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A neutron diffraction study of a-MnC,0,-2D,0, a quasi-one-dimensional antiferromagnet with
anisotropic interchain interactions, has been performed on powder specimens. It reveals two mag-
netically ordered phases at low temperatures. The upper phase below Ty=2.4 K has an incom-
mensurate helical spin structure with propagation vector Q=(0. 170,%, —0.025). A gradual trans-
formation occurs below T,=1.5 K, where a commensurate structure with a propagation vector
Q=(0,%,0) develops as the temperature falls, while evidence of the incommensurate structure di-

minishes.

INTRODUCTION

While ideal one-dimensional (1D) magnetic chain sys-
tems with only nearest-neighbor interactions should not
show long-range order above T =0 K, real materials con-
taining linear chains of magnetic atoms (quasi-1D sys-
tems) exhibit long-range order at nonzero temperatures
due to weak interchain coupling. In the case where inter-
chain interaction is strongly anisotropic, the physical
properties of the system may be particularly interesting. !
If all chains in the crystal are parallel and one interchain
coupling is dominant, we may observe a crossover from
1D to 2D behavior before entering the 3D ordered state.
It is also possible that the system will exhibit pronounced
2D character even in the 3D ordered state.

Recent neutron diffraction studies’’? suggest that the
quasi-one-dimensional antiferromagnet a-FeC,0,:2D,0
may exhibit such effects. The a-FeC,0,:2D,0 structure
is shared by the hydrated or deuterated oxalates of
several divalent transition metal ions. As shown in Fig.
1, the chemical unit cell contains four M?* ions belong-
ing to four different antiferromagnetic chains lying along
the monoclinic b direction. As explained in conjunction
with Table I, the symmetry of the structure is such that
interchain interactions in the ordered state will be aniso-
tropic. a-FeC,04-2D,0 shows 3D order below Ty =11.7
K with doubling of the unit cell along the b axis, the
chain direction. A discontinuous transition to a second
magnetically ordered phase with additional doubling of
the unit cell along the a axis was observed at 7, =9.5 K.
Simizu et al.! noted that very little energy is involved in
this transition, as indicated by the extremely small heat
capacity anomaly found at 7,. This is consistent with
the presence even in the 3D ordered state of 2D antifer-
romagnetic sheets parallel to the (100) plane which in-
teract only weakly with one another. Heat capacity data’
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over a wider range above and below Ty also appear to
support this picture.

The interactions in a-FeC,0,-2D,0 are Ising-like, and
1D and 2D Ising models have been used with some suc-
cess>* to explain its magnetic and thermal properties.
The isostructural compound a-MnC,0,-2D,0, on the
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FIG. 1. The chemical unit cell for the a-MC,0,-2D,0 struc-
ture. The four atoms in the unit cell belong to four different
linear chains parallel to the monoclinic b axis. In the case of a-
MnC,0,4-2D,0, the Mn atoms lie close to but not exactly in the

=1 or 2 planes.
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TABLE 1. Lattice constants and atomic positions in a-MnC,04-2D,0. Atomic positions are shown
for T =8 K. Standard deviations are given in parentheses and apply to the least s1gmﬁcant digits. Four
Mn positions (4e) in a unit cell are (1) (0,,3), (2) (0,1—y, 3),3) (L 3 L+, 4) @ (3, 2 -y 4) Mono-
clinic @-MnC,04-2D,0 belongs to the space group C2/c. The site created by a primitive translation of
site (n) along the b axis is labeled (f), e.g., (1) =(0,14y,, 1) (see Fig. 1). The spins on sites (n) and (#)
are coupled antiferromagnetically by superexchange interaction via oxalate bridges along the b axis.
Due to symmetry, nearest-neighbor interchain exchange interactions in the (001) plane cancel. For ex-

ample, exchange interaction of site (3) [(4)] with site (1) [(2)] cancels that with site (1) [(2)]

T [K] a (A) b (A) ¢ (A) B R factor
300 11.965(3) 5.647(1) 9.980(2) 128.30°(1) 0.117
8 11.710(3) 5.656(1) 9.891(2) 127.99°(1) 0.145

Atom Position x y z

Mn 4e 0 0.226(3) 0.250

C 8f 0.051(2) 0.674(4) 0.351(2)

0O, 8f 0.087(2) 0.472(4) 0.428(3)

0, 8f 0.092(2) 0.878(4) 0.434(3)
Ow 8f 0.181(2) 0.185(4) 0.250

D, 8f 0.335(2) 0.618(3) 0.367(3)

D, 8f 0.222(2) 0.598(3) 0.133(3)

other hand, should have interionic interactions predom-
inantly of the isotropic Heisenber§ type. As shown in
Fig. 2, magnetic heat capacity data” on this system above
4 K are well reproduced by the antiferromagnetic Heisen-
berg linear chain model with § =3 and J/k =—1.17 K.
Also evident in these data (see inset in Fig. 2) are a small
A-type peak at Ty =2.4 K and a second small but discer-
nible anomaly at T,=1.5 K. Below Ty, the magnetic
heat capacity varies as T? and is reproduced by a nonin-
teracting spin-wave calculation for a rectangular Heisen-
berg antiferromagnet with |J’'/J | =0.02. This suggests
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FIG. 2. Molar magnetic specific heat of a-MnC,0,-2H,0.
Solid and dashed lines are calculated for the antiferromagnetic
Heisenberg linear chain model with S =3 >and J/K=—-1.17K
and the rectangular Heisenberg antlferromagnet with anisotrop-
ic exchange |J'/J | =0.02, respectively. The inset shows an
enlarged plot of C,,, / T? vs T for the data below 3 K.

the existence in this system also of nearly independent 2D
magnetic sheets even in the 3D ordered state. In this pa-
per we wish to report the results of a neutron-diffraction
study on powdered a-MnC,0,-2D,0 which confirms the
ordering at Ty =2.4 K and also reveals a second magnet-
ically ordered phase below T, =1.5 K.

Neutron diffraction measurements were carried out on
the H4M triple axis spectrometer at the Brookhaven
High Flux Beam Reactor. The (002) reflection of pyro-
lytic graphite (PG) was used for both monochromator
and analyzer. A PG filter was used to remove higher or-
der contamination from the beam. The collimation was
20' —40’'—20'—40' and the neutron wavelength 2.35 A.
Powder samples of a-MnC,0,4-2D,0 were prepared by
methods similar to those described in the literature’ for
the hydrate.

EXPERIMENTAL RESULTS AND DISCUSSION

First we performed powder scans on a-MnC,0,:2D,0
at temperatures well above Ty, namely, 300 K and 8 K.
Our results at 300 K gave lattice constants and atomic
positions in good agreement with those found previously
by x-ray diffraction on the hydrate.® The same chemical
structure with somewhat different lattice constants ac-
counted for the data at 8 K. The results of applying Riet-
veld refinement methods® to the 8 K data are shown in
Table I. We have used the 8 K cell parameters in analyz-
ing the magnetic structure at low temperatures. Powder
scans in the range 5° < 260 < 30° were carried out at 3 K, 2
K, and 1.15 K, corresponding to high- (7 >2.4 K),
intermediate- (2.4 K> T > 1.5 K), and low-temperature
(1.5 K> T) phases, respectively. The results in the inter-
val 10° <26 < 30° are shown in Fig. 3.

Strong diffuse scattering was observed in the high-
temperature phase, the integrated intensity of which
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FIG. 3. Neutron diffraction pattern for powdered a-
MnC,0,-2D,0 at (a) 1.15 K, (b) 2 K, and (c) 3 K. Sequential
numbers in (a) and (b) correspond to those in Tables III and II,
respectively.

reaches a maximum at Ty =2.4 K, as shown in Fig. 4(b).
In the intermediate phase the scattered intensity consists
of diffuse scattering and magnetic Bragg peaks that are
not commensurate with the chemical cell. These peaks
are well explained by assuming a helical spin structure, to
be discussed below, having a magnetic propagation vec-
tor Q=(0.170,%,—0.025). Calculated results for this
structure are compared with the data in Table II. In the
low-temperature phase, the scattering consists of reduced
diffuse intensity and both incommensurate and commens-
urate Bragg peaks. As indicated in Fig. 3(a), the posi-
tions of the incommensurate peaks do not shift for
T < T,, although their overall intensity decreases in com-
parison with the T=2 K values [Fig. 3(b)] as commensu-
rate peaks appear.

Figure 4(a) shows the intensities of two incommensu-
rate peaks growing from their initial appearance at Ty,
reaching their maximum values at T,, and diminishing
below that point. Also indicated is the growth in intensi-
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FIG. 4. Temperature dependence of (a) intensity of incom-
mensurate and commensurate peaks, and (b) integrated intensity
of diffuse scattering. The numbers (5), (7), and (4*) correspond
to indices listed in Tables II and III.

ty of a commensurate peak as T falls below T',. The con-
tinuous transition at T, in the Heisenberg system a-
MnC,0,-2D,0 is in marked contrast to the discontinu-
ous transition between ordered magnetic phases previous-
ly observed!>* in a-FeC,0,-2D,0 whose interactions are
Ising-like.

The commensurate magnetic Bragg peaks have been
indexed assuming doubling of the unit cell along the b
axis. The integrated intensities of both incommensurate
and commensurate magnetic Bragg peaks at 2 K and 1.15
K are listed in wavelength-independent form in Tables II
and III, respectively. It should be noted that the com-
mensurate intensity was obtained by subtracting scaled
incommensurate data at 2 K from raw data at T =1.15
K assuming that the structure factor for incommensurate
peaks does not not change with temperature. The nu-

TABLE II. Incommensurate magnetic peaks at 7 =2 K. The squares of the structure factor have
been calculated for the following configuration with an R factor of 14.3%: fil=f}=—-fj=—0%
fi;=(—0.176,—0.321, 0.931) in Cartesian coordinates; ¢*>=240", ¢*>=50°, ¢*=290; gS =3.0up; where
we set ¢! =0° because only relative phase angles have meaning.

No. Index 20,50 20,1 | Fps | 2, (barn) | Far | Zic (barn)
(1) (010)+Q 12.1 12.15 0.38 0.38
2) (110)+Q 17.2 17.26 0.82 1.06
(3) d1n+Q 18.0 18.01 1.40 1.49
4) (101)+Q 19.35 19.47 0.39 0.45
(5) (01D +Q 20.25 20.31 L67 1.53
(6) (110)+Q 20.74 ) 0.35
M (01 +Q 22.15 22.14 1.583 1.50
(8) 211)4+Q 24.39 0.0 0.29
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TABLE III. Commensurate magnetic peaksat T=1.15 K.

No. Index 20,4 205 | Fag | 3,pt
(1*) (040) 11.94 12.0 0.32
(2*) (137 18.62 185

3.06
(3*) (110) 18.94
(4*) (041) 21.13 211 2.28
(5%) (247 26.17 26.15 1.36

clear reflections (312) and (311) were used to express the
square of the magnetic structure factor in absolute units
(barns). At present we do not understand the origin of
the small peak (designated as 1** in Fig. 3) at 20=14°
which can be indexed as (110). Further study is needed
to clarify this point.

Let us consider now some details of a model which suc-
cessfully explains the observations on the high-
temperature ordered phase existing between Ty and T,.
Attempts to extend this treatment to account for the be-
havior of a-MnC,0,-2D,0 below T, are also described
although, thus far, their success has been limited. We
may write a general expression’ for the diffracted intensi-
ty from a conical spin structure in this system. The spin
vector S§ of the jth atom in the /th cell is given by

S!=S5,[f {cos(Q-R'+¢/) +# {sin(Q-R'+¢/)]
+S, A 4cos(P-R),

where 1/, fi4, and fi{ are orthogonal basis vectors that
depend, in general, on site j in the unit cell. Q is the
propagation vector of the helix; ¢/ is the initial phase of
the helix measured from fi/ clockwise around fi{. The
third term represents a tilt of the moment from the heli-
cal plane and P is the propagation vector for this com-
ponent. The intensity then becomes

I~38(k—7—Q)F,-F, + 3 8(k—1+Q)F* -F_
+ 3 8(k—7+P)F!-F, ,

where

S . ) )
Fi(k=-r:tQ)=(7/r0)—2lf(k) zexp(ik-rj KX [K(D{Lifi)]exp( Fig¢’)

J

and

F,(k=7+P)=(yrg)S,f(k) 3 explix-r;, RX(RXH4) .
j

F, and F, correspond to incommensurate and commens-
urate structure factors, respectively. 7 is a reciprocal lat-
tice vector for the chemical cell, X is a unit vector along
the scattering vector k, and an asterisk identifies the com-
plex conjugate of a given quantity. (yr,) is a physical
constant equal to 0.539X 1072 cm and f (k) is the mag-
netic form factor of Mn?*,

As indicated above, components of the spin perpendic-
ular and parallel to fi{ give incommensurate and com-
mensurate reflections, respectively. The incommensurate
reflections should be determined, in general, by an
eleven-parameter set (fi}...A% and ¢%¢%4*) setting
S§,=0. We have fitted the incommensurate data under
the plausible constraint that all normal vectors i § for the
helix sheet have the same axis. Even in this case fi { may
have two directions to signify the direction of helical ro-
tation. Thus the following combinations are possible:
fl=nl=f3=0%al=0%=03=—1%% and so on. Good
agreement with the data (R =14.3%) was obtained using
the parameters listed in Table II. The sum of all calculat-

ed structure factors with the same | k| is given in Table
II since | F(hkl)| is not, in general, equal to | F(hk])|.
The value g§=3.0up at 2 K is quite reasonable since the
extrapolated moment per Mn?* ion at T =0 K appears
to be about Sup.

A schematic drawing of the helical spin structure we
are proposing for the high-temperature ordered phase of
a-MnC,0,:2D,0O is shown in Fig. 5. The structure
represented by the above-mentioned Q vector is one in
which the spin direction changes antiferromagnetically
along the b axis. This corresponds to the fact that the
system consists basically of 1D antiferromagnetic chains
parallel to that axis. The spin direction rotates incom-
mensurately by ~61° along the a axis. Successive spins
along what is essentially the c axis (neglecting the small
number —0.025) are ferromagnetically aligned.

We have attempted to explain the temperature depen-
dence of commensurate and incommensurate intensities
below T, by assuming a conical structure in which the
half-angle of the cone, tan_'(S" /s, ), becomes smaller as
temperature decreases. Here we find P=(010) from the
indices of the commensurate peaks listed in Table III. As
seen in Fig. 4(a), the intensity ratio of two incommensu-
rate peaks 5 and 7 does not vary even below T,;. This
suggests that the orientation of the normal vector i}
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FIG. 5. Schematic drawing of the incommensurate spin
structure of a-MnC,0,-2D,0 for T, <T < Ty. Mn atoms on
site (1) [or (4)] and site (2) [or (3)] belong approximately to the
planes with y =0.25 and 0.75, respectively.

remains the same. Besides, as already noted, the incom-
mensurate intensity could be subtracted from the data at
1.15 K without assuming any change of the structure fac-
tor with temperature. Therefore, the commensurate
peaks should be reproduced using the vector fi { obtained
above. Here one notes that the sign of S| may take either
positive or negative values because the conical collapse
may occur in either direction normal to the helical plane.
Although we tried all combinations, none yielded a
reasonable solution. Thus our efforts to interpret the
temperature dependence of the scattering below T, in
terms of the gradual change from a helical to a collapsing
conical structure have been unsuccessful to this point.
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Another possible explanation of these data which sug-
gests itself is a two-phase coexistence model. This would
require a temperature-dependent fraction of the sample
volume to possess a commensurate spin structure while
the rest is incommensurate. These structures could
presumably be described by the above-mentioned formal-
ism using independent parameter sets. However, treating
the system as inhomogeneous in this fashion appears to
be too arbitrary and has not been attempted.

While this work has yielded a satisfactory interpreta-
tion of the ordered magnetic structure of a-
MnC,0,:2D,0 between Ty and T,, it has not yet provid-
ed a consistent understanding of the behavior below T,.
Nor is it yet possible to draw any conclusions about the
suspected presence of pronounced 2D character in the
3D ordered state. Experiments on single crystals well
below 1 K are probably needed. We are presently trying
to grow crystals of a-MnC,0,-2D,0 suitable for such ex-
periments.

Note added. Since this work was completed and sub-
mitted for publication, we have learned of another neu-
tron diffraction study on a-MnC,0,-2D,0 by Sledzinska
et al.® The only diffraction spectrum they report show-
ing magnetic ordering was taken at 1.5 K. They are evi-
dently unaware of differences in the spin structure exist-
ing above and below that temperature. From their data
they infer the existence of a conical spiral structure simi-
lar to the one we have considered for the phase below
T,=1.5 K in the above discussion and found to be unsa-
tisfactory. Since the measurements of Sledzinska et al.
do not extend below 1.5 K, the significance of their inter-
pretation is unclear.

ACKNOWLEDGMENTS

We wish to thank Y. Endoh, H. Yoshizawa, and D. E.
Cox for helpful discussions. This work was supported in
part by the U.S.-Japan Cooperative Neutron Scattering
Program. The work at Carnegie-Mellon University was
supported by the National Science Foundation under
Grant No. DMR 84-05833 and that at Brookhaven Na-
tional Laboratory by the Division of Materials Science,
U.S. Department of Energy, under Contract No. DE-
ACO02-76CHO00016.

*Temporary address: Brookhaven National Laboratory, Upton,
NY 11973.

tAlso at Department of Physics, State University of New York
at Stony Brook, Stony Brook, NY 11794.

1S. Simizu, J.-Y. Chen, S. A. Friedberg, J. Martinez, and G.
Shirane, J. Appl. Phys. 61, 3420 (1987).

2. Sledzinska, A. Murasik, and M. Piotrowski, Physica 138B,
315 (1986).

3S. Simizu and S. A. Friedberg, J. Appl. Phys. 63, 3557 (1988).

4J.-Y. Chen, S. Simizu, and S. A. Friedberg, J. Appl. Phys. 57,

3338 (1985).

5A. Huizing, H. A. M. van Hal, W. Kwestroo, C. Langereis, and
P. C. van Loosdregt, Mater. Res. Bull. 12, 605 (1977), and
earlier references cited therein.

6H. M. Rietveld, J. Appl. Cryst. 2, 65 (1969).

D. E. Cox, W. J. Takei, and G. Shirane, J. Phys. Chem. Solids
24, 405 (1963).

8]. Sledzinska, A. Murasik, and P. Fischer, J. Phys. C 20, 2247
(1987).



