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The nuclear structures of TiPO, and VPO, have been refined
from neutron powder data using the Rietveld technique. For
both compounds, the CrVO, type nuclear structure (Cmcm,
Z = 4) was confirmed at 2 K with residuals of Ry = 0.033
(TiPO,) and Ry = 0.022 (VPO,). In this structure the magnetic
ions form chains running along the c-axis. For VPO,, magnetic
ordering with a propagation vector k = (3 0 0) was found
between 2 and 10.3(5) K. This magnetic structure shows antifer-
romagnetic intra-chain as well as inter-chain ordering. The
magnetic moments are aligned parallel to the b-axis and reach
the value (g, = 0.8(1) pp. In the temperature range from
10.3(5) K up to the Néel point Ty = 25.5(5) K an incommensu-
rate magnetic structure with increasing k, component of the
propagation vector (0.5 = k, = 0.561) was found. In contrast
to the vanadium compound no magnetic ordering was detected
fOI' TiPO4 down to 2 K. 101996 Academic Press, Inc.

INTRODUCTION

A whole series of anhydrous sulfates MSO, (M = Mn,
Fe, Co, Ni) of divalent transition metals has been investi-
gated by neutron diffraction (1, 2 and references therein).
The crystal structures of these sulfates are closely related
to those of CrVO, and the anhydrous phosphates TiPO,
(5), VPO, (5), B-CrPO, (3), and the high-pressure modifi-
cation FePO,-11 (4).

A general feature of this structure type with the magnetic
ions occupying the (4a) position in space group Cmcm
[(000),(00%), (353%), (3%0)] is a series of chains of trans-
edge-sharing octahedra similar to those observed in the
rutile structure running along the crystallographic c-axis
(Fig. 1). The magnetic structure of 3-CrPO, has been deter-
mined by neutron powder investigations (3), revealing
strong antiferromagnetic intra-chain coupling. Magnetic
interaction between adjacent chains leads to an incommen-
surate magnetic superstructure with dimensions ~3a,, -
buuel * Couat- While for 8-CrPO, the magnetic moments were
found to lie within the ab-plane (3), for the high pressure
phase FePO, Il (4) magnetic moments slightly tilted

against the c-axis were proposed, leading to an overall
magnetic moment per chain. Following this model, which
has been derived from susceptibility and Mossbauer mea-
surements, adjacent chains are coupled antiferromagneti-
cally. Despite their unusual magnetic behavior (Fig. 2) no
studies on the magnetic ordering in TiPO, and VPO, have
been published so far. While for cations with half filled #,,
orbitals generally antiferromagnetic ordering within the
chains is observed there seems to be no systematic behavior
for the magnetic exchange from one chain to the next via
intermediate sulfate or phosphate.

Due to uncertainties about the correct space group (5)
and the possibility of the existence of a superstructure in
TiPO, as a result of deviations from the high symmetrical
arrangement in the oxygen positions (6) a refinement of
the nuclear structure of the two orthophosphates is of
additional interest.

EXPERIMENTAL

The orthophosphates TiPO, and VPO, were obtained
as single phases according to Egs. [1] and [2]. By chemical
vapor transport suitable single crystals of VPO, were
grown for the diffraction experiments. They were dichroic
(grayish-green and brownish-red) and showed prismatic
shape with the long edge parallel to the crystallographic
c-axis and an edge-length up to 5 mm. Details on the
synthesis and crystal growth have been reported earlier
5, 7.

4TiO,, + 4 TiP,O;, + TiP, = 9 TiPO, [1]
4VPOs, + VP, = 5 VPO, 2]

The neutron powder diffraction measurements were car-
ried out on the instrument E6 at the BERII reactor of the
HMI in Berlin. Attached to this instrument was a vertically
and horizontally focusing graphite monochromator which
used the (002) reflection (A = 2.42 A). The powder data
of TiPO, were recorded at 2 and 298 K in the range
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20° = 20 = 80° (step width 0.1°) using a 20° multidetector.
With the same experimental setup, neutron powder diffrac-
tion patterns for VPO, (20° =< 20 =< 60°; step width 0.1°)
were recorded at several temperatures from 2 up to 78 K.

The Rietveld refinements were carried out using the
program FULLPROF (8). The neutron scattering lengths
used were b(Ti) = —3.438 fm, b(V) = —0.382 fm, b(P) =
5.13 fm, and b(O) = 5.805 fm (9). The magnetic form
factors of the V3* ion were taken from reference (10).

A single crystal of VPO, (5 X 0.5 X 0.5 mm?®) was also
investigated on the four-circle diffractometer ES (BERII
reactor, HMI Berlin) using a graphite monochromator,
(002) reflection, with the wavelength 2.42 A. Single crystal
data were collected between 10 and 30 K using a closed
cycle refrigerator. Further details of the instruments are
described elsewhere (11).

RESULTS

Nuclear Structure of TiPO4 and VPO,

The Rietveld refinements for TiPO, were carried out
with data sets in the range 20° = 26 = 70°. A total of 15
variables were refined: overall scale factor, 5 positional
parameters, 3 lattice parameters, 5 peak-shape parameters
(pseudo-Voigt), and the zero-point. The isotropic thermal
parameters were taken according to Ref. (5) and were held
constant during the refinements even of the 2 K data due
to the small data set. The results are summarized in Table 1.
Figure 3 gives the observed and calculated neutron powder

a
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FIG. 1. Schematic representations of the crystal structure of TiPO,
and VPO,. MOg octahedra, dark grey; PO, tetrahedra, light grey. (a)
projection on the ab-plane (along chains of edge-sharing octahedra); (b)
projection on the bc-plane (perpendicular to the chains of edge-sharing
octahedra); (c) perspective view of the crystal structure showing the
linkage of octahedral chains by PO, tetrahedra. The structure plots were
produced with the program ATOMS (15).
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FIG. 2. Temperature dependence of the reciprocal susceptibility of
TiPO,4 and VPO,. (0) Magnetic behavior from 4 to 250 K measured on
powders of selected crystals from chemical vapor transport experiments
(5). For comparison data measured by Kinomura et al. (14) on powders
of TiPO, and VPO, (M) are shown too. Differences in the susceptibility
values are ascribed to the different methods of sample preparation.

diffraction patterns of TiPO, at 2 and 298 K. A representa-
tion of the crystal structure of TiPO, and VPO, with MOg-
and POg-polyhedra is shown in Fig. 1.

For VPO, the nuclear structure was initially refined from
data sets collected between 20° and 58° (in 26) on a powder
sample at 26.4 and 78.0 K where no magnetic reflections
are present (Fig. 4). A total of 10 variable parameters
were allowed. Due to the small data sets the peak-shape
parameters were held constant and the isotropic thermal
parameters were treated in the same way as described for
TiPO,. The results of the refinements, which are in good
agreement with the parameters found in X-ray single crys-
tal investigations (5), are given in Table 1. Selected in-
teratomic distances for TiPO, and VPO, are summarized
in Table 2.

Magnetic Structure of VPO,

Below the Néel temperature of VPO, Ty = 25.5(5) K,
two weak magnetic reflections were observed in the pow-
der patterns indicating the ordering of the magnetic mo-
ments of the V3* ions (Fig. 5). Neutron diffraction experi-
ments on a single crystal of VPO, showed that between 2
and 10 K these reflections could be indexed as (30 1) and
(31 1) on the basis of the primitive cell corresponding to
the C-centered nuclear cell. In general these reflections
can be generated by the rule (hkl)mae = (hkl)pua * Kk,
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TABLE 1
Results of the Rietveld Refinements of the Neutron Powder Data of Orthorhombic Phosphates
TiPO4 and VPO4

TiPO, VPO,
2K 298 K X-ray 2K 264 K 78 K X-ray

a[A] 5.302(2) 5.303(2) 5.2985(5) 5.230(2) 5.239(6) 5.238(6) 5.2316(5)
b [A] 7.899(4) 7.902(4) 7.911(1) 7.767(3) 7.787(8) 7.783(8) 7.7738(7)
c[A] 6.310(3) 6.349(2) 6.3475(5) 6.243(2) 6.259(5) 6.261(6) 6.2847(5)
alb 0.7988 0.8035 0.8024 0.8038 0.8038 0.8044 0.8084
y(P) 0.322(6) 0.322(4) 0.3501(2) 0.344(2) 0.356(5) 0.345(5) 0.3501(2)
x(01) 0.239(4) 0.235(4) 0.2408(8) 0.243(2) 0.244(4) 0.241(6) 0.2408(8)
y(01) 0.466(3) 0.459(2) 0.4630(5) 0.469(2) 0.470(3) 0.467(7) 0.4630(5)
y(02) 0.263(3) 0.260(2) 0.2430(5) 0.2515(9) 0.252(2) 0.252(2) 0.2430(5)
z(02) 0.047(3) 0.046(2) 0.0509(7) 0.039(3) 0.032(8) 0.039(10) 0.0509(7)
Ry (no. of F’s) 0.033(11) 0.036(11) 0.062(335) 0.022(8) 0.020(8) 0.026(8) 0.049(223)

Note. The residuals Ry defined as Ry = 3(|F, — F.|)/Z|F,| (with the number of structures in parentheses) for the nuclear
structure were obtained in refinements of the diffraction data between 20° = 26 < 70°. The atoms Ti or V, P, O1, and O2 are
in the Wyckoff positions 4a, 4c, 8g, and 8f of the space group Cmcm. For comparison the results from X-ray single crystal

investigations (5) at 295 K are included.

where the propagation vector k corresponds to k =
(300). The four magnetic ions in the C-centered ortho-
rhombic cell of the nuclear structure occupy the positions
(000), (003), (3353), and (3 5 0) (Wyckoff position 4a).
The spins on each ion can be represented by vectors Sy,
S,, S5, and S, respectively. In the expected collinear case
the possible antiferromagnetic structure models M; are the
following (1):

M1: S1 = _S2 = _S3 = S4
Mzi S1 = Sz = —S3 = _S4
M3I Sl = _Sz = S3 = _S4.

Due to the fact that the commensurate magnetic struc-
ture has a doubled a-axis the magnetic atoms in adjacent
cells along the a-direction are opposite in sign according
toS; = =8, (i = 1, 2, 3, 4). In this magnetic structure the
models M; and M; become identical. On the other hand

TABLE 2
Selected Interatomic Distances (A) for TiPO,
and VPO, from X-Ray Single Crystal Investiga-
tions (5) at 295 K

2x Ti-O1  1.950(2) 2xV-O1  1.928(2)
4xTi-02  2.119(2) 4xV-02  2.080(2)
2x Ti-Tit  3.174(1) 2x V-Vi 3.140(1)
4x Ti-Tit  4.761(1) 4x V-Vi 4.679(1)

Ti and V on (0, 0, 0); Symmetry codes: (i) x, y, 3 + z;
()z+x3+yz

model M, is identical to a model M, with all spins parallel
(Mg S1 =8, =8; =8,). In our case the presence of the
magnetic reflection (3 0 1) and the absence of (3 1 0) and
(310) are indicating magnetic ordering of the type M, (M3).

The magnetic structure of VPO, was successfully refined
with the moments parallel to the b-axis. The calculations
led to a residual R,,, = 0.10 and a magnetic moment
Mexp = 0.8(1) g for the powder data set measured at 2 K.
Refinements of the data sets collected at 7.5 and 9.5 K do
not show a significantly reduced magnetic moment of the
V3* ions. Due to the rather weak magnetic intensities and
the resulting poor counting statistics we were not able to
determine the magnetic moment with high accuracy. Data
from single crystal investigations (7" = 10 K) confirmed
the magnetic structure. Due to better statistics a smaller
residual Rpy,, = 0.029 and a magnetic moment ey, =
0.59(2) up with a smaller standard deviation were obtained.
A list of the observed and calculated structure factors is
given in Table 3.

TABLE 3
Observed and Calculated Magnetic Structure Factors of
VPO, (Phase I) from Single-Crystal (10 K) and Powder (2 K)
Neutron Diffraction

Fobs Fobs
h k1 single crystal (10 K) powder (2 K) Feae
3 01 18.6 18.6 18.4
3 11 15.1 12.1 14.5
P21 12.6 12.3 13.4
§ 11 9.2 12.0 9.2
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Neutron powder diffraction patterns of TiPO,. In the upper two diagrams collected at 2 and 300 K the observed and calculated peaks
I.,ic) are shown. In the lower part of the diagram neutron diffraction patterns calculated with the parameters

obtained from the X-ray single crystal work (5) using the space group Cmcm (Z = 4) and (6) assuming P2,/m (Z = 8) are given.
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FIG. 4. Neutron powder diffraction patterns of VPO, at various
temperatures. The observed (M) and calculated (solid line) peaks of the
nuclear and magnetic structure as well as their difference are shown.

Increasing the temperature from 2 to 30 K (Fig. 6),
a transition from the commensurate magnetic structure
designated as phase I to an incommensurate one (phase
II) is observed at T, = 10.3(5) K. Above the transition
temperature the magnetic reflections (3 0 1) and (3 1 1) of
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FIG.5. Neutron powder diffraction patterns of VPO, in the tempera-

ture range from 2 up to 26.4 K. The positions of the magnetic reflections
(301) at 260 =~ 26° and (3 1 1) at 26 = 32° are indicated.

the commensurate phase I shift apart to lower and higher
26 angles, respectively. Investigations on a single crystal
of VPO, revealed that only the k, component of the propa-
gation vector k = (k, 0 0) shifts. The thermal variation of
the value k, was determined from powder data in the
range from 2 up to 23.4 K (Fig. 7). From single crystal
measurements the intensity of the reflection (30 1) of phase
I was found to loose approximately 5 of its intensity (Fig.
6) with rising temperature up to 12.7 K and shifts its posi-
tion to (0.52 0 1), as can be seen in Fig. 7. This magnetic
reflection can be indexed in conventional notation as
(00 1)* arising from a split of (0 0 1) into two overlapping
satellites. The observation of only one peak requires that
the reciprocal lattice vector d should be the same for the
reflections (0 0 1) and (0 0 1)7, respectively. This is only
satisfied when the propagation vector is lying within the
(00 1) plane. From our single crystal data it was found to
be k = (k; 0 0).
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FIG. 6. Magnetic intensity of the reflection (k, 0 1) as function of
the temperature obtained from a single crystal of VPO,. Below 11 K the
intensity is increasing spontaneously indicating the transition from the
incommensurate phase II to the commensurate phase 1. The solid line
is only a guide for the eye.
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FIG.7. Temperature dependence of the component k, of the propa-
gation vector k = (k, 0 0) derived from a powder of VPO,. At T, =
10(1) K the commensurate magnetic phase I changes into the incommen-
surate phase II. The solid line is only a guide for the eye.

For the magnetic structure with a propagation vector
k = (k, 00) where the moments are rotating perpendicular
to the c-axis (Fig. 8) a residual Ry,,, = 0.13 and a magnetic
moment pey, = 0.7(1) up were obtained from Rietveld
refinement of the data measured at 13 K. For phase II the
magnetic moments in adjacent sheets are coupled antifer-
romagnetically like in phase I. The magnetic moment has
been determined from our single crystal experiment to be

Mexp = 0.55(2) ug.
DISCUSSION

The neutron powder diffraction data obtained for TiPO,4
are in agreement with the results of the X-ray single crystal
structure refinement in space group Cmcm (Z = 4). The
structure refinement from neutron powder data gives no
evidence for a superstructure (space group P2,/m, Z =
8 as quoted by (6)). Simulations of the neutron powder
diffraction pattern of TiPO,4 have been carried out with
the structural data from (5) in the orthorhombic space
group Cmcm as well as with the data from (6) in the
monoclinic superstructure cell. Figure 3 compares the sim-

a 2a

mag = nucl

FIG. 8.

(a) Commensurate magnetic structure of VPO, (phase I at 7 < 11.7 K; Gmag = 2anuct, Pmag =
magnetic structure (phase II at 11.7 K < T < 11.7 K; @nag = Tanuct; Pmag =

ulated patterns with the observed powder diagram. At least
the reflection of the proposed superstructure at 26 = 36.71°
should be strong enough to be observable in the neutron
diffraction pattern.

The magnetic structure of VPO, could be determined
from neutron powder and single crystal investigations. As
indicated by the susceptibility measurements (Fig. 2) there
is strong 1-dimensional antiferromagnetic ordering along
the chains of edge-sharing octahedra even at ambient tem-
peratures. The onset of 3-dimensional ordering is observed
below 25.5 K thus suggesting much weaker inter-chain
coupling. The possibility of incommensurate magnetic
structures occuring under these conditions during transi-
tion from the paramagnetic to a 3-dimensionally ordered
magnetic phase has been pointed out by Sélyom (12).
VPO, and MnWOy (13) are the first examples of CrVO,
type related structures, where a commensurate as well as
a phase with an incommensurate magnetic structure could
be observed. For all other compounds ABO, studied so
far, only one, either commensurate or incommensurate,
magnetic structure has been described (1-4).

At the present stage of the investigations only specula-
tion about the differences in the magnetic behavior of
TiPO, on one side and VPO, and 8-CrPO, on the other
is possible. In a very simple model the magnetic moments
of M3* (M3 = Ti (d'-system), V (d?), Cr (d?)) may be
coupled strongly antiferromagnetically along the rutile-
type chains (intra-chain coupling) by direct magnetic ex-
change between unpaired electrons within the #,, d-orbital
sets on the transition metal ions as well as indirectly via
superexchange through bridging oxygen atoms. Inter-chain
coupling should be accomplished via intermediate phos-
phate groups by a superexchange mechanism. In this pic-
ture the single electron on Ti** would be completely occu-
pied by the intra-chain coupling allowing no further
interactions. For VPO, and B8-CrPO, with d? and d? con-
figuration, respectively, on the cations superexchange
would be possible through the additional d electrons.

Arnog * 7 Apyel

bucls Cmag = Cnuct)- (b) Incommensurate
bnuc, Cmag = Cnuat)- In the drawings the magnetic moments of the

V3* ions within the (0 0 1) plane are represented by arrows. The magnetic structure of phase II is idealized taking a propagation vector k =
(0.571 0 0), instead of k = (0.561 0 0), which was observed at 23.4 K, to give a periodicity of 1.75 a,,q. In both magnetic phases the ordering along
the c-axis is antiferromagnetic.
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Further information about the magnetic exchange might
also be obtained from studies on solid solutions of TiPOy,
VPO,, and B-CrPO, with a diamagnetic phosphate like
InPO,. Such investigations are in progress.
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