significantly above room
temperature in the Sr,FeMoOg double perovskite [1]
stimulated the search for similar effects in related 4,BB'Ogq
type double perovskites (where A is an alkaline-earth or
rare-earth ion, and B and B’ are different transition metal
cations) [2-4], partly driven by the possible technological
applications of these materials in magnetoelectronic
devices. In general, the interesting physical properties of
the new perovskites are primarily due to the electronic
interactions of B-site cations. For example, when Re®™ (d')
is substituted for Mo>" (d') in Sr,FeMoOg, a spin-
dependent tunneling-type giant magnetoresistance (MR),
which subsists up to room temperature in annealed
samples, is observed [2].

Recently, in our search for new d'-d@° magnetic double
perovskites, isoelectronic with Sr,FeMoOg, we have
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reported on ALaMnMoOg (A4 = Sr, Ba) [5,6]. BaLaMn
MoOy crystallizes in a pseudo-cubic lattice (subgroup of
Fm3m) with long-range ferrimagnetic ordering at low
temperature and large intragrain MR [6]. The onset of
the MR was found to coincide with the lower temperature
anomaly in the magnetization curve at ~25K, and not
associated with the ferrimagnetic transition observed at
145K [5]. In contrast, the SrLaMnMoOg analog was found
to crystallize in monoclinic (P2;/n) space group with no
observed long-range magnetic order down to 4.2 K and no
MR [5]. The magnetization versus field [M(H)] curves
measured at 5K show a hysteretic behavior, characteristic
of ferrimagnetic order. However, the zero-field magnetic
moments are significantly reduced for both compounds
(1.4 and 1.0 ug for Ba- and Sr-perovskites, respectively) in
comparison with the expected spin-only ferrimagnetic
moment (4 ug), suggesting pronounced frustrations in the
magnetic interactions. The origin of the reduced moment
was ascribed to competition between nearest-neighbor
(NN) and next-nearest-neighbor (NNN) super-exchange
interactions which are dominated by the B/B—O bond
distances and the average B—O-B’ angle [5].
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In general, shorter bond distance and/or bond angle
closer to 180° leads to stronger NN super-exchange
interactions. Based on the crystallographic data of
ALaMnMoOg (A = Ba, Sr), it is expected that CaLaMn
MoOg would exhibit the strongest magnetic frustration in
the ALaMnMoQOg system because of the largest misfit
between the A- and B-site cations, and, similar to
SrLaMnMoOyg, no long-range magnetic ordering at low
temperature would be observed. In 1977 Nakamura and
Choy [7] reported ferrimagnetic behavior for CalLaMn
MoOg with a Néel temperature of Tn~100K and an
asymptotic high temperature effective moment (>400K)
of 5.7ug. However, no detailed magnetic data at low
temperature were given. They also found that CaLaMn
MoOg crystallized in a body-centered orthorhombic
symmetry, which was higher than the symmetry found
for SrLaMnMoOg by neutron and X-ray diffraction data
[5,8]. Moreover, no detailed atomic parameters were
reported. In this paper, results of the neutron diffraction
structure analysis and magnetic measurements of
CaLaMnMoOyg are reported.

2. Experimental

Black CaLaMnMoOg4 powder samples were prepared by
conventional solid-state reaction under 1% H,/Ar flow. All
the starting materials CaCOj; (99.99%, Alfa), La,O3
(99.99%, Alfa), Mn,O3 (99.99%, Alfa), MoOj3 (99.99%,
Alfa) were preheated and the purity of each was assured by
X-ray diffraction. Stoichiometric mixtures of the starting
reagents were first ground, pelletized and fired at 500 °C for
6h and 1100 °C for 12 h, then followed by firing at 1300 °C
for 72 h, with two intermediate grindings.

Neutron powder diffraction data at 300, 70, 50, 30 and
4K were collected with the high-resolution BT-1 32
detector neutron powder diffractometer at the NIST
Center for Neutron Research. The sample was sealed in a
vanadium container inside a dry He-filled glovebox. A
closed-cycle He refrigerator was used for temperature
control. A Cu (311) monochromator with 90° take-off
angle, 2 = 1.54030 A, and in-pile collimation of 15min of
arc were used. Data were collected over the range of 3-168°
20 with step length of 0.05°. The instrument is described in
the NCNR website (http://www.ncnr.nist.gov/). Peak
searching and indexing were performed using the Fullprof
program [9]. Final structural refinements were performed
using the Rietveld refinement method with the GSAS
(EXPGUI) suite [10,11].

Temperature-dependent magnetic susceptibility, y, mea-
surements were made with a Quantum Design MPMS-XL
SQUID magnetometer. The samples were zero-field cooled
(ZFC) to 5K, then a magnetic field was applied and data
were collected while heating from 5 to 385K followed by
re-cooling to 5K [field cooled (FC)]. Another ZFC-FC
measurement with A = 10 kOe was performed up to 760 K.
All field-dependent magnetization measurements were
performed with an applied field (H) —5ST<H<S5T.

3. Result and discussion
3.1. Crystallographic structure

The Bragg peaks of CaLaMnMoOg at room temperature
were indexed with a monoclinic unit cell of dimensions
~~/2ap x /2ap x 2ap (ap is the original perovskite cell
parameter). Rietveld refinement of a model with the B-site
ordered P2,/n space group was used, similar to the
refined model in SrLaMnMoOg [5] (Fig. 1 and Table 1).
Unconstrained refinement revealed that the thermal factor
for the Mn atom at 2¢ (O%O) site was too large compared to
the average value of other cations indicating a possible
mixing with Mo. Therefore, Mn/Mo partial occupancy
(with total site occupancy fixed at 100%) for the 2¢ and 2d
sites was allowed in a subsequent refinement along with a
single isotropic displacement parameter for both, which
shows a value of 6.0(4)% Mn/Mo anti-site mixing. Anti-
site mixing is typical for double perovskites [2,5,12].

We also attempted to refine the oxygen site occupancies,
but F-ratio tests [13] showed that statistically significant
improvement of Rietveld refinement quality with con-
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Fig. 1. Rietveld refinement of CaLaMnMoOg neutron powder diffraction
data at 300 K. Experimental points are shown by circles and the calculated
profile by solid line. The bottom curve is the difference pattern. The small
bars indicate the angular positions of the allowed Bragg reflections of
CaLaMnMoOg (upper row) and MnO (lower row).

Table 1

Crystallographic data for CaLaMnMoOg

Space group P2,/n
a(A) 5.56961(9)
b (A) 5.71514(9)
c(A) 7.9358(1)
B () 90.043(1)
R, (%) 4.52

Ryyp (%) 5.48

b 0.974
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fidence level 99% occurred only for the O1 site. Therefore,
we fixed the occupancies of O2 and O3 sites to the ideal
value 1 and the total oxygen content per formula unit of
CaLaMnMoOg_; was found to be 5.92(2).

Attempts to refine the thermal displacement parameters
anisotropically for all atoms led to some negative
eigenvalues of thermal tensors. Hence, the final refinements
were performed with isotropic displacement parameters for
the 4 and B cations and with anisotropic displacement
parameters for the three oxygen sites (Table 2). Since MnO
was detected as an impurity, it was included as a secondary
phase in the final refinement, resulting in a weight fraction
of 0.96(6)% of this impurity. It is not clear from the
diffraction data how the segregation of MnO is compen-
sated exactly in the chemical composition of the perovskite
phase. However, the upper limit of its effect on the
stoichiometry of the material can be estimated by Eq. (1)
for a hypothetical scenario of vacancy formation:

CaLaMnMoOg — CaLaMn;_,MoOg4_, + xMnO. (D)

The weight fraction of MnO found from the Rietveld
refinement (0.96 wt%) corresponds to x~0.058. Although,
it is not possible to confirm the value of x unambiguously
from diffraction data alone, because of the high correla-
tions of the Mn/Mo mixing and thermal parameters, this
assumption is consistent with that found for the oxygen
content (5~0.09) discussed above. It appears that deviation
of this level of the composition from the ideal one is
negligible for interpreting the magnetic properties of the
material. This assumption is supported by the general

Table 2

trends of properties observed for the series Ba—Sr—Ca as
expected (vide infra).

Fig. 1 shows the fitting of the final Rietveld refinement.
The refined unit cell parameters, atomic positions, thermal
displacement parameters, selected bond distances and bond
angles, and reliability factors are summarized in Tables 1
and 2. A <1 in Table 1 is due to the merging of data
from 32 detectors that leads to an overestimation of the
uncertainty. Fig. 2 shows the structure of CaLaMnMoOg
projected along the [110] direction, where the (a" b h")
tilting (Glazer’s notation [14]) of BOg octahedra is
apparent.

It is useful to compare the subtle structural changes in
the ALaMnMoOyg (4 = Ba, Sr, Ca) series [5]. Fig. 3a shows
the variations of cell parameters and the Mn—O and Mo-O
bond distances. With increasing effective ionic radii from
Ca’" to Sr*" to Ba®" the cell parameters a, b and ¢
increase, as expected. The same is true for the AO;,
polyhedra (Fig. 3b). In contrast, the average Mn—O and
Mo-0O bond distances, and consequently the volume of the
MnOg and MoOg polyhedra slightly decrease (Fig. 3c) as
the metal oxygen polyhedra distortion decreases in agree-
ment with Shannon [15].

Another remarkable feature is the evolution of the
Mn-O-Mo bond angles (¢), which reflect the structural
distortion from ideal cubic perovskite, and, which have
important implications for the interpretation of the
magnetic data. The octahedral tilting angle (¢) of the
MnOg and MoOg octahedra is defined as ¢ = (180 — ¢)/2
[3]; the calculated ¢ increases from 7.5° for BaLaMnMoOg
to 12.5° for SrLaMnMoOg to 15.2° for CaLaMnMoOg.

Atomic coordinates, thermal displacement parameters, and selected bond distance and bond angles for CaLaMnMoOg

Atom? Wyck. X y z Uso (A2) Site occupancy (%)
La/Ca de 0.0105(4) ~0.0481(3) 0.2485(3) 0.0131(4) 50/50
Mn 2¢ 0 i 0 0.018(1) 100*
Mo 2d % 0 0 0.0052(5) 100*
01 de 0.2136(4) 0.1938(5) 0.0452(3) — 96(1)
02 4e 0.1871(4) 0.2144(4) 0.4486(3) — 100
03 4e 0.5915(4) 0.0301(3) 0.2390(4) — 100
Ui (A% Un (A%) Uss (A%) Uz (A%) Uiz (A%) Uns (A%)
01 0.011(1) 0.014(1) 0.009(1) 0.005(1) 0.0042(8) 0.0029(9)
02 0.014(1) 0.018(1) 0.015(1) 0.0010(9) 0.0009(9) —0.0020(9)
03 0.015(1) 0.019(1) 0.011(1) 0.0021(7) 0.0009(9) 0.0033(10)
Bond Distance (A) Bond Distance (A)
Mn-Ol1 2.146(3) Mo-Ol1 1.975(2)
Mn-02 2.169(2) Mo-02 1.979(2)
Mn-O3 2.140(3) Mo-03 1.971(3)
Angle (°)
Mn-O1-Mo 151.0(1)
Mn-02-Mo 148.3(1)
Mn-0O3-Mo 149.6(1)

4There is 6.0(4)% Mn/Mo anti-site mixing.
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Fig. 2. Unit cell of CaLaMnMOg showing the (¢ b~b") tilting (Glazer’s
notation) of MnO4 and MoOg octahedra.
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Fig. 3. Variations of cell parameters and average bond distances (a); 40,
polyhedra volume (b); and MnOg and MoQOg octahedra volume (c) in
ALaMnMoO6 (4 = Ba, Sr, Ca). The data of 4 = Ba and Sr are taken
from Ref. [5]. Errors are smaller than symbol sizes.

The unit cell parameters as a function of temperature,
obtained from Rietveld analysis of the neutron data in the
4-300 K temperature range are given in Fig. 4. In addition,
in the 4-70 K temperature range, the value of the unit cell
angle f is constant within two standard deviations and
equals ~90.075°. At 300K it drops to 90.043(1)°. Both the
temperature dependence of f, as well as the temperature
dependence of @ and b in the opposite sense suggest the
lowering of lattice distortion in CaLaMnMoOg as the
temperature increases, as expected.

3.2. Magnetic properties

The 4K neutron diffraction pattern of CaLaMnMoOg
shows no long-range magnetic ordering. The extra reflec-
tions compared to the RT pattern are associated with the
previously published MnO magnetic structure [16-18].
Detailed Rietveld analysis of the 4 K neutron diffraction
data is consistent with ~1 wt% antiferromagnetic MnO,
and ~99wt% of CaLaMnMoOQOg consistent with the 300 K
neutron data. The refinement agreement factors are
Ryp = 4.40%, and 7> =1.108. An attempt to refine a
ferromagnetic model for CaLaMnMoOg resulted in refined
magnetic moment of 0 ug for both Mn and Mo sites.

The molar dc magnetic susceptibility of CaLaMnMoOg
as a function of temperature, y(7), shows paramagnetic
behavior for 7>92K, below which a sharp rise is
observed, associated with ferro- or ferrimagnetic interac-
tions (Fig. 5). The 1/y(T) plot of the ZFC data measured at
a field of 10 kOe shows significant curvature in the vicinity
of 200K, typical of ferrimagnets and may be modeled with
the modified Curie-Weiss law (Fig. 6; Ref. [18]):

1 - T + l__o , )
1 C o T-0
where all parameters take their usual notations [19].

The susceptibility data was corrected for the small
amount of MnO impurity. Since MnO is a simple
Curie—Weiss paramagnet for 7> 122K, its susceptibility
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Fig. 4. CaLaMnMoOg lattice parameters a, b, and ¢ as a function of
temperature refined by Rietveld analysis of the neutron diffraction data.
Errors are smaller than symbol sizes. Lines are guides to the eye.
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Fig. 5. Temperature-dependent magnetic susceptibility for CaLaMn
MoOg at H =20, 80, 500 and 10000Oe with zero-field-cooled (O) and
field-cooled (@) measurements (see text).

10 T T T T T T T T T T T T T T T T 250
0.8t 200
~ 06F 150 2
g 5
5 3
£
5 0.4} 100 <
= —
02t 50
0.0 0
0 100 200 300 400 500 600 700 800

T (K)

Fig. 6. Temperature-dependent magnetic susceptibility, y and inverse
susceptibility, 1/ for CaLaMnMoOg at H = 10kOe. Solid line is a fit of
the ferrimagnetic modified Curie~Weiss model to the inverse susceptibility
data (see text). Zero-filed-cooled (ZFC) and field-cooled (FC) measure-
ments are described in the text.

in this temperature region was analytically calculated using

C _ my/8 3)
T—0p T—0p

with 0p = —610K, and pp =595u [19], and then
subtracted from the y(7) data. The corrected molar y(7)
data of CaLaMnMoQOg4 were then well fitted by Eq. (2) over
the temperature range of 140-760 K (Fig. 6), resulting in a
ferrimagnetic Curie point of 6;=112(3)K and

pmedCW — 5.53(2) u. For comparison with the previously

X:

studied BaLaMnMoOg and SrLaMnMoOg¢ [5] a fit of
Eq. (3) was made to the high temperature susceptibility
data in the range 400-760 K, yielding u§Y = 5.29(1) pg and
0p = —37(2)K for CaLaMnMoOg; the u§Y value is very
close to the ones obtained for BaLaMnMoOg [5.46(2) ugl,
and SrLaMnMoOyg [5.33(2) ug], and is consistent with a
ferrimagnetic arrangement of Mn>" and Mo’ spins [5].

It is worth noting that the positive values of the
paramagnetic Curie temperature 0p deduced for BaLaMn
MoOg¢ and SrLaMnMoOg in our previous work is
probably the outcome of a simple Curie-Weiss fit (Eq.
(3)) over too small of a temperature range (300—400 K).
The asymptotic Curie point constant in a ferrimagnet is
expected to be negative if the fit is made over a large
enough temperature range [19], as was done in the present
work (400-760 K).

Additional evidence for ferrimagnetism in CalLaMn
MoOQg is provided by the field dependence of magnetization
(M(H); Fig. 7). At temperatures 5 and 75K an obvious
hysteresis is observed in the M(H) curve, whereas at 100 K
it vanishes (Fig. 7 inset). This result is in excellent
agreement with the 20 Oe y(7) curve where the ZFC-FC
deviation, associated with hysteretic behavior, occurs for
temperatures below ~92(3)K (Fig. 5). The M(H) linear
plot in the high H region, when extrapolated to zero field at
5K, yields a moment of 1.2(1) ug (Fig. 7). This value is
much smaller than the expected 4pg of the spin-
only ferrimagnetic arrangement of the Mn®" and Mo> "
ions in the magnetically ordered state, yet it is close to
that of BaLaMnMoOg [1.4(1)ug] and SrLaMnMoOgq
[1.0(1) ] [5].

The field dependence of the y(7) curve reveals another
intriguing feature of the magnetism in CaLaMnMoOgq
(Figs. 5 and 6). When the applied field is gradually
increased from 20 to 10,0000e, it is clear that the
transition profiles observed in the y(7) ZFC-FC curves
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Fig. 7. Field-dependent magnetic moment, M of CaLaMnMoOg mea-
sured at 5, 75 and 100 K. The inset shows the enlarged hysteresis measured
at 5 and 100K.
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become broader. A demonstration for this can be found in
the magnitude of (dy(ZFC)/dT)|y, as a function of
applied field (Fig. 8). This parameter is often used as an
analytical tool to identify the transition temperature in
temperature-dependent susceptibility curves, since it easily
identifies the temperature of largest change in the suscept-
ibility [20]. The more negative (dy(ZFC)/dT)|uyi, is, the
sharper is the magnetic transition. In addition, the
ZFC-FC divergence in the y(7) curve appears at lower
temperatures as the applied field increases (Figs. 5 and 6).
These characteristics of the field dependence y(7) curves
suggest that the magnetic order is suppressed by
increasing H.

Similar behavior of broadening of the transition profiles,
as well as the vanishing of the ZFC-FC divergence with
increasing applied magnetic field in the measurement
of x(T) were previously observed in Ba,CoNDbOg [21],
SrLaCuRuOg [22], and BaLaMnMoOg [6] compounds. For
Ba,CoNbOy it was postulated that these effects are due to
the suppression of the magnetic order by increasing H, and
was attributed to magnetic frustration. In SrLaCuRuOg¢ a
spin-glass state was found, and magnetic frustration

was argued to exist in BaLaMnMoOg [5] as well
(see below).
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Fig. 8. Minimum value of the temperature derivative of the magnetic
susceptibility, measured at zero-field-cooled, (dy(ZFC)/dT)lyy, as a
function of applied field. Line is guide to the eye.

Table 3
Comparison of ALaMnMoOg magnetic properties for 4 = Ca, Sr, Ba

2091

The suppression of magnetic order with increasing
applied magnetic field, the reduced magnetic moment at
zero field obtained from the M(H) curves at SK (1.2 ug;
Fig. 7), and the absence of long-range magnetic order in
the 4K neutron powder diffraction data, are all in
agreement with the presence of strong magnetic frustration
in CaLaMnMoOQOy. Similar strong magnetic frustration is
also observed in BaLaMnMoQOg and SrLaMnMoOQOg, where
it was attributed to a competition between NN and NNN
antiferromagnetic super-exchange interactions [5]. The
crystallographic and magnetic similarities among these
three compounds suggest that the same frustration
mechanism is valid for CaLaMnMoOg as well.

4. Conclusion

The structure of CaLaMnMoQOg4 double perovskite was
determined by neutron powder diffraction. CaLaMnMoOgq
crystallized in the monoclinic space group P2;/n, with
a=556961(9), b=5.71514(9), c¢=79358(1)A and
f =90.043(1)°. Mn and Mo occupy the 2¢ and 2d special
positions, respectively, with 6.0(4)% Mn/Mo anti-site
mixing. Compared to ALaMnMoOg (4 = Ba, Sr),
CaLaMnMoOg has the largest octahedral distortion, as
calculated from the structural data.

CaLaMnMoOgy is ferrimagnetic with Ty = 92(3) K and
a zero-field saturated magnetic moment of 1.2(1)ugp
obtained from field-dependent magnetization measure-
ments. This moment is comparable to that of ALaMn
MoOg (A4 =Ba and Sr) [5], and is much reduced in
comparison with the expected 4pug of the spin-only
ferrimagnetic arrangement of the Mn®"* and Mo® " spins.
Moreover, no long-range magnetic ordering is observed
down to 4K in the neutron diffraction data. The magnetic
data observed in this work for CaLaMnMoOQy is consistent
with the presence of magnetic frustration, and in the
ALaMnMoOg family of compounds in general.

Furthermore, close inspection of the 4 = Ca magnetic
properties in comparison to those of 4 = Ba and Sr ([5];
Table 3 and Fig. 3) suggests that the strength of the
frustration is largest for 4 = Sr and smallest for 4 = Ba,
with 4 = Ca of relatively intermediate magnetic frustra-
tion, albeit with the largest crystallographic distortion. In
the framework of the previously suggested NN-NNN

ALaMnMoOg ZFC-FC deviation at M(H) (H = 0; Long-range magnetic {Mn-O-Mo) (°) Ref.
H =1000¢" (K) T=5K) (up) order
Ca 80(5) 1.2(1) Not observed 149.6(2) Present
Sr 25(2) 1.0(1) Not observed 155.1(3) [5]
Ba 120(5) 1.4(1) For T<80(10)K 165(1) [5]

FC(ZFC) denotes the (zero)-field-cooled y(7) experiment.

M(H) (H = 0; T = 5K) is the extrapolated moment to H = 0 in the M(H) measurement at 7 = 5K (see text). (Mn-O-Mo ) is the average Mn—-O-Mo

angle.
“H = 80 Oe for CaLaMnMoOs.
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magnetic frustration mechanism, it appears that the larger
the crystallographic distortion, the weaker is the NN super-
exchange interaction. However, this is not so for the 90°
NNN superexchange path [5,23], and we may postulate
that for 4 = Ba, the least distorted compound, the NN
superexchange interactions are slightly stronger than their
NNN counterparts, whereas the opposite occurs for
A = Ca. Finally, for 4 = Sr, the NN-NNN interactions
are of the closest strength, driving the largest magnetic
frustration. This argument will be further pursued, with
neutron diffraction and magnetic studies of Ca;_,Ba,
LaMnMoOg solid solutions.
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