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We have carried out a systematic study on the effect of Cu doping on nuclear, magnetic, and dielectric properties
in Mn;_,Cu, WO, for 0 < x < 0.19 by a synergic use of different techniques, viz, heat capacity, magnetization,
dielectric, and neutron powder diffraction measurements. Via heat capacity and magnetization measurements we
show that with increasing Cu concentration magnetic frustration decreases, which leads to the stabilization of
commensurate magnetic ordering. This was further verified by temperature-dependent unit cell volume changes
derived from neutron diffraction measurements which was modeled by the Griineisen approximation. Dielectric
measurements show a low temperature phase transition below about 9—10 K. Furthermore, magnetic refinements
reveal no changes below this transition indicating a possible spin-flop transition which is unique to the Cu doped
system. From these combined studies we have constructed a magnetoelectric phase diagram of this compound.
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I. INTRODUCTION

A typical feature of multiferroic materials undergoing
a transition to an elliptic spiral ferroelectric phase is the
existence of spectacular magnetoelectric effects, such as the
polarization flops observed in TbMnO; [1] and orthorhombic
DyMnO; [2] or the sign reversal of electric polarization
which is revealed under a magnetic field in TbMn,Os [3].
The orientation of the applied magnetic field with respect
to the magnetic spins influences the stability range of the
spiral phase and the electric polarization-flop process. This
property was recently illustrated by remarkable magnetic
field induced effects observed in the ferroelectric phase of
manganese tungstate MnWO, in which an applied field
induces a polarization-flop transition [4-7].

In most of the recently discovered multiferroics, the
ferroelectric polarization can be explained by the inverse
Dzyaloshinski-Moriya effect [8—10], where the induced elec-
tric polarization of a single pair of spins 3},5’ ; separated by a
distance vector ?,;j is given by [8]

ﬁFEO<7in(§iX§j)~ (1)

The required helical magnetic structure may arise from
strong frustration. Since in addition the interaction equation (1)
is only a second order effect, the ferroelectric polarization
is rather small in these materials. In the RMnO;3; [1,11]
(R = rare earth) series and in MnWOQy [5,12,13] the electric
polarization is about two to three orders of magnitude smaller
than in a classical ferroelectric perovskite such as BaTiOs.
As a consequence the observation of electric-field-induced
effects in the magnetically ordered state is more difficult.
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Nevertheless, it was shown that it is possible in these chiral
multiferroics to switch the magnetic order by the application
of an electric field at constant temperature [14—16].

The crystal structure of MnWOQO, is monoclinic with space
group P2/c, made up of MnOg octahedra with high-spin Mn>*
(ds) ions and WOy octahedra with diamagnetic W (dp) ions
[17]. Recently it was found that MnWO, exhibits multifer-
roicity in which magnetism causes ferroelectricity, implying a
strong coupling between the two [5,12,13]. MnWOy is one of
the prototypical multiferroic materials exhibiting spin-current
ferroelectricity [5]. It possesses a complex phase diagram with
three antiferromagnetic phases below 14 K, namely AF1, AF2,
and AF3 at zero magnetic field. AF2 is a ferroelectric (FE)
phase, in which the net polarization is along the b axis which
can be flipped to the a axis with the application of an external
magnetic field. This is the first example of the ferroelectric
polarization flop induced by magnetic fields in transition-metal
oxide systems without rare-earth 4 f moments. Taniguchi et al.
showed that the stability of the magnetoelectric domain walls
in a canted magnetic field plays a key role in the directional
control of the electric polarization-flop phenomenon [7].
From polarized neutron scattering measurements Sagayama
et al. showed that an inverse effect of Dzyaloshinskii-Moriya
interaction is the origin of the spontaneous electric polarization
in the spiral phase of MnWOy [6]. From superspace symmetry
formalism it was shown that in the AF3 phase, the modulations
of two Mn atoms within the unit cell can have a cycloidal
component with equal and opposite chiralities canceling their
effects and hence no electric polarization is induced. Whereas
in the AF2 phase, an additional second magnetic mode with
the spin modulations breaks the symmetry relation between the
two manganese atoms with chiralities of the same sign which
add up to induce macroscopic electric polarization [18].

Recently it was found that the ferroelectric phase is
completely suppressed in MnWO, by doping 10% iron on the
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Mn site, which can be again restored with the application of a
magnetic field. The absence of ferroelectricity (at zero field) in
Mng oFe WOy is explained by the increase of uniaxial spin
anisotropy K [19]. Evidence for the increase of K with Fe sub-
stitution was also derived from neutron scattering experiments
[20]. It was observed that in Mn;_, M, WO; (M = Mg, Zn
and x < 0.3), the substitution of the nonmagnetic Mg2+ ions
and Zn>* for the magnetic Mn>* ions result in very similar
effects on the magnetic and dielectric properties of MnWQO,
[21]. These substitutions destabilized the nonpolar magnetic
structure AF1 of MnWOQ, but the AF3-to-AF2 magnetoelectric
phase transition was not affected. This indicated that the
nonmagnetic dopant destroys neither the three-dimensional
nature of magnetic interactions, nor the spin frustration within
each || ¢ chain and between || ¢ chains along the a direction.
In this article we discuss the influence of doping of Cu ions on
the nuclear and magnetic structure of MnWOQO,.

II. EXPERIMENT

Polycrystalline powders of Mn;_, Cu, WOy (x = 0.0-0.19)
were prepared by a conventional solid state route. Stoichiomet-
ric amounts of precursors, W,03(99.9%), Mn0,(99.9%), and
Cu0(99.99%), were ground well with a mortar and pestle,
pressed into pellets, and sintered in a furnace at 900 °C
for 12 h in the presence of atmospheric air. This process
is repeated to achieve homogeneous powder samples. All
compositions were confirmed to be phase pure from x-ray
powder diffraction. Specific heat measurements were carried
out on small pellets, using a physical property measurement
system (Quantum Design) in the temperature range 3-300 K.
Magnetic measurements were carried out in a commercial
physical property measurement system using a vibrating sam-
ple magnetometer option. To investigate nuclear and magnetic
structure, time-of-flight (TOF) neutron powder diffraction
(NPD) was performed on 8 g of powder samples that were
loaded in 8§ mm diameter vanadium cans. Neutron data were
collected at the Spallation Neutron Source (SNS) at Oak
Ridge National Laboratory on the high resolution neutron
powder diffractometer POWGEN [22]. Data were collected
for the compositions of Cu, x = 0.0, 0.05, 0.1, and 0.19, in the
temperature range 1.5-300 K. For each temperature the data
were collected using two different center wavelengths, 1.599
and 3.731 A or 4.797 A. The crystal and magnetic structure
refinements were carried out from the NPD data using the
Rietveld refinement program FullProf [23]. For the dielectric
measurements, opposite sides of pressed pellets were covered
by silver paint, thus forming a parallel-plate capacitor. The
measurements were done using an LCR meter (Agilent 4980).
For cooling down to 5 K, a He bath cryostat was used.

III. RESULTS AND DISCUSSION

The thermodynamic signature of the transition between
different phases is usually detected by distinct anomalies
in the temperature dependence of the heat capacity (Cp).
Multiferroic materials with several subsequent transitions may
show pronounced anomalies of Cp. In Fig. 1 we present the
variation of Cp with the temperature for Mn;_, Cu, WO,. For
reference, the specific heat of a MnWOQy, single crystal is also
included. All the compositions show two anomalies at Ty; and
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FIG. 1. (Color online) The temperature dependence of specific
heat Cp of Mn,_, Cu, WO,. Different curves are vertically offset by 8
units along the Cp axis, zero for each curve is defined by the horizontal
dashed lines. Vertical dashed lines are a guide to the eyes indicating
transitions Ty and Tn».

Tno- A third low temperature phase transition 7y3, seen in the
case of MnWQy, is already missing in the lowest Cu doped
compound. This is associated with the phase transition from
the helical AF2 phase to the commensurate AF1 phase [4].
This result implies that with Cu doping a quick suppression
of the AF1 phase occurs, as a result ferroelectric AF2 phase
is extended to the lowest temperature. Similar results of quick
suppression of the AF1 phase were reported in Mn;_,Co, WO,
and Mn,;_,Zn, WO, [24,25].

Dielectric measurements were performed on compositions
x = 0.05, 0.1, and 0.19. The temperature dependence of the
dielectric constant (¢’), normalized to the dielectric constant
value at 5 K, is presented in Fig. 2. To exclude contributions
from electrode polarization or grain boundaries, which can
lead to so-called Maxwell-Wagner relaxations, here we show
the results at a relatively high frequency of 105 kHz [26,27].
For x = 0.05 and 0.1, several anomalies in ¢'(T') are found as
indicated by the arrows in Figs. 2(a) and 2(b). Those around
12 K agree with the findings from specific heat (Fig. 1).
With increased Cu concentration, these dielectric-constant
anomalies become weaker. In addition to the two transitions
observed from specific-heat measurements, a third transition
is revealed by the dielectric measurements at 7, =9 and
10 K for the x = 0.05 and 0.1 compounds, respectively. From
neutron diffraction measurements we later show that 7, is
not associated with the phase transition from AF2 to AFI
phase as in parent MnWQy. As indicated by the arrows in
Fig. 2(c), the two broad shoulders in &'(T) found for x = 0.19
seem to roughly agree with the specific-heat results but a clear
determination of transition temperatures from the dielectric
experiments is not possible for this sample.

Magnetization measurements of all samples were per-
formed under magnetic fields of 1 kOe. Thermal evolution
of magnetic susceptibility of the samples at low temperature
is presented in Fig. 3(a). From the magnetic susceptibility
data of samples x = 0.05, 0.1, and 0.15 only one magnetic
ordering temperature is discernible around 14 K and for sample
x = 0.19 two anomalies are discernible. The thermal evolu-
tion of inverse susceptibility obtained from the field-cooled
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FIG. 2. (Color online) Temperature dependence of dielectric
constant at 105 kHz, for Mn;_,Cu, WO, with: (a) x = 0.05, (b) x =
0.1, and (c) x = 0.19. The arrows in (a) and (b) indicate the dielectric
anomalies and the arrows in (c) indicate the anomalies seen in specific
heat measurement of the sample with x = 0.19.

magnetization were fitted with Curie-Weiss law as shown in
Fig. 3(b). Inverse susceptibility of Mn;_,Cu, WO, follows
Curie-Weiss law down to ~75 K, below which it deviates
from the fitted curve and shows a marked deviation below
~15 K which corresponds to Tn;. The deviation of inverse
susceptibility well above ordering temperatures indicates the
presence of short-range spin fluctuations above 7Ty. Thermal
evolution of Curie-Weiss temperature (Ocw) and the frustra-
tion parameter calculated as f = |®cw|/Tn is presented in
Fig. 3(c) as a function of composition. Indeed MnWO, has
been known to be a moderately spin frustrated system with
the frustration parameter f = |Ocw|/Tn & 4.9, where Ocw
is approximately —71 K and the Néel temperature 7y = 13.5
K [12,28]. From Fig. 3(c) it is clear that Cu doping increases
the Curie-Weiss temperature and reduces frustration.

The temperature evolution of diffraction patterns in a
selected d space is presented in Fig. 4. A magnetic phase
transition is discernible based on the new incommensurate
Bragg peaks below 13.5 and 14 K in Mng ¢5sCug s WO, and
Mng 9Cug WOy, respectively. In the case of Mng g1 Cug 19WO4
two transitions were observed around 17 and 11.5 K. The
fundamental crystal structure of all compositions is monoclinic
with space group P2/c. The unit cell volume and monoclinic
angle at 300 K is presented in Fig. 5(a), the refined structure
parameters including errors are tabulated in Table 1. With
the increase in Cu concentration, a decrease in the unit cell
volume and increase in the monoclinic angle was observed.
The volume change is in accordance with Vegard’s law,
lattice volume decreases as x increases, because the ionic
radius of Cu?* is smaller than Mn>** [29]. The temperature
dependence of unit cell volume is shown in Figs. 5(b)-5(d).
All three compositions presented here show a negative thermal
expansion, an increase in volume with the decrease in
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FIG. 3. (Color online) (a) Susceptibility calculated from the
magnetization data measured after a field cooling cycle with an
applied magnetic field of 1 kOe. (b) Curie-Weiss fit (red lines) to the
inverse susceptibilities, a deviation from linear nature is seen below
magnetic ordering temperature. (c) The frustration parameter as a
function of composition. Inset shows the Curie-Weiss temperature as
a function of composition obtained from the Curie-Weiss fits. Straight
lines are a guide to the eyes.

temperature below 50 K. This effect seems to halt around
20 K and the volume starts to shrink below magnetic ordering
temperature. The effect is more pronounced in lower Cu
concentration and diminishes significantly with Cu doping as
shown in the lower inset of Fig. 5(d). The anomalous behavior
of the temperature variation of unit cell volume is due to the
magnetoelastic effect associated with the antiferromagnetic
transition at the Néel temperature. In order to study the
spontaneous magnetostriction it is necessary to determine the
temperature variation of the lattice parameters and the unit cell
volume in the absence of magnetism. One way to determine
the background temperature variation of the lattice parameter
and unit cell volume is to extrapolate the paramagnetic
high temperature region to low temperature by fitting with
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FIG. 4. (Color online) (a) Temperature evolution of diffraction
patterns of Mng 95sCug o5 WO,. Magnetic phase transition is discernible
with the appearance of additional incommensurate Bragg peaks
around 13.5 K (horizontal dashed line). (b) Temperature evolution
of part of the diffraction patterns of Mng 9Cug; WO,4. Magnetic phase
transition is discernible with the appearance of additional incom-
mensurate Bragg peaks around 14 K. (c) Temperature dependence
of diffraction patterns of MnygCuy19WO,. Two magnetic phase
transitions are discernible at ~17 and ~11.5 K.

a polynomial function [30]. This is only an approximation
which works in some cases but involves some uncertainty.
Alternatively, we used the Griineisen approximation for the
zero pressure equation of state, in which the effects of thermal
expansion are considered to be equivalent to elastic strain
[31]. Within this approach the temperature dependence of the
volume can be described by

V(T) = yU(T)/Bo + Vo, )

where y is a Griineisen parameter, By is the bulk modulus, and
Vo is the volume at 7 = 0 K in the absence of magnetoelastic
effect. By adopting the Griineisen approximation, the internal
energy U(T) is given by

TN\3 /T 3
U(T)=9NkBT<—) / dx, 3)
0

6p er —1

where N is the number of atoms in the unit cell, kg is
Boltzmann’s constant, and 6p is the Debye temperature. By
fitting the unit cell volume in the paramagnetic state we can
get the physical parameters 6p and Vj. From the present fitting
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FIG. 5. (Color online) (a) Unit cell volume and monoclinic angle
as a function of Cu concentration at temperature 300 K, lines are only
guides. (b)—(d) The temperature dependence of unit cell volume for
the Cu compositions x = 0.05, 0.1, and 0.19. The curves are fits
to Eq. (2) with the Griineisen approximation for the zero pressure
equation. Insets in (b)—(d) show the deviation of unit cell volume
from the fitted data at low temperatures. In the second inset of (d)
the unit cell volumes are plotted together, to compare the magnitude
of negative thermal expansion close to ordering temperature the y
axes of x = 0.1 and 0.19 are scaled by adding 0.375 and 1.155 A3,
respectively, to match the value of the sample x = 0.05 at 100 K. The
lines are guides to the eyes.

procedure it was not possible to determine y and By but the
ratio of y / By was set as variable. The result of the fit is shown
as a green solid line in Figs. 5(b)-5(d). Remarkably the fitted
curves deviate from the experimental data at around 50 K
much above the magnetic ordering temperature, where the unit
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TABLE 1. Structural data for MnWOQ,, MnjoCuy;WO,, and
Mny g Cug 1o WO, obtained from the NPD data collected at 300 K.

Cu content (x)

x=0 x =0.1 x =0.19
a (é) 4.8300(5) 4.8120(4) 4.7946(6)
b (:A) 5.7597(6) 5.7645(5) 5.7694(7)
c(A) 4.9977(5) 4.9838(4) 4.9708(7)
Vv (A3) 139.009(3) 138.208(2) 137.453(3)
B (deg) 91.140(7) 91.370(7) 91.579(9)
Atoms
Mn/Cu
y/b 0.6861(4) 0.6854(6) 0.6875(1)
Biso (Az) 0.5120(47) 0.4970(57) 0.429(11)
w
y/b 0.1815(3) 0.1806(36) 0.1806(3)
Biso (;\2) 0.5070(38) 0.5550(38) 0.6620(47)
Global weighted 5.73 8.2 8.4

x* (%)

cell volume undergoes a negative thermal expansion. Below
magnetic ordering temperature 7y; the negative volume effect
seized and the unit cell volume is decreased with temperature.
This is inferred as a clear indication of the presence of
magnetoelastic or magnetovolume effects in these system as
well as underlying frustration, though the negative thermal
expansion is significantly small for the x = 0.19 compound.
Temperature evolution of lattice parameters are similar to the
Co doped compound in which the complex magnetic phase
diagram is attributed to lattice changes [24].

Representational analysis allows the determination of the
symmetry-allowed magnetic structures that can result from a
second-order magnetic phase transition, given the crystal struc-
ture before the transition and the magnetic propagation vector
(k) of the magnetic ordering. These calculations were carried
out using the program Baslreps included in the FullProf suite.
First, the program k-search, also included in the FullProf
suite, is used to determine the magnetic propagation vector
at different temperatures. For x = 0.05 and 0.1 the magnetic
propagation vector was found to be k = (kx,%,kz) in whole
temperature range. For x = 0.19 the magnetic propagation
vector in the temperature range 11.5-17 K was found to be
k = (%,0,0) and below 11.5 K it is k = (kx,%,kz). While
the magnetic propagation vector determines the modulation
going from one unit cell to another, magnetic symmetry
analysis is needed to determine the coupling between the
symmetry related magnetic sites within one crystallographic
unit cell. Baslreps is used to compute all the allowed symmetry
couplings in the form of irreducible representations and their
respective basis vectors. The Mn/Cu at the site 2f in the
crystallographic space group P2/c, for the incommensurate
magnetic propagation vector k = (k,, %,kz), is found to have
two possible irreducible magnetic representations (IR) each
having three basis vectors (BV). The computed results for
the x = 0.05 compound at 1.5 K with the propagation vector
k = (—0.218, %,0.476) are presented in Table II. All possible
combinations of the two allowed irreducible representations
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TABLE 1II. The little group of k=(o,1/2,y)=
(—0.2183,1/2,0.476)in P2/cis Gx = P, (with co-setrepresentatives
with respect to the translation group: 1,c¢). The corresponding IRs
are one-dimensional I'i(1,¢) = (1,¢) and I';(1,¢) = (1,—¢), with
—e& =exp(mwiy). The basis vectors of the IRs of Gy are given
below for the atoms Mn/Cu in the primitive unit cell numbered
as 1(1/2,y,1/4) and 2(1/2,1 — y,3/4) related by c-glide plane
c(x,—y + 1,z + 1/2), respectively.

BV components

IR BV Atom mq mp myc im“a im”b im”C
oy 1 1 0 0 0 0 0
2 —0.075 0 0 0.997 0 0
V2 1 0 1 0 0 0 0
2 0 0.075 0 0 —0.997 0
vy 1 0 0 1 0 0 0
2 0 0 —0.075 0 0 0.997
oy 1 1 0 0 0 0 0
2 0.075 0 0 —0.997 0 0
s 1 0 1 0 0 0 0
2 0 —0.075 0 0 0.997 0
ve 1 0 0 1 0 0 0
2 0 0 0.075 0 0 —0.997

were tested against the measured data. Rietveld refinements
clearly showed that only with the IR I'; (with real and
imaginary components) a successful refinement of the data can
be obtained. The propagation vector and the refined coefficient
of basis vectors, C1, C2, and C3, for x = 0.05, 0.1, and 0.19
at 1.5 K is presented in Table III. It should be noted that C1
and C3 are real coefficients while C2 is a pure imaginary
coefficient. For x = 0.19 in the temperature range 11.5-17 K,
with k = (%,0,0), four one-dimensional IRs were computed,
for I'; and I'; two BVs are allowed, and for I'; and I'y4 only

TABLE III. Refined unit cell parameters, magnetic propagation
vector, and coefficients of basis vectors for Mn;_,Cu, WOy at 1.5 K.

Cu content (x)

x =0.05 x=0.1 x =0.19
Unit cell parameters
a (A) 4.8145(6) 4.8045(4) 4.7856(8)
b (A) 5.7565(9) 5.7583(6) 5.7619(8)
¢ (A) 4.9860(8 4.9788(5) 4.9653(9)
B (deg) 91.20(1) 91.30(9) 91.49(6)
Mn/Cu
y/b 0.6841(6) 0.6840(6) 0.6857(2)
Biso (Az) 0.274(6) 0.184(2) 0.203(1)
Components of propagation vector (k, = %)
ky —0.218(3) —0.221(6) —0.223(4)
k, 0.476(1) 0.494(4) 0.526(4)
Coefficients of basis vectors
ClI (real) 3.41(1) 3.28(1) 2.7909)
C2 (imaginary) —3.96(2) —4.08(9) —3.62(4)
C3 (real) 2.95(1) 291(1) 2.32(3)

235149-5



KUMAR, XIAO, LUNKENHEIMER, LOIDL, AND OHL

T T T T T T T T T T T 6
-.’9\6 | x=0.05 (a) . o Observed
c R Calculated
>0 ——Difference 44
-(% 4+ ?1 Nuclear Bragg |
= | $1 Magnetic Bragg
>
= 2 - 8 A 2
(2]
c 2
2 @ X P
= O [Fammmmmn i 0 1111 [ 40
[ m fhl N n i | N "y
2 i ] il M SR A Y
2 4 6 8 10
8 (A) T T T T
g | ) E
56 . ° 4
o |
54 3
=~ | |
2 ' 8 i 1
<0 N O 0011101 RO 1o
Wl N " “ it
2 T 1 AR AN A 1 {9
1 2 3 42 4 6 8 10
d(A)

Intensity (arb. units)

Intensity (arb. units)

PHYSICAL REVIEW B 91, 235149 (2015)

8

L 6:—9\
°| 45
‘ I'g
2] 25

] (2]

" [ , 4 :
O a1 1 1 e ‘J I 410 £
-2 £ 1 ! l. 1 '.I A“]\ 1 Jﬁ R Jll J 1 .W 1 ]

4 0

8 d

L 5A

1 [2)

6 42

i ]l >
4 39

g 1,8
2 ] 2 >

r £ 1 %
° 0E
-2 B ‘TITLI Y 1 y 'l 1 R e 1 j

1 2 3 42 10
d(A)

FIG. 6. (Color online) Observed and calculated diffractions patterns and their difference for (a) MnggsCugosWO, at 1.5 K,
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Bottom curve is the difference between the measured and calculated patterns.

one BV is allowed. The Shubnikov groups (SG) of each IRs
have the same symbol P,2/c (in Belov-Neronova-Smirnova
notation), but they correspond to different magnetic Wyckoff
positions and origin shifts [32]. The magnetic moments of the
two atoms (1) (x, y, z) and (2) (—x+1, —y+1, —z+1) in
the paramagnetic unit cell have the following configurations
for each representation: I'y: 1 (m,,0,m;), 2 (—m,,0,—m,);
[0 1 (my,0,m;), 2 (m,,0,m;); I's: 1 (0,m,,0), 2 (0,—m,,0);
and I'y: 1 (0,m,,0), 2 (0,—m,,0). Only the representation
described by I'; (SG-P,2/c, Wyckoff site 4 f in the doubled
unit cell) provides a successful refinement of the data with
my = 1.24(7)ug and m, = 1.28(8)up for T = 13.5 K.
Refined NPD patterns are presented in Figs. 6(a)-6(d).
From the magnetic structure refinements Mng g5Cug s WO4
was found to order at ~13.5 K, with the incommensurate
propagation vector k = (—0.218,%,0.477). The temperature
dependence of components of incommensurate propagation
vectork = (ky, % ,k;)is presented in Fig. 7(a). With decrease in
temperature a distinct change in k, and k, is observed. In case
of MnWQ, the magnetic phases AF2 and AF3 are incommen-
surate with similar wave vector k = (—0.214, %,0.457). Only
the AF2 phase with elliptical spin arrangement is ferroelectric
which can be explained by spatial inversion symmetry break-
ing spiral spin structure [5]. It should be noted that in the case of
Mnyg 95Cug.05s WOy in the whole temperature range the structure
is found to be similar to that of AF2 in the parent compound.
The magnetic structure in case of Mng¢Cug WOy is similar
to that of Mng ¢5Cug s WO, but with a modified propagation
vector k = (—0.224,%,0.5) close to 14 K. The evolution of
propagation vector with temperature in MngoCug WO, is
presented in Fig. 7(b). Striking change in propagation vector

close to ordering temperature Ty in this case indicates that
with increased Cu content of x = (.1 the propagation vector
along the z direction is nearly commensurate. From our powder
diffraction measurements for x = 0.05 and 0.1 compounds we
do not see any significant change associated with the transition
from Tn; (AF3) to Tno (AF2) as seen from specific heat
measurements. Considering very narrow temperature range
between these two transitions it might be difficult to clarify
this with our bulk powder measurements. We expect that for
x = 0.05-0.15, the magnetic ordering in the temperature range
Tno < T < Ty should be collinear incommensurate phase as
in MnWOy [5] with a magnetic propagation vector similar to
AF2 phase. Further studies on single crystals with polarized
neutron diffraction with smaller temperature steps will be a
best tool for the detailed investigation of this structure.

With further increase in doping in case of Mng g; Fep 19 WO,
we observe a commensurate magnetic (CM) structure at
Tni = 17 K with k = (%,0,0) which is similar to AF4 phase
in parent compound. Below 11.5 K it undergoes another
magnetic phase transition to AF2 phase with propagation
vector k = (—0.225, %,0.531), which is modulated with tem-
perature as shown in Fig. 7(c). The incommensurate cy-
cloidal (AF2) and the commensurate collinear (AF4) magnetic
structure of Mng g;Cug 19WOy is presented in Figs. 8(a) and
8(b), respectively. The incommensurate structures for lower
doping systems is quite similar to the one presented in
Fig. 8(a).

From our comprehensive study of Mn;_,Cu,WO; we
are able to construct a tentative magnetic phase diagram
as shown in Fig. 9. The magnetic phase diagram of Cu
doped compound is found to be much simpler than that of
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Co doped compound [24,33] but very similar to Zn doped
compound [25]. With higher doping concentration a collinear
magnetic structure is stabilized at higher temperatures. This is
attributed to weakening of spin-phonon coupling and hence
lower frustration leading to a simpler magnetic ordering.
From the neutron diffraction measurement it is clear that
the low temperature phase below Tx, which is observed
from dielectric measurements, is an incommensurate cycloidal
phase. Magnetic structure refinements confirmed that the
magnetic phase below Tx (region marked with gray lines in

(a) *E
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FIG. 8. (Color online) (a) ICM structure of Mngg;Cug 10 WO, with propagation vector k = (—0.225, 1
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respectively. Blue asterisk indicates the transition from AF2 to AF1
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paraelectric.)

Fig. 9) is not associated with the transition from cycloidal
structure with magnetic vectors k = (k,,0.5,k;) to collinear
structure with magnetic vector k = (0.25,0.5,—0.5) as seen in
MnWOQy [12]. This leads to the inference that below Tx the
magnetic structure undergoes a temperature induced spin flip
transition with similar magnetic propagation vectors which
is indistinguishable from powder diffraction measurements.
The suppression of the low temperature collinear phase can
be attributed to extremely sensitive exchange coupling and
anisotropy constants with respect to perturbations [25,34]. In
the present case chemical doping plays the role of pertur-
bations. In a recent report based on magnetization, specific
heat, and ferroelectric polarization measurements, Liang et al.
showed that by the substitution of lower spin (1/2) Cu** for
the higher spin (5/2) Mn?' ion the multiferroic phases of
MnWOy, are strongly affected [35]. The Cu substitution will
introduce a low spin with different exchange coupling and
anisotropy constants affecting the magnetic and ferroelectric
states. This leads to the stabilization of ferroeletric spin spiral
phase at low temperatures with increasing Cu content. The

./
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»5,0.531), the number of visible unit

cells along a, b, and ¢ directions are 5, 2, and 20, respectively. (b) High temperature CM structure of Mng g; Cug 1 WO, with propagation vector
(0.5, 0, 0), two unit cells along all three axes are shown. Gray box indicates one unit cell.
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microscopic exchange interactions can be obtained through
inelastic neutron scattering (INS) experiments investigating
the magnetic excitations. According to INS experiments on
MnWOQy,, to explain the magnetic excitation spectrum, up
to 11 different exchange pathways were required to fit the
data proving the three-dimensional character of magnetic
fluctuations [36]. This three-dimensional nature explains the
robustness of cycloidal spiral order in Cu doped MnWOy, since
percolation threshold for site dilution is much lower than for
two-dimensional systems [37]. Based on a semiphenomeno-
logical Landau theory, authors in [38] clarified the effect of
different dopants on the phase diagram of Mn;_,M, WO,
(M = Fe, Zn, Mg). The origin of complex phase diagrams in
these compounds is attributed to competition between different
superexchange interactions with contrasting behavior of dop-
ing with different ions. We expect that the theoretical analysis
presented in [38] should be compatible for Mn;_,Cu, WO,
as well. The temperature induced spin reorientation remains
to be unique to the present compound which requires further
scrutiny.

IV. CONCLUSIONS

From our detailed investigation of the Mn;_,Cu, WO, for
0 < x < 0.19 we have shown that substitution of Cu for Mn
results in a reduction of the frustration. Also a reduction in
negative thermal expansion with the increased Cu doping

PHYSICAL REVIEW B 91, 235149 (2015)

was observed which hints to a reduction in spin-phonon
coupling with the higher Cu content. Temperature and doping
dependence of lattice parameters establish a strong dependence
of magnetic structure on lattice changes. Both Ty; and Ty
increased with higher Cu content. This is in contrast to
Mn;_,Zn, WO, [25]. The presence of third transition Tx is
unique to the present compound. We note again, our NPD data
confirms that the origin of Tx is not ICM to CM observed in
MnWOy at Tns. A possible origin of this phase transition is the
temperature induced spin reorientation. Further single crystal
neutron diffraction and electric polarization measurements
are desirable to shed light on the nature of ferroelectric and
magnetic ordering below Tx and in the region between Ty
and TN2.
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