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Single-crystal investigations on the multiferroic material LiFe(WOQO,),
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The crystal and magnetic structures of multiferroic LiFe(WQ,4), were investigated by temperature and
magnetic-field-dependent specific heat, susceptibility, and neutron diffraction experiments on single crystals.
Considering only the two nearest-neighbor magnetic interactions, the system forms a J;, J, magnetic chain, but
more extended interactions are sizable. Two different magnetic phases exhibiting long-range incommensurate
order evolve at Ty ~ 22.2K and Ty, ~ 19 K. First, a spin-density wave develops with moments lying in the
ac plane. In its multiferroic phase below Ty,, LiFe(WOy), exhibits a spiral arrangement with an additional spin
component along b. Therefore, the inverse Dzyaloshinskii-Moriya mechanism fully explains the multiferroic be-
havior in this material. A partially unbalanced multiferroic domain distribution was observed even in the absence
of an applied electric field. For both phases only a slight temperature dependence of the incommensurability was
observed, and there is no commensurate phase emerging at low temperature or at finite magnetic fields up to
6T. LiFe(WO,), thus exhibits a simple phase diagram with the typical sequence of transitions for a type-II

multiferroic material.

DOI: 10.1103/PhysRevB.103.134412

I. INTRODUCTION

The demand for memory devices with larger storage ca-
pacity and lower power consumption pushed the research
on multiferroic materials featuring the coupling of magnetic
ordering and ferroelectric polarization in the same phase (so-
called type-II multiferroics) [1-3]. Over the past few decades
a variety of multiferroic systems were discovered, and several
different microscopic mechanisms were identified to induce
multiferroicity in respective materials [4,5]. Besides sym-
metric exchange striction, the inverse Dzyaloshinskii-Moriya
interaction (DMI) is a frequent mechanism that drives the
multiferroic behavior in many type-II multiferroics [6-9].
With this mechanism, a spiral spin canting of neighboring
spins induces a shift of nonmagnetic ligand ions and thus
a ferroelectric polarization that can be controlled by exter-
nal electric and magnetic fields. The spiral handedness (or,
precisely, the vector chirality) determines the sign of the fer-
roelectric polarization.

Many multiferroic materials exhibit additional phase tran-
sitions at low temperature either due to other magnetic
constituents or due to locking into a commensurate phase.
Anharmonic modulations of the spiral structure also cause
sizable magnetoelastic coupling, which is different from the
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multiferroic one and which can lead to anomalous relaxation
behavior of multiferroic domains [10,11]. Besides the demand
for higher transition temperatures and larger ferroelectric po-
larization it is also necessary to find multiferroic materials
exhibiting simpler phase diagrams in order to analyze and
describe multiferroic domain dynamics.

Recently, Liu et al. reported a type-II multiferroic phase
in LiFe(WOQy4), [12], which is, in addition to MnWOy,
[13,14], only the second multiferroic material in the fam-
ily of tungstates and exhibits higher transition temperatures
compared to related compounds [13-21]. In MnWOQy, the
magnetic ions occupy zigzag chains that lie within the bc
plane [22] (see Fig. 1). These chains propagate along the ¢
direction and are separated along a by tungsten layers [22].
In the case of the double-tungstate NaFe(WOQ,),, the mag-
netic ion is substituted by Na in every second chain stacked
along the a axis of the MnWOQy, structure type. Therefore,
the a lattice constant and the distance between two magnetic
zigzag chains along a are doubled, lowering the dimension-
ality of magnetic interaction (see Fig. 1) [21]. Distinctive
for LiFe(WOQ,), is that the zigzag chains are not entirely
occupied by magnetic ions but alternatingly by magnetic Fe**
and nonmagnetic Li't ions (see Fig. 1) [12,23,24]. Simi-
lar to MnWOQy, every second layer along a is magnetic in
LiFe(WO4)2.

Two successive magnetic anomalies have been reported
for LiFe(WQy4), at Ty ~22.6K and Ty, ~ 19.7K, and
the first one was associated with the onset of short-range

©2021 American Physical Society
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FIG. 1. Crystal structure and magnetic interaction paths in
LiFe(WQ,),. (a) displays the nuclear structure of LiFe(WQ,),, for
which the structural parameters were adopted from the refinement
results based on x-ray diffraction data at 290K (see Table I). The
exchange couplings J3, and J3, are marked in red. For comparison the
nuclear structures of related NaFe(WQ,), and MnWOQO, are shown in
(b) and (c). In (d) the magnetic zigzag chains along c are visualized
together with the respective exchange couplings J; and J,. For the
sake of simplicity tungsten ions are hidden in (d). (e) visualizes
the configuration of nearest-neighbor interaction J; and next-nearest-
neighbor interaction J, along the magnetic Fe** chain. For the crystal
structure visualization the software VESTA3 [36] was utilized.

ordering [12]. At the lower transition an emerging ferroelec-
tric polarization of about 15 ,uC/m2 was observed, but the
corresponding measurements were performed on polycrys-
talline samples, thus preventing the determination of the polar
axis [12]. Density functional theory (DFT) calculations sug-
gest a ferroelectric polarization along the b direction, whose
magnitude is comparable to the one observed in MnWOy,
[12,13,25]. Neutron powder diffraction (NPD) revealed an
incommensurate spiral ordering of magnetic moments below

TABLE I. The temperature-dependent refinements of the nuclear
structure based on singlecrystal data. R(obs), wR(obs), R(all) and
wR(all) denote the standard reliability values for structure factors
as described in [38]. The temperature-dependent lattice constants
were obtained by refining the orientation matrix considering the
complete set of recorded x-ray data at the respective temperature.
All refinements were done by using the software package JANA2006
[37] and by assuming space group C2/c.

Atom x y z Uiso

290K* W 0.247505(9) 0.091348(9) 0.246221(18) 0.00299(3)

Fe 0.0 0.33485(5) 0.25 0.00447(8)
Li 05 0.3421(7) 0.25 0.008(2)
O1 0.3634(2) 0.05909(18) 0.9240(4) 0.0052(3)
02 0.3801(2) 0.18198(19) 0.4114(4) 0.0056(3)
03 0.3552(2) 0.54862(18) 0.9452(4) 0.0052(3)
04 0.3769(2) 0.69430(19) 0.3928(4) 0.0059(3)
100K® W 0.247093) 0.09137(2) 0.24661(6)  0.00193(9)
Fe 0.0 0.33466(13) 0.25 0.0019(2)
Li 05 0.344(3) 0.25 0.032(7)
O1 0.3635(6) 0.0586(5) 0.9252(11)  0.0032(8)
02 0.3800(7) 0.1830(5) 0.4121(12)  0.0063(10)
03 0.3557(6) 0.5485(5) 0.9446(11)  0.0047(9)
04 0.3781(6) 0.6946(5) 0.3936(11)  0.0037(9)
38K W 0.24703(3) 0.09137(2) 0.24675(6)  0.00226(8)
Fe 0.0 0.33474(13) 0.25 0.0025(2)
Li 05 0.346(2) 0.25 0.022(5)
O1 0.3638(6) 0.0598(5) 0.9245(10)  0.0050(8)
02 0.3801(6) 0.1822(5) 0.4115(10)  0.0051(8)
03 0.3562(5) 0.5497(5) 0.9437(10)  0.0045(8)
04 0.3775(5) 0.6951(5) 0.3933(10)  0.0046(8)

“Recorded reflections: 70 005, independent: 2816; a = 9.2894(5),
b =11.4142(6), ¢ =4.9026(3), B =90.574(2), R(obs) = 2.71,
wR(obs) = 3.08, R(all) = 3.64, wR(all) = 3.23.
PRecorded reflections: 14 973, independent: 1595; a = 9.252(4),
b=11.383(4), ¢ =4.8897(18), B =90.44(2), R(obs) = 4.00,
wR(obs) = 3.67, R(all) = 6.79, wR(all) = 4.29.
“Recorded reflections: 17 924, independent: 1681; a = 9.2648(11),
b = 11.3858(13), ¢ =4.8918(6), B = 90.400(7), R(obs) = 3.57,
wR(obs) = 3.45, R(all) = 6.30, wR(all) = 4.04.

Tny and thus suggests the inverse DMI as the underly-
ing mechanism for multiferroicity in LiFe(WO4), [12]. No
transition to a commensurate phase was observed, and spe-
cific heat measurements reported only a slight magnetic-field
dependence of both transitions, indicating strong antiferro-
magnetic coupling as well as a simple phase diagram of
LiFe(WOy), [12].

However, NPD experiments are not sufficient to fully
characterize complex magnetic structures in the form of in-
commensurate spiral arrangements. Furthermore, it is unusual
for spiral type-II multiferroics to have short-range magnetic
ordering that directly turns into a long-range spiral arrange-
ment of magnetic moments without an intermediate phase
[8,26,27]. For multiferroic MnWOQy, various magnetic and
nonmagnetic chemical substitutions have been studied, and
the intermediate antiferromagnetic paraelectric phase is not
suppressed for Fe [28], Co [29], Ni [30], Cu [31], Zn [32],
Mg [32], Mo [33], In [34], and Ir [35] substitution. For
LiFe(WOy), a thorough investigation of the first magnetic
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transition at Ty and confirmation of the spiral character below
Ty are thus needed, requiring single-crystal investigations.
Here we report on single-crystal investigations concerning
the magnetization, the specific heat at the magnetic field,
and the nuclear and magnetic structures utilizing different
experimental techniques. After an introduction of the exper-
imental methods we will first discuss specific heat data and
the temperature-dependent refinements of the nuclear struc-
ture before we subsequently discuss both observed magnetic
phases, which have been characterized by susceptibility mea-
surements, structural refinements, and neutron polarization
analysis.

II. EXPERIMENTAL METHODS

Single crystals about 3 x 3 x 0.5 mm? in size were grown
from a lithium polytungstate melt solution. The samples ex-
hibit a finite conductivity even at low temperature, which
prevents the application of electric fields and the direct inves-
tigation of the ferroelectric polarization. The measurements,
which are discussed below in Sec. III, were performed on the
same prepared single crystal (SI). The investigations of a sec-
ond sample, SII, exhibiting reduced transition temperatures
are reported in the Appendix.

The characterizations of the low-temperature phase tran-
sitions by susceptibility and by specific heat measurements
were done on a commercial superconducting quantum inter-
ference device magnetometer and on a commercial calorime-
ter (physical property measurement system, Quantum Design)
by using the thermal relaxation-time method, respectively. For
the nuclear and magnetic structure determination, diffraction
experiments with x-ray and neutron radiation were executed.
The respective single-crystal x-ray data collection for a refine-
ment of the nuclear structure was carried out on a Bruker AXS
Kappa APEX II four-circle x-ray diffractometer with Mo K,
radiation (A = 0.71 A). An Oxford N-HeliX cryosystem was
additionally deployed for low-temperature measurements.
A collection of magnetic reflections and temperature- and
magnetic-field-dependent Q space mappings of magnetic re-
flections were undertaken on the diffractometer 6T2, which is
located at the Laboratoire Léon Brillouin. The instrument was
equipped with a vertical cryomagnet (uoH < 6T), a lifting
counter detector, and a vertically focusing pyrolytic graphite
monochromator yielding wavelength A = 2.35 A. A neutron
diffraction experiment utilizing a polarized neutron beam was
executed on the cold neutron three-axis spectrometer KOM-
PASS, which is located at the Heinz Maier-Leibnitz Zentrum
(MLZ). Serial polarizing V-shaped multichannel cavities pro-
vided an incoming polarized neutron beam, and a highly
oriented pyrolytic graphite [HOPG(002)] monochromator was
used to select neutrons with A = 4 A. A Helmholtz coil setup
for defining the guide-field direction at the sample position
was deployed together with a secondary V cavity polarizer in
front of the detector, thus enabling longitudinal polarization
analysis.

III. RESULTS AND DISCUSSION

A. Nuclear structure

The nuclear structure was determined from x-ray and neu-
tron diffraction data as a function of temperature. All atomic

positions and isotropic displacement factors were refined by
using the software JANA2006 [37], and the corresponding re-
sults are summarized in Table I.

The crystal structure was first discussed in Ref. [23], and it
was reported that LiFe(WOy), crystallizes in the monoclinic
space group C2/c [15,24], which is confirmed by our mea-
surements. No superstructure reflections were observed as a
function of temperature, indicating no violation of the C cen-
tering or a structural transition. The system consists of zigzag
chains that propagate along the ¢ direction (see Fig. 1). In
contrast to NaFe(WOQ,), the nonmagnetic monovalent alkali-
metal ion A in AFe(WOy,), and the magnetic Fe** ions do not
solely occupy the zigzag chains in LiFe(WOy ), but alternating
within the same chain. With respect to MnWOy4, the cell is not
only doubled along a direction, as is the case in NaFe(WOQOy),,
but also along the b direction due to a phase shift of the
Li'* and Fe** ordering. In NaFe(WOy), the [WOg] octahedra
layer separates nonmagnetic [NaOg] and magnetic [FeOg]
layers, whereas in LiFe(WO,), the layers of [WOg] units
alternate with layers that contain both Li'* and Fe** ions.

By lowering the temperature to 7 = 100K the respective
inter- and intralayer distances shrink by &~ 0.3%, whereas a
refinement at 7 = 38 K reveals no further significant length
changes. We do not find any evidence of a structural phase
transition, and the low-temperature atomic displacement pa-
rameters are not enhanced.

B. Specific heat

Figure 2 displays the temperature dependence of the spe-
cific heat for different magnetic fields applied either along b or
along c. The ¢, anomalies located at Ty ~ 22.2 K and Ty, ~
19.0 K agree with those from Liu ef al. [12]. As can be seen
in Fig. 2(b), no further anomalies were observed for higher
temperatures up to room temperature. In magnetic fields up
to 14 T along b, Ty is only weakly suppressed, while Ty, is
significantly reduced to 16.2 K [see Fig. 2(c)]. This indicates
that ordering of the b components of the magnetic moments
takes place not at the upper transition but only at the lower
transition. In contrast a magnetic field along ¢ causes a more
pronounced decrease of Ty; but a weaker decrease of Typ
[see Fig. 2(d)], indicating ordering of ¢ components at the
upper transition. This anisotropic behavior clearly documents
different magnetic ordering phenomena occur at Ty; and Ty
and thus the presence of two different phases, IC1 and IC2,
which are studied in the following.

C. Susceptibility

The susceptibility was measured for magnetic fields ap-
plied along all crystallographic directions. As the crystal
structure of LiFe(WOQy,), is monoclinic, the a direction is not
equivalent to a*, but because the monoclinic angle is close
to 90°, the effect on the respective orientation is negligi-
ble. The same holds for ¢ and c¢*. A detailed view of the
low-temperature region is displayed in Fig. 3(a). At Ty =
22.2 K the susceptibility exhibits a kink, indicating the onset
of long-range magnetic ordering. The susceptibility for fields
applied along the a and c directions starts to decrease below
Tn1, whereas for a field applied along the b direction, the
susceptibility remains at the same level and decreases only
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FIG. 2. In (a), the specific heat of LiFe(WOy), in magnetic fields
along b and ¢ is shown. Different fields are offset by 3 J/mol K. Both
phases IC1 and IC2 are marked by colored regions, and the respective
transition temperatures 7y; and Ty, refer to the zero-field behavior.
The zero-field data for temperatures up to room temperature are
shown in (b). Both (c) and (d) display the obtained phase boundaries
of the IC1 and IC2 phases for different field directions.

below the second magnetic transition at Ty, ~ 19 K. Both
transition temperatures agree with the respective temperatures
of the specific heat anomalies in Fig. 2, but 7y; and Tx; are
reduced by about 0.6 K compared to the transition tempera-
tures reported by Liu er al. [12]. The temperature-dependent
susceptibility data suggest that magnetic moments are initially
aligning within the ac plane and that an additional b com-
ponent of the magnetic ordering is evolving below Ty,. This
agrees with the different impacts of magnetic fields along b
and c on Ty; and Ty, (see Fig. 2). The inverse susceptibility
of the high-temperature region was fitted by the Curie-Weiss
function C~!(T + 0), yielding antiferromagnetic Weiss tem-
peratures for different field directions in the range of 6 ~ —70
to —55K [see Fig. 3(b)]. From this, the averaged effec-
tive magnetic moment pe ~ 6.19up was calculated, and its
value agrees well with the expected spin-only moment e =

T(K)
5 10 15 20 25 30

0.060
__0.055
3
£
5
2 0.050
Q
~0.045

0 50 100 150 200 250 300
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FIG. 3. (a) displays the temperature dependence of the sus-
ceptibility x for all crystallographic directions around the phase
transitions 7y; and 7y,. The susceptibility was measured after zero-
field cooling, while heating and applying a constant field of uoH =
0.1T to the sample. Curie-Weiss fits for 1/x are shown by dashed
black lines in (b) together with the resulting Weiss temperatures 6
and the averaged effective moment fi.g.

2SS+ 1) = 591ug for Fe*t (S =5/2, L = 0). The frus-
tration parameter f = |6|/Ty ~ 2.84 is comparable to that
in NaFe(WOy), (f ~ 2; see Ref. [21]) and signals a mod-
erate frustration. For comparison, MnWO, exhibits a larger
frustration parameter of about 6 (see Ref. [13]). In con-
trast to NaFe(WQ,), no broad maximum was observed in
LiFe(WOy), above the first magnetic transition, thus indicat-
ing a more three-dimensional magnetic interaction. Compared
to the low-dimensionality in NaFe(WO,); this is not astonish-
ing, as the interlayer distance along a is significantly reduced,
which enhances the magnetic interaction between layers and
explains the higher antiferromagnetic transitions.

D. Incommensurate propagation vector

To trace the temperature and magnetic-field dependence
of evolving magnetic reflections and that of the incommen-
surability in LiFe(WQ,), we performed experiments on the
6T2 diffractometer. A vertical cryomagnet (uoH < 6T) was
utilized together with a lifting counter detector that allows
for the collection of reflections with a finite-k component of
the scattering vector . For the respective experiment, the
sample was mounted in the (100)/(001) scattering plane, thus
aligning the b direction parallel to the magnetic field.

Figures 4(a) and 4(b) display rocking scans over
the magnetic reflections Q = (0.09 —1 —1.3) and Q =
(—=2.09 —11.3)for T =3Kand T = 20K, respectively. The
indexing of both reflections yields similar 4 and [/ com-
ponents of the incommensurate propagation vector ki, =
(0.91 0 0.30) that qualitatively agree with Liu ez al. [12], who
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FIG. 4. (a) and (b) display rocking scans over the magnetic re-
flections Q@ = (0.09 —1 —1.30) and Q = (—2.09 —11.30) for T =
3K and T = 20K, respectively. The temperature and magnetic-
field dependences of the incommensurate propagation vector ki,. =
(k, 0 k;) are shown in (c)—(f). All respective values have been ob-
tained by fitting the Q-space mappings in the h-/ plane with a
two-dimensional Gaussian function. The magnetic field was applied
along the b direction.

reported an almost commensurate / = 0.332 component. For
both magnetic phases IC1 and IC2 a distinct peak is visible
at the respective position in Q space. From this result, it can
be stated that long-range magnetic order also persists in the
IC1 phase. To trace the incommensurability in the respec-
tive magnetic phases, Q-space mappings within the A-/ plane
were recorded around magnetic reflections as a function of
temperature and magnetic field. Figures 4(c) and 4(d) show
the temperature dependence of the resulting averaged & and
I components of the incommensurate propagation vector for
woH =0T, and it can clearly be seen that below Ty; the
components of ki, vary with temperature but reach a constant
value at low temperature. Incommensurate magnetic long-
range order persists down to low temperature, in contrast to
MnWOQOy, which exhibits a first-order transition to a com-
mensurate spin up-up-down-down phase at low temperature
[21,22].

The magnetic-field dependence of the incommensurability
at T = 9K is presented in Figs. 4(e) and 4(f). In contrast
to related NaFe(WQy),, no variation of k, and k; is vis-
ible as a function of magnetic-field strength. The absence
of field-dependent alteration of the incommensurability in
LiFe(WOy), further illustrates a well-defined antiferromag-
netic coupling in accordance with the simplicity of its phase

TABLE II. Symmetry conditions for the transformation of the
complex amplitudes u, v, and w between the two magnetic sites
for the little group Gy, = {1, c}. The conditions are defined by the
irreducible representations I'y and I', and the corresponding basis
vectors W with a = e~>"%15, Equivalent results were reported in

Ref. [12].

r v (x, 3, 2) x,y.z+1/2)
I W, Uy, Wy (u, v, w) a(u, —v, w)
I, Wy, Us, We (u, v, w) a(—u, v, —w)

diagram. Just two incommensurate magnetic phases exist at
low temperature and persist for finite magnetic fields along
the b and c directions. The determination of the appropriate
magnetic models and the refinement of the respective mag-
netic structure will be discussed in the following sections.

E. Magnetic structure of phases IC1 and I1C2

In LiFe(WOy),, the propagation vector remains incom-
mensurate down to the lowest temperature (see Sec. III D).
kinc and —kj,. are not equivalent for both magnetic phases,
and thus, two vectors belong to the star of k. By consider-
ing space group C2/c and the incommensurate propagation
vector kic = (0.91 00.30), the little group Gg, = {1, ¢} can
be deduced. The corresponding magnetic representations can
be decomposed into two one-dimensional irreducible repre-
sentations, I'yae = 3I'y + 3172 Both magnetic Fe sites on the
4f Wyckoff position are linked via a ¢ glide-plane symmetry
and thus belong to one orbit. Therefore, only three complex
amplitudes, u, v, and w, are needed to describe the magnetic
moment on each site. The phase difference between the two
sites amounts to ¢ = 2w x 0.15, and the symmetry restric-
tions referring to the transformation of magnetic moments
between the respective sites (x,y,z) and (x,¥y,z+ 1/2) are
displayed in Table II.

The collection of magnetic reflections in zero field for
both phases IC1 and IC2 was carried out on the 6T2 diffrac-
tometer by using the same setup as for the temperature-
and magnetic-field-dependent study of the incommensurabil-
ity (see Sec. III D). Due to the instrumental setup the number
of accessible reflections in Q space was limited, where only
25 magnetic reflections were recorded in the IC1 phase at
T = 20K and 39 magnetic reflections were recorded in the
IC2 phase at T = 3 K. The refinement and testing of different
magnetic models were done with the software package FULL-
PROF [38]. All resulting reliability values for the refinements
of respective models in both phases are displayed in Table III,
and the observed versus calculated structure factor plots for
the best resulting refinements are displayed in Fig. 5.

The best refinement result for the IC1 phase was un-
ambiguously achieved by assuming a magnetic model that
is compatible with the single irreducible representation I';.
Since for this phase the susceptibility data indicate a magnetic
arrangement exclusively lying within the ac plane and in order
to reduce the number of parameters, the v component was
fixed to zero. With this assumption, the magnetic moment
on site 1 was refined to be m = (2.62(14) 0 2.26(18))ug, and
thus, the magnetic arrangement of the IC1 phase is described
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TABLEIIIL. The reliability values of refinements assuming differ-
ent magnetic models at 7 = 20K and 7 = 3 K. The refinement was
done by using the FULLPROF suite [38]; measured intensities were
corrected for absorption effects.

20K 3K
Iy I r r, e,
Rp> 16.2 92.9 25.7 26.6 14.8
R, 202 876 241 287 14.6
Ry 19.7 74.1 19.8 17.5 13.2
x2 1.43 26.7 7.01 9.95 2.56

by a spin density wave (SDW) that is confined to the ac plane
with an easy axis e, that forms an angle of about 41° with
the a axis (or 9° with the propagation vector). The alignment
of moments almost bisecting the a and c¢ directions nicely
agrees with the anomalies appearing in the susceptibility for
magnetic fields along a and c.

Below Ty, an additional b component develops, and the
best refinement result was obtained by combining I'y and I';.
The a and ¢ components are described by I'j, whereas I';
describes the b component. Moreover, it turned out that choos-
ing u and w to be real and v to be imaginary (corresponding
to a m/2 phase shift) yields the lowest reliability values
for the refinement, and thus, the magnetic model following
I'1 ® I'; describes an elliptical spin spiral arrangement for the
IC2 phase with moments that are rotating within the plane
spanned by e, and b. It has to be noted that the combination
of two irreducible representations does not violate Landau
theory, considering two consecutive second-order transitions,
which is the typical scenario in many type-II multiferroics.
The refinement yields m = (5.05(19) i4.21(24) 2.93(27))us,
and the lengths of the major and minor principal axes of the

calc

0 1 2 3 4

47(a) § T=20K
3
LLo 2r i ]
r
1

0 1 1 1 1

obs

0 5 10 15 20

calc

FIG. 5. (a) and (b) display the observed structure factors against
the calculated ones for the magnetic models 'y and ' @ I, at T =
20K and T = 3 K, respectively.

(b)

FIG. 6. (a) and (b) visualize the refinement results for the mag-
netic structure in the magnetic phases IC1 and IC2, respectively. For
the sake of simplicity tungsten ions are not shown.

elliptical spiral amount to My = /m2 + m2 = 5.84(21)up
and my,;, = my = 4.21(24)up, respectively, and hence depict
a moderate deformation with respect to a circular envelope.
The fact that the larger axis of this ellipse is even larger than
the full spin moment of Fe** indicates some anharmonicity.
The a, c principal axis of the spiral is now almost paral-
lel to the propagation vector (2°). The averaged magnetic
moment of the elliptical spiral amounts to 5.09(11)ug, in
perfect agreement with the Fe** spin moment of S = 5/2.
Both magnetic structures are visualized in Fig. 6. Com-
pared to that of the sister compound NaFe(WOQy),, the order
moment is much larger due to the more three-dimensional
arrangement of magnetic coupling. Also disorder seems not
to play a crucial role in this material (see also the Appendix).
LiFe(WOy), does not exhibit a commensurate phase lower
than MnWOy, thus making its phase diagram simple and com-
parable to the zero-field behavior of multiferroic NaFeGe,Og
and (NHy),[FeCls(H,0)] [18,39—42].

F. Neutron polarization analysis

Neutron polarization analysis can be used to separate the
magnetic components and to sense the chirality of the mag-
netic structure. The respective experiment on LiFe(WO4),
was executed at the cold three-axis spectrometer KOMPASS,
located at the MLZ. The sample was mounted within the
scattering plane (100)/(001), and a Helmholtz coil setup was
deployed to define the guide field direction at the sample
position. For a longitudinal polarization analysis the common
right-handed coordinate system was defined, for which x is
parallel to Q, y is perpendicular to x but within the scattering
plane, and z is perpendicular to x and y. Thus, the crystal-
lographic b direction is aligned parallel to the z direction.
The small sample volume demanded a high neutron flux.
Therefore, the horizontal collimation in front of the secondary
spin-analyzing cavity was removed. As the efficiency of the
V-shaped cavity depends on the incoming beam divergence,
the flipping ratio (FR) was reduced significantly to FR =
8-11.
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FIG. 7. The displayed intensities in (a) correspond to the
recorded NSF and SF channels I, and I, with P||z and Q =
(—1.09 0 0.30). In (b) the sum and the difference of both SF channels
with P||x are plotted.

In the first part of the experiment, the neutron beam po-
larization P was aligned parallel to z, and a single spin
flipper was placed in front of the sample, thus allowing us
to measure the spin-flip (SF) channel Iz, and the non-spin-
flip (NSF) channel I,,. The intensities of the respective SF
and NSF channels were recorded for the magnetic reflec-
tion Q@ = (—1.09 00.30), and their temperature dependence
is displayed in Fig. 7(a). Due to the chosen position in Q
space, no nuclear Bragg signal contributes to the scattered
intensity. In general, only the magnetization M (Q) perpen-
dicular to @ contributes to the scattering process. Moreover,
a neutron spin-flip requires a component of the magneti-
zation perpendicular to the neutron polarization, whereas
non-spin-flip processes occur when the neutron polarization
is collinear to the magnetization. Here it entails the respective
SF and NSF channels being described by I, = M,M; and
I, = sinz(a)MacM;‘c, with M, and M,. being the complex
Fourier components of the magnetization along the b direction
and within the ac plane, respectively, and sin’(«) being the
geometry factor. From Fig. 7(a) it can clearly be stated that in
the IC1 phase a magnetic component is solely evolving within
the ac plane. Below Ty, an additional b component develops,
and its magnitude approaches a similar size with respect to the
ac component when lowering the temperature. The respective
temperature-dependent ratios of both components confirm the
refinement results for both phases discussed above.

In the second part of the experiment, the neutron beam
polarization was set parallel to x (parallel to @), and a second
spin flipper was placed behind the sample. With this con-
figuration both SF channels Izs = M M —i(M | x M"),
and Iy, = M M’} +i(M, x M), can be measured, giving
access to the chiral component +i(M x M"),, for which
the sign depends on the vector chirality of the spiral. Fig-
ure 7(b) displays the sum and the difference of both SF
channels, hence presenting the temperature dependence of the
overall magnetic scattering contribution 2M ; M and that of
the chiral signal —i2(M, x M), respectively. It is clearly
visible that the magnetic signal develops below Ty, whereas
the chiral structure appears only when passing the lower
transition at Typ. This is in accordance with the discussed
refinement results, which proposed a SDW and a spiral spin

arrangement below 7y; and Typ, respectively. Astonishingly,
the finite value of |/, — Iz, | develops without an applied exter-
nal electric field. The sample crystal thus exhibits an intrinsic
preferred vector chirality, which has also been reported for
other type-II multiferroics [43].

G. Discussion of magnetic interaction and multiferroic coupling

The transition temperatures for both observed phases,
ICI and IC2, are significantly larger than those reported in
NaFe(WO,4), and MnWOQ,. The low transition temperatures
in NaFe(WOy), can be attributed to the reduced interlayer
coupling arising from the separation through nonmagnetic Na
layers. However, the lower transition temperatures in MnWO,
disagree with the higher density of magnetic Mn>* ions com-
pared to that of Fe** ions in LiFe(WQ,),, which possess the
same 3d° configuration. The lower transition temperatures in
MnWOy result from a higher degree of frustration [44].

The magnetic coupling between Fe?* ions in LiFe(WOy,),
is mediated through super-superexchange interaction along
Fe-O-O-Fe and Fe-O-W-O-Fe paths, which are marked by
Ji, J» and J3,/J3p in Figs. 1(a), 1(d) and 1(e). The exchange
coupling J3 is split into J3, and J3, due to the monoclinic angle
B = 90.574(2)°. The refinement based on single-crystal x-ray
data at room temperature yields the inter- and intralayer dis-
tances between nearest-neighbor Fe ions of about 4.4970(10),
4.9026(4), and 5.5773(5)/5.6180(5) A for the pairs described
by Ji, J2, and J3,/J3p, respectively. The distances of pairs J;
and J, are comparable, so that a single zigzag chain is not
the main magnetic unit. Instead, the Fe** of two neighboring
zigzag chains together form a magnetic chain with nearest-
neighbor interaction J; and next-nearest-neighbor interaction
J», which is a classical configuration of frustration (see Fig. 1).

DFT calculations find J; to be ferromagnetic and J, and
J3q/J3p to be antiferromagnetic, yielding magnetic frustration
[12]. The ferromagnetic coupling for J; can be verified by
calculating the magnetic exchange energy in the incommen-
surate phase. For the SDW and the spiral phases the classical
exchange energy per Fe resulting from J; and J, amounts to

Eexen = —2J1cos(q.) — 2Jrc08(2mq.). (L

In this phenomenological simple approach only a ferro-
magnetic (positive) J; with J,/J; & —0.4 agrees with the
observed incommensurability along ¢ of ~0.3 in phases IC1
and IC2 (see Sec. III D), which corresponds to a long wave-
length of about six Fe moments. Ferromagnetic coupling
between Fe*™ moments is rather unusual in view of the
half-filled 3d shell but arises from cancellation of differ-
ent superexchange paths. The ferromagnetic nearest-neighbor
coupling is, however, much smaller in size than the usual an-
tiferromagnetic couplings, so that the more distant interaction
parameters play an important role in LiFe(WOy),. Further-
more, LiFe(WQ,), is not a highly one-dimensional system as
the coupling between the double-zigzag chains is sizable.

One may extend the exchange energy to Js,/J3p, ignoring
the small difference arising from the monoclinic angle by
adding the term

ECXCh*./j; = _213 [COS(ﬂ% + ”CIC) + COS(THIa - NQC)]- (2)
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A finite antiferromagnetic J; stabilizes antiferromagnetic
stacking along the a direction corresponding to g, = 1 and
reduces the ¢, value of minimum exchange energy. For
the parameters calculated within density functional theory
[12], J1 =2.meV, J, = —2.44meV, and J; = —1.13meV,
the minimum occurs at g. = 0.347, close to the experimental
value of 0.30, while the minimum appears at 0.425 without
taking J3 into account. In order to explain the incommensurate
modulation along a one needs to take interaction at even far-
ther distances into account. There are four neighbors at 7.33-A
distance, but this shell corresponds to the C centering vector
and thus enforces g, = 1 for an antiferromagnetic parameter.
The next six Fe-Fe shells are at distances between 8 and 9 A
with, in total, 16 bonds. Therefore, a reasonable estimate of
the impact of these interaction parameters cannot be made.

In contrast to NaFe(WQy), [21], no second intrachain spi-
ral with opposite handedness exists as the upper and lower
rows of a zigzag chain are alternatingly occupied by magnetic
Fe** and nonmagnetic Li'*. Furthermore, spirals of neigh-
boring chains possess the same handedness; therefore, the
effect of inverse DMI is not canceled in LiFe(WQO,),. It is
the combination of the two incommensurate magnetic modes
that breaks the inversion symmetry in LiFe(WQO,),. For the
inverse DMI the ferroelectric polarization is given by

Pocrij x(S; x8;), 3)

with §; and §; being two neighboring spins and r;; being their
connecting vector [8,9]. With this formalism we can deter-
mine the direction of the ferroelectric polarization. With the
propagation vector ki, = (0.91 00.30) being perpendicular
to b and with the spiral structure arising from the e,. and
b components it is obvious that the four Fe moments cou-
pled through J; and J; yield a ferroelectric polarization along
the b direction. Taking into account all other pairs described
by adding translations +(na 4+ mb + Ic) also shows that any
polarization contribution perpendicular to b cancels out. The
same conclusion can be deduced from the symmetry of the
magnetic spiral combining two representations so that the ¢
glide mirror plane perpendicular is broken.

IV. CONCLUSIONS

We presented a comprehensive single-crystal investigation
of the magnetization, the specific heat under magnetic field,
and the nuclear and magnetic structures of the newly dis-
covered multiferroic material LiFe(WQ,), [12]. Temperature-
dependent susceptibility and specific heat measurements
revealed the magnetic anisotropy. The system undergoes two
magnetic transitions at Ty; &~ 22.2K and Tx; =~ 19 K. With
single-crystal neutron diffraction we were able to observe
long-range incommensurate magnetic ordering not only in
the multiferroic but also in the intermediate phase, which so
far has been proposed to exhibit only short-range ordering
[12]. The incommensurability in both magnetic phases shows
only a slight temperature dependence, whereas magnetic field
up to 6 T does not change the magnetic propagation vector
at all. It was possible to determine and refine the magnetic
structure in both phases IC1 and IC2, revealing a SDW with
an easy axis lying within the ac plane in phase IC1 and
an elliptical spiral with an additional ¥ component in phase

20
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15 h 0.06 —~
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FIG. 8. The specific heat and susceptibility measurements on
sample SII reveal reduced transition temperatures 7y; and 7\, com-
pared to those of sample SI, which are related to Li/Fe site disorder
(see text).

IC2. Both refinements, in particular the chiral nature of the
IC2 magnetic structure, are confirmed by neutron polarization
analysis in the respective phases. The refined chiral structure
of the IC2 phase is compatible with the proposed ferroelectric
polarization along the b direction arising from the inverse
DMI [8,9,12], and it was observed that in IC2 an unbalanced
multiferroic domain distribution appears even in the absence
of an applied external electric field. No transitions to com-
mensurate phases were observed, rendering the phase diagram
simple and LiFe(WOQOy);, a well-suited material to study intrin-
sic multiferroic properties such as domain dynamics. Due to
the particular arrangement of magnetic Fe ions in the zigzag
octahedron chains, LiFe(WQy), can be, moreover, considered

TABLE IV. Nuclear refinements based on neutron diffraction
data from sample SII for two temperatures. The Li site was refined
while assuming a misoccupation of it by Fe ions [~ 6.7(5)% at
24 K and &~ 6.2(4)% at 2.5 K]. The refinement was done on structure
factors and with the software JANA2006 [37]. The integrated inten-
sities were numerically corrected for absorption, and an extinction
correction was applied during the refinements.

Atom X y b4 Uiso

24 K? W 0.24755(19) 0.09125(13) 0.2470(4) 0.0029(4)
Fe 0.0 0.33480(9) 0.25 0.0024(3)
Li 0.5 0.3495(10) 0.25 0.016(4)
01 0.36287(13) 0.05852(10) 0.9250(3) 0.0043(4)
02 0.38014(12) 0.18270(11) 0.4102(3) 0.0045(4)
03 0.35553(13) 0.54899(10) 0.9431(3) 0.0039(4)
04  0.37747(12) 0.69384(10) 0.3926(3) 0.0041(4)

2.5Kb w 0.24754(15) 0.09120(11) 0.2472(3) 0.0029(3)
Fe 0.0 0.33469(8) 0.25 0.0022(3)
Li 0.5 0.3493(9) 0.25 0.019(3)
O1 0.36294(11) 0.05853(9) 0.9252(2) 0.0042(3)
02 0.38028(10) 0.18278(9) 0.4102(2) 0.0045(3)
03  0.35572(11) 0.54913(9) 0.9429(2) 0.0035(3)
04  0.37738(10) 0.69370(9) 0.3924(2) 0.0044(3)

“Recorded reflections: 578, independent: 290; R(obs) = 1.99,
wR(obs) = 2.19, R(all) = 2.24, wR(all) = 2.22.
PRecorded reflections: 1259, independent: 730; R(obs) = 2.42,
wR(obs) = 2.37, R(all) = 2.42, wR(all) = 2.37.
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a realization of a J;, J, magnetic chain, although the inter-
chain interaction is sizeable and results in a fully ordered
structure at low temperature. Both the simple phase diagram
and the three-dimensional coupling of magnetic zigzag chains
encourage further research on multiferroic domain dynamics
and magnetic interactions in LiFe(WOy);.
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APPENDIX

Characterization measurements on several LiFe(WOy),
samples revealed two different sample types that exhibit dif-
ferent transition temperatures. For some samples the specific
heat and the susceptibility measurements display a slightly
lowered value for Ty, whereas the Ty, value was dimin-
ished significantly to &~ 15 K. Exemplary measurements are
shown for sample SII in Fig. 8. Sample SII was investigated
furthermore by neutron diffraction at the four-circle instru-
ment HEiDi [45], which is located at the MLZ and jointly

operated by Rheinisch-Westfilische Technische Hochschule
Aachen (RWTH) University and Forschungszentrum Jiilich
GmbH within the Jillich Aachen Research Alliance — Fun-
damentals of Future Information Technology (JARA-FIT)
collaboration. A combined set of nuclear reflections was
recorded with A =0.795A and A =1.171A utilizing a
germanium monochromator [Ge(422) and Ge(311), respec-
tively]. The refinement of the nuclear structure yields similar
results for the atomic positions (see Table IV) compared to
the structural refinement of sample SI (see Table I). The onset
of magnetic order does not yield a significant change in the
crystal structure. However, the structural refinement of sample
SIT discloses a misoccupation of the Li site by Fe ions of
about ~ 6.7(5)% at 24K and =~ 6.2(4)% at 2.5K, which
provokes a strong impact on magnetic interactions and hence
on the respective magnetic ordering and transition tempera-
tures. In contrast, the x-ray experiment on sample SI yields
an insignificant misoccupation of only about 0.4(5)% . Thus,
the discrepancy concerning the observed magnetic transition
temperatures for both sample types with respect to the re-
ported phase diagram [12] of multiferroic LiFe(WOQy), arises
from the alteration of the magnetic zigzag chains through a
misoccupation by Fe on the Li site. However, in both phases
of SII, a magnetic reflection indexed by a propagation vector
similar to that for SI was detectable.
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