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High-resolution powder neutron diffraction study of helimagnetic order
in CrP1ÀxVxO4 solid solutions
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High-resolution powder neutron diffraction measurements on CrP12xVxO4 samples withx50, 0.02, 0.04,
0.06 and 0.08 have yielded precise parameters for their low temperature helimagnetic structures which have a
magnetic propagation vector (kx,0,0). The refined values ofkx increase fromkx50.331 for x50 to kx

50.337 forx50.08 and no tendency of the incommensurate spiral to ‘‘lock-in’’ to the commensurate period-
icity kx51/3 is observed. The ordered Cr31 magnetic moment decreases from 2.32(3)mB to 1.72(6)mB for
x50 to x50.08. Field and zero-field cooled magnetic susceptibility measurements evidence increasing static
magnetic disorder withx, in agreement with the neutron-diffraction results.
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1. INTRODUCTION

Superexchange interactions and single ion anisotropy
important in determining the magnetic ordering in oxosa
with the b-CrPO4 type crystal structure. Spiral magnet
structures can arise when the superexchange interactio
the material are frustrated and are dominant over the si
ion anisotropy. In some cases this balance of exchange in
actions is determined by symmetry, however, in these or
rhombic crystal structures, the frustration arises through
incidence. The crystal and magnetic structure1 of b-CrPO4 is
shown on Fig. 1. The crystal structure has Cmcm spa
group symmetry. Chains of edge sharing CrO6 octahedra run
parallel to thec axis separated by tetrahedral phosph
groups and the magnetic moments are coupled antiferrom
netically along the chains of octahedra. The magnetic st
ture at 5 K was previously found to be a cycloidal spiral
moments which propagates along@100# with a periodicity of
3.07(3)a0 , wherea0 is the cell parameter. The Nee´l tem-
perature was identified as;23 K from a variable tempera
ture neutron diffraction study.2 Magnetic frustration between
the chains of octahedra leads to the formation of the sp
magnetic structure. MnSO4 has an analogous crystal an
magnetic structure3 to b-CrPO4 although in that case a con
component of the spiral is observed and the periodicity of
spiral is ;6a0 . A theoretical analysis by Solyom indicate
the magnetic structure in MnSO4 should arise through thre
separate phase transitions4 and this has been born out b
experiments.5 CrVO4 is also isostructural withb-CrPO4 but
has a collinear antiferromagnetic structure6 in which the in-
trachain order is again antiferromagnetic, but the interch
order is ferromagnetic.

CoSO4 is isostructural withb-CrPO4 and has a magneti
structure which is strongly influenced by single ion anis
ropy. The moments form a simple commensurate struc
PRB 620163-1829/2000/62~2!/992~6!/$15.00
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with two antiferromagnetic sublattices having the mome
tilted 625° from the crystallographicb axis.

The moment directions are determined by the stro
single-ion anisotropy of Co21. In VPO4 ~anotherb-CrPO4
type material! the interplay between single-ion anisotrop
and superexchange is clearly demonstrated by the temp
ture dependence of the magnetic structures. An incomm
surate structure was found at 11.7 K where the periodicity
the spiral is 1.78a0 at 23.4 K.7 It gradually increases to 2a0
at 10.3~5! K below which the structure is locked into thi
commensurate configuration. These different magnetic st
tures reflect the varying balance of interchain superexcha
interactions. Other examples where single-ion anisotro
locks the propagation vector into a commensurate config
tion have been observed in spin slip systems. For exampl
metallic holmium8 a series of commensurate configuratio
are observed as a function of temperature and magnetic fi

The use of high-resolution time of flight neutron powd

FIG. 1. Crystal and magnetic structure ofb-CrPO4 in the z
50 plane. Cr31 ions at heightz51/2 have opposite moments t
those pictured, giving antiferromagnetic order out of the pla
Open circles—P, grey circles—O, filled circles—Cr.
992 ©2000 The American Physical Society
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diffraction allows complex magnetic structures to be exa
ined in great detail. Propagation vectors describing inco
mensurate magnetic structures can be determined with a
cision of;0.01%.9 Since the 3d3:4A1g Cr31 ion in b-CrPO4
has no orbital contribution to the magnetic moment,
single-ion anisotropy is expected to be small compared
that in CoSO4 and VPO4. However, the previously deter
mined propagation vector is close to a commensurate c
figuration, suggesting that the structure may be locked in
33131 magnetic supercell. The purpose of this investig
tion is to determine whetherb-CrPO4 is locked into a com-
mensuratekx51/3 configuration by local anisotropic intera
tions. The similarity of the structures ofb-CrPO4 and CrVO4
suggested the possibility of preparing solid solutions
which the superexchange interactions will be altered, wh
retaining similar single-ion anisotropies.

2. EXPERIMENTAL

The preparation of the undoped sample has been
scribed previously1 and doped samples were prepared us
an analogous method. Appropriate stoichiometric quanti
of Cr~NO3!3.9H2O, NH4H2PO4 and NH4VO3 were dissolved
in HNO3 (aq) ~;2 M! and the solution was boiled to dry
ness. The residue was carefully heated using a Bunsen bu
until no more gases were evolved and then ground
placed in an alumina boat. Thex50.02, 0.04, and 0.06
samples were then heated to 1000 °C and the 0.08 samp
900 °C. Samples with higher vanadate compositions w
also synthesized although it was not possible to obtain th
as phase pure products. X-ray powder diffraction meas
ments were carried out using a Philips PW1710 diffrac
meter which confirmed the formation of a single phase so
solution. Heating to higher temperatures led to the format
of ana-CrPO4 type phase10 and this phase was also found
samples prepared with higher than 8% vanadate con
Rietveld fits to the x-ray powder data of the solid solutio
were performed using the GSAS~Ref. 11! program to extract
the cell parameters. A Quantum Design superconduc
quantum interference device~SQUID! magnetometer was
used for susceptibility measurements between 4 K and 250 K
for thex50.02 and 0.08 samples in a field of 2 kOe. Furth
measurements were carried out for thex50 and 0.08
samples with the sample cooled in zero field, and in
measuring field of 100 Oe, between 6 and 60 K.

Neutron powder diffraction measurements were carr
out using the HRPD instrument at the ISIS facility, usi
both the detector banks in backscattering geometry an
2u590°. For the undoped sample a pulse repetition rate
10 Hz was used with a time-of-flight~TOF! range of 70–170
ms at sample temperatures of 2 K, 10 K, 17 K, and 30
Further data were obtained with a TOF range of 30–130
at 2 K and 30 K to give a greater range of data for refinem
of the crystallographic structure. Data were collected at 2
for x50.04 and at 2 K and 30 K forx50.02, 0.06, and 0.08
with a neutron pulse repetition rate of 5 Hz and a TOF ran
of 35–235 ms. The data were normalized to the incid
beam intensity and corrected for detector efficiency. Rietv
refinements of the magnetic structure were carried out u
the program TF112M~Ref. 12! with the data from the 90°
bank. This program allows for the refinement of spiral ma
-
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netic structures from single histograms of TOF data toget
with the usual crystallographic parameters. The crystal str
tures were refined from the backscattering data using
GSAS computer program which provided a better model
the anisotropic peak shape effects.

3. POWDER DIFFRACTION RESULTS

The x-ray diffraction patterns of the CrP12xVxO4 solid
solutions showed peak shifts which were dependent upox,
indicating the formation of a solid solution. Figure 2 show
the variation of the unit-cell volume with doping, which fo
lows Vegard’s law up tox'0.10. However,;1% ~by mass!
of Cr2O3 was observed in the neutron diffraction patterns
all the samples and a small amount~,1%! of a-CrPO4 ~Ref.
10! was observed in thex50.06 sample. Samples with vana
date contents greater thanx50.08 could not be prepare
without significant fractions of thea-CrPO4 phase, indicat-
ing that the substitution stabilizes the latter structure ty
over theb-CrPO4 phase.

Each HRPD experiment provides a high-resolution d
fraction profile from the backscattering counter bank an
profile of a lower resolution from the 90° counter bank. In
tial comparisons of independently refined values of thekx
propagation vector component using each profile show
that the value and estimated standard deviation~esd! were
essentially the same for both banks. The peak shape wa
well described for the backscattering data using a stand
peak function with the full width at half maximum~FWHM!
varying only as a function of TOF. This accounts for th
similarity of the precision of the refined parameters. Furth
investigations showed that there was anhkl-dependent asym
metric peak broadening effect in the backscattering d
which complicated the analysis. The effect increased witx
but was also evident in the undoped sample. Figure 3 sh
a small range of the backscattering data where the p
broadening effects are particularly clear. These effects w
present in the nuclear diffraction peaks data from both ab
and below the magnetic ordering temperature indicating
they are inherent to the crystal structures.

The 90° bank data were used for refinements of the m
netic structure because of the peak broadening effects
test for any systematic errors in the refinement ofkx , refine-

FIG. 2. Variation of refined unit-cell volume with vanadate co
tent for CrP12xVxO4 solid solutions from 300 K x-ray diffraction
data.
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994 PRB 62WRIGHT, ATTFIELD, DAVID, AND FORSYTH
ments with the majority of the broadened peaks exclu
were compared to those with narrow peaks excluded.
systematic errors were detected in this way. Rietveld refi
ments in Fig. 4 compare fits withkx constrained askx51/3
and refined as a free parameter for thex50 sample. The
dependence of the propagation vector and ordered mag
moment upon vanadate substitution is shown on Figs. 5
6. For thex50 sample, the refined value of the order
moment at 2 K of 2.36(3)mB is slightly lower than the value
of 2.55(10)mB obtained previously1 at 5 K. The moment
decreases to 2.26(3)mB at 10 K and further to 1.90(3)mB at
17 K. The refined values ofkx at 10 K and 17 K were
0.3305~2! and 0.3307~3!, respectively, and show no signifi
cant change from the value ofkx50.3306(2) at 2 K.

The backscattering neutron diffraction data of t
CrP12xVxO4 solid solutions showed anisotropic and asy
metric peak broadening effects which could not be fitted b
standard TOF peak shape, and so a function consisting
pair of back-to-back exponentials convoluted with a pseu
Voight function was used.11 Although thehkl dependence o
various aspects of the peak shape were measured, a co
tent model for the observed effects could not be dedu
from these data alone. To obtain consistent refinement
the crystal structures from the backscattering profiles, a l
ited range of data common to all samples~42–100 ms,

FIG. 4. Observed~crosses!, calculated and difference/esd curv
for b-CrPO4 at 2 K, refined using TF112M and data from the 9
HRPD data bank. The upper difference curve is forkx refined, and
the lower is withkx fixed at 1/3. The upper Bragg reflection mar
ers indicate structural peaks, the middle row is forkx refined and
lower row for kx51/3. Prominent magnetic peaks are markedM.

FIG. 3. Anisotropic and asymmetric peak broadening effects
the high-resolution backscattering datasets for CrP12xVxO4. Peaks
move to higher TOF asx increases from 0 to 0.08.
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equivalent to ad-spacing range of 0.89 Å to 2.07 Å! was
used. This excludes the extreme peak shape mismatches
are evident at longer TOF’s. Much improved fits were o
tained by taking into account symmetric anisotropic pe
broadening effects. An empirical strain based algorithm13

was used where the strain matrixLi j is included as follows:

Lhkl5~L11h
21L22k

21L33l
212L12hk12L23kl

12L13hl !dhkl
3 ,

whereh, k and l are the conventional Miller indices,dhkl is
thed spacing for the peak,Li j are refineable parameters, an
Lhkl is the FWHM of the Lorentzian component of the pe
shape. Although this accounts for anhkl dependence of the
peak broadening, it is not completely satisfactory as the p
broadening is modeled symmetrically, although some as
metry is present in the observed broadening. The refinem
became progressively worse with higher vanadate conten
the asymmetry of the peak broadening increased. The br
est peaks are those that are shifted most by the vana
substitution, suggesting thatx has a nonrandom distributio
throughout the sample.

In spite of the difficulties in modeling the peak shape f
these very highly resolved data, good refinements were
tained using the backscattering profiles, the results of wh
are summarized in Table I. A typical fit is shown in Fig.
and selected bond distances and bond angles are summa
in Table II.

FIG. 5. Refined propagation vector versus vanadate conten
CrP12xVxO4.

FIG. 6. Refined magnetic moment versus vanadate conten
CrP12xVxO4.

n
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TABLE I. Agreement factors and refined atomic coordinates,a cell and peak shape parameters f
CrP12xVxO4 samples at 4 K from fits to the HRPD backscattering data.

x 0.00 0.02 0.04 0.06 0.08

x2 6.57 3.80 4.64 5.87 13.3
Rwp(%) 3.77 3.26 3.32 3.94 5.20
Rp(%) 2.92 2.60 2.64 2.92 3.80
Py 0.3502~2! 0.3501~2! 0.3498~2! 0.3494~3! 0.3494~3!

O(1)y 0.2460~1! 0.2455~2! 0.2457~2! 0.2458~2! 0.2458~2!

O(1)z 0.0427~1! 0.0426~2! 0.0424~2! 0.0421~2! 0.0417~2!

O(2)x 0.2455~2! 0.2459~2! 0.2463~2! 0.2463~4! 0.2469~4!

O(2)y 0.4700~1! 0.4703~1! 0.4703~1! 0.4702~2! 0.4704~2!

U iso /Å 2 0.0002~6! 0.0018~7! 0.0037~7! 0.004~1! 0.006~1!

a/Å 5.16774~4! 5.17381~4! 5.17888~5! 5.18398~9! 5.18996~1!

b/Å 7.75233~6! 7.76119~6! 7.76700~7! 7.77198~12! 7.77886~15!

c/Å 6.11363~6! 6.11206~5! 6.11073~5! 6.11075~9! 6.10878~9!

Vol/Å3 244.925~2! 245.429~2! 245.800~2! 246.201~5! 246.624~5!

s1 /m sec Å21 1750~30! 1630~30! 1850~40! 2570~90! 2940~90!

L11/m sec Å21 1.54~5! 1.91~5! 2.69~6! 5.10~13! 6.00~15!

L22/m sec Å21 1.22~3! 1.01~3! 1.11~3! 1.72~5! 1.95~6!

L33/m sec Å21 3.13~5! 2.02~5! 1.51~4! 2.08~8! 1.21~7!

L12/m sec Å21 0.32~4! 0.17~4! 0.27~4! 0.46~7! 0.79~8!

L13/m sec Å21 20.79~4! 20.59~4! 20.76~4! 21.30~8! 21.59~9!

L23/m sec Å21 20.69~4! 20.39~4! 20.42~4! 20.66~10! 20.89~7!

aFull coordinates in space group Cmcm are Cr in 4~a! ~0, 0, 0!; P in 4~c! ~0, y, 1/4!; O~1! in 8~f! ~0, y, z!; O~2!
in 8~g! ~x, y, 1/4!.
th
a

in

we

d

as
r-

he
epti-
t

n

ex-

by

of
s in

ta
-
ue
ag-
.

ep-
on
tal

r
te
a

4. MAGNETIC SUSCEPTIBILITY RESULTS

The inverse susceptibility versus temperature data for
x50.02 and 0.08 samples together with Curie Weiss fits
shown on Fig. 8. We obtain values of 3.82(1)mB and
3.81(1)mB for the paramagnetic moment, respectively,
good agreement with the spin-only value of 3.89mB . The
Weiss constants for the 0.02 and 0.08 doped samples
290~1! K and 296~1! K. Previous work onb-CrPO4 ~Ref.
14! found values of 3.9mB for the magnetic moment an
280 K for the Weiss temperature. The Nee´l temperatures
estimated from the maxima indx/dT are 18.5~10! K and

FIG. 7. Observed~dots!, calculated and difference curves fo
CrP0.96V0.04O4 at 2 K. The upper row of reflection markers indica
magnetic peaks, the lower row indicate nuclear peaks. Stars m
the positions of the most intense impurity peaks.
e
re

re

19~1! K in the x50.02 and 0.08 samples, respectively.
The susceptibility shows a broad maximum which h

been interpreted15 as characteristic of a Heisenberg antife
romagnetic linear chain~HALC!. Using this model, the val-
ues ofxmax andTmax can be used to obtain estimates of t
exchange constants in the system. The cusp in the susc
bility at around 20 K in thex50.02 sample is similar to tha
reported for undoped CrPO4, although this feature is much
less evident in thex50.08 sample. It has been interpreted15

as the onset of three-dimensional magnetic order. For aS
53/2 chain16 2kBTmax/uJu54.75 and xmaxuJu/2 Ng2mB

2

50.091, which can be used to estimate the intrachain
change coupling.Tmax gives uJu518 K and uJu512 K and
xmax gives uJu525.8 K anduJu526.1 K for thex50.02 and
0.08 doped samples, respectively. The values obtained
Yamauchi and Ueda15 were uJu519 K and uJu524 K from
Tmax and xmax, respectively, for an undoped sample
b-CrPO4. Hence the mean intrachain exchange constant
these compounds isuJu;20 K.

The field cooled and zero-field cooled susceptibility da
are shown on Fig. 9. For thex50.08 sample there is a di
vergence of the two susceptibilities below 18 K. This is d
to the freezing in of the disordered components of the m
netic moments which show a typical spin-glass behavior

5. DISCUSSION

Samples ofb-CrP12xVxO4 with x50 – 0.08 have been
studied using both neutron diffraction and magnetic susc
tibility experiments. The Rietveld analysis of the neutr
diffraction data give a detailed description of the crys
structures and their variation withx. Within the resolution of
rk
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TABLE II. Refined bond distances~Å! and angles~degrees! from the fits in Table I.

x 0.00 0.02 0.04 0.06 0.08

Cr-O~1!32 1.9246~10! 1.9232~11! 1.9257~11! 1.9274~17! 1.9287~18!

Cr-O~2!34 2.0298~6! 2.0290~7! 2.0281~8! 2.0290~12! 2.0277~13!

O~1!-Cr-O~1! 180.0 180.0 180.0 180.0 180.0
O~1!-Cr-O~2!34 89.35~3! 89.38~3! 89.35~3! 89.28~5! 89.26~5!

O~1!-Cr-O~2!34 90.64~3! 90.62~3! 90.65~3! 90.72~5! 90.74~5!

O~2!-Cr-O~2!34 80.79~4! 80.78~5! 80.75~5! 80.81~8! 80.78~9!

O~2!-Cr-O~2!32 99.21~4! 99.22~5! 99.25~5! 99.19~8! 99.22~9!

O~2!-Cr-O~2!32 180.0 180.0 180.0 180.0 180.0
P/V-O~1!32 1.503~1! 1.506~1! 1.504~1! 1.504~2! 1.504~2!

P/V-O~2!32 1.572~1! 1.577~1! 1.582~2! 1.585~2! 1.590~2!

O~1!-P/V-O~1! 114.94~11! 114.73~12! 114.97~12! 115.28~19! 115.28~21!

O~1!-P/V-O~2!34 108.52~3! 108.59~3! 108.54~3! 108.49~4! 108.48~5!

O~2!-P/V-O~2! 107.58~10! 107.52~11! 107.47~12! 107.32~18! 107.39~20!

Cr-O~2!-Cr 97.70~4! 97.72~5! 97.75~5! 97.69~8! 97.73~9!

Cr-O~1!-P/V 130.33~7! 130.41~7! 130.25~8! 130.03~11! 129.95~12!

Cr-O~2!-P/V32 126.19~3! 126.15~3! 126.13~3! 126.13~5! 126.11~5!
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the HRPD experiment, there is no variation of the propa
tion vector with temperature in the undoped sample. T
value ofkx50.3305(2) in the undoped sample is equivale
to a periodicity of 3.025(2)ao which agrees with the value o
3.07(3)ao obtained previously but is an order of magnitu
more precise. Substitution of vanadate for phosphate
creases the propagation vector linearly up tox50.06, where
a maximum ofkx50.3383(3) is reached. The ordered ma
netic moment measured at 2 K is reduced by doping, show
ing an increasing localized disorder in the magnetic str
ture.

The variation of the magnetic propagation vector w
chemical substitution evidences a subtle alteration of the
change interactions in the structure. As the spins within e
chain are antiferromagnetically ordered, the spiral order
be analyzed in terms of two exchange constantsJ1 andJ2 in
thexy plane as indicated on Fig. 1.J1 is an antiferromagnetic
coupling whileJ2 is ferromagnetic. A commensurate ma
netic structure withkx51/3 requiresJ152J2 . The increase
of kx with x indicates thatJ1 is increasing in magnitude
relative toJ2 as vanadate is substituted for phosphate. T
turn angle between the cation spins at~0,0,0! and~1/2,1/2,0!
is kxp and this is related to the exchange constants by

FIG. 8. Magnetic susceptibility data for thex50.02 andx
50.08 CrP12xVxO4 samples with Curie Weiss fits.
-
e
t

n-

-

-

x-
h
n

e

J2

J1
522 cos~kxp!.

The decrease ofJ2 /J1 with x results from small changes i
Cr-O-P/V-O-Cr superexchange pathways. The respons
the metric tensor to vanadate substitution is anisotropic ax
increases; Da/a50.42%, Db/b50.34% and Dc/c5
20.08% forx50 to x50.08. It might be expected that th
magnitude of theJ1 interaction should be reduced by a larg
amount than theJ2 since the distance between chains in th
direction increases by a marginally greater amount. Con
eration of the crystal structure~Fig. 1! shows thatJ1 is me-
diated by Cr-O~2!-P/V-O~2!-Cr linkages whereasJ2 goes
through Cr-O~1!-P/V-O~2!-Cr. The variation of all the bond
distances and angles is small except for the P-O~2! bond,
which increases in length by;0.02 Å asx increases from 0
to 0.08. This might be expected to have a stronger effec
the J1 coupling than theJ2 as it occurs in the former path
way twice. If the increasing bond length is accompanied b
weakening of the superexchange interaction thenuJ2 /J1u
should increase withx, whereas a decrease is observed. T
phosphate and vanadate anions have different electr

FIG. 9. Magnetic susceptibility data for CrP12xVxO4 for the x
50 andx50.08 samples between 6 and 60 K. Open circles are
the field-cooled measurements, filled circles for zero-field coole
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PRB 62 997HIGH-RESOLUTION POWDER NEUTRON DIFFRACTION . . .
structures with the vanadate having vacantd states at signifi-
cantly lower energy than the phosphate. This may be
dominant factor since the geometric arguments based on
changes in the average structure suggest an opposite
for the propagation vector than that observed.

Although kx decreases from the maximum value atx
50.06 to thex50.08 sample, none of the refined structu
or peak shape parameters follow the same trend. This ma
related to some inhomogenieties as thex50.08 sample is
approaching the limit of the solid solubility. The steady r
duction of the ordered moment withx indicates increasing
localized disorder in the magnetic structure. The FWHM
the magnetic peaks is observed to increase with increasinx,
which indicates progressively shorter magnetic correlat
lengths within the sample as doping increases. The incr
ing anisotropy of the peak shape withx is evidenced by the
refined coefficients ofLi j . A general increase in the Gaus
ian width of the peaks withx is also observed in thes pa-
rameter, which describes the linear relationship between
FWHM and the TOF.

Given that this system does not exhibit a magnetic lock
transition, it is notable that no temperature dependence o
magnetic propagation vector was found in the undop
sample. The thermal variation of the unit cell is mu
smaller than the variation with vanadate substitution; in
dition, the thermal variation is more isotropic. These obs
vations suggest that the variationJ2 /J1 with temperature is
small compared to that for substitution. The outcome o
neutron diffraction experiment under high pressure would
of great interest to determine whether the variation of
propagation vector depends only upon the metric tenso
the crystal or also upon the electronic effects of a chem
substitution.16
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The results of the susceptibility measurements indic
that the paramagnetic moment on the Cr31 is largely un-
changed by vanadate substitution, as would be expected.
susceptibility of thex50.02 doped sample is similar to tha
of an undoped sample reported elsewhere,14 although in the
x50.08 doped sample there is a suppression of the th
dimensional interchain magnetic order. The small differen
in the Weiss constants between the samples indicates tha
exchange interactions are altered slightly by substitution
keeping with the variation ofkx . The spin-glass behavior o
the x50.08 sample reflects local magnetic disorder effe
arising from the vanadate substitution. The observation
spin-glass behavior and reduction of the ordered mom
observed by neutron diffraction are all consistent with
creasing magnetic frustration withx.

In conclusion, the magnetic structure ofb-CrPO4 is not
locked into a commensurate 33131 supercell and a coin
cidental balance of superexchange interactions leads to
value ofkx'1/3. The lack of single-ion anistropic effects
in keeping with the spin only behavior of Cr31. Substitution
of vanadate for phosphate leads to a slight increase in
magnetic propagation vectorkx and induces a spin-glas
component in the static magnetic order.
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