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High-resolution powder neutron diffraction study of helimagnetic order
in CrP,_,V,0, solid solutions
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High-resolution powder neutron diffraction measurements on, GNP, O, samples withx=0, 0.02, 0.04,
0.06 and 0.08 have yielded precise parameters for their low temperature helimagnetic structures which have a
magnetic propagation vectok,,0,0). The refined values df, increase fromk,=0.331 forx=0 to k,
=0.337 forx=0.08 and no tendency of the incommensurate spiral to “lock-in” to the commensurate period-
icity k,=1/3 is observed. The ordered*rmagnetic moment decreases from 2.32(3)}o 1.72(6)ug for
x=0 tox=0.08. Field and zero-field cooled magnetic susceptibility measurements evidence increasing static
magnetic disorder witlx, in agreement with the neutron-diffraction results.

1. INTRODUCTION with two antiferromagnetic sublattices having the moments
tited =25° from the crystallographib axis.
Superexchange interactions and single ion anisotropy are The moment directions are determined by the strong
important in determining the magnetic ordering in oxosaltssingle-ion anisotropy of Cd. In VPO, (anotherg-CrPQ,
with the B-CrPQ, type crystal structure. Spiral magnetic type material the interplay between single-ion anisotropy
structures can arise when the superexchange interactions &d superexchange is clearly demonstrated by the tempera-

the material are frustrated and are dominant over the singlé/ré dependence of the magnetic structures. An incommen-
ion anisotropy. In some cases this balance of exchange inteftrate structure was found at 11.7 K where the periodicity of

. . 7 .
actions is determined by symmetry, however, in these orthot€ SPiral is 1.78, at 23.4 K- It gradually increases tod

rhombic crystal structures, the frustration arises through coft 10.35) K below Wh'Ch_the structure is locked Into this
incidence. The crystal and magnetic structo®g-CrPQ, is commensurate configuration. These different magnetic struc-
shown or; Fig. 1. The crystal structure has Cmcm Spacet_ures reflect the varying balance of interchain superexchange

. . interactions. Other examples where single-ion anisotropy
group symmetry. Chams of edge sharing Gudtahedra run locks the propagation vector into a commensurate configura-
parallel to thec axis separated by tetrahedral phosphat

dth i ; led antif ion have been observed in spin slip systems. For example, in
groups and the magnetic moments aré coupled antiterromagsatajic holmiun a series of commensurate configurations

netically along the chains of octahedra. The magnetic strucse ohserved as a function of temperature and magnetic field.
ture & 5 K was previously found to be a cycloidal spiral of  The yse of high-resolution time of flight neutron powder
moments which propagates alofi0] with a periodicity of
3.07(3)a,, whereay is the cell parameter. The Netm-
perature was identified as23 K from a variable tempera-
ture neutron diffraction stud§Magnetic frustration between
the chains of octahedra leads to the formation of the spiral
magnetic structure. MnSOhas an analogous crystal and
magnetic structureto 8-CrPQ, although in that case a cone
component of the spiral is observed and the periodicity of the
spiral is ~6a,. A theoretical analysis by Solyom indicates
the magnetic structure in MnS@hould arise through three
separate phase transitidnand this has been born out by
experiments. CrVO, is also isostructural withB-CrPQ, but
has a collinear antiferromagnetic strucfuine which the in-
trachain order is again antiferromagnetic, but the interchain
order is ferromagnetic. FIG. 1. Crystal and magnetic structure BfCrPQ, in the z
CoSQ is isostructural with3-CrPQ, and has a magnetic =0 plane. C¥' ions at heightz=1/2 have opposite moments to
structure which is strongly influenced by single ion anisot-those pictured, giving antiferromagnetic order out of the plane.
ropy. The moments form a simple commensurate structur®pen circles—P, grey circles—O, filled circles—Cr.
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diffraction allows complex magnetic structures to be exam- 248.0 T , T . ; ,

ined in great detail. Propagation vectors describing incom- &

mensurate magnetic structures can be determined with a pre- —=

cision of ~0.01%? Since the 8%:“A;, Cr** ion in B-CrPQ, > T

has no orbital contribution to the magnetic moment, the 247.0 - z -

single-ion anisotropy is expected to be small compared to

that in CoSQ and VPQ. However, the previously deter-

mined propagation vector is close to a commensurate con- =

figuration, suggesting that the structure may be locked intoa  246.0 - . -

3X1X1 magnetic supercell. The purpose of this investiga-

tion is to determine whethes-CrPQ, is locked into a com-

mensuraté, = 1/3 configuration by local anisotropic interac- 0 2 4 6 8 10 12

tions. The similarity of the structures gk CrPQ, and CrvQy X (%)

suggested the possibility of preparing solid solutions in

which the superexchange interactions will be altered, while FIG. 2. Variation of refined unit-cell volume with vanadate con-

retaining similar single-ion anisotropies. tent for CrR_,V,0O, solid solutions from 300 K x-ray diffraction
data.

2. EXPERIMENTAL netic structures from single histograms of TOF data together

The preparation of the undoped sample has been devith the usual crystallographic parameters. The crystal struc-
scribed previousFyand doped samples were prepared usindures were refined from the backscattering data using the
an analogous method. Appropriate stoichiometric quantitie§&SAS computer program which provided a better model for
of Cr(NO5)3.9H,0, NH,H,PO, and NHVO, were dissolved the anisotropic peak shape effects.
in HNO;(aq) (~2 M) and the solution was boiled to dry-
ness. The residue was carefully heated using a Bunsen burner 3. POWDER DIEERACTION RESULTS
until no more gases were evolved and then ground and
placed in an alumina boat. The=0.02, 0.04, and 0.06 The x-ray diffraction patterns of the CyBP,V,0, solid
samples were then heated to 1000 °C and the 0.08 sample $olutions showed peak shifts which were dependent xpon
900 °C. Samples with higher vanadate compositions werédicating the formation of a solid solution. Figure 2 shows
also synthesized although it was not possible to obtain thegée variation of the unit-cell volume with doping, which fol-
as phase pure products. X-ray powder diffraction measurdows Vegard's law up tx~0.10. However~1% (by mas$
ments were carried out using a Philips PW1710 diffracto-of Cr,O; was observed in the neutron diffraction patterns for
meter which confirmed the formation of a single phase solicall the samples and a small amountl%) of a-CrPQ, (Ref.
solution. Heating to higher temperatures led to the formatiorL0) was observed in the=0.06 sample. Samples with vana-
of ana-CrPQ, type phas¥ and this phase was also found in date contents greater than=0.08 could not be prepared
samples prepared with higher than 8% vanadate contenithout significant fractions of ther-CrPQ, phase, indicat-
Rietveld fits to the x-ray powder data of the solid solutionsing that the substitution stabilizes the latter structure type
were performed using the GSARef. 1] program to extract over thes-CrPQ, phase.
the cell parameters. A Quantum Design superconducting Each HRPD experiment provides a high-resolution dif-
guantum interference devic€SQUID) magnetometer was fraction profile from the backscattering counter bank and a
used for susceptibility measurements betwée& and 250 K profile of a lower resolution from the 90° counter bank. Ini-
for thex=0.02 and 0.08 samples in a field of 2 kOe. Furthertial comparisons of independently refined values of khe
measurements were carried out for the=0 and 0.08 propagation vector component using each profile showed
samples with the sample cooled in zero field, and in thehat the value and estimated standard deviatesg were
measuring field of 100 Oe, between 6 and 60 K. essentially the same for both banks. The peak shape was not

Neutron powder diffraction measurements were carriedvell described for the backscattering data using a standard
out using the HRPD instrument at the ISIS facility, using peak function with the full width at half maximutFWHM)
both the detector banks in backscattering geometry and aarying only as a function of TOF. This accounts for the
260=90°. For the undoped sample a pulse repetition rate o$imilarity of the precision of the refined parameters. Further
10 Hz was used with a time-of-fligiTOF) range of 70—170 investigations showed that there washdhdependent asym-
ms at sample temperatures of 2 K, 10 K, 17 K, and 30 Kmetric peak broadening effect in the backscattering data
Further data were obtained with a TOF range of 30—130 msvhich complicated the analysis. The effect increased with
at 2 K and 30 K to give a greater range of data for refinemenbut was also evident in the undoped sample. Figure 3 shows
of the crystallographic structure. Data were collected at 2 Ka small range of the backscattering data where the peak
for x=0.04 and &2 K and 30 K forx=0.02, 0.06, and 0.08 broadening effects are particularly clear. These effects were
with a neutron pulse repetition rate of 5 Hz and a TOF ranggresent in the nuclear diffraction peaks data from both above
of 35-235 ms. The data were normalized to the incidentnd below the magnetic ordering temperature indicating that
beam intensity and corrected for detector efficiency. Rietveldhey are inherent to the crystal structures.
refinements of the magnetic structure were carried out using The 90° bank data were used for refinements of the mag-
the program TF112MRef. 12 with the data from the 90° netic structure because of the peak broadening effects. To
bank. This program allows for the refinement of spiral mag-test for any systematic errors in the refinemenkof refine-



WRIGHT, ATTFIELD, DAVID, AND FORSYTH

0.340
k

X
0.336

0.332

0.328

PRB 62

994
160
@
§ (022)
5 120
s
-y
é 80 (112)
£
40 -{ (130) j\ (200)
0 T T T
0.110 0.115 0.120 0.125 0.130
TOF (s)

FIG. 3. Anisotropic and asymmetric peak broadening effects in

the high-resolution backscattering datasets for,C{¥,0,. Peaks
move to higher TOF ag increases from 0 to 0.08.

ments with the majority of the broadened peaks excludetﬁ
were compared to those with narrow peaks excluded. N
systematic errors were detected in this way. Rietveld refinet-

ments in Fig. 4 compare fits witk, constrained ak,=1/3
and refined as a free parameter for the 0 sample. The

4 6 8
X (%)

FIG. 5. Refined propagation vector versus vanadate content in

CrP,_,V,0,.

quivalent to ad-spacing range of 0.89 A to 2.07)Avas

sed. This excludes the extreme peak shape mismatches that
re evident at longer TOF’s. Much improved fits were ob-
ained by taking into account symmetric anisotropic peak

broadening effects. An empirical strain based algorithm

moment upon vanadate substitution is shown on Figs. 5 and

6. For thex=0 sample, the refined value of the ordered

moment at 2 K of 2.36(3) g is slightly lower than the value
of 2.55(10)g obtained previousfyat 5 K. The moment
decreases to 2.26(a) at 10 K and further to 1.90(3)g at

17 K. The refined values ok, at 10 K and 17 K were

. was used where the strain mattix is included as follows:
dependence of the propagation vector and ordered magnetic tr

Lhk|:(l_11h2+ L22k2+ L33|2+ 2L12hk+ 2L23k|

+2L,hhd3y,

0.33032) and 0.330), respectively, and show no signifi- whereh, k and| are the conventional Miller indicesl, is
the d spacing for the peak,;; are refineable parameters, and

The backscattering neutron diffraction data of thelnk iS the FWHM of the Lorentzian component of the peak
CrP,_,V,0, solid solutions showed anisotropic and asym_shape. Although this accounts for akl dependence of the

metric peak broadening effects which could not be fitted by 262k broadening, it is not completely satisfactory as the peak
hroadening is modeled symmetrically, although some asym-

metry is present in the observed broadening. The refinements

cant change from the value &f=0.3306(2) at 2 K.

standard TOF peak shape, and so a function consisting of

pair of back-to-back exponentials convoluted with a pseudo : - MY
¢ became progressively worse with higher vanadate content as

dide asymmetry of the peak broadening increased. The broad-

Voight function was usedf Although thehkl dependence o
various aspects of the peak shape were measured, a con

tent model for the observed effects could not be deduce§St Peaks are those that are shifted most by the vanadate

from these data alone. To obtain consistent refinements

the crystal structures from the backscattering profiles, a lim

ited range of data common to all sample®2-100 ms,

Intensity (arb. units)
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FIG. 4. Observedcrossey calculated and difference/esd curves
for B-CrPQ, at 2 K, refined using TF112M and data from the 90°
HRPD data bank. The upper difference curve iskprefined, and
the lower is withk, fixed at 1/3. The upper Bragg reflection mark-
ers indicate structural peaks, the middle row is kgrrefined and
lower row fork,=1/3. Prominent magnetic peaks are markéd

gubstitution, suggesting thathas a nonrandom distribution
throughout the sample.

In spite of the difficulties in modeling the peak shape for
these very highly resolved data, good refinements were ob-
tained using the backscattering profiles, the results of which
are summarized in Table I. A typical fit is shown in Fig. 7
and selected bond distances and bond angles are summarized

in Table Il.
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FIG. 6. Refined magnetic moment versus vanadate content in

CrP,_V,0O,.
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TABLE |. Agreement factors and refined atomic coordindtegll and peak shape parameters for
Crk,_,V,0, 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
Rup(%) 3.77 3.26 3.32 3.94 5.20
Rp(%) 2.92 2.60 2.64 2.92 3.80
Py 0.35022) 0.35012) 0.34982) 0.34943) 0.34943)
O(1)y 0.246Q1) 0.24552) 0.24572) 0.24582) 0.24582)
O(1)z 0.04271) 0.04262) 0.04242) 0.04212) 0.04172)
O(2)x 0.2455%2) 0.24592) 0.24632) 0.24634) 0.24694)
0o(2)y 0.470G1) 0.47031) 0.47031) 0.47022) 0.47042)
Uiso/A? 0.00026) 0.00187) 0.00377) 0.0041) 0.0061)
alA 5.167744) 5.173814) 5.178885) 5.183989) 5.189961)
b/A 7.752336) 7.761196) 7.7670Q7) 7.7719812) 7.7788615)
c/A 6.113636) 6.112085) 6.110735) 6.1107%9) 6.108789)
Vol/A3 244.92%2) 245.4292) 245.8002) 246.2015) 246.6245)
oy lusec At 175030) 163030) 185040) 257090) 294090)
Ly /psecA?t 1.545) 1.91(5) 2.696) 5.1013 6.00(15)
Lo/ usec At 1.223) 1.01(3) 1.11(3) 1.725) 1.956)
Laa/psec At 3.135) 2.025) 1.51(4) 2.098) 1.21(7)
Lyp/psec At 0.324) 0.174) 0.274) 0.467) 0.7998)
Lig/psecA? —0.794) —0.594) —0.764) —1.308) —1.599)
L,g/usec At —0.694) —0.394) —0.424) —0.6610) —0.897)

3 ull coordinates in space group Cmcm are Cr(a 40, 0, 0; P in 4(c) (0,y, 1/4); O(1) in 8(f) (0,y, 2; O(2)

in 8(g) (x,y, 1/4).

4. MAGNETIC SUSCEPTIBILITY RESULTS

The inverse susceptibility versus temperature data for th%e
x=0.02 and 0.08 samples together with Curie Weiss fits are

shown on Fig. 8. We obtain values of 3.82fdy) and

3.81(1)ug for the paramagnetic moment, respectively, in

good agreement with the spin-only value of 3.89 The

Weiss constants for the 0.02 and 0.08 doped samples we

—90(1) K and —96(1) K. Previous work on3-CrPQ, (Ref.

14) found values of 3.8g for the magnetic moment and
—80 K for the Weiss temperature. The Neemperatures

estimated from the maxima idy/dT are 18.510) K and
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19(1) K in the x=0.02 and 0.08 samples, respectively.

The susceptibility shows a broad maximum which has
en interpretéd as characteristic of a Heisenberg antifer-
magnetic linear chaiftHALC). Using this model, the val-

ues of ymax @and T 5 Can be used to obtain estimates of the
exchange constants in the system. The cusp in the suscepti-
lr:)ility at around 20 K in thex=0.02 sample is similar to that
rgported for undoped CrRQalthough this feature is much
less evident in thec=0.08 sample. It has been interprefed

as the onset of three-dimensional magnetic order. Fo an
=3/2 chaift® 2kgTna/|J=4.75 and xmadJl/2 NPu3
=0.091, which can be used to estimate the intrachain ex-
change couplingT s gives |J|=18K and|J|=12K and
Xmax gives|J|=25.8 K and|J|=26.1K for thex=0.02 and
0.08 doped samples, respectively. The values obtained by
Yamauchi and Ueda were |J|=19K and|J|=24K from

Tmax @nd xmax,» respectively, for an undoped sample of
B-CrPQ,. Hence the mean intrachain exchange constants in

these compounds ig|~20K.

The field cooled and zero-field cooled susceptibility data
are shown on Fig. 9. For the=0.08 sample there is a di-
vergence of the two susceptibilities below 18 K. This is due
to the freezing in of the disordered components of the mag-
netic moments which show a typical spin-glass behavior.

5. DISCUSSION

Samples ofB-CrP; _,V,0, with x=0-0.08 have been

FIG. 7. Observeddots, calculated and difference curves for Studied using both neutron diffraction and magnetic suscep-
CrPy oV 040, at 2 K. The upper row of reflection markers indicate tibility experiments. The Rietveld analysis of the neutron
magnetic peaks, the lower row indicate nuclear peaks. Stars madkiffraction data give a detailed description of the crystal
the positions of the most intense impurity peaks. structures and their variation with Within the resolution of
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TABLE Il. Refined bond distance) and anglegdegreesfrom the fits in Table I.

PRB 62

X 0.00 0.02 0.04 0.06 0.08

Cr-O(1)x2 1.924610) 1.923211) 1.925711) 1.927417) 1.928718)
Cr-O(2)x4 2.02986) 2.029@7) 2.02818) 2.029@12) 2.027713)
0O(1)-Cr-0(2) 180.0 180.0 180.0 180.0 180.0
0O(1)-Cr-O(2) x4 89.3%3) 89.383) 89.353) 89.285) 89.265)
0O(1)-Cr-O(2) x4 90.643) 90.623) 90.653) 90.725) 90.745)
0O(2)-Cr-0O(2) x4 80.794) 80.785) 80.755) 80.818) 80.789)
0O(2)-Cr-0(2) X2 99.214) 99.225) 99.255) 99.198) 99.229)
0O(2)-Cr-0(2)x2 180.0 180.0 180.0 180.0 180.0
PIV-O(1) X2 1.5031) 1.5061) 1.5041) 1.5042) 1.5042)
PIV-O(2)x2 1.5721) 1.5771) 1.5822) 1.5852) 1.5902)
O(1)-P/V-O(1) 114.9411) 114.7312) 114.9712) 115.2819) 115.2821)
0O(1)-P/V-O(2) x4 108.523) 108.593) 108.543) 108.494) 108.485)
0(2)-P/IV-O(2) 107.5810) 107.5211) 107.4712) 107.3219) 107.3920)
Cr-O(2)-Cr 97.7Q4) 97.725) 97.755) 97.698) 97.739)
Cr-O(1)-P/V 130.337) 130.417) 130.2588) 130.0311) 129.9512)
Cr-0(2)-PIVX2 126.193) 126.153) 126.133) 126.135) 126.115)

the HRPD experiment, there is no variation of the propaga- J,

tion vector with temperature in the undoped sample. The J—l=—2005{kx77)-

value ofk,=0.3305(2) in the undoped sample is equivalent

to a periodicity of 3.025(29, which agrees with the value of The decrease af,/J; with x results from small changes in
3.07(3), obtained previously but is an order of magnitude cy.0-p/v-O-Cr superexchange pathways. The response of
more precise. Substitution of vanadate for phosphate inthe metric tensor to vanadate substitution is anisotropic as
creases the propagation vector linearly upx00.06, where  increases; Aa/a=0.42%, Ab/b=0.34% and Ac/c=
a maximum ofk,=0.3383(3) is reached. The ordered mag-—0.08% forx=0 to x=0.08. It might be expected that the
netic moment measured 2 K is reduced by doping, show- magnitude of thel; interaction should be reduced by a larger
ing an increasing localized disorder in the magnetic strucamount than thd, since the distance between chains in that
ture. direction increases by a marginally greater amount. Consid-
The variation of the magnetic propagation vector witheration of the crystal structur@ig. 1) shows thatl; is me-
chemical substitution evidences a subtle alteration of the exjiated by Cr-O(2)-P/V-O(2)-Cr linkages whereas, goes
change interactions in the structure. As the spins within eacthrough Cr-@1)-P/V-O(2)-Cr. The variation of all the bond
chain are antiferromagnetically ordered, the spiral order cagjstances and angles is small except for the (R+®ond,
be analyzed in terms of two exchange constdatandJ, in  which increases in length by0.02 A asx increases from 0
thexy plane as indicated on Fig. 3, is an antiferromagnetic  to 0.08. This might be expected to have a stronger effect on
coupling whileJ; is ferromagnetic. A commensurate mag- the J, coupling than theJ, as it occurs in the former path-
netic structure wittk, = 1/3 requiresl; = —J,. The increase way twice. If the increasing bond length is accompanied by a
of k, with x indicates thatJ; is increasing in magnitude weakening of the superexchange interaction thayvJ,|
relative toJ, as vanadate is substituted for phosphate. Thghould increase with, whereas a decrease is observed. The

turn angle between the cation spind@0,0 and(1/2,1/2,0  phosphate and vanadate anions have different electronic
is k7 and this is related to the exchange constants by

14.0
o o, x=0.08
— g 13.0 |- ..20 TYIIET Y
o 3 LY Y oS .
£ £ ® .
S o 12.0 o® L
@ ]
: e .
‘?O ~ 110 — 9
i X=0.09a
10.0 - mgee
9.0 I L I I ! I
0 10 20 30 40 50 60 70

FIG. 9. Magnetic susceptibility data for CrB,V,0O, for the x
=0 andx=0.08 samples between 6 and 60 K. Open circles are for
the field-cooled measurements, filled circles for zero-field cooled.

FIG. 8. Magnetic susceptibility data for the=0.02 andx
=0.08 CrR_,V,0, samples with Curie Weiss fits.
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structures with the vanadate having vacastates at signifi- The results of the susceptibility measurements indicate
cantly lower energy than the phosphate. This may be théhat the paramagnetic moment on the*Cis largely un-
dominant factor since the geometric arguments based on thghanged by vanadate substitution, as would be expected. The
changes in the average structure suggest an opposite tregdsceptibility of thex=0.02 doped sample is similar to that
for the propagation vector than that observed. of an undoped sample reported elsewHéralthough in the

Although k, decreases from the maximum valuesat =008 doped sample there is a suppression of the three-
=0.06 to thex=0.08 sample, none of the refined structural gimensjonal interchain magnetic order. The small difference
or peak shape parameters follow the same trend. This may B the weiss constants between the samples indicates that the
related to some inhomogenieties as #1©0.08 sample is gy hange interactions are altered slightly by substitution in
appr_oachlng the limit of the solid ‘?’Olgb'l_'ty' Th(_a stead_y re- keeping with the variation of,. The spin-glass behavior of
duction of the ordered moment withindicates increasing y,. g og sample reflects local magnetic disorder effects
localized disorder in the magnetic structure. The FWHM Ofarisin from the vanadate substitution. The observation of
the magnetic peaks is observed to increase with increasing ~ . 9 . : '

rJFpln-gIass behavior and reduction of the ordered moment

which indicates progressively shorter magnetic correlatio b 4 b ¢ diffracti I istent with i
lengths within the sample as doping increases. The increa§PS€rved by neutron difiraction are all consistent with in-

ing anisotropy of the peak shape withis evidenced by the C'€asing magnetic frustration with _

refined coefficients of;; . A general increase in the Gauss- In conclusion, the magnetic structure gfCrPQ, is not

ian width of the peaks witlx is also observed in the pa-  locked into a commensuratex3l X 1 supercell and a coin-

rameter, which describes the linear relationship between thgidental balance of superexchange interactions leads to the

EWHM and the TOF. value ofk,~1/3. The lack of single-ion anistropic effects is
Given that this system does not exhibit a magnetic lock-inin keeping with the spin only behavior of €. Substitution

transition, it is notable that no temperature dependence of thef vanadate for phosphate leads to a slight increase in the

magnetic propagation vector was found in the undopednagnetic propagation vectdt, and induces a spin-glass

sample. The thermal variation of the unit cell is muchcomponent in the static magnetic order.

smaller than the variation with vanadate substitution; in ad-

dition, the thermal variation is more isotropic. These obser-

vations suggest that the variatida/J; with temperature is ACKNOWLEDGMENTS
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