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We have investigated the magnetic structure of Li,Co(WOy), via magnetic susceptibility, and neutron
diffraction measurements. Two magnetic transitions are observed in magnetic susceptibility at 7y; ~ 9.5K
and Ty, ~ 7.2 K. Neutron diffraction reveals an incommensurate magnetic order with a wave vector kjcy =
(~0.46, ~0.27, ~0.24) between Ty; and Ty, and a commensurate magnetic order with a wave vector kcy =
(0.5,0.25,0.25) below Ty,. The magnetic periodicity in the commensurate phase is four times larger than
the nuclear unit cell length along the b- and c-axis directions with a saturated magnetic moment equal to
~2.92 up. Below Ty, the ICM wave vector for Li,Co(WQO,), varies with decreasing temperature and locked
into commensurate at Ty,, whereas weaker temperature dependence of kjcy = (0.46, 0.17, 0.33) is observed for

Li,Ni(WO,)s.
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I. INTRODUCTION

Low-dimensional and frustrated systems have attracted
significant attention over the past years due to their highly
interesting magnetic properties [1,2]. Frustration, i.e., the in-
ability of a system to reach a single lowest energy state where
all interactions are simultaneously satisfied, can have different
origins in a magnetic system, e.g., particular lattice geom-
etry, such as triangular or kagome, or competing magnetic
interactions. In magnetism, frustration prevents the formation
of magnetically ordered phases with the emergence of un-
usual phenomena such as spin liquids [2] and spin ice [3],
which appear at low temperatures when a system fluctuates
between different magnetic configurations. In other systems,
an ordered frustrated state may emerge with the formation
of commensurate/incommensurate magnetic structures. For
instance, in quasi-one-dimensional (1D) compound LiCuVOQOy4
[4], the incommensurate magnetic ordering arises due to frus-
trated intrachain interactions, whereas in triangular lattice
antiferromagnets such as CsNiCl; [5] and Li;NiW,0g [6],
the magnetic ordering develops due to interchain magnetic
interaction resulting from frustrated arrangement of chains.
In a more recent work on 1D and two-dimensional (2D) Co
spin systems, such as Pb3TeCo3V,0y4 [7] and Ba3zCoNb,Oy
[8], two-step successive magnetic phase transitions have been
observed which are similar to the anomalies observed in
Li;Ni(WO4), [6,9] and Li,Co(WO4), [10,11].
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LixM(WO4), (M = Co, Ni) crystallizes into a triclinic
structure having P1 symmetry. The crystal structure can
be viewed as a three-dimensional arrangement of isolated
M Qg octahedra that are corner shared with the double WO,
group, which is deformed into an edge-shared inverted square
pyramid WOs pair (inset of Fig. 2). The simplest view of
Li;M(WOy,), is that the isolated MOg octahedra are bridged
by a double WO, group, and the Li atoms sit in the in-
terstitial site due to their ionic nature. Our previous works
and similar report by Ranjit et al. on Li;Ni(WO,), isostruc-
tural to Li;Co(WOy), show two magnetic transitions ~13
and ~18K corresponding to the commensurate to incom-
mensurate and incommensurate to paramagnetic transitions,
respectively [6,9,12]. Recently, the physical properties of the
Li,Co(WQOy4), [10,11] and Li,CuW,Og [13] have also been
characterized in detail. Two magnetic phase transitions at 7.2
and 9.5 K have been observed in Li,Co(WOQOy), but the mag-
netic structures of both phases are still unknown [10]. In this
work we have solved the magnetic structures of both phases
for Li;Co(WOy), using neutron powder diffraction (NPD)
and compared the results with isostructural Li;Ni(WOQOy),.
Following the observation of the two magnetic anomalies
revealed at Ty; ~ 9.5K and Ty, ~ 7.2K in the magnetic
susceptibility x (T) of Li,Co(WQy,),, antiferromagnetic long-
range spin ordering below Ty, ~ 9.5K has been confirmed
with neutron diffraction. A commensurate magnetic (CM)
propagation vector kcy = (1/2, 1/4,1/4) is determined be-
low 7.2 K for Li,Co(WOy),, which is very different from
k=(1/2,0,1/2) observed below 13 K for Li;Ni(WOy);.
Whereas incommensurate magnetic (ICM) reflections having
kicm = (0.46,0.27,0.24) are observed for Li;Co(WQy), in
the temperature range between Ty, ~ 9.5K and Ty, ~ 7.2 K.
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FIG. 1. Observed (crosses) and fitted (solid lines) neutron
powder-diffraction patterns taken at 10 K, assuming a triclinic P1
symmetry for the crystalline structure. The differences between the
calculated and observed patterns are plotted at the bottom. The solid
vertical lines mark the calculated positions of the Bragg reflections
of the proposed crystalline structure presented in the inset of Fig. 2.

II. EXPERIMENTAL DETAILS

The polycrystalline samples of Liy(Co, Ni)(WOy4), were
synthesized using a solid-state method. Stoichiometric
quantities of high purity (>99.95%) powders of CoO, NiO,
Li,CO3, and WO;3; were mixed and heated at 550 and 650 °C
for 24 h with intermittent grinding and pelletizing. Final
annealing was performed at 700 °C for 160 h and followed
by furnace cooling to room temperature at a rate of approx-
imately 150°C/h. The resultant compounds Li,Co(WQy),
and Li;Ni(WOQy), were purple and yellow, respectively. To
check the phase purity of samples, x-ray diffraction mea-
surements were performed on a Bruker D§ ADVANCE
diffractometer employing Cu K, radiation. X-ray and neu-
tron powder diffraction measurements were used to determine
the crystal structure of the sample. The neutron diffrac-
tion data were collected at Australia Nuclear Science and
Technology Organisation (ANSTO) using the high-resolution
powder diffractometer ECHIDNA [A = 2.4395 A defined by
Ge (331) crystals] for the crystal structure analysis, and the
high-intensity powder diffractometer WOMBAT [A = 2.41 A
defined by Ge (115) crystals with 120° take-off angle, and
A =4.77A from PG (002) crystals with 90° take-off angle]
for the magnetic structure analysis [14,15]. To achieve a good
signal-to-noise ratio, each diffraction pattern was collected on
ECHIDNA for 4 h with an angular step of 0.05° using approx-
imately 4 g of sample loaded in a cylindrical vanadium can
6 mm in diameter. The sample temperature was controlled us-
ing a He-gas closed-cycle refrigeration system. The Rietveld
refinement of NPD patterns were performed using the Full-
Prof Suite [16]. The Thompson-Cox-Hasting pseudo-Voigt
function and Chebychev polynomials were used for modeling
the peak shape and background of the NPD patterns, respec-
tively. Magnetic propagation vectors were obtained using the
k-search program of FullProf Suite. The nuclear refinement
of the neutron diffraction pattern of Li;Co(WO,), at 10 K
was performed assuming triclinic symmetry with a space
group of P1 (Fig. 1). No identifiable traces of impurity phases
were present in the neutron diffraction patterns. The magnetic
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FIG. 2. Temperature dependence of magnetic susceptibilities for
Li,Co(WOQ,), measured at an applied field of H, = 100 Oe. Inset
shows the crystal structure and dy /dT vs T.

measurements were performed using the commercial vibrat-
ing sample magnetometer (VSM, Quantum Design, USA).

III. RESULTS AND DISCUSSION

The temperature 7' dependence of the magnetic suscepti-
bility measured at H = 100 Oe indicates two step drops near
~9.5 and ~7.2 K (Fig. 2), as also clearly identified in d x /dT
(inset of Fig. 2) where the peaks appear at the corresponding
temperatures. A fit of the modified Curie-Weiss (CW) law to
the data above 140 K (not shown) yields an effective moment
of per = 3.79 up/Co in agreement with the expected high
spin value of Co?* and fcw = —27 K, suggesting the anti-
ferromagnetic nature of the spin interaction. The spin-only
values of effective moment for Co** in high spin (HS, tzsgez,,
§ =3/2) and low spin (LS, 15,e;, S = 1/2) states are 3.872
and 1.73 up, respectively. For C02+(LS), three #,, orbitals,
dyy, dy;, and d,, are all fully occupied, and no orbital angular
momentum contribution to the magnetic moment is allowed
in the ground state. Therefore, Co*t in Li;Co(WOQy,), is in
the HS state with considerable orbital angular momentum
contribution.

In order to clarify the nature of two phase transitions of
Li;Co(WOy),, we performed neutron powder diffraction at
different temperatures between 5 and 12 K. The NPD patterns
collected above Ty; contain nuclear diffraction peaks only
and can be used as the reference for identifying the magnetic
signal. The nuclear contribution of the neutron diffraction
pattern collected below 12 K has been subtracted to isolate the
magnetic signal and plotted the differences as contour plot in
Fig. 3(a) showing only the magnetic diffraction peaks (Fig. 4).
Several magnetic diffraction peaks developed below Ty; move
with the decreasing temperature. The magnetic propagation
vector at each temperature is determined with the help of a
k-search program of the FullProf Suite. Generally speaking,
it is more difficult to determine incommensurate propagation
vector for the parent structure having a low symmetry than
that of a higher symmetry, especially when the number of
available magnetic diffraction peaks is limited. We have de-
termined the propagation vector for the CM phase first which
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FIG. 3. (a) Contour plot showing the magnetic signals below
Ty1 as a function of temperature and scattering angle. Temperature
dependence of (b) the components of incommensurate modulation
ky (left) and ky, k. (right), and (c) the refined magnetic moments.

is kem = (0.5, 0.25, 0.25), providing a reference values of
kx, ky, and k, for ICM. The three-component incommensu-
rate modulation is characterized by a wave vector kicy =
(ky, ky, k;) where ki, k,, and k, are ~0.44, ~0.3, and ~0.23
respectively. All three components shift monotonically with
the decreasing temperature, and lock-in to (0.5, 0.25, 0.25)
at Ty». One can observe that diffraction peaks move with de-
creasing temperature between Ty and Ty, whereas below Ty,
the peak positions exhibit independent of temperature imply-
ing that Li;Co(WQ,), at first enters into an incommensurate
magnetic phase with a temperature dependent propagation
vector k, followed by a lock-in transition into a commensurate
phase.

Figure 3(b) shows the temperature dependence of the wave
vectors for CM and ICM phases. The CM wave vector kcy =
(0.5, 0.25,0.25) involving magnetic periodicity quadruples
the direct unit cell length along the b- and c-axis directions.
Such type of magnetic periodicity is not rare but has also
been observed in several systems. For example, MnWOQy,
RMn,0Os (R =Y, Ho, Tb, Er), Tm3CusGe4, and Tm3CuySny
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FIG. 4. Magnetic diffraction pattern obtained at (a) 8 K (ICM
phase) and (b) 5.5 K (CM phase), where the solid curves are the
Rietveld fit to the data, yielding the magnetic structures presented in
Fig. 6. The solid vertical lines mark the calculated positions of the
magnetic Bragg reflections of the proposed magnetic structure.
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FIG. 5. Observed (crosses) and fitted (solid lines) neutron
powder-diffraction patterns taken at (a) 3.55 K and (b) 8 K assuming
a triclinic P1 symmetry for both the crystalline and magnetic struc-
tures. The differences between the calculated and observed patterns
are plotted at the bottom. The two sets of solid vertical lines mark
the calculated positions of the Bragg reflections of the proposed
crystalline and magnetic structures.
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FIG. 6. A schematic antiferromagnetic spin structure of

Li;Co(WOy),: (a) CM phase below Ty,, and (b) ICM phase between
Ty, and Ty, based on the fitting of neutron diffraction data.

possess a quarter wave vector along one or more reciprocal
lattice directions in both CM and ICM phases [17-21]. Due
to the special case of the propagation vector being a quar-
ter of the reciprocal lattice vector, i.e., k, = k; = 0.25, the
magnetic structure contains paramagnetic moments of zero
static moment. When we view the spin structure along the
b and c directions, the magnetic moments of Co?* ions are
in sequence of ...m,0,—m,0, ..., where m = 4.125 ugp.
Alternately, we can exclude the paramagnetic moments by
introducing a phase factor of m /4, leaving the calculated
magnetic diffraction peak intensities unchanged. In the new
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model, all the magnetic moments are of equal magnitude
and the sequence along the b and c¢ directions now become
oom',m',—m!, —m/, ..., where m’ = 2.917 up. We do not
observe any structure modulation with the same k vector so
that the local environment for all the Co?* ions are identical.
Therefore, the Co should not possess different values of mag-
netic moment. The Rietveld refinement of the NPD patterns
at 3.5 and 8 K are presented in Fig. 5 and the corresponding
magnetic structures for both CM and ICM phases are shown
in Fig. 6.

The temperature dependence of magnetic moments ob-
tained from the refinement is displayed in Fig. 3(c). The
expected spin only value of the static moment (u,) = gS for
Co*" in LS and HS state are 1 and 3 up, respectively. The
high spin state is favored which is consistent with the effec-
tive moment (U.s) in the paramagnetic phase. However, the
observed static magnetic moments in both models are smaller
than the moment of Co>*(HS) with the full contribution of
orbital angular momentum which is (u.) = g;J = 6 ug. We
suggest that the missing magnetic moment might be due to
the quenched orbital contribution below Ty, which is com-
mon for Co?™ [22]. In general, the ...m',m', —m', —m’, ...
spin arrangement might occur when there is geometric spin
frustration with the frustration index value of Ie;—NW| ~ 2.8 for
Li;Co(WOy), does suggest mild frustration.

Another isostructural analog Li;Ni(WOy4), undergoes
magnetic phase transitions at Ty; ~ 18 K and Ty, ~ 13K
[9,12]. The Curie-Weiss fit to the high temperature part of
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FIG. 7. (a) Contour plot showing the magnetic signals below 7y; for Li,Ni(WO,), as a function of temperature and scattering angle.
(b) NPD patterns at the indicated temperatures. (c) The components of incommensurate modulation k., k. (left), and k, (right). (d) Temperature

dependence of the refined magnetic moments.
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FIG. 8. Rietveld refinement of neutron powder-diffraction pat-
terns at 14 K, assuming a triclinic P1 symmetry for both the
crystalline and magnetic structures. The differences between the
calculated and observed patterns are plotted at the bottom. The two
sets of solid vertical lines mark the calculated positions of the Bragg
reflections of the proposed crystalline and magnetic structures. The
inset shows the amplified view of the ICM peak that appears below
TN| ~ 18K.

x(T) gives the pes =3.06 up/Ni is slightly larger (not
significantly) with a minor orbital contribution in accord
with the expected spin only value 2.83 up, as discussed
in Refs. [10-12]. Both compounds exhibit very similar
features in magnetic susceptibility except the upturn ob-
served ~9 K in Li;Ni(WO,), which might be explained by
Curie tail from impurity and/or lattice imperfections in the
sample [9,12].

We have also collected powder neutron diffraction patterns
on Li;Ni(WQ,), at several temperatures below 20 K. Because
the observed magnetic reflections are considerably weaker
than nuclear structure diffraction peaks, we have subtracted
the diffraction patterns of 19.5 K collected well above Ty
from the diffraction patterns at different temperatures below
Ty and displayed the magnetic scattering as a contour plot in
Fig. 7(a). One can see two very distinct magnetic phases ap-
pear above and below Ty,. Surprisingly, they are very different
than the magnetic phases of Li,Co(WO,), which may be due
to the absolute values of the exchange interaction parameters

for Li,Ni(WOQy), obtained from ab initio calculations which
are ~2 times larger than that for Li,Co(WO4), [9,10,12].
For LipNi(WOQy,),, the magnetic peak positions of the ICM
magnetic phase between Ty; and Ty, are not as sensitive
to the temperature as in Li;Co(WQ,), where temperature
dependent ICM phase is observed. Figure 7(c) shows the
temperature dependence of the ICM and CM wave vectors for
Li;Ni(WQy4),. It can be seen that the CM wave vector kcm
is (0.5, 0, 0.5) below Ty, in agreement with previous reports
[6,9], whereas ICM wave vector obtained at 14 K between
Ty1 and Ty, is (0.456, 0.171, 0.331). The Rietveld refinement
of the NPD patterns of ICM phase at 14 K is displayed in
Fig. 8. The magnetic moments obtained from the refinement is
displayed in Fig. 7(d). Due to weaker magnetic signals above
15 K, the magnetic moments are estimated and scaled from
the integrated intensity and presented by a solid red line in
Fig. 7(d).

IV. CONCLUSIONS

In summary, we have conducted detailed magnetic neu-
tron diffraction studies of Li,Co(WOy,), and compared the
results with isostructural analog Li;Ni(WQOy),. The incom-
mensurate phase evolves with decreasing temperature below
Ty and locks into commensurate magnetic structure at 7y,
for both compounds. A much larger CM magnetic unit cell
is realized for Li,Co(WQ,), with the Co spins in (4 + ——)
sequence when moving to the neighboring magnetic sites
along b and c axis. The different magnetic ground states of
the two isostructural compounds indicate the differences in
the magnetic couplings.
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