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Magnetic ground state of La,LiMoOg: A comparison with other Mo (S = 1/2) double perovskites
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La,LiMoQg is a double perovskite (DP) with P2, /n symmetry based on the Mo’ " ion, 4d", tzgl, S=1/2.It
is isostructural with Sr, YMoOg, the magnetic ground state of which is apparently a very unusual collective spin
singlet or valence-bond glass state as is the case for cubic (Fm-3m) Ba, YMoOsg. Initial studies of La,LiMoOg
suggested a different ground state from the other DPs but no clear conclusions could be drawn. A more detailed
study is presented here including magnetic susceptibility, heat capacity, and elastic neutron-scattering results.
This DP is now well characterized as an antiferromagnet, 7y = 18 K, via observation of magnetic Bragg peaks
in neutron scattering and an anomaly in the magnetic heat capacity. The ordering wave vector is k = (1/2 1/20),
consistent with a type I face-centered-cubic magnetic structure, and the ordered moment on Mo+ is0.32(11) B,
much reduced from the spin-only value of 1 ug. The index, f = |9.|/Tx ~ 3, indicates a low level of frustration.
The heat-capacity data above Ty can be interpreted in terms of a one-dimensional spin-correlation model, as
can the low-temperature data which follow a T' power law. This is consistent with an earlier suggestion.
The difference with isostructural Sr, YMoOQOg is attributed to differences in the local distortion of the Mo-O

octahedron and the resulting orbital ordering.
DOI: 10.1103/PhysRevMaterials.4.104406

I. INTRODUCTION

Oxides with the composition AA’'BB'Og¢ and the double-
perovskite (DP) structure where only the B’ site is occupied
by a magnetic ion have attracted much attention recently. As is
well known by now, the B’ ions occupy a face-centered-cubic
lattice which is geometrically frustrated [1]. When the B’ ion
is from the 4d" or 5d" series where n = 1, i.e., a quantum
S = 1/2 system, unusual magnetic ground states can result
which are only partially understood given existing theory
[2,3]. Among the puzzling examples are so-called doppel-
ginger pairs such as cubic (Fm-3m) Ba;LiOsOg (Os’", 5d')
and Ba,MgReOg (Re*, 54") which differ in unit cell constant
by only 0.12% and, yet, the former orders antiferromagneti-
cally below 8 K while the latter is a ferromagnet with 7, = 9K
[4-6]. The most bizarre example among the cubic phases
is surely Ba;YMoOg (Mo*, 4d') which exhibits a gapped,
collective singlet ground state [7-9]. This is not among the
ground states found by Chen et al. in their mean-field analysis
of cubic d' DP materials with strong spin-orbit coupling [2].
Even Ba; YMoOg has a doppelginger, BaY;,3ReO¢ (Re®,
5d"), with a cell constant difference of 0.52%. The latter is a
spin glass, T, = 16 K [6].

Among DPs with monoclinic symmetry, P2, /n, there are
two reasonably well-characterized structural doppelgéngers,
Sr,CaReOg and Sr,; YMoOg, with an 0.88% difference in cell
volume and very different ground states. SrpCaReOg is a
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highly frustrated, unconventional spin glass with 7, = 14K
[10] and Sr,YMoOg is reported to retain the gapped, col-
lective singlet state of the cubic Ba; YMoOg phase [11]. A
search for Ca/Re site disorder using neutron pair-distribution
function data yielded a null result and the origin of the spin
frozen ground state is still unclear [12]. A third case involving
Mo>t exists, La,LiMoQg, also with P2, /n symmetry [7].
This material has been studied previously but its magnetic
ground state has not been determined definitively. Two heat-
capacity anomalies were found at ~17 and 5 K but no lattice
match was measured and the magnetic component was not
isolated. Neutron-diffraction data showed no magnetic Bragg
peaks but muon spin-relaxation data suggested magnetic order
at least on some length scale. In this study the magnetic sus-
ceptibility has been revisited and a much more detailed set of
heat-capacity data were measured along with elastic neutron-
scattering data. The results of these new measurements now
provide a definitive picture of the ground state of this material
along with insight into the nature of the short-range spin
correlations.

II. EXPERIMENTAL METHODS
A. Sample preparation
1. LazLiM006

La,;LiMoOg was prepared from La; 03 (99.999%, Alfa Ae-
sar), Li,MoQO4 (99%, Alfa Aesar), and MoO, (99.9%, Alfa
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FIG. 1. A Rietveld refinement of La,LiMoQOg. The red circles are
the data, the black line the refined profile, the green tick marks locate
the Bragg peaks, and the difference plot is shown below.

Aesar). The La,03 was prefired at 1000 °C to remove any
chemical or physical water. A stoichiometric mixture of these
oxides was homogenized dry in a planetary mill and then
immediately pressed into rods. The rods were placed into
molybdenum crucibles of about 14 cm length and with a
diameter of about 1.5 cm and sealed by welding in an arc
melter. The sealed Mo crucibles were then placed into a tube
furnace and fired at 1100 °C for 48 h, with a heating rate of
100°/h, under Ar atmosphere. The chemical reaction that led
to the formation of La,;L.iMoQg can be written as [Eq. (1)]:

L3203(S) + 0.5 LizMOO4(S) + 0.5 MOOZ(S) — LazLiMOOG(S).
ey

2. LazLiNbO(,

Due to the apparent volatility of Li,O at typical firing
temperatures, the synthesis of this material was carried out
by reaction of LiNbO3; and La;O3. The mixed reactants were
stored for a few weeks in air by which time the La;O3 had
been converted to La(OH);. The firing schedule was 1100 °C
for 24 h followed by 1300 °C for 48 h in air. This resulted in a
three-phase mixture with 91% La,;LiNbOg and the remainder
equal molar amounts of LaNbO4 and LazNbO;, Supplemen-
tal Material, SM Fig. 1(a) [13]. Addition of an appropriate
amount of Li;(CO3) to this sample and repeating the firing
schedule resulted in a product which was 99% by weight
La,;LiNbOg, [SM Fig. 1(b)]. The refined cell constants are
a=>5.61435(5) A, b=15.77094(5) A, ¢ =7.93724(5) A
and B = 92.2926(6) deg, in excellent agreement with the
literature values. [14] This sample was used for heat capacity
measurements.

B. X-ray powder diffraction

Laboratory x-ray diffraction data were collected with a
PANalytical X-Pert Pro diffractometer with Cu-Ke; radiation,
A = 1.54056 A, and an X’Celerator detector with a step of
0.0167° and a counting time of 100 s per step. Phase analysis

and structural refinements were performed with the FULLPROF
program suite. [15]

C. Magnetic susceptibility

The magnetic susceptibility measurements were performed
using a Quantum Design Magnetic Property Measurement
System superconducting quantum interference device mag-
netometer. The direct current (dc) zero-field cooled (ZFC)
and field-cooled (FC) data were collected in the temperature
range 2400 K under an applied magnetic field of 100 Oe.
The samples were contained in gelatin capsules held in plastic
straws. Empty gelatin capsules mounted above and below the
samples helped to reduce the background signal. Hysteresis
measurements were performed at 2, 5, and 25 K with an
applied field range of £50 000 Oe.

D. Heat capacity

Heat-capacity data were collected on an approximately
7 mg pellet adhered to an eight-wire sapphire platform sample
stage of a Quantum Design Dynacool Physical Property Mea-
surement System heat-capacity puck using Apiezon N grease.
Data were collected in zero applied magnetic field using the
quasiadiabatic technique from 1.9 to 50 K. The heat capacity
of the puck and grease were subtracted from the total heat ca-
pacity. Heat-capacity data collected on La,LiNbOg under the
same conditions were used to subtract the lattice contribution
and extract the magnetic component of the heat capacity for
LagLiMoOG.

E. Neutron scattering

Elastic neutron-scattering measurements were performed
on the 14.5-meV fixed-incident-energy triple-axis spectrom-
eter HB-1A of the High Flux Isotope Reactor at Oak
Ridge National Laboratory using ~10 g of polycrystalline
La;LiMoOg. The background was minimized by loading the
sample in a cylindrical Al can, employing a double-bounce
monochromator system, mounting two highly oriented py-
rolytic graphite (PG) filters in the incident beam to remove
higher-order wavelength contamination, and placing a PG
crystal analyzer array before the single He-3 detector for en-
ergy discrimination. A collimation of 40’-40’-40’-80’ resulted
in an energy resolution at the elastic line just over 1 meV (full
width at half maximum). The elastic scattering was measured
between 1.5 and 100 K by loading the sample in a cryostat.

III. RESULTS AND DISCUSSION
A. X-ray powder diffraction

The results of a Rietveld refinement of data for La,LLiMoOg
are shown in Fig. 1 and Table I. There is a weak feature
not accounted for by the model at ~27.5 deg. which can be
assigned to LasMoO; and a two-phase refinement yields 1.2
wt.%. This phase has no magnetic transitions below 300 K
[16]. These results are in excellent agreement with those of
the previous study [7].
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TABLE 1. Refinement results for La,LiMoOg. P2,/n; a=
5.59394(3) A, b=5.69504(3) A, ¢=7.87741(4) A, B=
90.2634(4) deg. x> = 1.54, Ry, = 8.6%. By, (A?) = 0.30.

Atom X y z

La 0.9907(1) 0.0508(1) 0.2514(1)
Li 0.5 0.0 0.0

Mo 0.5 0.0 0.5

0O1 0.2024(1) 0.2030(1) 0.9556(9)
02 0.2913(1) 0.7028(1) 0.9578(8)
03 0.0872(1) 0.4831(9) 0.2451(7)

B. Magnetic susceptibility

As this is a different sample than reported previously,
it is important to establish that the bulk magnetic proper-
ties are comparable. The results of magnetic measurements
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are shown in Fig. 2. The Curie-Weiss fitting constants de-
rived from Fig. 2(a) are C = 0.283(2) emu K/mole Oe,
Uett = 1.505(6)up and ¥, = —59(2) K. The fitting range was
270-400 K. These values are in excellent agreement with
those obtained previously, although 9, is slightly larger [7].
As well, the ZFC/FC divergence near 17 K and the broad
maximum near 5 K seen in the previous sample are evident
here at very similar temperatures.

C. Heat capacity

Results for both La,LiMoOg and the lattice match
La;LiNbOg are shown in Fig. 3(a). The data for La,LiNbOg
were fit to a power law of the form BT3 + yT> 4 8T7,
with B8 = 6.5 x 1074, y = —2.52 x 1077, and § = 3.76 x
10~!'!, before subtraction to obtain the magnetic contribu-
tion [Fig. 3(b)]. Note two features, a broad maximum near
~28 K and a somewhat sharper maximum at ~18 K which
corresponds to the ZFC/FC divergence in the susceptibility
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FIG. 2. La,LiMoOg. (a) Inverse susceptibility data. (b) Low-temperature susceptibility data, zero-field cooled (blue) and field cooled (red).

(c) Magnetization data at 2, 5, and 25 K.
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FIG. 3. Heat capacity. (a) Comparison of La,LiMoOg and the lattice match La,LiNbOg.The red circles are the data for La,LiNbOg
and the solid line is the fit to the function described in the text. (b) Magnetic component for La,LiMoQOg. (c) Entropy loss considerations.
(d) Low temperature heat capacity showing a linear dependence from 1.8 to ~3 K.

[Fig. 2(b)]. Entropy loss considerations are available from
Fig. 3(c). The total loss over the measured range, 1.8-50 K, is
3.42 J/mol K and approaches that for RIn2 = 5.76 J/mol K.
Sixty-three percent of the entropy loss occurs between 50 and
20 K, indicating the importance of short-range spin correla-
tions in this range. The feature at 18 K is fairly sharp, but still
broad in comparison to typical lambda anomalies. The entropy
loss associated with this feature (7-20 K) is 32% of the total.
The feature at ~6 K, also visible in the susceptibility
data shown in Fig. 2(b), is apparent again here at a slightly
lower temperature but it only accounts for 4% of the total
entropy loss. The origin of this feature is unclear. It could
arise from an unidentified impurity phase or it could signal
a subtle spin rearrangement. Finally, at the low end of the
temperature range [Fig. 3(d)], the heat capacity appears to be
linear in temperature, a surprising result, as a 7> dependence
would be expected for antiferromagnetic (AF) spin waves of
a three-dimensional magnet, assuming that the 18 K peak
represents long-range AF order. At this stage the heat-capacity
data appear to suggest short-range spin correlations over the
range 50-20 K, probable long-range order below 18 K, and

an additional very weak anomaly near 6 K of unknown ori-
gin. The linear temperature dependence of C, at the lowest
temperatures is unusual.

D. Elastic neutron scattering

Data were obtained at 1.5, 10, 25, and 100 K for a wide 20
range and selected results are displayed in Fig. 4. In Fig. 4(a)
the full scattering pattern is shown out to 70 degrees; however,
the magnetic information is contained in the low-angle region
outlined and presented in Fig. 4(b). Note that the intensi-
ties of two peaks, marked with arrows, have a significant
temperature dependence and that they are very weak. The
temperature-independent peaks at ~10.5° and ~24.3° are due
to unidentified impurities which were not detected in the x-ray
diffraction data. Note that the second impurity peak overlaps
with one of the temperature-dependent peaks. The difference
(1.5-25 K) pattern shown in Fig. 4(c) clearly identifies these
as magnetic peaks. The more intense peak at 16.9° was mon-
itored with increasing temperature, as illustrated in Fig. 4(d),
and it shows clear order parameter behavior with Ty ~ 18K,
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FIG. 4. (a) Elastic neutron-scattering pattern for La,LiMoOg, HB-1A, 1 = 2.38 A at 1.5, 10, 25, and 100 K. (b) Low-angle region showing
two magnetic reflections marked by arrows. (c) Difference plot, 1.5-25 K showing the two magnetic reflections. (d) Peak intensity of the
lower-angle magnetic peak, 16.9°, versus temperature indicating Ty ~ 18 K. The solid line is a power-law fit as described in the text.

in excellent agreement with both the susceptibility and heat-
capacity data. The solid red line is a fit to a power law of the
standard form: [Eq. (2)]

I(mag) = I(mag)o(Tx-T)/(Tn)*. 2)

The variables Ty and B varied with the choice of fitting range.
The fit in Fig. 4(d) covers the full range and yields Ty =
18.5(5)K and B8 = 0.24(3) while for the range beginning at
10 K the values become Ty = 19.5(1.5)K and 8 = 0.4(2).
Given the large error bars in the data it is problematic to assign
significance to these B values. The widths of the magnetic
peaks and impurity peaks are nearly identical in a similar
26 range, indicating that the former arises from long-range
magnetic order.

The indexation of the magnetic peaks is shown in
Table II. Two possible ordering wave vectors, k = (000) and
k = (1/2 1/20), commonly found for monoclinic DP antifer-
romagnets such as La,LiRuQg and La,;LiOsOg, [17,18] were
tried and clearly the latter fits the data very well.

Both wave vectors describe a type I fcc magnetic struc-
ture. From Figs. 4(a) and 4(b), the ordered moment on Mo’ "
is very small. The moment magnitude was estimated using
two approaches. First, a conventional Rietveld refinement
was carried out with some significant constraints. As one of
the magnetic peaks is strongly overlapped by an impurity

TABLE II. Indexation of the magnetic reflections for La,LiMoQg.

hkl 26 calc. (deg) 26 obs. (deg)
k = (000)
001 17.709 16.95(5)
110 24.594 24.64(9)
k= (12120)
1/21/0 17.050 16.95(5)
=115 1 24.636 24.64(9)
12121 24.728 24.64(9)
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TABLE III. Refined structural parameters and agreement indices
for La,LiMoOg at 1.5 K for the HB-1A data. a = 5.598(2) A, b =
5.772(2) A, ¢ = 7.762(4) A, B = 90.49(2) deg, B, = 1.2(7) A2

atom X y b4

La —0.018(2) 0.051(2) 0.247(1)
Li 0.5 0.0 0.0

Mo 0.5 0.0 0.5

0O1 0.195(2) 0.220(2) —0.049(1)
02 0.286(2) —0.306(2) —0.038(2)
03 0.084(2) —0.523(1) 0.248(2)

Ryp = 6.80%, Rexp = 0.94%, x> = 52.2, Ry = 4.01, Rp = 2.49%.

peak, it will not be possible to determine the moment di-
rection. Two simulations were done, one with the moment
only along ¢ (M, = M, = 0) and one with equi-axial com-
ponents (M, =M, = M;). In the first case the calculated
ratio I1(1/2 1/20)/1(1/2 1/21) = 3 and for the second case this
ratio = 1.3, much closer to the experimental ratio = 1.6 de-
rived from Fig. 4(c). Thus, the model assumes equal values
for the x, y, and z components of the Mot moment. Con-
tinuing with the Rietveld approach, a refinement including
only the profile and structural variables was carried out on
the 1.5 K data excluding the magnetic peak and the results
are given in Table III. While the x? value seems large, the
structural agreement indices Rz and Ry are quite reason-
able. Then, a second refinement in which these parameters
were held constant and only the scale factor, background
and Mo>* moment were varied was performed. This result
is shown in Fig. 5. The refinement converged to a total Mo>*
moment = 0.32(11) ug.

In the second approach the fitted area of the stronger mag-
netic reflection, (1/2 1/20) is compared to that for a structural
peak (002) which is well fit by the structural model and is of
similar intensity. The observed ratio is I(l/2 /20)/1(002) =
0.23(6). In Fig. 6 this ratio is compared to calculated ratios
for a set of Mo>* moments. A value of 0.36(5)ug is obtained,
very similar to and well within the error of the Rietveld refine-
ment result.

It is of interest to compare this result with other 5,
ions. From the 3d group, Ti** in the perovskite ferromagnet
YTiO3, has an ordered moment of 0.84(1) pp and that for V4+
in the ferromagnet pyrochlore Lu,V,05 is similar, 0.93 ug
[20,21]. These moments are close to the spin only value of
1 up which likely reflects the relatively small values of the
spin-orbit coupling constants (SOC) and the smaller radial
extent of the 3d orbitals relative to the 4d and 5d orbitals.
Examples from the 4d series are sparse, there being few ex-
amples as Zr** is not stable and Nb** oxides tend to show
collective rather than localized electron behavior. The present
study is the only one to our knowledge in which a Mo>* mo-
ment has been measured. Moments for 5d" ions such as Re®"
and Os’* are also available for ferromagnetic materials such
as Ba,MgReOg (0.3 up) and Ba;NaOsOg (0.2 up), which are
dramatically reduced from those found for 3d ions and close
to the result for Mo>* reported here [4-6] The free-ion SOC
value (A = 128 meV) for Mot is intermediate between that
for Ti** (A = 19 meV) and the 5d ions Re®" (A = 542 meV)

(a)
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A=238A
600 T=1.5K

400

200
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0 —
mw e L O L AR
\ | Ll e [

200 W W
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26 (deg)
26
(b)
25 1 (1/21/20)

Intensity (counts / s)

20 T T T T T T 1

14 15 16 17 18 19 20 21
20 (deg)

FIG. 5. (a) Rietveld fit for La,LiMoOg at 1.5 K. The solid sym-
bols are the data, the black line the fit, the blue tick marks locate
the structural Bragg peaks, and the red tick marks the magnetic
Bragg peaks with the difference curve at the bottom. (b) The fit to
the (1/2 1/20) magnetic reflection for an ordered Mo>* moment of
0.32(11) up. The magnetic form factor for Os>* was used in the
refinement [19]. The use of other form factors such as for Cr’*
resulted in a moment within error of that reported here.

and Os’* (A = 645 meV) [22]. As Mo>" is at the beginning
of the 4d series, the radial extent of the 4d orbitals will be
relatively large, and given the intermediate SOC it is likely
that the reduction in moment is due more to covalency than
SOC effects.

IV. SUMMARY AND CONCLUSIONS

The ground state of the monoclinic DP La,;LiMoQg is
now well established as that of a long-range ordered AF with
Tx = 18K, erasing the ambiguity from a previous report [7].
The best evidence for this comes from the observation of
resolution-limited Bragg peaks of magnetic origin, supported
by heat-capacity data. La,LiMoOg is thus the first Mo>* DP
which does show long-range AF order. There are still some
unconventional features, such as evidence for short-range spin
correlations above Ty and an unexpected linear temperature
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FIG. 6. Estimate of the ordered Mo’ moment in La,LiMoQOs.
The red line is the calculated ratio of the intensities of the magnetic
(1/21/20) peak to the (002) structural peak. The blue circle represents
the observed ratio = 0.23(6).

dependence in the low-temperature magnetic heat capacity.
As well, the index, f = |¢}|/Tn = 3.5, indicates a low level
of frustration [1].

All of this is in sharp contrast to the other known Mo>"
monoclinic DP, Sr,YMoOg, which has a gapped collective
singlet ground state. An insight to the origin of this rather
profound difference is perhaps to be found in the Mo-O
coordination polyhedron in the two materials which in turn
determines the nature of the orbital ordering. As shown in
the previous study, the Mo—O polyhedron in La;LiMoQOg
is well approximated by a tetragonally compressed octahe-
dron which implies an orbital singlet |xy) single-ion ground

state [7]. For Sr,YMoQOg on the other hand, the Mo-O oc-
tahedron is tetragonally elongated which implies a (|xz) +
|yz)) ground state [11]. Using a relatively simple com-
putational approach, it was shown that for the |xy) case,
one-dimensional spin correlations would be expected, while
the (|xz) + |yz)) situation was more difficult to predict but
low dimensionality is not favored [7]. It is interesting to
note that the uncoventional spin glass, Sr,CaReQOg, should
also have the (|xz) + |yz)) ground state [7]. There are two
observations which support a one-dimensional (1D) picture
for La;LiMoOsg. First, the ratio Cyae(max)/R = 0.35 is pre-
dicted for a 1D S = 1/2 Heisenberg model and 0.326 for
an XY model which can be compared with the observed
value, 2.5 J/mole K/R = 0.30 from Fig. 3(b) [23]. On this
basis J(1D) can also be estimated from the theoretical ex-
pression, kg7 [C(max)]J = 0.962 [23]. With the observed
T[C(max)] =27.5K, J(1D)/kg = —28.6 K. Secondly, the
power law for the 1D low-temperature heat capacity can be
obtained from the expression C,(mag) ~ T2/" [23]. The ex-
ponent n = 1 for AF spin waves and thus, C(mag) ~ 7T, in
agreement with the observed behavior shown in Fig. 3(d).
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