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The quasi-two-dimensional antiferromagnet CsDy(MoO4)2 is studied by neutron diffraction and
quasielastic neutron scattering. The crystal structure of two low-temperature phases~below
120 K and below 40 K! is determined. An approximate structure of the magnetically ordered
phase (TN51.36 K) is proposed. In the ordered state the order-parameter critical exponent
b50.17(0.01), the in-plane correlation length exponentn50.94(0.07), and the staggered
susceptibility critical indexg51.01(0.04) were determined. Comparing these results to
the exact solution for a 2D Ising magnet, we conclude that, although 2D behavior is apparent in
CsDy(MoO4)2 , there are deviations from the simple 2D Ising model. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1645155#
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1. INTRODUCTION

For many years low-dimensional~low-D! magnetism has
remained at the forefront of solid-state research. Experim
tal studies of magnetic phase transitions in quasi-low-D co
pounds are very important for the general understanding
critical phenomena. The study of 2D Ising compounds is
special interest, since for certain low-dimensional Ising t
oretical models there is an exact solution and the results
be directly compared to experiment. A relatively few ma
rials simultaneously have strong single-ion anisotropy a
adequate two-dimensional magnetic interactions to qualify
model 2D Ising magnets.

Double rare-earth molybdates~DRMs! with the general
formula MR(MoO4)2 (R5rare earth, M5alkali metal! crys-
tallize in a variety of layered structures~see for example
Refs. 1–4! and are a large family of 2D compounds wi
some very interesting species. The magnetism of molybd
is entirely due to the presence of trivalent rare-earth ions.
the latter, magnetic anisotropy effects are crucial, and c
ponents of theg tensor may vary from almost 0 to as muc
as 20. In many DRMs the rare-earth sites behave as ne
ideal Ising centers. Typically large rare-earth magnetic m
ments in many cases result in appreciable dipolar magn
interactions.5,6 Long-range magnetic order has been detec
1331063-777X/2004/30(2)/7/$26.00
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in several species7–9 and typically occurs only at sub-kelvin
temperatures. The rather unusual magnetic properties
DRMs have been investigated using dc and ac magn
measurements,7–9 optical experiments10,11 and ESR.12,13

Although neutron diffraction has been widely used in t
study of crystal structures,1,3,14we were surprised not to find
any reports in the literature on magnetic neutron scatte
experiments on DRMs. Although magnetic neutron diffra
tion often is the ‘‘ultimate’’ technique for studying magnet
phase transitions and critical behavior, actual experime
may be, from a purely technical point of view, nontrivial
carry out. Low magnetic ordering temperatures require
use of bulky cryogenic equipment that limits the region ofQ
space accessible in a diffraction experiment. In additi
most DRMs go through a whole series of structural transf
mations when cooled down from room temperature, and
formation of crystallographic domains may complicate t
interpretation of the diffraction pattern. These problems
deed have to be dealt with, but, as we show below, do
present an insurmountable obstacle.

In the present paper we report the results of neut
scattering experiments on one particular compound, nam
CsDy(MoO4)2 . Data pertaining to the crystallographic an
magnetic structures, as well as measurements of the m
© 2004 American Institute of Physics
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netic critical behavior, confirm the 2D Ising nature of th
system. At the same time, certain new features hint at
important role played by dipolar interactions.

2. EXPERIMENTAL

Our choice of CsDy(MoO4)2 over other DRM species
was largely governed by the availability of large sing
crystal samples. Among the rare-earth ions, Dy31 in the mo-
lybdates has the advantage of having one of the largest m
netic moments. The tradeoff is its appreciable neut
absorption cross section. CsDy(MoO4)2 would not be an
ideal candidate for inelastic experiments, but it is well sui
for measurements of elastic magnetic scattering. Mica-
transparent rectangular single-crystal samples for our exp
ments were prepared by spontaneous crystallization f
melt solution.15 43430.15 mm and 831230.15 mm
samples were used for conventional and magnetic neu
scattering experiments, respectively.

4-circle diffraction data were collected at the H6
4-circle diffractometer at the High Flux Beam React
~HFBR! at Brookhaven National Laboratory. In this expe
ment the sample environment was a standard Displex re
erator. Two separate sets of (hkl) data were collected at 50 K
and 15 K, respectively.

Low-temperature~0.35–5 K! neutron scattering experi
ments were performed at the H8, H7, and H4M 3-axis sp
trometers at the HFBR with the use of a pumped-3He Dewar.
The temperature was controlled with an automated resista
bridge to a precision of'0.01 K. The sample was wrappe
in thin aluminum foil and mounted as strain-free as possib
A neutron beam of fixed final energyEf514.7 MeV was
used with a pyrolitic graphite~PG! filter positioned after the
sample. Pyrolitic graphite~002! reflections were used for th
monochromator and analyzer. The collimation setup w
408– 408– 408– 808. The sample mosaic was found to be
the order of 2.5° full width at half maximum~FWHM!. Spe-
cial care was taken to precisely measure the dimensions
orientations of the crystallographic faces. This informati
was later used to analytically calculate absorption correcti
to the measured intensities.

3. RESULTS

3.1. Crystal structure

At room temperature CsDy(MoO4)2 was believed to be
orthorhombic, space groupPccm, with cell constantsa
59.51 Å, b55.05 Å, andc57.97 Å.3 This structure is es-
sentially the same as for CsPr(MoO4)2 ~Ref. 16!. The most
prominent feature is a stacking of alternating layers along
crystallographica axis: – Dy– (MoO4) – Cs– (MoO4) – ~Fig.
1a!. Each layer is parallel to the~100! perfect cleavage plane
The arrangement of magnetic ions is quasi-two-dimensio
The interlayer Dy–Dy distance is large,'9.5 Å5a ~Fig.
1b!. Within each layer the magnetic sites form a rectangu
lattice with nearest-neighbor distances'5 Å5b and'4 Å
5c/2. Although thePccmstructure has not been seen in a
of our CsDy(MoO4)2 samples at any temperature, all th
crystallographic phases that were observed~see below! can
be described as distortions of this ‘‘parent’’ structure.
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For our samples the room-temperature structure w
found to bemonoclinic, with the measured cell paramete
a59.49 Å, b55.05 Å, c57.97 Å, andb588.4°. The two
monoclinic domains share commona* andb* axes. A typi-
cal rocking curve of the~0,0,4! Bragg reflection, rotating
around the@0,1,0# axis, is shown in Fig. 2 and illustrates th
domain structure. It should be noted that monoclinic str
ture at room temperature correlates with recent x-
analysis.17 No further crystallographic information was ob
tained at room temperature, since our main interest was w
the low-temperature behavior.

Below T1'120 K, a structural phase transition tak
place and CsDy(MoO4)2 becomes orthorhombic~Fig. 2,
curve2!. An analysis of the 4-circle diffraction data sugges
the space group in this low-temperature~LT-1! phase is
Pcca, with the 50 K cell parametersa518.760(7) Å

FIG. 1. ‘‘Parent’’ model of thePccm structure of CsDy(MoO4)2 . ~a! A
projection onto theac crystallographic plane showing the Dy and Cs sites
well as the MoO4 tetrahedra.~b! Structural relation between neares
neighbor magnetic Dy31 ions in the unit cell.

FIG. 2. Rocking curves of the~0,0,4! Bragg peak~rotation around~0,1,0!!
measured at different temperatures in a CsDy(MoO4)2 single crystal. The
crystal structure is monoclinic at room temperature~1!, becomes orthorhom-
bic (Pcca) below T1'120 K ~2!, and finally turns monoclinic again
(P21 /c) on cooling throughT2'40 K ~3!.
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52aPccm, b55.013(4) Å, andc57.920(6) Å. Compared
to the ‘‘parent’’Pccmstructure thea axis is doubled and the
Dy ions are displaced along thec axis in a direction that
alternates from site to site along thea axis.18 The Dy point
group isC2 , as compared toD2 in the Pccmcell.

On cooling throughT2'40 K a structural phase trans
tion to yet another monoclinic structure occurs~Fig. 2, curve
3!. It is interesting to note that both crystallographic tran
tions atT1 andT2 are totally reversible. The low-temperatu
monoclinic ~LT-2! phase is ofP21 /c symmetry, with a
518.86(5) Å52aPccm, b510.05(3) Å52bPccm, c
57.78(2) Å, andb586.6(2)° at T515 K. As in the high-
temperature monoclinic phase, the two types of monocl
domains share commona* and b* axes. Atom positions
above~50 K! and below~15 K! the phase transition atT2 are
summarized in Table I. The phase transition atT2 has been
previously observed by Zvyaginet al.,10 but the low-
temperature phase structure could not be determined f
their experiments. It is accompanied by an abrupt chang
the energy spectrum of the Dy31 ions which is due to a
lowering of the Dy site symmetry~point group 1 in the LT-2
phase!.19 In the low-temperature phase there are two crys
lographically inequivalent Dy sites.20

3.2. Magnetic long-range order

Below TN51.36 K new magnetic Bragg reflections wit
Miller indices (P21 /c notation! (h,0,l ) (h-odd, l -even! and
(h,k,0) (h,k-integer,h-odd, k-even! were observed in the
~0,1,0! and ~0,0,1! reciprocal-space planes, respective
Much weaker magnetic peaks were seen at (h,l ,0) (h,l -odd!
positions. Constraints imposed by the experimental geom
prevented us from measuring magnetic scattering in o
planes. Most of the diffraction data were collected atT
50.35 K in the (h,0,l ) zone. In general, magnetic reflection
from different structural domains could always be separa
although partial overlap occurs in some cases. A typ
h-scan along (h,0,2) measured atT50.35 K is presented in
Fig. 3. It shows both the nuclear and magnetic peaks or
nating from the two monoclinic domains.

Peak shapes. As can be seen in Fig. 3~for example, by
comparing the~3,0,2! magnetic and~4,0,2! nuclear peaks!
the magnetic Bragg reflections are visibly broader than
nuclear ones. This anomalously large width of magnetic
flections, more clearly seen in Fig. 4, was only observ
along thea* direction. TheQ-width of all the magnetic
peaks investigated is resolution-limited in theb* and c*
directions. The anomaloush-width was found to be depen
dent on the rate at which the sample is brought down to
temperature. Fast cooling~10 min! from T51.5 K down to
T50.35 K produces the broadest peaks~Fig. 4, open
circles!, whereas slow~2 hours! cooling throughTN results
in sharper peaks~Fig. 4, solid circles!. The Q-integrated
magnetic Bragg intensity was slightly higher in slow-cooli
experiments. Moreover, some annealing~sharpening and in-
tensifying of the magnetic peaks! over a time scale of 24
hours was observed even atT50.35 K.

Order parameter. The large time constants associat
with the establishing of long-range magnetic order ma
temperature-dependent measurements of the order para
extremely difficult. TN'1.3 K happens to be close to th
-
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condensation temperature of3He, and long measurement
aboveT51 K are hard to perform due to a high consumptio
of liquid 3He. The best we could do was to collect data o
slow cooling ~1 hour per fixed temperature with a 0.05 K
step!. The resulting order parameter deduced from the me
sured~3,0,0! magnetic Bragg intensity is plotted against tem
perature in Fig. 5. The critical exponentb and the Ne´el tem-

TABLE I. Positions of atoms in the CsDy(MoO4)2 lattice.
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perature were obtained in log–log plots. The analysis yiel
TN51.36(0.01) K andb50.17(0.01). The normalization o
the data in Fig. 5 is as discussed below.

Approximate spin structure. Detailed magnetic diffrac-
tion data could only be collected in the (h,0,l ) reciprocal-
space plane. Accurately determining the magnetic struc
is further hindered by the necessity of making strong abso
tion corrections to the measured Bragg intensities. The la
introduces systematic errors, which become very impor
at large reflection~transmission! angles. The quantity and
quality of the data do not allow us to base the analysis
magnetic intensities on the complicated low-temperat
crystal structure determined in the experiments with
4-circle diffractometer. Instead, we have utilized an overs
plified a priori model for the arrangement of magnetic io
in the crystal to obtain information on the spin structure.

For each monoclinic domain the observed resoluti
and absorption-corrected intensities ofP21 /c-inequivalent
(h,0,l ) and (h,0,2 l ) Bragg peaks were found to be the sam
within experimental error. In addition, in our treatment w

FIG. 3. Elastic scan along (h,0,2)P21 /c measured in a CsDy(MoO4)2 single
crystal. Bragg reflections originating from the two monoclinic domains
labeled in italic and normal characters, respectively. The indices of mag
reflections are underlined.

FIG. 4. Longitudinalh-scans through the~3,0,0! magnetic Bragg peak in
CsDy(MoO4)2 measured atT50.4 K. Fast cooling throughTN produces
very broad peaks~open circles!, as compared to the experimental resoluti
~dotted line!. Slow cooling results in much sharper Bragg reflections~solid
circles!. Thek- and l -width of all magnetic reflections is resolution-limite
independently of the cooling rate.
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have totally neglected the (h,0,l ) (h,l -odd! magnetic peaks,
since they are significantly weaker than those at (h,0,l )
(h-odd, l -even! and only a few could be measured. The sim
plified monoclinic arrangement for the Dy31 ions that we
employed in the analysis of the magnetic structure was th
fore based on a reduced cell withã[ 1

2aP21 /c'9.43 Å, b̃
[ 1

2bP21 /c'5.03 Å, c̃[cP21 /c'7.82 Å, andb586.6(2)°.
We have also assumed all the Dy sites to be crystallogra
cally equivalent and positioned at~0,0,1/4! and~0,0,3/4!. The
above construct is oversimplified, but a model for the ma
netic structure based on these positional coordinates acco
reasonably well for the experimental data.

A good consistency test for our experiments is an ana
sis of Bragg intensities measured inh-scans along (h,0,0).
These were corrected for absorption and resolution effe
and are plotted against momentum transfer in Fig. 6~open
circles!. The experimentalQ dependence is in good agre
ment with a theoretical prediction for the square of the fo
factor of a free Dy31 ion,21 shown as solid line in Fig. 6.

The models used for the analysis of the magnetic str
ture assumed a parallel alignment of nearest-neighbor s
along theb andc axes. The nearest neighbors alonga were
assumed to have antiparallel spins. Three models were
sidered, with spins lying in theac, bc, andab planes. Only
the last model was found to be consistent with the data.
tilt of the spins in theab plane with respect to theb axis and
an overall scaling factor were the only two adjustable para
eters. These were refined to best fit the experimental inte
ties of 17 magnetic Bragg peaks of the type (h,0,l ) (h-odd,

e
tic

FIG. 5. Magnetic order parameter in CsDy(MoO4)2 plotted against tem-
perature ~circles!, as deduced from the temperature dependence of
~3,0,0! magnetic Bragg intensity. The solid line represents a power law w
the critical exponentb50.17 andTN51.36 K. The top inset shows the
approximate spin structure determined atT50.4 K. In the bottom inset the
measured temperature dependence of the magnetization~open circles! is
compared to the exact result of Onsager for a 2D Ising system~solid line!.



e

d
Th
sid
so
th

ec
re
o

ne
os
th
o

o

a
ich

n
g

ar
t o

ical
on

ch

a-

en-
We
ts:

b-

h
ese
ly
tic

blet

to
s

in

pr

137Low Temp. Phys. 30 (2), February 2004 Khatsko et al.
l -even! that were measured inh-scans to compensate for th
anomalous broadening of magnetic peaks in thea* direction.
Measurements were done separately for each monoclinic
main and corrected for resolution and absorption effects.
results of the refinement are summarized in Table II. Con
ering the limiting systematic errors arising from severe re
lution and absorption effects, a reasonably good fit to
experimental data was obtained.

The refined value for the angle between the spin dir
tion and theb axis is 17.7(0.5)°. The resulting spin structu
is visualized in the top inset in Fig. 5. The absolute value
the magnetic moment residing on the Dy sites was obtai
through normalizing the magnetic Bragg intensities by th
of several (h,0,0) nuclear peaks. The structure factors for
latter were calculated from the known atomic fractional c
ordinates. AtT50.35 K the Dy31 moment was estimated t
be MDy'6.8mB . This is to be compared toMDy5gLJmB

'10mB for a free ion.

3.3. Magnetic critical scattering

Generous magnetic neutron scattering intensities
lowed us to study the magnetic critical scattering, wh
could be plainly seen at temperatures up toT51.8 K. All of
the measurements were performed on the (2.5,0,0)Pccm mag-
netic Bragg reflection in a two-axis mode. Scans alo
(h,0,0) and (2.5,0,l ) were analyzed by first subtractin
~point by point! the background measured atT54 K and
then fitting the data to Voigt profiles. Some typical scans
shown in Fig. 7a. The width of the Gaussian componen
the Voigt function was fixed to the experimentalQ resolution
determined from measurements on nearby nuclear Bragg

FIG. 6. Intensity of (h,0,0) magnetic Bragg reflections measured
CsDy(MoO4)2 as a function of momentum transfer~open circles!. The data
were corrected for absorption and resolution effects. The solid line re
sents the square of the magnetic form factor for a free Dy31 ion.
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flections. The Lorentzian component represents the class
Ornstein—Zernike form for the energy-integrated neutr
cross section:22,23

ds

dV
5

AT

k21q2
, x5A/k2. ~1!

The Lorentzian widthsk ~reciprocal correlation lengths! and
temperature-adjusted amplitudesA were refined to best fit
the data. The solid lines in Fig. 7a show the results of su
fits. The reciprocal correlation lengths alonga* andc* , ka

andkc , respectively, are plotted against (T2TN)/TN in Fig.
7b usingTN51.36 K. The same figure shows the temper
ture evolution of the staggered susceptibilityx. As shown by
solid lines in Fig. 7b, the experimental temperature dep
dences were analyzed using power-law fits to the data.
have obtained the following values for the critical exponen
g51.0160.04, na50.3560.04, andnc50.9460.07.

4. DISCUSSION

The distinguishing features of rare-earth double moly
dates in general, and CsDy(MoO4)2 in particular, are the
relatively low crystallographic symmetry and rather hig
magnetic moments associated with the rare-earth ions. Th
peculiarities make single-ion crystal-field effects extreme
important and result in a huge anisotropy of magne
susceptibility.7,8 The site symmetry of the Dy31 ions ~the
ground term6H15/2) in the low-temperature phase is low
enough for the ground state to be a single Kramers dou
with J5615/2 ~Ref. 8!. In other words, the Dy31 are ex-
pected to be Ising magnetic centers. Indeed, according
EPR studies,24 there are two magnetically inequivalent site

e-

TABLE II. List of calculatedI calc and experimentally observedI obs intensi-
ties for the 17 independent magnetic reflections in CsDy(MoO4)2 at T
50.35 K.



tw

er
a
th

d

t
c
ru
l

re
th
,
y
ist
s

-
o-

ere
e

the
of

g
en-

sults

the

uite

ls,

de-

cu-
ng
ob-
-

ly
her
nly

ion

ost
ar

aral-
that
the
di-

As

of
ob-

us
an
a-
ing
t in
ce
ane
pro-

de-
uc-

her

T
lin
er

the
n

138 Low Temp. Phys. 30 (2), February 2004 Khatsko et al.
with similar principal values of the effectiveg-factor tensor
(ga853.760.2, gb8513.460.5, gc85160.5). Theg-tensor
principal axisa8 is reportedly tilted by'610° with respect
to thea direction in theab plane, andb8 forms an angle of
no more than'65° with theb axis in thebc plane. These
two g-tensor orientations presumably correspond to the
crystallographically inequivalent Dy31 sites that are identi-
fied in this work.

The crystal-field separation of Dy31 Kramers doublets in
CsDy(MoO4)2 is expected to be much larger than the ord
ing temperature, i.e., than the characteristic energy of m
netic interactions. The direction of magnetic moments in
ordered phase is therefore dictated by the orientations
single-ion easy axes. From our analysis of the magnetic
fraction data we conclude that the moments lie in theab
crystallographic plane and are tilted by 17° with respect
the b axis. It is important to emphasize, though, that sin
two inequivalent magnetic sites are present, the actual st
ture should be noncollinear, and that the collinear mode
no more than an approximation.

The 2D Ising character of the material becomes appa
in its critical behavior. The technique used to measure
indicesn andg relies on the so-called static approximation22

i.e., on the assumption that the incident neutron energ
two-axis experiments is much larger than the character
energy width of critical scattering. Fortunately, for Ising sy
tems the approximation is excellent, since the time scale
critical fluctuations is infinitely long. The in-plane correla
tion length exponentnc50.94 and the order-parameter exp

FIG. 7. Magnetic critical scattering measured in CsDy(MoO4)2 aboveTN

51.36 K. ~a! Example two-axis scans across the magnetic zone center.
background has been subtracted, as described in the text. The solid
represent fits with Lorentzian profiles, convolved with the Gaussian exp
mental resolution~dotted line!. ~b! Measured temperature dependence of
staggered susceptibilityx ~solid circles! and reciprocal magnetic correlatio
lengthk along thea ~triangles! andc ~open circles! crystallographic axes.
The solid lines are power-law fits to the data.
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nent b50.17 measured in CsDy(MoO4)2 are reasonably
close to the exact characteristics of a 2D Ising magnet, wh
b50.125 andn51. Such behavior is consistent with th
layered structure of CsDy(MoO4)2 .

Other data obtained in the present study indicate that
temperature dependences of magnetic characteristics
CsDy(MoO4)2 are more complicated than simple 2D Isin
behavior. In particular, the measured temperature dep
dence of the order parameter deviates from the exact re
of Onsager in a wide temperature range~Fig. 5, bottom in-
set!. An even more obvious discrepancy is revealed in
behavior of the critical indexg. The experimental valueg
51 is the same as in Ginsburg–Landau theory and q
different from that for a 2D Ising magnet, whereg51.75 is
expected. Note that in well-established 2D Ising materia
such as K2CoF4 ~Refs. 25 and 26! and Rb2CoF4 ~Refs. 27–
29!, all three critical indicesb, g, andn are in good agree-
ment with theory.

We tentatively propose that the main reason for any
viations from 2D Ising behavior in CsDy(MoO4)2 are due to
dipolar interactions. As indicated in experiments and cal
lations on related molybdates, dipolar coupling of Isi
chains or planes may be responsible for experimentally
servable short-range effects6,30 and may even drive the mag
netic phase transition, as, for example, in KEr(MoO4)2 ~Ref.
5!. For CsDy(MoO4)2 the in-plane interactions are relative
strong and are, most likely, of exchange origin. On the ot
hand, interplane coupling is much weaker and yields o
short-range order between the planes. At (T2TN)/TN

50.03, for instance, the interplane magnetic correlat
length amounts to only a few lattice repeats@Fig. 7b#. All
relevant interactions, but the weak interplane coupling m
of all, should have a significant contribution from dipol
effects. The latter must be enhanced by i! large magnetic
moments of the Dy31 ions, and ii! ferromagneticcorrelations
in the planes. Indeed, the ordered moments are nearly p
lel to the planes and generate a large magnetic field
favors antiparallel spin alignment in adjacent planes. If
correlations within the planes were antiferromagnetic, the
polar field would decay much more rapidly with distance.
has been experimentally confirmed31 for LiTbF4 , dipolar
magnets fall into a universality class different from that
exchange systems, and this may be responsible for the
served values of critical indices in CsDy(MoO4)2 .

Finally, let us comment on the observed anomalo
a* -width of the magnetic Bragg reflections. The effect c
be easily explained. Critical slowing down of spin fluctu
tions is enhanced in Ising systems. On relatively fast cool
throughTN the short-range magnetic correlations presen
the critical regime are ‘‘frozen’’ in the ordered phase. Sin
in-plane spin correlations are much stronger that interpl
ones, the broadening of magnetic Bragg peaks is most
nounced in the direction normal to the planes.

CONCLUSION

In summary, the present investigations enabled us to
termine the crystal structure of two low-temperature str
tural phases~below 120 K and below 40 K!, and suggest an
approximate magnetic structure of the CsDy(MoO4)2 . A
more precise model of the magnetic structure calls for furt
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investigations. In the ordered state the order-parameter c
cal exponentb50.17(0.01), the in-plane correlation leng
exponent n50.94(0.07), and the staggered susceptibi
critical index g51.01(0.04) were determined. Comparin
these results to the exact solution for a 2D Ising magnet,
conclude that, although 2D behavior is apparent
CsDy(MoO4)2 , there are deviations from the simple 2
Ising model. One of the possible reasons is the influenc
the dipole–dipole interplane interaction.
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