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Neutron-powder-diffraction data, collected with the D1B diffractometer, and single-crystal data, col-
lected with the D10 four-circle diffractometer, both at the Institut Max von Laue-Paul Langevin,
Grenoble, and single-crystal data, collected with the DN4 four-circle diffractometer at the Centre
d’Etudes Nucléaires de Grenoble, show that MnWO, (space group P2/c) undergoes three magnetic
phase transitions below 14 K. The transition temperatures are 13.5 K (paramagnet-AF3), 12.3 K (AF3-
AF2), and 8.0 K (AF2-AF1). Phases AF3 and AF2 are incommensurate with the crystallographic lat-
tice. The propagation vector is k=(—0.214, %,0.457) in each case. In AF3 the magnetic moments or-
der in the ac plane, whereas in AF2 an additional component in the [010] direction exists. The corre-
sponding magnetic structures were found to be a sine wave in the case of AF3 and an elliptical spiral in
the case of AF2. Other possibilities, like a simple spiral, a sine wave, and commensurate collinear spin
arrangements, are also discussed for AF2. The magnetic structure in AF1 was refined based on a previ-
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ously reported model. It is commensurate with a propagation vector k=(+1,1

1 .
*7,7,7). The magnetic mo-

ments are again collinear in the ac plane as in AF3, forming an angle of 37° with the a axis.

I. INTRODUCTION

MnWO, crystallizes in the wolframite structure and is
isomorphous to other transition-metal tungstates as
FeWO,, CoWO,, and NiWO,. The structure is charac-
terized by alternating layers of transition-metal and
tungsten atoms parallel to the (100) plane. All cations are
surrounded by distorted octahedra of hexagonal-close-
packed oxygen ions which are aligned in zigzag chains
along the c axis, as shown in Fig. 1. The symmetry of
this structure is described within the monoclinic space
group P2/c. The crystal structure parameters of these
compounds were determined.!

The antiferromagnetic structures of MnWO,,>3
FeWO,,*°> CoWO0,,°”7 NiWO0,>7 and (Mn,Fe)WO,
(Refs. 8 and 9) were already studied. The tungstates
MWO, (M =Fe, Co, Ni) have a doubled magnetic unit
cell (2a,b,c), whereas the magnetic unit cell of MnWO, at
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4.2 K is 16 times that of the crystallographic structure
with magnetic lattice constants 4a, 2b, 2c.

Specific-heat measurements on an MnWO, powder
sample, pressed to a pellet, revealed three successive
phase transitions.!® The lowest at 6.8 K was attributed to
the transition into the commensurate (4a,2b,2¢) phase,
called here AF1. The other two transitions at 12.6 and
13.4 K, respectively, were also considered as magnetic
transitions. In this context it should be mentioned that in
earlier susceptibility measurements, only one transition
could be resolved.®

The existence of these additional magnetically ordered
phases, found in the specific heat, together with the four-
fold magnetic periodicity in direction of the a axis, awoke
our interest. It seems that these results can be under-
stood in terms of the ANNNI model (axial next-nearest-
neighbor Ising model).!'~!* Magnetic phase diagrams
calculated within the ANNNI model show the following
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features. (i) A large stability region for magnetic struc-
tures with fourfold periodicity along one of the crystallo-
graphic axes, i.e., a periodicity that can be described by a
propagation vector of type k=G /4, G being a vector of
the crystallographic reciprocal lattice. (ii) On varying the
temperature as well as by applying an external magnetic
field there are successive first-order transitions into
different commensurate phases. (iii) All these phases con-
verge towards a multicritical point.

Even if our suspicion that MnWO, could be a model
system for the ANNNI model is speculative it will be in-
teresting to characterize the low-temperature magnetic
structures of MnWOy,, i.e., to investigate more closely the
transitions found by the specific-heat measurements.
Therefore we carried out a neutron-diffraction study in
the temperature range 1.2-14 K and present the results
in this paper.

Section II provides a characteristic of the samples, to-
gether with results from specific-heat and susceptibility
measurements. In Sec. III the neutron-diffraction experi-
ments are described. In Sec. IV a group-theoretical
analysis of the problem is given. On the base of this
analysis possible magnetic structures for all three phases
are discussed in Sec. V. The results are finally summa-
rized in Sec. VI.

o O

., O

FIG. 1. Structure of MnWO,; Mn and W atoms are sur-
rounded by oxygen octahedra and are situated in layers parallel
to the (100) plane; the numbers 1, 2 are attributed to the Mn?*
ions of the crystallographic unit cell, those of neighboring cells
in a, b, and ¢ direction are denoted by adding or removing the
symbols *,’,” in agreement with a previous publication (Ref. 5).

The exchange interaction J x is a superexchange via the com-
mon edge of two W octahedra; the competition I ¥ < 0,
Izl* > 0 leads to a frustration of I“*‘
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II. SAMPLE CHARACTERIZATION

The MnWO, powder sample was prepared by solid-
state reaction from stoichiometric mixtures of powders of
MnO and WO;. For the single-crystal experiments a nat-
ural MnWO, single crystal from Peru with a volume of 8
mm> was used. The iron content of this single-crystal
sample was studied by x-ray Guinier powder diffraction
from a powdered part of it and was found to be negligi-
ble.! In order to verify the previous results for the
specific heat,!? the specific heat of this single crystal was
measured; it is given in Fig. 2. The twin peak, indicative
for the two upper transitions, appears at 12.3 and 13.5 K,
respectively, in good agreement with former results.'”
The transition peak from the intermediate phase AF2 to
the low-temperature phase AF1 is broadened like a cusp
and has its maximum at 8.0 K, whereas 6.8 K was report-
ed for this transition. I° The reason for these results seems
to be due to the order of the transitions. From the shape
of the peaks we conclude that the upper transitions are of
second order, whereas the transition to the low-
temperature phase AF1 is of first order. Furthermore,
different transition temperatures for the same phase tran-
sition, here the transition AF2 to AF1, also suggest a
first-order transition. In our case the different transition
temperatures for this transition were obtained with a
powder sample and a single crystal, respectively, so they
could be due to grain-size effects.

In addition, the transition to the lowest phase AF1 and
only to this phase can be influenced. We found this ac-
cidentally when we used another powder sample which
was contaminated by small impurities of Mn;0,, which
resulted from a different preparation method. For this
sample especially, which was not investigated further by
us, even at T'=1.7 K there was still a contribution of the
intermediate magnetic phase AF2 to the diffraction pat-
tern, which was 15 times larger than in case of the
above-mentioned first powder sample.

Figure 3 shows a susceptibility curve together with its
derivative, which was obtained from the powder sample,
on which we report in this paper. If one accepts the
discontinuities in the derivative as transition tempera-
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FIG. 2. Specific heat of the MnWO, single crystal plotted as
function of temperature.
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FIG. 3. Susceptibility of the MnWO, powder sample and its
derivative plotted as a function of temperature.

tures, then these temperatures are in good agreement
with the specific-heat data!® for all three transitions. In
Table I all transition temperatures, which were obtained
by the different methods from the different samples, are
summarized.

III. NEUTRON-DIFFRACTION EXPERIMENTS

We collected neutron-diffraction patterns of MnWO,
powder using the D1B diffractometer at the ILL (Ref. 14)
in the temperature range between 1.2 and 14 K within 5
min per pattern in steps of 0.3 K over the whole tempera-
ture range. The angular range in 26 was 10°=26 =80° in
steps of 0.2°. Figure 4 displays the patterns. In order to
separate magnetic reflections well from the nuclear
scattering, we profited of the wavelength 2.529 A used at
DI1B. A further powder pattern was measured at the
high-resolution ILL diffractometer D1A (Ref. 14) at 1.5
K, using a wavelength of 1.909 A. The recorded angular
range in 260 was 10° <26 = 150°, scanned in steps of 0.05°.
The MnWO, single crystal was studied on the four-circle
diffractometers D10 (Ref. 14) at the ILL and DN4 in the
reactor SILOE of the CENG, the wavelength being 2.360
and 1.183 A respectively. At D10 we centered 96 mag-
netic satellites of the phase AF2 at 9.2 K and measured
their intensities together with 21 nuclear reflections. In
phase AF1, at 1.7 K, we measured 68 magnetic
reflections together with the same nuclear reflections.
Whereas at D10 no data set was collected of phase AF3,
at DN4 nuclear and magnetic data sets of all three mag-
netic phases were collected at 5.2, 9.5, and 13.3 K. The
number of measured nuclear reflections was 5 times
bigger than in the case of the D10 experiment, in order to
obtain a more accurate absolute value of the magnetic
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FIG. 4. Diffraction patterns measured at D1B, plotted as
function of temperature. The transitions from the paramagnetic
(P) phase to phase AF3, and from AF2 to AF1 are marked. The
transition from AF3 to AF2 can hardly be recognized in the
three-dimensional representation, see Fig. 8.

moment in each magnetic structure.

The data analysis of the powder patterns was per-
formed using Rietveld profile refinement. The programs
in use were FULLPROF (Ref. 15) for the 1.5 K pattern
measured at DIA and MINREF (Ref. 16) for all other
powder patterns. The calculated line shapes were
pseudo-Voigt in the case of the D1A pattern and purely
Gaussian for the DI1B patterns. The background was
determined by a linear interpolation between points in re-
gions of the patterns without Bragg reflections.

The integrated intensities of the D10 experiment were
also refined with the MINREF program. The structure
factor for the commensurate phase AF1 was added to the
subroutine which carries out the structure factor calcula-
tions. The magnetic lattice constants could be defined by
use of the “special conditions” facility provided by MIN-
REF. The residuals R, and R, are defined as follows:

RPZIOO ?=1[yé>bs _y(l:alc| ’

n
,._1yobs

172
i 2
:—1 (yobs ycalc)

l

n 1 i
2i=1 2(y0bs)2
o

i

R,, =100

In case of the single-crystal data, the profile intensities
without background y; have to be replaced by integrated
intensities.

TABLE 1. Transition temperatures for the three magnetic phase transitions paramagnet (P)-AF3,
AF3-AF2, and AF2-AF1, which were obtained by different methods from different sample types.

Technique T(P-AF3) (K) T (AF3-AF2) (K) T (AF2-AF1) (K) Sample type
Cc(T) 13.5 12.3 8.0 single crystal
dx/dT 13.5 12.4 6.8 powder
C(T), Ref. 10 13.4 12.6 6.8 powder
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IV. GROUP-THEORETICAL CONSIDERATIONS

Magnetic structures, which are compatible with the
symmetry of the crystal structure, can be derived by
Bertaut’s group-theoretical method.!” According to this
method the coupling of the Fourier components of the
magnetic moments is given by the basis vectors of one ir-
reducible representation of the group G,, which is
defined by the symmetry operations, under which the
propagation vector k is invariant or only changed by a
translation of the reciprocal lattice.

The space group of MnWO, is G =P2/c with the gen-
eral positions

(xp,2), (x,3,z+3), (X,5,Z), (X,y,2+3).

The propagation vectors of the commensurate phase AF1
as well as of the incommensurate phases AF2 and AF3
are of the form k=(k,,1,k,) as will be shown in Sec. V.
Therefore the group of the propagation vector in both
cases is

Gy =Pc={(x,9,2),(x,5,z2+ 1)} .

The positions of the two magnetic Mn2" ions in the crys-
tallographic unit cell are related by a glide reflection:

0.5 0.5
L=y || = |1-y
0.25 0.75

The transformation properties of the magnetic moments
m,; and m, under the elements of G, define a representa-
tion

1—‘—':Fperm><FV

of 6 X 6 matrices, where I, is the axial vector representa-
tion which describes the transformation of an axial vector
under the symmetry elements of G;. By applying known
relations,!”~2° the elements of I" can be derived to be

10

rperm[(x’y’z)]: 0 1

>

O OO0 O —= 0O OO0
- O O O O O

o O =0 O O
O = O O O O

1
0
0
Cl(x,y,2)]= 0
0
0
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0 0 042 0 O

0 0 00 —a%? O

0 0 00 0 a?
F[(X’J_’:Z_F%)]: 1 0O 0 O 0 0 ,

0 —-100 0 O

0 010 0 O

mk,

with a =e " *. For G there exist two one-dimensional
irreducible representations IT'*! and I'¥?, given by

(x,9,2) (x,y,2+7)
rk 1 a
rk 1 —a

Each irreducible representation enters three times into
the representation I, i.e.,

r=3rk+3rk.

It follows that there are three basis vectors for each irre-
ducible representation, the linear combination of which
describe possible magnetic structures. They are given in
Table II. According to these basis vectors the com-
ponents of the magnetic moments have to be described by
cosine functions

mja(r)=m;2)cos(21rk'R1+¢ja), a=x,y,zZ ,

R,=la+I,b+I5¢c, (I;=0,%£1,%£2,...) being a transla-
tion vector of the crystallographic basis lattice. The
phase relation between the two magnetic ions j =1,2 is

¢2a=¢1a+7rkz ’

and the amplitudes m (0

;o) must be coupled as

(0) — (0) (0) — - (0)
m2x,z_im1x,z’ m2y—'+m1y »

corresponding to the two irreducible representations I'*!
(upper sign) and T'*? (lower sign).

Depending on the choice of the amplitudes and phases
these relations define sinusoidal structures as well as sim-
ple or elliptical spiral structures. A sine wave results for

¢1x :¢1y :¢lz ’

whereas a simple spiral can be defined by

@ 9 9 ¢1x=¢lz’ ¢1y:¢1x+77/2 -

m1x=m1y=mlz7

TABLE II. Basis vectors of the group Gy, corresponding to
the irreducible representations I'*! and T2,

Representation rk rk
Basis vector 1 2 3 1 2 3
Atom 1 1 0 0 1 0 0
0 1 0 0 1 0
0 0 1 0 0 1
Atom 2 a* 0 0 —a* 0 0
0 —a* 0 0 a* 0
0 0 a* 0 0 —a*
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Collinear spin arrangements cannot be described within
one irreducible representation if a y component of the
magnetic moment exists. Nevertheless one has to keep in
mind that a mixing of two irreducible representations can
occur, because of the invariance of the exchange Hamil-
tonian under arbitrary rotations of the whole spin ar-
rangement about any axis, causing an additional degen-
eracy. In this case the irreducible representations I'X" of
the full symmetry group G, XOgXIg of the exchange
Hamiltonian have to be considered, with Og and I
denoting the group of all rotations and the inversion
group in spin space. By applying known relations?® the
representations I'S” can be decomposed into the irreduc-
ible representations of the group Gy,

r'=rk+2r*, rg=ark+re.

As T'*! and I'*? enter into the decomposition, magnetic
structures which are described by a combination of both
irreducible representations are also possible.

V. RESULTS AND DISCUSSION

A. Commensurate phase AF1

The propagation vector in the phase AF1 was found to
be k=(£1,1,1) in accordance to the old results.>® Ac-
cording to Sec. IV, the couplings of the Fourier com-
ponents of the magnetic moments within the two irreduc-

ible representations are

my, +imy, my, —imy,
Y= |my,—imy, |, o= |m,, +im,,
mlz+lm22 my, —im,,

Formally, these are sinusoidal or spiral structures with a
phase shift of 90° between the Fourier component of the
two magnetic ions. Nonmodulated structures can be de-
rived as special cases of a sinusoidal structure, if the com-
ponents of the propagation vectors adopt special values.
This is visualized in Fig. 5. If one component of the
propagation vector is 4, the phase of the cosine function
has to be an odd multiple of 7 /4 in order to get a nonmo-
dulated structure. The value of the amplitude is then V2
times the real magnetic moment of the magnetic ions. In
this way two nonmodulated structure models can be de-
rived corresponding to the two irreducible representa-
tions. For k=(—1,1,1) the signs of the x and z com-
ponents of the magnetic moments in the magnetic unit
cell 4a,2b,2c in both cases are given in Fig. 6. For the y
component the two schemes, shown in Fig. 6, have to be
interchanged, i.e., a collinear spin arrangement is impos-
sible within one irreducible representation if an addition-
al y component exists. The same structure models were
derived elsewhere by calculating the two-dimensional
representations of the space group P2 /c.?!

According to former results,”* the model correspond-
ing to I'*? describes the magnetic structure in the phase
AF1. A y component does not exist. In order to avoid
confusion, it should be mentioned that in the previous pa-
pers?? the setting up of the axes is a, —b, —c with respect
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FIG. 5. Commensurate spin sequence for k =~‘} as a special
case of a sinusoidal structure.

to our convention. This is the reason why there the other
scheme, corresponding to I' kl in our convention, de-
scribes the magnetic structure. We tested these two mod-
els without and with a y component of the magnetic mo-
ment, as well as possible spiral structures. Finally agree-
ment with previous results was obtained.>* Powder and
single-crystal data were fitted best by the model corre-
sponding to I'X2, the magnetic moments having no y com-
ponent. The results of the magnetic part of the
refinements are tabulated in Table III. The spin direction
is given in columns 5 and 6 of Table III in terms of the
angles @ and J. @ is the angle between the projection of
the magnetic moments onto the ac plane and the a axis.
¥ is the angle between the magnetic moments and the b
axis. In case of phase AF1 the magnetic moments order
in the ac plane, therefore ¢ is 90°. Considering the varia-
tion of the value of the magnetic moment with tempera-
ture it can be seen that already at T =5.2 K the magnetic
moments are almost saturated. The rather big value of
the magnetic moment in case of the D10 experiment is
due to the little number of nuclear reflections for the cali-
bration of the intensities of the magnetic reflections.

The crystal structure parameters of the unit cell were
only varied as least-squares parameters in case of the
D1A powder pattern and kept fixed in all other cases.
The starting values of the parameters for the refinement
of the crystal structure were taken from a previous
study.! No essential deviations from these data were
found. The result of the crystal structure refinement of
the D1A data is listed in Table IV. Figure 7 shows the
corresponding observed and calculated intensities of the
D1A powder pattern, as well as a difference plot. The

+ 1
(IS EA
Lo+ +
+o{1 o+
+ 0+
o+ +
Lo+
+ 1

N ox o

FIG. 6. Distribution of the signs of the x and z components
of the magnetic moments, according to the irreducible represen-
tations I'*! and I'*? for k=(—1,1,1); for the y component the
two schemes have to be interchanged. One box represents a
chemical unit cell.
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TABLE III. Magnetic structural parameters of all three magnetically ordered phases. In the case of
phase AF2 the cases (a), (b), and (c) correspond to refinements, assuming (a) a sinusoidal structure mod-
el with magnetic moments which have a y component, (b) a simple spiral, and (c) an elliptical spiral.

Technique MA)  TK) lm|(pp) () d¢) p R, R,
Low-temperature phase AF1
powder (D1A) 1.909 1.5 4.5(1) 39.0 90.0 8.9 105
powder (D1B) 2.529 1.2 4.6(1) 39.3 90.0 7.1 8.1
single crystal (D10) 2.360 1.7 5.6(5) 36.6 90.0 8.6 10.2
single crystal (DN4) 1.183 52 4.5(1) 37.5 90.0 3.8 5.2
single crystal (Refs. 2 and 3) 1.08 42 44 (Ref. 9) 45(10) 90.0
powder (Ref. 22) 1.069 42 48 54(7) 90.0 16
Intermediate phase AF2
(a)
powder (D1B) 2.529 9.4 5.4(1) 32.5 49.6 7.9 8.5
single crystal (D10) 2.360 9.2 5.9(5) 35.8 52.1 4.2 6.0
single crystal (DN4) 1.183 9.5 5.3(1) 349 50.9 34 4.2
(b)
powder (D1B) 2.529 9.4  3.8(1) 31.9 1.0 7.9 8.7
single crystal (D10) 2.360 9.2  4.5(5) 32.8 1.0 82 10.8
single crystal (DN4) 1.183 9.5  3.8(1) 33.6 1.0 6.6 8.9
(c)
powder (D1B) 2.529 9.4  3.9(1) 359 0.99 7.9 8.6
single crystal (D10) 2.360 9.2  4.8(5) 34.6 0.78 4.6 6.8
single crystal (DN4) 1.183 9.5 4.1(1) 33.9 0.82 3.5 4.3
High-temperature phase AF3
powder (D1B) 2.529 12.7 2.3(D 35.0 90.0 7.5 7.6
single crystal (DN4) 1.183  13.3  2.1(1) 34.8 90.0 5.4 7.4
positions of the nuclear reflections are marked by the I« is shown, which is a 180° Me-O-O-Me superex-

upper line of bars, the positions of the magnetic ones by
the lower line.

Characteristic for the magnetic structure of AF1 are
the double stripes of + and — signs, denoting spin up
and spin down for the Mn?" ions (see Fig. 6). It was
shown® that this structure can be understood, assuming
exchange interactions 112*(2121*")<0’ 121*(211,,2*)
>0,and I < 0 as the dominating ones, where 1,2 num-

ber the Mn?% ions of the crystallographic unit cell and
the symbols *,’, and '’ denote those of neighboring cells
in a, b, and c directions in agreement with a previous pub-
lication.’> In Fig. 1 the path of the exchange interaction

TABLE 1IV. Crystal structure parameters refined from the
D1A powder pattern at 1.5 K.

Lattice constants

a b c /3
4.8226(3) 5.7533(6) 4.9923(5) 91.075(7)
Positional parameters

x y z B
Mn 0.50 0.6853(4) 0.25 0.14(4)
w 0.00 0.1795(4) 0.25 0.06(4)
Oy 0.2108(3) 0.1024(2) 0.9419(2) 0.21(3)
Oq 0.2516(2) 0.3752(2) 0.3931(2) 0.25(2)

Reliability factors R,=8.9, R,,=10.5

change via the common edge of two W octahedra. The
positive exchange I, « is also included in Fig. 1. From

these two competing exchange interactions a frustration
of the exchange I « results.

B. Incommensurate phases AF2 and AF3

1. Sinusoidal structures

Figure 8 shows the evolution of the D1B powder pat-
terns with temperature. At about 13.6 K, in the 20 range
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FIG. 7. Observed and calculated powder pattern of phase
AFlat T=1.5K,A=1.909 A.



48 MAGNETIC PHASE TRANSITIONS OF MnWO, STUDIED BY ... 6093

~
—

N
:iLm_JLJL%MJUU LA
E N
LJMU \M

10.0 2:)‘0 40 0 50 0 6 0.0
26 (deg)

Neutrons / Monitor

T =11.9

FIG. 8. Temperature evolution of the D1B powder patterns
between 13.6 and 11.9 K.

10° <26 <24° the background is enhanced, due to diffuse
magnetic scattering. At 13.1 K the two strongest mag-
netic satellites appear out of this diffuse magnetic back-
ground. Other magnetic satellites follow in positions up
to 70° in 20. The satellite intensities grow with decreas-
ing temperature and reach a maximum at 8.5 K (not
shown in Fig. 8). At first sight only one magnetic phase
seems to exist, and a shift of the satellite positions, indi-
cative of a change of the magnetic periodicity, cannot be
observed. Nevertheless it can be recognized that down to
12.5 K the first two magnetic satellites have equal intensi-
ty, but that on further cooling the one at 26=21.4° in-
creases more rapidly. This shows that, despite no change
of the magnetic periodicity, the spin orientations with
respect to the corresponding reflection planes change at
about 12.5 K.

We recognized soon that the magnetic periodicity in
reciprocal space could not be expressed by simple ration-
al fractions of the periodicity of the crystal structure.
The application of a method for indexing the satellites in
powder patterns was finally successful.?> It was found
that the positions of the magnetic satellites can be de-
scribed by vectors K; in reciprocal space, which have the
form K; =G,;xk, where G; is a vector of the nuclear re-
ciprocal lattice and k is the propagation vector. The
propagation vector found by this method was
k=(—0.205, 0.495, 0.457). The single-crystal experi-
ment, carried out at D10, confirmed this result within the
experimental error. The wave vector, as it turns out from
the Rietveld refinements of the magnetic structures by
means of the powder patterns is k=(—0.214, 1 5> 0.457).
Without affecting the goodness of fit the y component of

the wave vector could be fixed to be 4.

According to Sec. IV for such a wave vector only
sinusoidal or spiral structures are possible within the pre-
dictions of group theory. Therefore we began the search
for suitable structural models by applying the models,
proposed by group theory, on the D1B powder patterns.
The patterns, recorded in the upper phase AF3, can be
fitted well, assuming sinusoidally modulated magnetic
moments which are aligned in the ac plane. The angle
with the a axis is almost that of the commensurate phase
AF1. The coupling of the Fourier components of the
magnetic moments in the chemical unit cell is given by
the basis vectors, corresponding to the irreducible repre-
sentation ['*?, i.e.,

¢2a:¢la+77-kz ’

(0) N (1) (0) — ,,, (0) —
Moy = " Mixz Moy =my, 0.

Figure 9 shows the observed and calculated pattern for
this model. The refined spin direction and the magnetic
moment are listed in Table III.

The magnetic structure of the intermediate phase AF2
was more difficult to determine. Among the models left
within one irreducible representation of the wave-vector
group, the best result was obtained by adopting the same
model as for AF3. Figure 10(a) shows the corresponding
difference plot. In the lower 26 region the intensities are
not fitted very well, especially the reflection (111)7,
which is marked by an arrow, is only at about 10% of its
measured intensity.

A more satisfying fit could only be reached by combin-
ing the two irreducible representations T'*! and T'¥%. If
the y components of the magnetic moment couple ac-
cording to I'¥! and the x and z components according to
'*2, all three components couple in the same way and a
collinear structure with y component results. This is not
possible within only one irreducible representation. As a
second-order transition takes place involving only one
single irreducible representation of the group G, the cou-
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FIG. 9. Powder patterns of phase AF3, at T=12.7 K; the
magnetic part is calculated with a collinear sinusoidal structure,
having no component in the [010] direction. The indices (hk! )E
stand for (hkl)=k,k=(—0.214,1,0.457).
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FIG. 10. Powder patterns of phase AF2 at T=9.4 K. The
magnetic scattering intensity is calculated with models (a)
sinusoidal structure without component in [010] direction; (b)
same as (a) but with an additional component in [010] direction;
(c) elliptical spiral structure; (d) collinear commensurate spin ar-
rangement in the magnetic unit cell 14a,2b,35¢.

pling of the y components according to another irreduc-
ible representation than that of the x and z components
requires that phase AF2 arises by two successive second-
order phase transitions, the first from the paramagnetic
state to phase AF3 via I'*? and the second from phase
AF3 to phase AF2 via T'¥!. This is exactly what we ob-
served. The phase AF3 possesses ordered x and z com-
ponents and an unordered y-component. Such states are
called “semiordered.””® Similar arguments have been ap-
plied to explain the spiral cone structure of MnSO, at 4.2
K, which arises in even three successive phase transi-
tions.2#%> The fit we obtained, by assuming the collinear
sinusoidal structure with magnetic moments pointing in a
general direction, is shown in Fig. 10(b). The results of
these refinements are listed in Table III, part (a).

The existence of the y component of the magnetic mo-
ments is additionally confirmed by the susceptibility
versus temperature behavior of our single crystal in the
[010] direction, which is shown in Fig. 11.

The problematic feature of the sinusoidal structure is
that it does not preserve the monoclinic symmetry, in
disagreement with our single-crystal data. Within the ex-
perimental error the integrated intensities, measured at
the four-circle diffractometers D10 and DN4, fulfill the
condition I (hkl)=1I(hkl). This problem can be solved by
assuming the existence of two spin domains which are re-
lated by the monoclinic mirror plane. The powder data
are not affected by this, as only the sum I(hkl)+1(hkl)
can be resolved in a powder pattern. Looking at the
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FIG. 11. DC susceptibility of the MnWO, single crystal mea-
sured in the [010] direction.

refined values for the magnetic moment, a new problem
arises, although the obtained agreement between mea-
sured and calculated data is satisfactory. The magnetic
moment in the phase AF2 turns out to be higher than in
the low-temperature phase AF1 and even higher than the
theoretical value of 5up for Mn’*. One must bear in
mind that the values given in Table III, part (a) are the
amplitudes of a cosine function, whereas the real magnet-
ic moment on site j in cell R; 1is given by
m; =mgcos(27k R, +6;) and so in general is lower than
the amplitude. Nevertheless, because of the incommens-
urate values of the wave vector’s x and z component,
there are sites where the cosine function is almost 1.

For this reason we looked for further structures, giving
similar diffraction patterns as the described sine wave.
Two further possibilities were considered: a spiral, with
magnetic moments coupled in the same way as in case of
the sine wave, and a commensurate collinear spin ar-
rangement with a very large magnetic unit cell, which
can be described approximately by the sine wave present-
ed above.

2. Spiral structures
A simple spiral, expressed in general by
m(R;)=my[ucos(27k-R;+¢)+vsin(27k-R;+¢)] ,
lu|=|v|=1, ulv,

has a structure factor, which is a factor V2 times that of
the corresponding sine wave

m(R,;)=my[ucos(27k-R;+¢)],

if the wave vector is perpendicular to the spin direction,
i.e., if the condition

klulv

is fulfilled. In this case the diffraction patterns are identi-
cal. Only the refined magnetic moment appears to be
lower by a factor 1/v2 for the spiral. Although the
wave vector is not perpendicular to the spin direction ob-
tained from the sine wave, it is possible to find a spiral
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structure with a similar diffraction pattern, if the vectors
u; and v; (i=1,2) which define the basal planes of the
two spirals corresponding to the two magnetic moments
of the chemical unit in MnWO, are chosen to be

Uiz

The amplitude vectors and the phases have to be coupled
as

L="uy, V=V, $r=¢t7k, .

Because of the special choice of the vectors u; and v; for
this structure, I(hkl)=1I(hkl) is fulfilled within one
domain so that averaging over different spin domains is
not necessary.

The results obtained with this structure are given in
Table III, part (b). The angle @ is now the angle between
the vectors u; and the a axis. It can be seen that the
value of the magnetic moment has dropped and that the
agreement between observed and calculated data is
reasonable. Nevertheless, especially for the single-crystal
data the agreement was still better for the sinusoidal
structure with two spin domains.

At the phase transition AF3-AF2 the ordering of the
so-far paramagnetic y component of the magnetic mo-
ments begins. As the temperature evolution of this addi-
tional ordering is independent from the ordering of the
component in the ac plane, there is no physical reason
that these two components have the same magnitude as
in a simple spiral. Therefore we allowed as a further de-
gree of freedom the simple spiral to become elliptical.
The elliptical spiral is described by the equation

m(R;)=m[ucos(2rk-R; +¢)+vp sin27k-R; +¢)] ,

la|=|v|=1

with the parameter p71. With this structure finally the
same agreement between calculated and observed data
was obtained as with the sinusoidal structure, but giving
a more reasonable value for the magnetic moment of
Mn?". The results are given in Table III, part (c). Be-
cause of the independent temperature evolution of the y
component of the magnetic moment, which is the minor
axis of the ellipse, the parameter p is temperature depen-
dent and increases with decreasing temperature. In Table
ITI, part (c), comparing the p values obtained from the
D10 and DN4 data at 9.2 and 9.5 K, this is only fulfilled
within an experimental error of 0.05. This is mainly due
to the fact that the absolute-temperature values obtained
from the two thermometers in use for both experiments
probably differ by some zero shift. In order to study the
temperature dependence of p the intensity of a reflection,
which is sensitive to the presence of a y component of the
magnetic moment, e.g., the reflection (111)~, has to be
measured as a function of temperature. Preliminary re-
sults were obtained; a full account will be given else-
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where.

Figure 10(c) shows the difference plot, corresponding
to the refinement of the elliptical spiral. It turns out that
in the powder pattern circular and elliptical spirals are
indistinguishable whereas the single-crystal data are fitted
significantly better in the case of the elliptical spiral. The
observed and calculated single-crystal data are listed in
Table V.

TABLE V. Observed and calculated magnetic integrated in-
tensities of the D10 experiment at 9.2 K.

hkl Ica]c Iobs hkl Icalc Iobs
(0TO)* 27.14 27.29 (000)* 27.14 27.52
(000)~ 27.14 27.39 (001)~ 42.95 42.82
(011)~ 42.95 42.56 (BN 42.95 42.12
11+ 12.03 11.94 (T10)” 12.03 11.82
(100)* 12.03 12.11 (100)~ 12.03 12.00
a1nt 55.44 54.28 (111)” 55.44 50.05
(101)* 55.44 47.74 (1o1)~ 55.44 49.24
(020)" 49.54 51.40 (0T0)~ 49.54 48.39
(100)~ 17.70 18.49 (1T00)* 17.70 17.68
(110)~ 1770 1666  (0T1)~ 1.44 1.52
(021" 1.44 1.53 (101)~ 21.63 22.09
(111)” 21.63 21.48 o1 42.03 38.50
(011)” 42.03 40.98 (oot 42.03 38.81
(001)~ 42.03 37.84 (120)* 34.78 32.67
(002)* 14.08 13.56 (002)~ 14.08 13.60
(012)~ 14.08 13.59 (012)* 14.08 13.69
(120" 1.49 1.20 a1Tnt 21.44 22.60
(101)* 21.44 22.19 (102)* 17.13 16.56
(102)~ 17.13 1619  (112)* 17.13 15.95
(112)~ 17.13 15.53 (17T0)~ 37.42 37.76
a11)™ 0.84 1.13 (121)~ 0.84 0.89
(111)” 34.53 34.03 (101)~ 34.53 33.77
(Ton* 3453 3404 (210)* 7.02 6.78
(210)~ 7.02 7.33 (200)* 7.02 6.93
(200)" 7.02 7.46 oznt 1.21 1.43
o1nt 1.21 1.37 (0TT)~ 1.21 1.44
Q1IN* 25.92 26.18 (211)~ 25.92 26.85
201" 25.92 23.79 (201)~ 25.92 26.36
(072)~ 31.21 32.26 (022)* 31.21 32.54
(022)~ 31.21 31.62 (102)~ 6.21 6.31
(112)” 6.21 6.62 (121n* 0.75 1.99
11+ 0.75 1.30 (112)* 35.38 35.86
(122)*F 35.38 35.46 (122)~ 35.38 36.50
(030)" 1.31 1.77 (020)~ 1.31 1.79
(021)” 23.18 25.44 (031)* 23.18 23.67
(121~ 1.02 134 (1n)- 1.02 1.51
(1in* 1.02 1.38 (220)" 18.14 19.35
(220)~ 18.14 20.41 210)* 18.14 20.33
(227" 0.82 0.80 (221)” 0.82 0.80
210" 0.82 0.82 (130)* 1.05 1.79
(221)*" 7.32 7.59 (1170)~ 7.32 7.82
11~ 7.32 7.39 13nt 22.27 22.35
(172)” 16.22 17.37 (122)~ 16.22 16.94
(220)~ 10.87 10.78 (210)~ 10.87 10.95
1nt 9.15 9.51 (201)* 9.15 9.58
212)* 9.52 10.30 (212)~ 9.52 10.05
(202)" 9.52 9.76 (202)~ 9.52 9.69
R,=4.6, R,,=6.8

p wp
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3. Commensurate collinear structures

Although in the case of a commensurate collinear
structure with saturated magnetic moments the Fourier
series has to contain higher harmonics which we could
not detect so far, we calculated the diffraction patterns
for such structures. First a suitable commensurate mag-
netic unit has to be determined, compatible with the
propagation vector k=(—0.214,1,0.457). By develop-
ing the x and z components of k in Eulerian continued
fractions we found that they can be approximated by

k,=—0.214=—32=-0.2143 ,

k,=0.457= 3% =0.4545 or k,=0.457~1=0.4571 .

A magnetic unit cell 14a, 2b, 11c or better 14a,2b,35c
has to be assumed in order to obtain the translational
symmetry given by the propagation vector. The latter
cell contains 980 chemical unit cells with 1960 magnetic
ions.

It is worth mentioning that the fraction —%, which
was found for k,, obeys the building law

3 =_ bt P =

W it
This building law is derived within the framework of the
ANNNI model.!? In the ANNNI model the magnetic
ions are situated in ferromagnetic planes with competi-
tive ferromagnetic and antiferromagnetic interactions be-
tween planes. The propagation vector given by this
building law describes the translational symmetry per-
pendicular to these planes.

In our case the Mn?" ions are also located in planes.
Although antiferromagnetic, these planes are parallel to
the (100) plane and perpendicular to the periodicity given
by k, = — 3. Another possibility is to consider k, as well
as k, as fractions within the predictions of the ANNNI
model, giving rise to an ANNNI-model-like behavior in
two dimensions. The corresponding planes in direct
space which are almost perpendicular to the projection
(—2,0,18) of k into the a *c * plane, are then the (—102)

’35
planes. The exact angle is 88.5°. In this sense the first-
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order phase transition AF1-AF2 could be described by
the ANNNI model, although the change of the spin
direction during this phase transition shows that MnWO,
is not an Ising system.

In order to carry out calculations for commensurate
models we had to find suitable mutual orientations of the
magnetic moments in the large unit cells, given above. In
order to be as close as possible to the sine wave structure,
the commensurate structure was assumed to be a square
wave, which was generated by the function

m(R;)=m,{usgn[cos(27kR;+¢)]}

from the sine wave. The direction of the magnetic mo-
ments was taken from the refinement of the sine wave in
Table III, part (a). Figure 12 shows a graphlcal represen-
tation of this procedure for the case kK, =—2, k, =2,
i.e., a magnetic unit cell 14a, 2b, 11c. Powder patterns
are calculated with magnetic unit cells 14a,2b,11c and
14a, 2b, 35c; the latter is shown in Fig. 10(d). The results
are given in Table VI, together with the results obtained
from the single-crystal data. The magnetic moment we
obtained is almost equal to the moment as refined from
the elliptical spiral. It can be recognized that in spite of
the large number of reflections which arise from such a
unit cell, the powder pattern shown in Fig. 10(d) is quite
similar to that of the sinusoidal structure [Fig. 10(b)] as
most of the additional reflections appear to be quasiex-
tinguished. Nevertheless some small additional peaks ex-
ist, which do not appear in the observed pattern. It can-
not be excluded that they can be eliminated by subtle
changes of the spin direction or by inverting some spins
of the magnetic unit cell.

From the results given above, the elliptical spiral ap-
pears to be the most suitable model for the magnetic
structure in the phase AF2, but nevertheless our con-
siderations concerning an eventual commensurability of
AF2 remain valid. They are underlined by the fact that
no shift of the propagation vector with temperature could
be observed. In terms of magnetic exchange the magnet-
ic structure behavior of MnWO, seems to arise from the
competitive exchange interactions between zigzag chains
of Mn?" within the layers, neighbored in [100] direction,

FIG. 12. Construction principle for com-
mensurate magnetic structure models from an
underlying sine wave. Only one magnetic mo-
ment per crystallographic unit cell is plotted.
The numbers are the numbers of the chemical
unit cells in the directions a, b, and c.
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TABLE VI. Magnetic structural parameters of phase AF2 as obtained under the assumption of a
commensurate collinear spin arrangement in magnetic unit cells 14a,2b,11c and 14a, 2b,35c, respec-

tively.
Powder (D1B) Single crystal (D10) Single crystal (DN4)
Cell lm| (us) R, R,, Imluz) R, R,,  |m| (up) R, R,,
14-2-11 4.1 10.3 12.6 4.7 6.4 8.1 4.2 4.6 6.0
14-2-35 4.1 9.1 11.2 4.7 6.3 8.1 4.2 4.6 6.0

as described,’ in order to explain the commensurate
phase AF1. The occurrence of three magnetic phases has
its origins in a competition between isotropic exchange
interactions and single-ion anisotropy. The single-ion an-
isotropy, which is due to the interaction of the magnetic
moments with the crystal field, prefers an alignment of
the magnetic moments in the so-called easy direction, i.e.,
the direction of the magnetic moments in phases AF3
and AF1. The incommensurate translation symmetry of
phases AF3 and AF2 has its origin in competing isotro-
pic exchange interactions, underlined by the occurrence
of the two irreducible representations, which are degen-
erated in the higher symmetry of the exchange group.
This degeneracy is destroyed by single-ion anisotropy.
Therefore on cooling from the paramagnetic state, in
phase AF3 the magnetic moments begin to order accord-
ing to one irreducible representation. By virtue of the an-
isotropy they are aligned in the easy direction, but with
the incommensurate translation symmetry, which is de-
scribed by the wave vector k=(—0.214,1,0.457). The
component in the [010] direction is not ordered in phase
AF3, so this phase can be called semiordered. For entro-
py reasons—the magnetic moments tend to saturate—
the collinear sine wave structure of phase AF3 cannot be
stable. Therefore in a further transition, the component
in the [010] direction orders, leading to the observed el-
liptical spiral structure in phase AF2, where in principle
the magnetic moments could saturate. The spiral howev-
er is not preferable for the anisotropy. Therefore with
decreasing temperature, where the contribution of the an-
isotropic term in the Hamiltonian becomes more and
more important, the transition to the commensurate
phase AF1 occurs, where again the magnetic moments
are aligned in the ac plane in the easy direction and in ad-
dition have the possibility to saturate.

In order to proceed further in answering the question
“incommensurate elliptical spiral or long period com-
mensurate collinear spin arrangement for the phase
AF2,” we intend to carry out a further experiment with a
bigger crystal, in order to look for the higher harmonics.
In case of the sinusoidal structure AF3, a spin-density
measurement with polarized neutrons could be instruc-
tive. The predictions of the ANNNI model concerning
the presence of several further magnetic phases in pres-
ence of a magnetic field are just being investigated by
field-dependent single-crystal experiments.

VI. CONCLUSION

We have studied the three magnetic phases of MnWO,
in the temperature range 7=1.2 K to T=14 K by
means of neutron diffraction and supplementary specific-
heat and susceptibility measurements. It turned out that
the two upper phases AF2 and AF3, which exist in the
temperature ranges 7=8.0-12.3 K and T=12.3-13.5
K, are antiferromagnetic. The translational symmetry
appears to be the same in both phases. It can be de-
scribed by a propagation vector k=(—0.214, 1, 0.457).
The main difference between the magnetic structures is
the existence of a component of the magnetic moments in
the [010] direction in phase AF2, which does not exist in
AF3. The best agreement between observed and calculat-
ed neutron data was obtained by assuming a sinusoidal
modulation of the magnetic moments in the phase AF3,
and an elliptical spiral structure in AF2. The basal plane
of the elliptical spiral contains the b axis and intercepts
the ac plane in the direction of the magnetic moments of
AF3.

Commensurate collinear models, which appear in pre-
dictions of the ANNNI model, are discussed for the
phases AF1 and AF2. For AF2 the agreement between
calculations and experiments for the commensurate mod-
els assumed is not as good as in the case of the elliptical
spiral. Nevertheless further experiments, especially in
presence of a magnetic field, will be of interest to investi-
gate this point in more detail.

The commensurate phase AF1 was found to be identi-
cal with former results.>® Its translational symmetry is
described by a propagation vector k=(%1,1,1). The
magnetic moments are aligned collinear in the ac plane,
forming an angle of 37° with the a axis.
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