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ARTICLE INFO ABSTRACT

Keywords: Dense ceramic samples of wolframite-type MnMoO4 (Ww-MnMoO,4) have been prepared by Cool-SPS (Spark

MnMoO, o Plasma Sintering) for the first time with the goal of investigating the magnetic, dielectric, and magneto-electric

](“jowl tsepnéperamre sintering properties of this thermally fragile polymorph of MnMoOQj4. Earlier studies found that w-MnMoQ4 converts to the
ool-

structurally different a-MnMoO4 phase if heated in air at 873 K, thus hindering fabrication of w-MnMoOy4 ce-
ramics by conventional high-temperature sintering. Unsintered powder samples, which were prepared via a
hydrothermal method, and dense ceramics elaborated by Cool-SPS have the same magnetic properties. Magnetic
susceptibilities display Curie-Weiss behaviour, y = C/(T-0), with effective moments for Mn?* ion Heff =~ 5.9 pp/
Mn-atom and negative Weiss temperatures 0 =~ - 96 to - 98 K. Unlike the isostructural multiferroic compounds
MnW;_4Mox04 (0 < x < 0.3) which exhibits at least two successive magnetic transitions below 15 K, w-MnMoO4
undergoes only one paramagnetic-to-antiferromagnetic transition at Ty ~ 32 K. The field-dependent magneti-
zation at 2 K shows a spin-flop transition at pgHsp ~ 2 T. Capacitance and dielectric losses obtained for a ceramic
between 2 and 300 K in zero field and in a field of 9 T reveal several weak anomalies. Dielectric anomalies are
observed at the magnetic phase transition, suggesting a magnetoelectric coupling. Qualitatively different

Magnetic properties
Dielectric properties

dielectric and magnetodielectric behaviours occur in a-MnMoO4 ceramics at low temperature.

1. Introduction

Transition metal molybdates of the MMoO4 type where M is Mn, Fe,
Co, Ni, or Zn have attracted great interest because of their interesting
physical properties and their potential applications in several fields,
including catalysis [1,2], energy storage materials [3,4], and color
pigments [5]. Among these compounds, a-MnMoOyg, the polymorph of
MnMoOy stable under ambient conditions of temperature and pressure,
has been well studied for its interesting magnetic [6-11], dielectric [12,
13], electrochemical [14-17], and catalytic properties [18,19]. Its
monoclinic (S.G. C2/m) crystal structure contains clusters of
edge-sharing MnOg octahedra and MoOy4 tetrahedra [20] (Fig. S1).

The present study is mainly concerned with another less-studied
polymorh of MnMoOy, hereinafter termed w-MnMoO,4, which adopts
the wolframite (monoclinic, S.G. P2/c) crystal structure [21-23]. This
structure comprises zigzag (MnO4), and (MoO4), chains, running
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parallel to the same direction, of either edge-sharing MnOg distorted
octahedra or edge-sharing MoOg distorted octahedra [23] (Fig. S1). Like
in a-MnMoOy4, w-MnMoO4 contains magnetic Mn?* ions and nonmag-
netic Mo®" ions. w-MnMoOy can be prepared in polycrystalline form by
high-pressure high-temperature solid state reaction method or by hy-
drothermal synthesis [21-25]. w-MnMoOy4 converts to the alpha form
upon heating in air at 873 K [21,25]. It is worth noting that w-MnMoO4
is isostructural with MnWOy, which is a well-known magnetoelectric
multiferroic [26-28]. MnWOy4 displays unusual magnetic properties that
result from competing, i.e. frustrated, spin-exchange interactions [29,
30]. Three antiferromagnetic (AF) structures have been observed at low
temperatures below Ty = 13.5 K, T, = 12.5 K and T; =~ 8 K [29], one of
these magnetic phases being ferroelectric. Multiferroicity has been
actually observed below Ty = 12.5 K on single-crystals [26-28], poly-
crystalline samples [31], and even nanostructured ceramics with
average grain size of ~50 nm [32]. In spite of its structural similarity
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with MnWO,4, w-MnMoO4 has been far less studied than the a poly-
morph. Existing results on w-MnMoOj include a DFT (density functional
theory) investigation [33] and IR and Raman data [24,25]. To the best of
our knowledge, no magnetic or dielectric data have been reported so far.
Herein, we report on magnetization data for powders and for dense
ceramics prepared by spark plasma sintering (SPS) at temperature T <
773 K (“Cool-SPS” [34]). The Cool-SPS process made it possible to avoid
the temperature-driven phase transformation of w-MnMoO4 into
®-MnMoOyg4. The fabrication of dense w-MnMoO4 ceramics allowed us to
conduct dielectric measurements below 300 K in zero magnetic field or
in a magnetic field of 9 T. Dielectric data were also collected for
a-MnMoOy ceramics that were also prepared by Cool-SPS.

2. Materials and methods
2.1. Synthesis of powders and Cool-SPS sintering

w-MnMoO,4 powders were synthetized using the two-step method
described by Clearfield et al. [23]. All high-purity reagents were pur-
chased from commercial vendors. MnMoO4.H20 precursor was first
prepared by precipitation in aqueous solution. 100 mL of a 1 M MnSOj4.
H20 aqueous solution was added slowly to 100 mL of a 1 M
NayMoO4.2H20 aqueous solution under stirring. The slurry was refluxed
for 2 days. After filtration, the MnMoO4.H,0 precipitate was washed
and dried in air. Anhydrous w-MnWO4 polycrystalline samples were
then obtained after hydrothermal reaction of MnMoO4.H;0 with
NayMo04.2H,0 in a Teflon-lined autoclave for 3 days at 473 K. The
autoclave was then slowly cooled to room temperature. The product was
washed with water and ethanol and dried in air.

w-MnMoO4 and a-MnMoO4 ceramics were prepared by Cool-SPS
using a Dr. Sinter system (Model SPS-511S/SPS-515S) in a WC:Co 6
mm die using 0.16-0.18 g of hydrothermally synthesized w-MnMoO4
powder for each sintering attempt. Graphite foils were used to separate
the sample from the die. A K-type thermocouple was used to monitor
temperature. Sintering attempts were performed under primary vacuum
of about 10 Pa. Densification was monitored through the displacement
of a punch rod.

2.2. Characterization

Scanning electron microcopy (SEM) and Energy Dispersive X-ray
(EDX) analyses were performed at different positions of the sample
surfaces. X-ray diffraction (XRD) patterns were collected at room tem-
perature on a Bruker D8 Advance instrument using monochromatic Cug.
13 (A = 1.540598 A) X-rays and a LynxEye detector, in the 8-100° 20
range using 0.011° steps and an acquisition time of 1.6 s per step. For the
SPS sintered samples, XRD patterns were recorded on unground disks on
the same equipment in the 10-100° 26 range with 0.008° steps of 1.8 s
each. Rietveld analyses of the XRD data were performed using JANA
2006 and the Cheary-Coelho fundamental approach for XRD profile
parameters [35,36]. Differential scanning calorimetry and thermogra-
vimetric analyses (DSC/TGA) measurements were performed on
undensified powder samples in flowing air. Samples were heated up to
1423 K at 2 K/min, and the resulting powders were analyzed by XRD.
Additional DSC measurements were taken in air below
room-temperature in the 173-300 K temperature range. DC magneti-
zation data were collected using a Quantum Design MPMS-XL7
magnetometer. Zero-field-cooled (ZFC) and field-cooled (FC) measure-
ments were taken on warming the samples from 2 to 300 K in an applied
magnetic field of H= 1000 Oe (poH = 0.1 T). ZFC and FC datasets were
found to overlap. Therefore, only ZFC measurements will be presented
hereafter. Isothermal magnetization M(H) curves were linear up to at
least poH =~ 2 T both at 2 K and 300 K. Thus the temperature-dependent
susceptibility could be defined as the ratio of the magnetization
measured at 1000 Oe to the applied field, y = M/H. We wrapped the
powder samples in plastic films so that they had the same geometry than
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that of the ceramic disk. Dielectric properties of ceramics were studied
using a Quantum Design Physical Properties Measurement System
(PPMS), which can operate in the ranges 2-400 K and 0-9 T. To ensure
electric contact, MnMoO4 (w- and a-forms) ceramics were equipped
with silver electrodes on both faces (planar capacitor geometry) and
silver wires were subsequently added. The dielectric measurements
were carried out in the frequency range of 1 kHz-1Mhz, with an applied
ac electric field of 1 V, using an HP4194a impedance bridge. Capaci-
tance and dielectric losses were measured continuously while the sam-
ple was heated and cooled at rates of 1 K/min. In the absence of
significant differences, only the data collected on heating are presented
here, while for sake of clarity, single-frequency plots are provided.

3. Results and discussion

3.1. Characterization of undensified polycrystalline samples of w-
MnMoOy

EDX elemental analyses showed no evidence for incorporation of
sodium cations. Mn/Mo atomic ratio were found to be equal to 1 within
the uncertainty. Volumetric mass density (p) measurements performed
at room temperature yielded p = 5.2 g/cm?>, in very good agreement
with the values calculated using the cell parameters derived from X-ray
diffraction data (see below). As can be seen in the SEM image shown in

18ku

Fig. 1. SEM images of representative samples of w-MnMoO,. Top: Polished
section of a polycrystalline sample prepared via the hydrothermal method.
Bottom: SPS ceramic obtained after sintering at 753 K and 500 MPa.
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Fig. 1, our samples consist mainly of needle-shaped microcrystals. Fig. 2
displays the room temperature XRD pattern. All reflections could be
indexed using the PDF card # 78-0221, which was obtained from single-
crystal data for w-MnMoO4 (ICSD # 61,078). However, the relative in-
tensities of several reflections differ strongly from those of the PDF card.
In view of the microcrystal morphologies, these discrepancies in relative
intensities likely indicates that every possible crystalline orientation is
not represented equally in the sample. Despite this, we attempted to
perform a Rietveld refinement using the published monoclinic P2/c
structural model for w-MnMoO4 [23] and a March-Dollase function [37,
38] in order to take into account preferred orientation along the [100]
direction. The refinement converged to the results shown in Fig. 2. As
can be seen in this figure, there are discrepancies between observed and
calculated intensities for a few reflections, and this cannot be ascribed to
the signal-to-noise ratio. These discrepancies are due to the large crys-
tallite size and to the morphology of the microcrystals. The refined
crystallite size and microstrain parameter are 545 (28) nm and 10.8 (4)
%, respectively. Cell parameters, agreement factors and atomic param-
eters are gathered in Table S1. Cell parameters (a = 4.82146 (8) [o\, b=
5.75626 (16) A, ¢ = 4.9656 (2) A, and p = 90.8463 (18)) and atom
positions are consistent with those earlier reported for a single-crystal
prepared via the same hydrothermal route [23].

DSC/TGA measurements are shown in Fig. S2. An exothermic pro-
cess occurs just above 773 K with no significant change of mass. The
post-DSC products were analyzed by XRD, and they consist of phase-
pure a-MnMoOQO4. These results are consistent with two earlier works
that reported complete transformation of the wolframite form into the
alpha form at 873 K [21,25]. However, to the best of our knowledge, no
DCS data have been reported so far.

3.2. Sintering by Cool-SPS and characterization of ceramics

Preliminary experiments revealed that w-MnMoO4 converts to
a-MnMoOy4 around 773 K in Cool-SPS conditions. This is comparable
with the temperature range of 773-873 K for this conversion, as
observed from thermal characterizations (Fig. S2). In addition, densifi-
cation takes place around 753 K, leaving an extremely small thermal
window for the sintering of w-MnMoO,4 ceramics. Optimal sintering
conditions were found to be a 500 MPa pressure and 753 K temperature
with 10 min dwell time. These conditions yield either phase-pure w-
MnMoO4 ceramics or a-MnMoOj4 containing ceramics, according to XRD
data. This difficulty in monitoring the densification is due to the very
small thermal window available for sintering without conversion from
w-to a-MnMoOy. The actual sample conditions may then slightly depart
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Fig. 2. (color) A portion of the final Rietveld refinement plots of the room-
temperature XRD data (taken with Cug.3 radiation) for an undensified poly-
crystalline sample of w-MnMoO,. Insert shows the full pattern.
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from the target ones, due to thermocouple and sample positioning, die
mounting, etc. Among the best w-MnMoOy4 ceramics obtained in these
conditions (phase-pure, relative density of 90% and above) one was used
to check the microstructure by SEM, while another one was kept for
further physical characterization (XRD, magnetization and dielectric
measurements). As can be seen in Fig. 1, SEM micrographs display
features consistent with a 90% densified sample, and show no trace of
the acicular microcrystals used as the starting material, which is likely
due to grain growth under Cool-SPS conditions promoting a different
growth pattern. The room temperature XRD pattern of a w-MnMoO4
ceramic disk, which was later used for magnetic and dielectric mea-
surements, is displayed in Fig. 3. Note that randomness of the crystallite
orientation is most probably not achieved for the pellet produced at 500
MPa. Like in undensified samples, however, Rietveld refinement was
conducted using the published monoclinic P2/c structural model for w-
MnMoO4 and a March-Dollase function to take into account preferred
orientation while fitting. Refinements results are gathered in Table S2.
Reflections are broader than those observed in the undensified powder
not only because of a larger microstrain parameter of 56 (2) % but also
because of a smaller crystallite size of 141 (9) nm. As for the undensified
polycrystalline samples, cell parameters and atom positions agree well
with published data for a single-crystal [23].

3.3. Magnetization of powders and ceramics

Fig. 4 shows the inverse molar magnetic susceptibilities, 1/y(T),
obtained for a powder sample and for a dense w-MnMoQO4 ceramic be-
tween 2 and 300 K. As anticipated from the XRD results, samples in a
powder form and the ceramic disk have the same behavior. In the high
temperature range, the magnetic susceptibilities follow Curie-Weiss
behaviors, y(T) = C/(T-0). The calculated effective magnetic moments,
Leff = 5.9 pp/f.u., are consistent with high-spin Mn?* (d°, S = 5/2) and
nonmagnetic Mo®" ions. Weiss temperatures @ lie in the range of —96 to
—98 K, indicating dominant AF interactions. As can be seen in Fig. 5, a
maximum occurs in the susceptibility versus temperature curve at T
(¥max) = 34 K. The onset of magnetic order is observed close to this
maximum at Ty = 32 K, as determined from the d (y.T)/dT versus T
curve (Fig. 5). The small T (ymax)/Tn ratio and the absence of a broad
maximum in y(T) above Ty indicate that w-MnMoO4 behaves as a three
dimensional (3D) antiferromagnet [39]. Furthermore, the behavior of
%(T) below Ty is consistent with a collinear antiferromagnetic structure.
For a uniaxial two-sublattice antiferromagnet, the susceptibility of a
polycrystalline sample at temperatures well below Ty is expected to be
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Fig. 3. (color) A portion of the final Rietveld refinement plots of the room-
temperature XRD data (taken with Cug3 radiation) for a ceramic disk of w-
MnWO,. The star denotes a reflection due to the graphite foil used during the
SPS process (PDF # 26-1076). Insert shows the full pattern.
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Fig. 4. Inverse molar magnetic susceptibility 1/y versus temperature T for a
powder sample (black circles) and for a dense ceramic of w-MnMoO4 (plus
signs). The solid line corresponds to Curie-Weiss behaviour for the powder, 1/y
= (T-6)/C, with C = 4.38 cm® K mol ! and 6 = - 96 K obtained by fitting the
data in the temperature range of 200-300 K.
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Fig. 5. Magnetic susceptibility y(7) at low temperatures (left vertical axis) for a
powder sample (black circles) and for a ceramic sample of w-MnMoO,4 (plus
signs). The vertical dashed line indicates the transition temperature Ty = 32 (1)
K, as determined from the d (y.T)/dT versus T curve (right vertical axis).

nearly 2/3 its value at Ty [40]. Fig. 6 shows the 2 K isothermal
magnetization scan, M(H), recorded up to poH = 7 T. At low field, the
anticipated linear AF response is observed up poH ~ 2 T. For higher field
strengths, the observed deviation from the low-field linear behavior is
typical for a spin-flop. Spin-flop transitions can be observed in antifer-
romagnets with small magnetic anisotropies when the magnetic field is
applied parallel to the preferred axis of spin alignment [39]. A small
magnetic anisotropy is indeed expected for high-spin Mn>* because this
ion has an orbitally nondegenerate 6A1g ground state irrespective of the
symmetry of the crystal field [40,41]. The 2 K isothermal magnetization
is far from being saturated at 7 T, in agreement with the high value of the
absolute Weiss temperature ¢. The value of the magnetization at 7 T
(~2200 emu mol™ 1) is actually much less than the expected saturation
magnetization g.S.ug = 5 pp/Mn-atom or 27,925 emu mol ! for g = 2.

We can now compare the results of our initial magnetization study of
w-MnMoO4 with earlier works on oa-MnMoO4 [6-11] and on the
wolframite-type MnW;_ 4 MoyO4 (0 < x < 0.3) solid solution [42,43]. The
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Fig. 6. Magnetic field dependence of magnetization measured at 2 K for a
powder sample (black circles) and for a dense ceramic sample of w-MnMoO,
(plus signs). The dashed line indicates the linear increase of the magnetization
for magnetic field smaller than 2 T.

absolute Weiss temperature |0 | and the Néel transition temperature Ty
in w-MnMoOy are higher than those observed both in a-MnMoO4 and
MnWOy. In a-MnMoO4, magnetic couplings between Mn>" ions lead to a
negative Weiss temperature § = —33 K and to a Néel temperature Ty =
11 K [6-8]. Field-dependence magnetization data taken at 2 K for
a-MnMoOy reveal a spin-flop transition at Hgg = 2.9 T and show no sign
of saturation for magnetic fields up to 12 T [11]. In MnWOy, 6§ = —71 K
and three magnetic transitions are observed at Ty = 13.5K, T, = 12.3K,
and T; = 7.5 K [29]. A magnetically induced ferroelectricity is observed
between T and Ty [26-28]. The spin-spiral magnetic order between T
and Ty has incommensurate components in the a and c axis, which re-
flects magnetic frustration in these two directions [29]. In wolframite
MnW;_xMoxO4 solid solution (0 < x < 0.3), |0 |, the magnetic transition
temperatures Ty and T, and the ferroelectric transition temperature T;
all slightly increases with the Mo content due to doping-induced in-
crease in the overall magnetic interaction, which is itself the result of
doping-induced tuning of the orbital hybridization between Mn 3d and
O 2p states [42,43]. For x < 0.3, Ty increases with Mo content at a rate of
0.063 K per 1 mol % Mo. By extrapolating to x = 1, a Ty value of about
20 K, which is lower than the observed one, is calculated for w-MnMoOQ4.
A DFT analysis of nine spin-exchange interactions between Mn?" ions of
MnWOy, and of w-MnMoOy, suggested that the substitution of Mo®* for
wo strengthens the overall magnetic interaction indeed [42]. While
exchange couplings in MnWOy are all AF, the DFT analysis also revealed
sign reversal, from AF to F, of three spin-exchange parameters in
w-MnMoO4. These sign changes of couplings should suppress magnetic
frustration and hence both the spin-spiral magnetic order and its asso-
ciated ferroelectricity. This most likely explain why, unlike in
MnW; xMoxO4 (0 < x < 0.3), w-MnMoOy4 exhibits only one magnetic
transition.

3.4. Dielectric properties of ceramics

Fig. 7 shows the temperature dependences of the capacitance and
dielectric losses measured in zero magnetic field or in a field of 9 T for a
w-MnMoOy4 ceramic. Three dielectric anomalies, marked with (1), (2),
and (3) in Fig. 7, can be identified. They all are very small in amplitude.
The first one (1) appears in the capacitance, without significant modi-
fication of losses. This step-like anomaly is associated with magnetic
ordering in the sample, as it occurs at Ty (32 K). Upon application of a 9
T magnetic field, this anomaly is still present, but appears less marked.
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Fig. 7. (color) Capacitance (black curves), C, and dielectric losses (blue
curves), tgs, plotted as a function of temperature, T, measured at 188 kHZ (a) in
zero magnetic field or (b) in a field of 9 T for a w-MnMoO, ceramic.

The second anomaly (2) is clearly visible in the dielectric losses, as a
broad hump centered around 100 K, and is associated with a frequency
dependence of the capacitance, i.e. a dielectric dispersion in the
capacitance (not visible in Fig. 7 since a single frequency is plotted for
the sake of clarity; see Fig. S3). It is thus the signature of a relaxation of
small amplitude, which origin could be electronic, since the dielectric
dispersion closes at Ty (Fig. S3). This second dielectric anomaly seems
unaffected by the application of a 9 T magnetic field. The third anomaly
(3) peaks around 240 K and displays signatures in both capacitance and
dielectric losses, suggesting it could be related to a minor structural
modification (rotation of polyhedra, minor rearrangement of coordina-
tion spheres ...). Both the temperature dependent magnetization
measured at 0.1 T (Fig. 4) and our DSC data collected from room tem-
perature down to 173 K (not shown) showed no corresponding anomaly
around 240 K. This third dielectric anomaly is qualitatively unaffected
by the application of a 9 T magnetic field.

It is of interest to focus on the dielectric anomaly (1) associated with
the antiferromagnetic ordering at Ty. As can be seen in Fig. 8, the
capacitance displays a different behaviour around Ty with respect to the
magnetic field. The shape of the dielectric anomaly at Ty under 9 T is
different from the step-like anomaly observed without magnetic field.
Actually, instead of the zero-field capacitance decreasing more rapidly
with decreasing temperature, the capacitance measured at 9 T increases
first, before resuming a temperature dependence identical to that
observed under 0 T, as confirmed by plotting a dataset normalized at 2 K
(see Fig. S4). This results in a larger capacitance under a magnetic field
of 9 T (Fig. 8), and thus, at least, a magnetodielectric effect (¢ = f(H)).
The amplitude of this effect is around 0.2%, and it could be related to the
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Fig. 8. (color) Temperature-dependent capacitance C(T) of a w-MnMoO4
ceramic measured at 188 kHz in zero magnetic field (black curve, “0 T”) or in
an applied magnetic field of 9 T (red curve, “9T”), plotted for temperatures
lower than 55 K.

spin-flop transition observed from magnetic measurements for magnetic
fields exceeding 2 T.

These findings are of great interest, especially when compared with
the dielectric behaviour of a ceramic of a-MnMO4 prepared by Cool-SPS
as well. To the best of our knowledge, no low-temperature dielectric
data have been reported on for a-MnMoO4 so far. As can be seen in
Fig. 9, a monotonous decrease of the capacitance is observed when
cooling down the a-MnMoOj4 ceramic to around 11 K. Below 11 K, i.e.
below the Néel temperature of a-MnMoO,, the capacitance increases
without displaying any signature ascribable to a dielectric transition.
Applying a magnetic field of 9 T to this a-MnMoQO4 ceramic diminishes
the capacitance, while it increases below ~30 K under 9 T in w-
MnMoOy, showing that different dielectric and magnetodieletric effects
occur around the magnetic transitions in these polymorphs.

For both a and w polymorphs, our temperature-dependent dielectric
data were acquired under an applied magnetic field (9 T) higher than the
spin-flop field but lower than the saturation field (see section 3.3).
Therefore, those crystallites for which the magnetic easy axis is roughly
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Fig. 9. (color) Temperature-dependent capacitance C(T) of an a-MnMoO4
ceramic measured at 188 kHz in zero magnetic field (black curve, “0T”) or in an
applied magnetic field of 9 T (red curve, “9T").
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parallel to the applied magnetic field undergo a paramagnetic to spin-
flop magnetic transition at a temperature around Ty instead of the
usual paramagnetic to antiferromagnetic transition at Ty [39]. The
magnetic field-induced spin reorientation could well have an impact on
the low-temperature dielectric behavior of a and w-MnMoQO4 observed
at 9 T. Actually, spin-flop driven changes in the dielectric constant have
been observed in some other antiferromagnets [44-47].

4. Conclusion

We have reported for the first time on the magnetic and dielectric
characterization of w-MnMoO,. Dense ceramics of the “thermally frag-
ile” oxide w-MnMoO4 and of a-MnMoO4 as well have been obtained by
Cool-SPS to conduct reliable dielectric measurements below room-
temperature. Both the magnetic and dielectric behaviors of w-
MnMoO, differ from those of wolframite MnW;_xMo0,04 (0 < x < 0.3)
solid solution and of a-MnMoO4. Magnetization data have indicated that
w-MnMoO4 behaves as a three-dimensional antiferromagnet with a Néel
temperature of 32 K and have suggested a spin-flop transition. Unlike in
wolframite MnW;_yMo,O4 solid solution, there is no evidence for a
ferroelectric transition and hence for multiferroicity in w-MnMoOy. Yet,
the dielectric anomalies seen around Ty in zero and in a 9 T magnetic
field point to an interplay of dielectric and magnetic properties, pre-
sumably through the spin-flop state. The observed magnetodielectric
effects at low temperature are a likely evidence of a magnetoelectric
coupling.
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