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In the insulating compounds MnPSe; (1) and FePSe; (2) the divalent tran-
sition metal ions form planar honeycomb lattices. A neutron diffraction
study revealed a collinear antiferromagnetic order below Ty =74 £+ 2K
(1) and Ty = 119 £ 1 K (2) with the corresponding wavevectors k =
[000] (1) and k = [1/2 0 1/2] (2). In MnPSe; the magnetic moments
(mg = 4.74 pug) lie within the basal plane and in FePSe; (my =4.9 ug)
they are pointing along the c-axis. The collinear structures are determined
by the dominating intralayer interactions between first (J,), second (J,)
and third neighbours (J3) which in MnPSe; are all antiferromagnetic
whereas in FePSe; J; is ferromagnetic and J, and J3 are antiferromagnetic.

1. INTRODUCTION

THE INSULATING COMPOUNDS MnPSe; and FePSe,
belong to the layered MPX; family (M = first row tran-
sition metal, X = S, Se). The manganese and iron seleno-
phosphates can be considered as two-dimensional MSe,
layers of the CdJ, type in which one third of the cations
have been substituted by (P,) pairs. The stacking of the
SeM,,3(P2);,5Se slabs give rise to Van der Waals’ gaps,
and it has been shown [1--5] that ions or molecules can
easily be intercalated in the voids of the gap.

We report, in this article, on a neutron diffraction
study of the magnetic structure and of the magnetic
phase transition of MnPSe; and FePSe;.

2. EXPERIMENTAL

Polycrystalline samples of MPSe; compounds were
obtained from the elements using previously described
methods [6, 7]. X-ray powder spectra which were
recorded in order to check the crystallographic purity,
have shown that the samples are in a single phase.

The neutron diffraction experiments were carried
out with powdered samples on the 800-cell multidetector
diffractometer, installed at the SILOE-reactor of the
Nuclear Research Center at Grenoble. Neutron diffrac-
tion pattern were recorded using monochromatic
neutrons at 2.475 A wavelength, at various temperatures

* This work was supported in part by the project No.
03-41E-21P of the Bundesministerium fiir Forschung.

between 4.2 and 170 K in a range of Bragg-angles
3% <6 <43° (resolution A9 = 0.05°).

3. CRYSTALLOGRAPHIC STRUCTURES

The observed reflections in the neutron diffraction
pattern of both compounds in the paramagnetic region
were indexed in the thombohedral system respecting the
extinction condition of the space group R3. The lattice
parameters ¢ and ¢ of the hexagonal cell and the reduced
atomic positions were refined by least-squares routines
leading to satisfactory agreement between observed and
calculated values of the peak positions and the integrated
intensities (Tables 1 and 2) respectively. In the measured
temperature range and in particular at the magnetic
ordering temperature no change in the nuclear structure
was observed but a thermal expansion of the lattice
parameters (Table 3).

The position parameters of FePSe; are in good
agreement with X-ray data [8] and very similar values
were found for MnPSe; (Table 4). Structure calculations
in a2 non-centrosymmetric space group K3, as it was pro-
posed in [10], did not improve the refinements.

In the crystallographic structures (Fig. 1), hexagonal
layers of selenium atomns are stacked along the c-axis in
an AB-sequence. In every other slab of Se-atoms one
third of the octahedral sites are occupied by P, pairs and
two thirds by the divalent 3d ions. Due to the special
value of their position parameter z = 1/6, the metallic
ions form a honeycomb lattice in the (001) planes,
where the distances between the three first nearest
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Table 1. Observed and calculated intensities of neutron
diffraction powder spectra for MnPSe; (T = 100K,
centrosymmetric model R3: R = 2%)
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Table 2. Observed and calculated intensities of neutron
diffraction powder spectra for FePSe; (T = 154K,
centrosymmetric model R3: R = [ 1%)

hkl Intensity [barmn/cell]  hki Intensity [barn/cell]
Observed Calculated Observed Calculated

101 1189 110.2 003 94.0 90.5
012 99.0 89.0 104 218 226
006 101 0 0
015 1066.5 10593 012 0 0
L10 006
13| 23315 9797 5 015 276.4 298.1
113}

110
021 114.2 119.6 1131 3194.7 307
202 63.1 71.3 113 : 3073.0
024 276 226 107 100.0 124.0
i ig i }g} 1789.6 1869.5

= _ 191.6 240.9 -
02> 025] 350.0 309.0
018 018] ' '
009 26.6 35.6 009 ~ 40 558
122 122
191.8 158.9 c< ~
214 2 214
il 413 36.7 214 ~

124 ‘ 1241 60 73.6
300
119 4534.6 4521.7
119

neighbours (n.n.) are about 3.6 A the six second n.n. of
the order of 6.3 A and the three third n.n. about 7.3 A.
The symmetry of the Me?" ion site in reality is trigonal
due to a slight distortion of the selenium octahedra
along the c-axis. Neighbouring Me?**-layers are stacked in
an ABC-sequence and separated by r’ = 6.7 A.

From this structure the intralayer exchange inter-
actions are expected to be stronger than the interJayer
coupling, which should lead to a quasi-bidimensional
behaviour.

4. MAGNETIC STRUCTURE

For MnPSe, the neutron diffraction pattern shows
an increase of the intensities of some reflections below
Ty = 74 £ 2K but no additional peaks. The wavevector
of the magnetic order is thus k = {0 00]. Thus the mag-
netic cell is the same as the crystallographic one and the
group symmetry remains unchanged at this transition.

In the case of FePSe; many superlattice peaks
appear below Ty = 119 #+ 1 K (Fig. 2). They are indexed
with a vector k = [1/2 0 1/2] which is a symmetry point

O Sez-

® Mez' oP

Fig. 1. Rhombohedral structure of the MnPSe; phases.
(a) in the (110) plane; (b) in the (001) plane: numbers
represent the position along the c-direction in reduced
unit.
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Table 3. Hexagonal cell parameters of MnPSe and FePSe; determined from neutron diffraction data at different

temperatures
MnPSe; FePSe,
T 100K 42K 15K
a {A] 6.394 (2) 6.387(2) 6.262 (3)
¢ [A) 20.019 (6) 19.996 (6) 19.805 (5)

Table 4. Atomic positions in MnPSe; and FePSe; (R3) (between brackets values obtained from X-ray analysis)

Atom Site X y z
Mn 6¢ 0.0 0.0 0.1661
P 6¢ 0.0 0.0 0.4443
Se 18f 0.3305 —0.0016 0.0818
Fe 6¢ 0.0 0.0 0.1665 (0.1671)
P 6¢ 0.0 0.0 0.4486 (0.4455)
Se 18f 0.3282(0.3314) 0.0073 (0.0059) 0.0801 (0.0828)
60 - Ith) = (0.27)*fA(h) . sin®a(h)| Frn(0) . (1)
I T=15K FeP5e3 Az2475A
- fm is the magnetic form factor, o the angle between the
‘g scattering vector h and the magnetic moment direction.
9 F, is the geometrical structure factor
S
£ 1 Fp(h) = Y m;exp 2mi(hR)}. @
z
20 . vy " In both compounds the planar honeycomb metal—
- ‘ sos 225 ion lattice can be generated by two hexagonal Bravais
. 19¢ g 107 ol | lattices: the first one contains the atoms in (00 z),
1 1 1
20 80 1'2_0 180 2’00 220 580 320 (2/3 1/3 1/3 + z) and (1/3 2/3 2/3 + z), the second one

Bragg angle

Fig. 2. Neutron diffraction pattern of FePSe; in the
paramagnetic and in the ordered phase. Magnetic reflec-
tions are indexed by k = [1/2 0 1/2].

of the Brillouin zone. The magnetic cell is doubled along
the a- and c-directions as compared to the crystallo-
graphic cell and the symmetry is then lowered from
rhombohedral to triclinic. The transition temperatures
T~ deduced from the thermal variation of the magnetic
intensities (Fig. 4) are in good agreement with the results
of 3'P—NMR measurements [ Tn(MnPSe;): 74 K;
T(FePSe;): 112K] [9] and with previous susceptibility
measurements.

The wavevectorsk = [000] andk = [1/2 0 1/2]
lead to collinear magnetic structures, where my is the
common moment direction. The intensity of a magnetic
reflection defined by the scattering vectorh=H + k,
where H is a Brillouin zone, is the given by:

contains the atoms in (00%), (2/3 1/3 1/3 —z) and

(1/3 2/3 2/3 —z). The magnetic structure factors have
been calculated for the two Bravais lattices in (00z2)
and (2/3 1/3 1/3 —z) (numbers 1 and 4 in Fig. 1) which
belong to the same (00 1) plane.

The corresponding expressions for ferro- and anti-
ferromagnetic coupling of the two lattices are reported
in Table 5. F, depends only on the Miller indice ! of
the Brillouin zones and it shows systematic extinctions
only in the case of an antiferromagnetic coupling
between these two lattices.

For MnPSe; all reflections with ! = 3n (006, 110,
113, 116,009, 300, 119) have no magnetic contribution
so that ferromagnetic coupling must be excluded. For
FePSe; the systematic extinction of the reflections
h = [hkl] + k with [ = 3n + 1 implies in the same way an
antiferromagnetic coupling of the considered Bravais
lattices.

The array of the magnetic moments m‘"(R,,) and
m‘?(R,,) can be deduced from the knowledge of the
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Table 5. Magnetic structure factor calculated for MnPSe; and FePSe; for ferro- and antiferromagnetic coupling of
the two Bravais lattices (00 z) and (2/3 1/3 1/3 — z) located at the same plane with z = 1/6

Couplage MnPSe; FePSe,
k=[000] k=[1/201/2]
Foo=2myg cosz21rlz Fro=2mgisin 2m(l + 1/2)z
m, =m; forl=3n: F,, =4m} for1=3n+l:F,'n2=4m5
l#3n: F,, =m} 1#3n+1:Fp =md
Fpy = 2mygi sin 2nlz Fpo=2mgcos 2n(l + 1/2)z
m; = —m, forl=3n:F.l=0 forl=3n+1:F, =0

[#3n: F,F=3m}

I#3n+1:Fl2=3m}

Table 6. Observed and calculated values of magnetic
reflection intensities of MnPSe; (T = 4.2K; ¢ is the
angle between the moment direction and the c-axis)

hil Intensities [bamn/cell]

Observed Calculated ¢ =90°

¢ =70°

101 125.08 125.12 1169
012 129.49 131.23 129.5
104 130.33 128.52 137.21
113 0 0 0
021 73.66 71.19 65.17
202 69.02 70.18 65.54
107 89.29 92.69 99.19
024 63.13 63.13 62.42
116 0 0 0
009 0 0 0
122 79.79 85.73 79.21
207 52.38 51.72 5443
214 82.55 80.49 77.29
105 11943 119.43 130.10
006 0 0 0
110 0 0 0

R 0.02 0.06
mlc Imol lug) ' 470 474

coupling between the two Bravais lattices and the
rthombohedral translations R, by:

mD(R,) = m§? exp {2mikR,} 3)
with m§?’ = — m{V.

For both compounds, the magnetic structure is
represented in Fig. 3.

4.1. Direction of magnetic moments

The common direction of the magnetic moments
can be obtained from the intensities of the magnetic
reflections, which depend on the angle « between h and
m, [see equation (1)].

In the case of MnPSe; with k = [0 00] the value

1
i

! ~-z-9'6
/oo

- ,H z:7/6 {H--Ziys
i 0
’ | ' ! G‘ : D
I Bz -5/ ! #--z- 5/6
‘Ilg'| -“I:’.
& Q! é 1

—~—~-2z: 3/6

Mr\PSe3

FePSeq

Fig. 3. Magnetic structures of: MnPSes(k = [000],
m L c) and FePSes(k = [1/20 1/2], m|| c).

sin®a(h) can be replaced by the average {sin®a) over the

equivalent { ikl ) reflections of the R3 group:

L(h® + K* + hk)a* sin®¢ + [*c** cos ¢
[h?|

(sina)=1— (4)

It depends on the angle ¢ between the magnetic
moment direction and the hexagonal c-axis. However
from powder spectra it is impossible to determine the
moment direction within the basal plane.

The magnetic reflection intensities calculated for a
moment direction perpendicular to the c-axis (¢ = 90°)
lead to reliability factor R = 0.06 and a moment value
of 4.74 yg and 4 K. This result can be improved
(R = 0.02) by a refinement of the angle ¢, which lead
to values of ¢ = 70° and of my = 4.70 ug. In Table 6
the observed intensities are compared with the calcu-
lated ones for both values of ¢.

However, it should be noted that an angle ¢ dif-
ferent from 90° would result from a competition
between a single ion anisotropy and a dipolar anisotropy.
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Table 7. Observed and calculated positions and intensities of magnetic reflections of FePSe; atr 15K
Np ki I Bragg angle Intensities [barn/ceil]
Observed Calculated Observed Calculated
1/201/2 6.724 6.782 89.6 85.5
12052 11.210 11.144 13.7 29.4
1/213/2 - 12.615 00 0.0
1/20 1/_2 14.286 14.270 7.9 16.9
1211/2 17.635 16.635 142.1 141.5
E 152 19.855 19.840 103.0 104.8
1/219/2 - 20.084 0.0 0.0
3/20 _3_/_2_ - 20.75 0.0 0.0
}_/_2_ 172 2192 21.857 53.3 80.25
1/2111/2 21.2 21.218 ~0 3.5
1/221/2 24.38 24321 111.5 110.9
1/2013/2 - 2494 0 3.5
1/22 52 26.0% 26.062 95.0 103.6
3/209/2 — 26.26 0.0 0.0
1/2111/2 27.22 27.192
112272 27.73 27.725 200 118.7
1/21 }_3_[2 304 30.372 ~50
3/215/2 31.37 31.363 96.7 75.6
mllc R 0.08
|m0|l-‘13 49

2 Nuclear reflections superposed.

m(T)/ m(0)

!

ordered phase is lowered, the values of sin?a(h) must be
calculated for each reflection. A satisfactory agreement
of calculated and observed magnetic intensities is only
achieved if moments are taken parallel to the c-axis. At
15K, the refinement leads to a reliability factor of

R = 0.08 (Table 7) with a magnetic moment value of
4.9 pg. The high value of m might be due to spin—orbit
coupling; the moment direction deduced from the
neutron diffraction data is in agreement with a Mossbauer

effect study {7].

In Fig. 4, we have reported the thermal variation of
the reduced moment value m(T)/m(0), measured from
magnetic reflexion intensity changes, vs reduced tem-
perature T/T 5, where m(0) is the value extrapolated at

_ Brillouin S$:5/2 -
§:1/2 - = ———
0.5 - N
i MnPSe; o .
_ FePSeg & |
] _
0.0 T T T T T ]
0.0 0.5 1.0

Fig. 4. Thermal variation of the reduced magnetic
moments in MnPSe; and FePSe; determined from mag-
netic intensities. Full lines represent Brillouin functions
for S =5/2and 1/2.

Furthermore ¢ should vary with temperature. As no
temperature dependent change in the intensity ratio of
different reflections was experimentally observed, it
seems reasonable to assume that the antiferromagnetic
direction lies within the basal plane.

In the case of FePSe;, where the symmetry of the

T =0, and Ty is the Néel temperature.

It can be seen that the experimental data in the case
of MnPSe; is rather close to a Brillouin curve for S =
5/2. For FePSe;, the observed variation has a more com-
plex shape which departs from a Brillouin function
calculated with S = 1/2. This behaviour may be due to a
fairly strong Ising character of this phase and to import-
ant two-dimensional correlations.

5. DISCUSSION

The comparison between MnPSe; and FePSe;
shows that, whereas all the Mn?* jons are surrounded, in
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the basal plane by three neighbours in an antiferromag-
netic configuration, in FePSe;, there exists in the same
plane lines of ferromagnetically linked neighbour iron
atoms (Fig. 3). These lines are antiferromagnetically
coupled to each other.

The difference between both magnetic structures
must be due to a change in the intralayer interactions in
both compounds. The stability conditions of a
Heisenberg or XY system in a 2D-honeycomb lattice
have been studied in a mean field approximation [11,
12] taking into account first n.n., second n.n. and third
n.n. interactions of the spins within the basal plane, and
neglecting the weak interlayer coupling. The magnetic
phases are then characterized by (k, ky ¥) where k,
and k, are the wavevector components in the basal
plane, and W is the angle between the moment direction
of the two Bravais lattices. Beside of three helical struc-
tures, the phase diagram contains four collinear magnetic
structures: (a) a ferromagnetic phase (00, 0), (b) an anti-
ferromagnetic phase (00, ) like MnPSe; where all three
first n.n. are antiparallel, (c) an antiferromagnetic phase
(1/2, 0, 0) where two first n.n. are antiparallel and one is
parallel, and (d) an antiferromagnetic structure (1/2 0, )
with two first n.n. parallel and one antiparallel. The last
case {d) is realised by FePSej;.

The exchange integrals of both compounds may be
estimated from the paramagnetic Curie temperatures 6,
and the Néel temperatures:

kgl, = 35(S + 1)(3J, + 6J, + 3J3), (5)
kpTn = 3S(S+ DA, (6)
where

A(MnPSe;) = —3J,+6J, —3J;,

A(FePSe;) = J; —2J; —3J/;. )

In the case of MnPSe; with 8, = —200K and Ty =

74 K equations (5) and (6) lead to J,/kg = — 1.8 K and
(J; +J3)/kg = — 7.8 K. The stability conditions for the
different magnetic phases are now used. As the phase
(00, m) is only stable if J, 2 1/2J;,J; must be neces-
sarily antiferromagnetic. A second condition requires
4J; < 6J, —J, which indicates that the (00, 7) phase is
more stable than the helical one. Thus we found for the
MnPSe,:

Jz/ka = _ISK,
—68K<J /kg<—3.6K,
—42K < Jyfkg <— 10K,

with (J; + J3)/kg =—7.8K.

All three intralayer interactions are antiferromag-
netic. It is remarkable that the third n.n. coupling J; via
the P—P pairs are of the same order of magnitude than
the second neighbour coupling J, (super—super exchange
via two Se-atoms). Furthermore the first n.n. coupling
Jy is only about two times stronger than J, and J.
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In FePSe; with 8, = 0 and Ty = 119K one gets the
relations:

jz = 5.19 _le

Jy = —104+J, and (J;+2L+J;) = 0.

The stability conditions for the (1/2 0, 7) phase requires
J, < 1/2J; which is satisfied only for a ferromagnetic
n.n. coupling (J, > 0). Then the range of possible values
forJy,J, and J5 is restricted by the stability condition
to:

347K < Jy/kg < 104K,
—2K < J3/kg <0.

So the exchange interactions in FePSe; are of the same
order of magnitude as in MnPSe;, only the first n.n. has
an opposite sign in FePSe; (J,> 0).

The fact that the magnetic cell of FePSe; is doubled
along the c-direction but not that of MnPSe; may not
result from a change of the interplanar interactions J ;
rather it may be due to the change of the sign of J|,
leading to a different value of the wavevector &k, within
the plane, which for a collinear 3-dimensional structure
requires k, = 1/2 (note that [1/2 0 0] is not a wave-
vector of a collinear magnetic structure).

The strong intralayer exchange interactions in both
compounds lead to a bidimensional magnetic short-range
order observed far above Ty by a modulation of the dif-
fuse neutron scattering intensity at low angles. Detailed
investigations are going on and shall be presented else-
where.
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