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Abstract. Magnetic phase transition in the CsDyW3Og magnet has been studied by means of low temper-
ature specific heat C(T) measurements. The magnetic ordering temperature of the Dy®* sublattice was
established to be 1.34 K. The experimental results indicate on the antiferromagnetic character of inter-
actions between Dy**" ions. The behavior of the C(T) dependencies above and below Ty is discussed in
frames of different theoretical models. The measurements data on temperature and field dependencies of
magnetization are used to calculate the exchange and dipole-dipole interactions energy and to determine

the possible magnetic structure of the ground state.

PACS. 65.40.-b Thermal properties of crystalline solids — 75.30.Et Exchange and superexchange
interactions — 75.30.Cr Saturation moments and magnetic susceptibilities

1 Introduction

The alkaline-rare-earth double tungstates of the general
formula AReW20s5 (ARe(WOy4)2, AReW), where A and
Re are the alkaline and rare-earth ions, respectively, are
of special interest because of manifestation of the coop-
erative Jahn-Teller effect as the origin of the structural
phase transition (SPT) for these low-symmetry (mono-
clinic) compounds. To this time the SPT of the cooper-
ative Jahn-Teller type from paraelastic to antiferroelastic
state were found at Tspr = 6.38 K for KDyW and at 4.9
and 9.0 K for RbDyW in thermodynamical (specific heat
including measurements in magnetic field, thermal expan-
sion), spectroscopic (optical absorption of electron states,
EPR, optical absorption of phonon states, Raman scat-
tering), magnetic (magnetization including measurements
under pressure, magnetic susceptibility) and structural
(neutron diffraction) experiments [1-6]. At subkelvins
region of temperatures the magnetic phase transitions
(MPT) were observed. The antiferromagnetic (AFM) or-
dering temperatures of Dy3t sublattice were shown to be
0.6 and 0.82 K for KDyW and RbDyW, respectively [7,8].

The measurements presented below are a continuation
of study of magnetic properties of alkaline-rare-earth dou-
ble tungstates in the paramagnetic and magnetically or-
dered phases. As far as we know, there is no publications
devoted to magnetic properties studies of CsDyWsyOsg
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(CsDyW). Some non-magnetic data concerning the cesium
mixed double tungstates have recently been published [9].

The absence of non-equivalent Dy>* ions in CsDyW
makes this compound a very attractive object for both
magnetic measurements and interpretation of experimen-
tal results.

This paper reports on the results of specific heat
and magnetization measurements in the CsDyW double
tungstate as a function of temperature and magnetic field.
The magnetic investigations of CsDyW are prompted by
a desire to establish the character and temperature of
the Dy3t ions magnetic ordering, to calculate the ex-
change and dipole-dipole interaction energies and to deter-
mine the possible magnetic structure of the ground state.

2 Samples and experimental

The CsDyW30g compound was synthesized using the re-
action of Dy20O3 + CsaCO3 + 4WO3 + 4CsCl at tem-
perature 1023-1053 K up to a complete evaporation of
CsCl. At preparation of the low temperature modifica-
tion of CsDyW, one of the main problem is that CsCl
can enter into reaction and essentially pollute the com-
pound. Growth of the CsDyW single crystals is difficult
because at the polymorphic transformation the crystals
either completely destroy or their quality sharply deteri-
orate. Therefore in our measurements we use the pressed
powder CsDyW samples. The high-temperature modifica-
tion of CsDyW has a monoclinic symmetry with the lattice
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parameters: a = 0.9261 nm, b = 0.5206 nm, ¢ = 0.7443 nm
and angle § = 92.51° [10,11]. The unit cell of CsDyW con-
tains two formula units. The Dy ion is surrounded by eight
oxygen atoms and has local symmetry Cy. Detailed mea-
surements of the CsDyW structure at low temperature
have not yet been carried out.

The low temperature specific heat measurements
have been performed using a computer controlled quasi-
adiabatic calorimeter over a temperature range of 0.5—
25 K. For these experiments a *He cryostat was used. The
temperature of sample was determined by two RusO ther-
mometers. The calorimeter and experimental details have
been described in [12]. In thermal experiments the pressed
powder pellet with diameter of 5 mm and thickness of
0.5 mm was measured. The magnetization measurements
were performed using the vibrating sample magnetome-
ter in the temperature range from 4.2 to 240 K and in
magnetic field up to 15 kOe. The pressed powder sample
had the shape of cylinder whose diameter and length were
approximately equal to 2.5 and 4.5 mm, respectively. The
specific heat investigations described in this paper were
performed up to 20 K only, due to the limitations of the
experimental set-up.The accuracy of the specific heat mea-
surements does not exceed 1%.

3 Experimental results
3.1 Heat capacity

The zero-field specific heat of CsDyW as a function of
temperature is displayed in Figure 1. The C(T') depen-
dence is similar to the low temperature behaviour of the
related KDyW and RbDyW double tungstates. In the (K,
Rb)DyW compounds, the peak of C(T) dependence has
been shown to be due to the antiferromagnetic ordering
of the Dy3* sublattice. By analogy and on the base of the
below presented results, we assume that observed in this
paper the C'(T') anomaly with the peak at the temperature
1.34 K is also connected with AFM phase transition. This
anomaly has clearly defined A-type shape and its value
at the Néel temperature (Ty) is considerably reduced in
comparison with the KDyW and RbDyW compounds. A
nonsymmetrical shape of the C'(T") anomaly in the vicin-
ity of Tx is shown below to be due to the fact that the
specific heat temperature dependence has a different char-
acter below and above Ty.

It should be noted that the contributions to C(T') from
both the lattice specific heat and crystal field splitting are
negligible small in the temperature region studied. The
estimation of the contribution of the crystal field splitting
to the total specific heat of CsDyW at low temperatures
shows that it is less than 1%. The Debye temperature
is high (about 280 K) and therefore the lattice specific
heat contributes less than 4% to the total specific heat
at T' < 4.0 K. The CsDyW tungstate is an insulator and
therefore the conduction electrons do not contribute to
the specific heat.

Taking into account the existence of strong anisotropy
in the double tungstates we have analyzed the C(T) de-
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Fig. 1. Experimental and theoretical dependencies of the spe-
cific heat of the CsDyW20Og compound near magnetic phase
transition.

pendence above and below Ty in the framework of the the-
oretical models for quadratic (2D Ising) and XY lattices
as well as for simple cubic (3D Ising) (Fig. 1). The com-
parison between experimental data and theoretical C(T")
predictions has been performed up to 3.5 K only because
of the influence of the tail of the structural phase transi-
tion on the C(T') dependence at higher temperatures as
shown below.

The analysis of the experimental results gives no defi-
nite answer which model is the best to describe the C(T")
dependence near Ty. As it is seen in Figure 1, the experi-
mental data below T are in agreement with the 2D Ising
model. At Ty < T < 1.75 K, the behavior of specific heat
correlates with theoretical C(T") dependence for 2D Ising
model better than with 3D and XY ones. At T' > 1.75 K,
none of the models presented describe the experimental
temperature dependence of specific heat.

The models discussed above take into account the fluc-
tuations in the critical region (near the phase transition
point) where their influence is large. At T' > 2 K, when
influence of fluctuations falls off, the high temperature ex-
pansion with accuracy of the order of T—2 [13,14] for the
specific heat within the framework of the 3D Heisenberg
model can be used. In the temperature range limited be-
tween 2.1 and 3.5 K, the specific heat is close to the T2
law, namely, C/R = 0.76 T2 (Fig. 2). Here, we suppose
that the 7-2 term is the tail of the Schottky anomaly
resulting from the energy splitting of the lowest Kramers
doublet and is caused by fluctuation of the effective spin
of the lowest doublet. The maximum deviation of the ex-
perimental data from linearity in the temperature range
from 2.1 to 3.5 K is of the order of 5%.

Using the experimental dependence of C/R =
0.76 T~2 and the relation of 8CyT?/R = 2J?/k3 where
z = 6 is the coordination number of the simple cubic lat-
tice [13,14], the exchange interaction parameter (J/kp)
was obtained to be equal to 1.01 K.
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Fig. 2. Magnetic specific heat of CsDyW2Og above Tx. In the

temperature range of 2.1-3.5 K it follows a 1/T2 law (solid
line).
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The equation of J/kg = —Tx(In /2 — 1) was obtained
using the exact expression of the C(T") dependence by
Onsager [15] for 2D antiferromagnet. In this case, when
Tn/2J = 0.567 and z = 4, the value of J/kp = 1.18 K.

In contrast, the exchange parameter of J/kg = 0.59 K
was calculated using the high temperature expansion for
a specific heat within the framework of the 3D Ising
model [16] taking into account the relation between the
Néel temperature and parameter J in the form of T /zJ =
0.376 (the coordination number of the simple cubic lat-
tice z = 6 and the effective spin S = 1/2 were used).
Using the relation of kgTn/J = 2.02 obtained for the XY
model [17], the exchange parameter was determined to be
J/kp = 0.663 K.

The comparison of the J/kp values obtained shows
that the experimental and theoretical (in the framework
of the 2D Ising model) J/kp parameters are in reasonable
agreement.

Figure 3 shows a log-log plot of the specific heat versus
reduced temperature Tg (Tx =1 —T/Tn for T < Ty and
Tr = 1 —In/T for T > Tn). The slope of the curves
log(C/R) vs. logTr gives the critical exponents a and o’
directly determining the character of the magnetic phase
transition in the limit T" — TN above and below Tn. As
one can see in Figure 3, the critical exponents for CsDyW
are close to zero that corresponds to the theoretical ones
predicted by the 2D Ising model.

The experimental C(T') dependence allows to deter-
mine a change of magnetic entropy with temperature
[ASmag(T)] near the magnetic phase transition (Fig. 4).
The ASmag(T) plot obtained by integrating the specific

heat ASuag(T) = [) [C(T)AT/T] shows that ASyag =
0.4 RIn2 at 1.34 K and can reach the RIn2 limit at
temperature T =~ 2.0 K. At temperatures above 2 K,
where Chyae Obeys a T2 variation, ASnag(T) exceeds
R1n2 value. By analogy with the related compounds (K,
Rb)Dy(WO,4)O3, the similar magnetic entropy behaviour
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Fig. 3. Log-log plot of C/R as a function of the reduced tem-
perature Tgr.
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Fig. 4. Change of entropy with temperature neat Ti.

is evidently due to an influence of high temperature struc-
tural phase transition resulting in a change of the distance
between the lowest two doublets of the Dy3* ion. It can
also be the reason that none of the models presented prop-
erly describe the experimental temperature dependence of
specific heat above 1.75 K.

We have also studied the magnetic field effect (up to
10 kOe) on the specific heat. The observed increase of the
specific heat (H = 0) at T > 5 K (Fig. 5) is supposed to
be due to the influence of the tail of the structural phase
transition at higher temperature (see Ref. [1-4]). As can
be seen in Figure 5, the peak of the specific heat corre-
sponding to the magnetic phase transition shifts to lower
temperatures and the C(7T") maximum decreases in mag-
nitude with increasing magnetic field. The magnetic field
of 5 kOe decreases Ty by about 0.11 K only, and the C(T)
anomaly is no longer observed in field of 10 kOe. Such tem-
perature behaviour of the A peak position in magnetic field
is expected for antiferromagnetically ordered systems. It



12 The European Physical Journal B

H=0 Oe
H=5 kOe
H=10 kOe

o+d

C [J/mol K]

1 . . .1.....0
TIK

Fig. 5. Magnetic field effect on the C(T) dependence in
CSDngOg.

is connected with that in magnetic field the system will
order and the interaction energy will decrease. There is
an analytic expression for Tx decrease in magnetic field:
Tn(H)/Tn(0) = {(1 — H/Hc)?*}* where « is the critical
index depending on the lattice type. The rough estima-
tion of the effective Weiss field Hc = zJkp/(upgS) where
J=1K, g=12.6,5 =1/2 gives Hc = 14 kOe. It is very
close to the field value of 10 kOe when the phase transition
destroys.

3.2 Magnetization

Figure 6 presents the temperature dependencies of mag-
netization at applied magnetic fields of 0.1 and 1 kOe.
The fitted temperature dependence of magnetization at
H = 1 kOe determines the Curie-Weiss temperature
Ty = —0 = —4.1 K. The sign of the Ty temperature con-
firms the antiferromagnetic character of interactions.

The experimental and theoretical field dependencies
of magnetization M (H) at temperature T' = 5 K are pre-
sented in Figure 7. As can be seen, the magnetization
saturation is not reached up to 16 kOe at 5 K.

The Brillouin M (H) dependence was calculated using
the experimentally determined Curie-Weiss temperature 6
which gives J/kp = 1.37 K for S = 1/2 (see Eq. (2)).
The best fitting of the theory and experiment was ob-
tained for the spectroscopic splitting factor g = 12.6. In
this calculation the dipolar energy F, was neglected and
hence J has meaning of mean value determined using pow-
der sample. Then the saturation magnetization value of
Mgar = 44.5 emu/g will be reached at fields of about
40-45 kOe. It is known that the susceptibility can be de-
scribed using the Curie-Weiss law:

M/H =x=C/(T +19), (1)
where C' = Na(upg)?S(S + 1)/3kg, Na is the Avogadro
number, pp is the Bohr magneton and kp is the
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Fig. 6. Temperature dependencies of magnetization at applied
magnetic fields of 0.1 (solid squares) and 1 kOe (solid circles).
The line (1 kOe) corresponds to fitting by Curie-Weiss law.
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Fig. 7. Experimental (circles) and theoretical (line) magnetic
field dependencies of magnetization at T'=5 K.

Boltzmann constant. Fitting of the experimental data to
the Curie-Weiss law in the temperature interval from 30 to
120 K, the values of C' = 9.8 cm® K/mol and g = 10.2 for
S = 1/2 were calculated. Some difference of the g-factor
values calculated at T = 5 K and at T" > 30 K seems
to be connected with an influence of the structural phase
transition at T' ~ 30 K.

The J/kp parameter is known to consist of two con-
tributions related to the exchange and dipole-dipole in-
teractions. Taking into account that the magnetic phase
transition in CsDyW takes place at low temperature, it
can be assumed that the contribution of dipole-dipole in-
teractions to spin-spin interactions may be essential.

Let us estimate the values of the exchange (J) and
dipole-dipole energy (F,) on the basis of our experimental
results. The expression for the paramagnetic Curie-Weiss
temperature along one of the crystallographic directions
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has the form:

(2)

where z = 6 is the number of the nearest neighbors, in-
dex o designates the a, b and ¢ axes direction in the unit
cell. In the consideration the anisotropy of the exchange
interactions was neglected. The total contribution E of
the dipole-dipole interaction to the 6 value is:

2
0o = 3S(S +1) (2J° + Ea)

35(7"53‘) = L°(1)/kp+L*(2) ks,

(3)

ij

where r;; is the radius vector from 7th to jth lattice site
and r; is its projection on the ath axis, g, - g-factor along
the « axis. In the expression (3), L*(1) is the sum over the
lattice sites inside the Lorentz sphere and L*(2) involves
both the Lorentz term and the demagnetization factor N
of sample, i.e.

2.2 2
HBYo T —
E./kg=

4

e

where 2V = abc is the volume of elementary cell of
pseudo rhombic structure. We choose the Lorentz sphere
of radius R = 10 nm.

The g-factor in the ground state of the Ising Dy3+
ion is highly anisotropic. Unfortunately, the EPR mea-
surements of the g-factor values for CsDy(WO4)s were
not carried out until now because of absence of single
crystals. According to the EPR data, the g-factor val-
ues along the main crystallographic directions for the re-
lated KDy(WO,)s compound are equal to g, = 0+ 0.2;
g = 1.54 and g, = 14.3 [18]. Using the relation of
the g-factor values along the main crystallographic direc-
tions for KDy(WOy)2 and g = 12.6 calculated earlier for
S = 1/2 by the fitting of the experimental data to the
Brillouin law M (H) for low temperature region as well as
standard expression g2 = (g2cos?d + g7 sin”#6), the ap-
proximate g-factor values for CsDy(WOQy)s were assumed
to be to g, = 0; g» = 1.53 and g, = 13.39. An approximate
analysis of possible magnetic structure of the ground state
was made using the exchange parameters J obtained be-
low and these g-factors.

The summation of the lattice sums L%(1) gives the
following constants:

) g

e @

L*(1)/kg =0 K,  L(1)/ks =0.006 K

and L°(1)/kp = —7.77 K.

Unfortunately, the axes of crystallites are distributed
randomly relative to the sample cylinder axis, and we
could not exactly estimate L*(2). Therefore it is impossi-
ble to calculate precisely the contribution connected with
the demagnetization. However it is possible to estimate an
averaged value of this contribution. Indeed, for the paral-
lelepiped shape sample of size 4 x 3 x 1.5 mm the ap-
propriate components of demagnetization factor are equal

N, =222, N, = 3.25 and N, = 7.08. The 2’ axes of
crystallites have a casual angle w with the fixed z axis of
sample. It is also necessary to enter yet the casual angle ¢
for turn of X'Y'Z’ system of crystallite to XY Z system
in which the tensor of demagnetization factors is diagonal.
Carrying out a transformation of tensor of demagnetiza-
tion factors with the help of turns to local axes of crys-
tallites, and then performing an averaging over the angles
of w and ¢, it is easily to calculate an average values of
the demagnetization factors along the parallelepiped sam-
ple axes: (N;) = 0.25(N; + N,) + 0.5N, = (Ny), (N.) =
0.5(Ny+ N). Here the basic ratio of (N, + N, +N) = 4«
is carried out. Then, in spite of that the contribution in
L*(2)/kp connected with demagnetization is rather essen-
tial (~2.9 K), the L*(2)/kp value is insignificant (the neg-
ative contribution of the Lorentz term compensates a de-
magnetization). As result, we obtain the following values:

L%2)/kg =0K  L"2)/kg = —0.002 K

and L¢(2)/kp = 0.287 K.

Thus, the complete contribution of dipole interactions
to the paramagnetic temperature 6 includes mainly a con-
tributions of lattice sums inside the Lorentz sphere which
have following values along the appropriate directions:

E./ks =0K, Ey/kp =0.004 K

and  E./kp = —7.483 K.

Then, using equation (2) and experimental value of the
Curie-Weiss temperature 6, we obtain the following values
of the exchange interaction parameters:

J*=137TK, J"=137TK and J°=261K.

The obtained values of exchange parameters are in
agreement with the data of both specific heat measure-
ments (see above) and analysis in frames of 2D Ising model
as the average value of an pair exchange is equal to

{J°+J"+J°} /3~ 178 K.

The energy of the ground state was determined as a min-
imum energy for eight possible spin configurations which
are realized in the Bravais lattices taking into account a
translation invariance. In the unit cell, all magnetic ions
were considered to be equivalent. The technical details of
calculations are based on the Luttinger and Tisza method
for finding an approximation to the ground state [19]. The
results of calculation of an energy of the ground state along
the a, b and c directions of magnetization are presented
in Table 1 where 1-8 are numbers of spin configurations
defined in [19]. It is seen that the minimum energy corre-
sponds to a configuration N = 2, i.e. for a pure antiferro-
magnetically ordered Dy3* ions with magnetic moments
directed along the c-axis.

4 Conclusions

The magnetic phase transition in the CsDyW,0Og magnet
has been studied by means of the low temperature specific
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Table 1. Energy of the ground state along the a, b and ¢
directions of magnetization.

N E.[K] FE» K] E.[K]
1 82 82 82
2 —889 —867 —14.46
3 —008 272 8.04
4 106 021 —0.14
5 021  9.88 0.58
6 -334 -513 —221
7 —657 265 —6.75
8 —211 —145 —7.12

heat C(T) over a temperature range from 0.5 to 25 K. The
magnetic ordering temperature of the Dy>t sublattice
was established to be 1.34 K. The peculiarities of the
C(T) dependencies above and below Ty are discussed in
frames of different theoretical models. The analysis gives
no definite answer which model is the best to describe
the specific heat behaviour near Tn. The experimental
data below Tn are in a good agreement with the 2D
Ising model. At Tx < T < 1.75 K, the behaviour of
specific heat correlates with theoretical C(T") dependence
for 2D Ising model better than with 3D and XY ones.
At T > 1.75 K, none of the models presented properly
describe the experimental temperature dependence of
the specific heat. At T > 1.8 Ty, the entropy exceed
the value of the molar entropy R In2 of the electronic
doublet of the Dy3T ion ground state. The peak of
the specific heat corresponding to the magnetic phase
transition shifts to lower temperatures and the height of
the C(T") maximum decreases with increasing magnetic
field. Analyzing the magnetization data, the values of the
Curie-Weiss temperature 6 and g-factor were calculated.
The exchange parameter J/kpg was estimated by various
methods. It was shown that the experimental exchange
parameter J/kp value is in reasonable agreement with
J/kg one for 2D Ising model only. The signs of both
J/kp and @ indicate on the antiferromagnetic charac-
ter of Dy3T ions interactions. Data of magnetization
measurements were used to calculate the exchange and
dipole-dipole interactions energy, taking in account the
strong anisotropy of the g-factor, and tentatively deter-
mine the magnetic structure of the ground state. Since
the magnetic investigations were performed using the
powder samples it was impossible to calculate precisely
the contribution connected with the demagnetization.
An approximate analysis of possible magnetic structure
of the ground state of CsDyW,;Og was made. The
dipole contribution was shown to be comparable to the
value of the exchange interactions along the c¢ direction.
The possible magnetic structure was established to
present the 3D system of pure antiferromagnetically
ordered Dy®* ions with magnetic moments directed along

the c-axis, in contrast to the KDyW and RbDyW crystals
wherein the antiferromagnetic moments are directed along
the b-axis.

This work was partially supported by Polish State Committee
on Science (KBN) (project No. 2 P03B 141 18).
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