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Abstract. X-band 9.6 GHz) electron paramagnetic resonance measurements were carried
out on Gdt-doped RDbEr(S@),.4H,0 and RbDy(SQ@),.4H,O single crystals in the
4.2-295 K temperature range, and on3Gdioped RbPr(Sg),.4H,0, RbNd(SQ),.4H,0,
RbSmM(SQ)2.4H,0 and RbEuU(SQ),.4H,0O single crystals in the 4.2-110 K range. %d
room-temperature spin-Hamiltonian parameters were estimated in RRR(&&O samples

with R = Er, Dy. The following phase transitions undergone by the various host crystals
were found to occur: three second-order phase transitions in RbR){26,0 at 260.3 K,
226.9 K and 65.4 K, and second-order and first-order phase transitions in RRpr@H0 at

228.1 and 68.8 K, respectively. In addition, there were observed first-order phase transitions in
each of RbNd(S@)2.4H,0 (at 72.1 K), RbSm(S§)2.4H,0 (at 70.3 K) and RbEu(S{».4H,O

(at 79.4 K), and two in RbPr(Sg%».4H,0 (at 71.4 and 9.7 K) crystals, in the 4.2-110 K range,

in addition to those reported previously in the 110-295 K range. Systematics of the various
phase transitions occurring in RbR($@4H,0 (R = Pr, Nd, Sm, Er, Dy, Eu) single crystals

in the temperature range 4.2—-295 K, and those ot'Gzkro-field splitting parameters at room
temperature, have been deduced.

1. Introduction

Electron paramagnetic resonance (EPR) measurements have been extensively used to study
local environment, and to estimate spin-Hamiltonian parameters of probe transition-metal
ions in host crystals [1-5]. Phase transitions undergone by host crystals produce dynamic
effects which affect zero-field splitting (ZFS), width and intensity of EPR lines of the
probe ion. Since the rare-earth ionsBrNd®, Sn¥*, Dy and EF* have rather short
spin—lattice relaxation times above 77 K, their EPR spectra cannot be observed in the
convenient temperature range achieved with liquid nitrogen. On the other hand, EPR
spectrum for the G ion can be easily recorded over an extended temperature range from
liquid-helium temperature up to room temperature, rendering this ion as a useful probe to
study properties of the host RbR(9Q4H,0 (R = rare earth) crystals. To this end, one
uses a rather small fraction of the probe3Gdbn (<1%) to minimize the distortion of the
lattice caused by the different size of the %don from those of the host rare-earth ions
(R= Erft, Dy**, PP, N&®F, Snt and Ed™).

1 Present address: Physics Department, American University of Beirut, Bliss Street, PO Box 11-0236, Beirut,
Lebanon.
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Various experimental techniques, e.g., infrared reflectivity, specific heat, x-ray, neutron
scattering and nuclear magnetic resonance, have been used to study phase transitions in
RbR(SQ),.4H,0 crystals. Recently, Jasty and Malhotra [6] reported specific heat and
X-ray measurements on a similar family of crystals, JREQ,),.4H,0, and detected two
phase transitions in the temperature range 100-295 K.

EPR studies on four Gd-doped RbR(SG),.4H,0 crystals (R= Pr, Nd, Eu, Sm)
in the temperature range 110-295 K to study phase transitions, and to estimite Gd
spin-Hamiltonian parameters (SHPs) in these crystals at room temperature, were recently
published [7]. The purpose of the present paper is to report EPR studies orf{ddéped
RbEr(SQ),.4H,O and RbDy(S@),.4H,O crystals over the entire 4.2—295 K temperature
range; and (i) to extend the temperature range of phase-transition study ordGued
RbR(SQ),.4H,0 (R = Pr, Nd, Eu, Sm) crystals from 110-295 K to 4.2-110 K, in order
to study the systematics of the phase transitions undergone by RHR@E®HO crystals,
as well as those of Gd zero-field splitting parameters in these crystals. The EPR spectra
will here be exploited to determine the temperatures, and natures of the phase transitions,
and to estimate room-temperature spin-Hamiltonian parameters (SHP) in the samples with
R = Dy, Er. (SHP cannot be estimated below the phase-transition temperature because the
site symmetry changes below the phase-transition temperature, as is the case of the crystals
with R = Sm, Nd, Pr, Eu [7].)

2. EPR spectra and natures of phase transitions

An X-band Bruker EPR spectrometer equipped with an Oxford Instruments helium gas-flow
cryostat was used to measure single-crystal EPR spectra down to about 4 K. The sample
dimensions used in the present study were abdu@®.5 x 1 mne.

2.1. RbR(S%),.4 H,O (R = Dy, Er) in the range 4.2-295 K

The powder spectra exhibit fifteen lines indicating the presence of two magnetically
inequivalent Gé" sites in the unit cell of RbDy(S£),.4H,O and RbEr(S),.4H,0, both
characterized by monoclinic site symmetry possessing a twofold axis of symmetry, as
revealed by the angular variation of EPR line positions. (These are hereafter referred to as
sites | and I1.) Single-crystal room-temperature>’G&PR spectra in RbEr(S(.4H,0 and
RbDy(SQ),.4H,O are shown in figures 1(a) and 1(b), respectively. (The magnetic axes are
defined to be those orientations Bf at which extrema of EPR line positions are observed,
the overall splitting decreasing in the ordBr|| Z, X, Y.) Figure 2 exhibits the temperature
variation of the EPR spectrum for &din RbDy(SQ),.4H,0 for the orientation of the
external magnetic field || Z-axis at selected temperatures in the 4-295 K range; a similar
variation, not shown here, is found in RbEr(§94H,0. Figure 2 reveals that Gd zero-
field splitting increases with decreasing temperature in both crystals. The angular difference
between the maxima of the highest- and next-to-highest-field line, typical of monoclinic site
symmetry [7], for the orientation of the external magnetic fieltl, in the ZX-plane for
the G&* ion in site | is about 4 degrees in both RbDy(§04H,0 and RbEr(S@),.4H,0;
this difference is larger for the Gt ion at site Il, being 17 and 20for RbEr(SQ),.4H,0
and RbDy(SQ)..4H,0, respectively. This is similar to the situation in hR(SQ,),.4H,0O
(R = Er, Nd, Sm), where the deviation increases in the sequenceER Nd [7-9].

For RbEr(SQ),.4H,0, the position and width of the highest-field line at various
temperatures in the 4.2-295 K range are shown in figure 3. Since the variations in the
width and positions of EPR lines in RbEr($4H,0 are gradual at 228.1 K, a second-order
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Figure 1. Room-temperature X-band~@.60 GHz) EPR spectra of (a) &t in
RbEr(SQ),.4H,0, (b) GA* in RbDy(SQ;),.4H,0 as recorded foBB | Z-axis. The G&t
EPR lines corresponding to sites | and Il have been indicated.

phase transition is deduced to occur at this temperature, while these variations are abrupt at
68.8 K, implying the occurrence of a first-order phase transition at 68.8 K. These transition
temperatures are in conformity with those found by the temperature dependence of the
magnetic fields defining the positions of EPR lines. Below 68.8 K, the EPR linewidth
remained invariant with temperature. The variation of width and position of the highest-
field EPR line with temperature for RbDy(3)2.4H,0 are shown in figure 4, an inspection
of which reveals occurrences of three phase transitions, as deduced from the behaviour of
the linewidths and line positions: &, = 2603 K, T.; = 2269 K and 7., = 654 K.
All these transitions are deduced to be of second order, using the criterion that changes in
widths and positions of EPR lines are gradual upon passing through the phase transition of
second order, while they are abrupt upon passing through phase transitions of first order.
The first-derivative peak-to-peak GdEPR linewidths A B p, for site Il are, in general,
larger than those for site | in the crystals with=RDy and Er. At room temperature, the
values of ABpp for the various lines are 12—15 Gauss and 16—20 Gauss for sites | and I,
respectively, in RbEr(S£),.4H,0, while they are 40-50 Gauss and 50-60 Gauss for sites |
and Il, respectively, in RbDy(Sf».4H,0. ABpp are found to depend upon temperature, the
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Figure 2. X-band (~9.60 GHz) Gd+ EPR spectra at selected temperatures for the orientation

of the external magnetic field3 | Z-axis in RbDy(SQ),.4H,O single crystals at various
temperatures in the 4.2—295 K temperature range to monitor the changes when the temperature
is lowered.

lines becoming quite broad in the vicinity of a phase transition for both RbDy)¢SA,0
and RbEr(S@),.4H,O. The various phase-transition temperatures, and their natures, are
listed in table 1.

Below the phase-transition temperatures of 228 K and 260 K, the symmetry at the Gd
site in RbEr(SQ)..4H,O and RbDy(S@)..4H,0, respectively, was found to be lower than
monoclinic, as deduced from the angular variation of GHPR line positions.
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Figure 3. The position and width of the highest-field &dEPR line at X band+9.60 GHz) as
functions of temperature for the external magnetic field orientation being parallel t6-txis
in RbEr(SQ),.4H,0 in the 4.2-295 K temperature range.

2.2. RbR(S%),.4 H,O (R = Pr, Nd, Sm, Eu) in the range 4.2-110 K

For these host crystals, figure 5 shows selectetf GPR spectra in RbPr(S§.4H,0 (in
RbEuU(SQ)..4H,0 a similar figure is found), and figure 6 exhibits the widths and positions of
EPR lines of the highest-field line in RbEu(§@4H,0 below 110 K. (In RbPr(S),.4H,0

a similar figure is found.) There is found second first-order phase transition in each of
RbPr(SQ),.4H,0, RbNd(SQ),.4H,0, RbSmM(SQ)2.4H,O and RbEuU(S®,.4H,0 crystals
at71.4 K (R= Pr), 72.1 K (R= Nd), 70.3 K (R= Sm) and 79.4 K (R= Eu) as revealed by
gradual changes in linewidths and line positions. In addition RbR)¢S,0 undergoes

one more second-order phase transition at 9.7 K.

3. Spin Hamiltonian

The Gd&* spin Hamiltonian appropriate to the monoclinic site symmetry, with the twofold
symmetry axis ¢ || Z-axis, in RbR(SQ)2.4H,0 (R = Dy, Er, Pr, Nd, Sm, Eu) crystals, is
given, in the standard notation [7], as follows:

1 m m 1 m m
H=g\\MBBZSZ+gLHB(BXSX+BYSY)+é Z by 0y + 50 Z by O}
m=0,£2 m=0,+2,+4
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Table 1. Phase-transition temperatures and natures of phase transitions as deduced from EPR
spectra in the 4.2-295 K temperature range. | and Il in the brackets after the temperature

indicate first- and second-order phase transitions, respectively. For the case of second-order
phase transitions occurring above 200 K, the expomedescribing the variation of the EPR

line position in the vicinity of the phase transitions, as calculated using equation (2), has been

included; the experimental uncertainties enable determinatiof wf the first decimal place

only.

Samples

Phase-transition temperature (K) (nature of phase transition)

RbPr(SQ)2.4H,0
RONA(SQ)2.4H,0
RbSm(SQ)2.4H20
ROEU(SQ)2.4H,0
RbE(SQ)2.4H,0
RbDY(SQy)2.4H,0

261.6 (I, =05) 2073 (I, B=05) 175.¢ ()  71.4 (1), 9.7° ()
250.6:(Il, B=05) 2193 (Il, =05) 1788 ()  72.1° ()
— 2326 (l, =05 — 70.% (1)
— 230.8 (I, =05 — 79.4 (1)
— 228 (I, =05) — 68.8 (1)
260.% (I, =05) 2269 (I, =05 — 65.4 (1)

a Reported by Misra and Misiak [7].

b present work.

Table 2. The spin-Hamiltonian parameters (SHPs) for’Gdioped RbR(SG),.4H,0 crystals
(R = Er, Dy) at site | at room temperature. The parametgtsare in GHz. The root mean

square deviation per line RMSL (GHz) ,/Y"; (AE; — hv;)2/n, where the summation is over

then line positions fitted simultaneously to estimate SHR<:; andv; are the separation of the
energy levels participating in resonance for ttteline position and the corresponding frequency

of the microwave radiation, respectively;is Planck’s constant. The absolute signlzgfhas

been assumed positive in the absence of a liquid-helium-temperature spectrum with the same
symmetry at room temperature; it is noted that the least-squares-fitting procedure yields correct
relative signs of alby'.

SHP  RbDY(SQ)2.4H;0  RDEI(SQ)2.4H,0

gl 2,004+ 0.001 2051+ 0.001
gL 1.995+ 0.001 1992+ 0.001
b3 0.397+ 0.002 0421+ 0.002
b3 —0.155+ 0.002 —0.231+0.002
by —0.005-+ 0.001 Q051+ 0.001
b2 —0.059+ 0.001 —0.042+ 0.001
b} —0.040+ 0.001 Q043 0.001
b2 —0.001+ 0.001 Q032+ 0.001
b2 0.025:+ 0.001 —0.022+ 0.001
bd 0.048+ 0.001 —0.021+ 0.001
b2 0.024+ 0.001 —0.016+ 0.001
RMSL  0.006 0.008
n 308 301
1
tm > bFog. (1)
1260m=0,:t2,:|:4,:|:6

The room-temperature spin-Hamiltonian parameters for RbR¢SAMH,0, R= Dy and Er,

were estimated by the use of a rigorous least-square fitting technique utilizing numerical
diagonalization of the & 8 Gd** spin-Hamiltonian matrix [10]. All fine-structure resonant

line positions as observed for many orientations of the external magnetic field were
simultaneously fitted to evaluate the spin-Hamiltonian parameters, as listed in table 2. (The
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Figure 4. The position and width of the highest-field &dEPR lines at X band~9.60 GHz)
K as functions of temperature for the external magnetic field orientation being parallel to the
Z-axis in RbDy(SQ)2.4H,;0 in the 4.2-295 K temperature range.

values of the parametetg "' are too small, and not included in table 2.)

4. Theory and mechanisms responsible for second-order phase transitions in
RbR(SO4)24H20 (R = Er, Dy)

According to Landau’s theory of second-order phase transitions [11,12], the free-energy
density can be expressed in the temperature range cldgeama power series in the order
parameterQ ~ (T — T.)#, with 8 = 0.5. As discussed by Misra and Shrivastava [13] the
polarization of the surrounding ions determines the SHP of a paramagnetic ion, see e.g.
calculations based on the point-charge and induced-dipole model [14, 15]. Thus, the shift in
the positions of the EPR linesB = (B — Br.;) with temperature can be considered as the
order parameter of the critical phenomenon, responsible for phase transition, in the vicinity
of the phase-transition temperature, given by

8B~ (T —T.)". 2

The estimated values ¢f using experimental shifts, taking into account experimental
uncertainties, arg = 0.5 at7. = 2281 K for RbEr(SQ),.4H,O and at bothil, = 2603 K
and 226.9 K for RbDy(S@),.4H,0. Good agreement between the value@ afs estimated
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Figure 5. X-band (9.60 GHz) Gd*+ EPR spectra at selected temperatures for the orientation

of the external magnetic field3 | Y-axis in RbPr(S@),.4H,O single crystals at various
temperatures in the 4.2-110 K temperature range to show the changes when the temperature is
lowered.

here from EPR data in RbEr(QR.4H,O and RbDy(S@®),.4H,0O using Landau’s theory

of second-order phase transitions is found to be in conformity with the exactly solvable

spherical model as discussed by Misra and Shrivastava [13], for whiel0.5, y = 2 and

8 = 5 for the spatial dimensiod = 3 [16, 17]. This is in accordance with the second-order

phase transitions undergone by RbR{BGH,O (R= Pr, Sm, Eu, Nd) as discussed in [7].
Using the calculated magnetic field values for the various transitions [18] from the

eigenvalues estimated to second order in perturbation, one can express the shift in the

position of a line belowr, as follows [13]:

AB = Z C: Aa; 3

where theAq; represent the differences of the respective SHP b&loandC; are constants.

In writing equation (3), it has been assumed thiatemain constant belo,., which is true

for second-order phase transitions where the changes are gradual. From equation (3) it is
clear that those SHP which are most susceptible to structural changes, e.g. those with larger
|m| values, will be most sensitive to detect phase transitions by monitoring their values as
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Figure 6. The position and width of the highest-field &dEPR line at X-band£9.60 GHz)
as functions of temperature for the external magnetic field orientation parallel tB-#éxés in
RbEuU(SQ),.4H,0 in the 4.2-110 K temperature range.

functions of temperature. As for the EPR spectrum, this is reflected in the positions and
widths of EPR lines as exploited in the present study.

The mechanism responsible for the occurrence of second-order phase transitions in
RbR(SQ),.4H,0 is either rotation of distorted SQetrahedra, or order—disorder transition
as discussed by Baket al [17]. The sulphate tetrahedra play a more important role in the
phase transition than do the water molecule, as they supply more (six) coordination oxygens
to R** ions than the water molecules (three).

5. Systematics of phase transitions in RbR(S£),.4 H,O and zero-field splitting
parameters bg and b5 (R=Pr, Nd, Sm, Eu, Dy, Er)

An inspection of table 1 reveals that all the six crystals undergo second-order phase
transitions in the temperature range 207-232 K, and first-order phase transitions, except for
the crystal with R= Dy, in the 65-80 K temperature range. In addition, the crystals with

R = Pr, Nd, Dy experience another second-order phase transition in the temperature range
250-261 K, while there occurs one more second-order phase transition in the temperature
range 175-178 K in each of the crystals with=RPr, Nd. Summarizing, one can say

that the two crystals with the lightest rare-earth ions=RPr, Nd, experience a total of
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five and four phase transitions, respectively, two each of second-order and three and two,
respectively, of first order, in the 4.2—295 K range, while the crystals with the heavier rare-
earth ions (R= Sm, Eu, Dy, Er) each experience two phase transitions, one of first and
the other second order, with the exception of the crystal wite Ry, which experiences

one more phase transition of second order at 260.3 K and undergoes a second-order phase
transition at 68.8 K instead of a first-order one as compared to those occurring in all the
other crystals. Thus, the rare-earth ions do play a significant role in the dynamics of phase
transitions in RbR(Sg),.4H,0O. However, since, in general, the temperatures of occurrence

of corresponding transitions in the various hosts lie in close ranges, their effect does not
appear to be as prominent as that of sulphate ions as discussed in section 4.

T ¥ T 1 i 1
0.5 -
T i
04 -
¥
z o
o= 031 1%
o)
0.2 -
K
Er, Dy Eu, Sm Nd Pr
0'1 1 " l i i I ] |. [l
1.24 1.28 1.32 1.36 1.40

lonic Radius (A)

Figure 7. The magnitudes of the Gd zero-field splitting parameteriﬁ and bg (GHz) versus
rare-earth ion radius in RbR(S8.4H,0 (R= Pr, Nd, Sm, Eu, Dy, Er). The straight lines are
drawn to aid the eye, and do not represent least-squares fit to data points. (The ionic radii are
taken from Shano R D and Prewitt C T, 197@cta Crystallogr.B 26 1046.)

As for the Gd* zero-field splitting parameters, the magnitudes of bbhand b3
increase linearly in going to higher or lower rare-earth radius from those for tfie iBo
as shown in figure 7. This implies that the smaller the electronic spin of the rare-earth ion
in RbR(SQ)..4H,0 the greater is the magnitudehg or bg, noting that the numben] of
4f electrons and spinS) of the various rare-earth ions are as follows3P¢af?, § = 1),
Nd3t (413, § = 3/2), St (4f°, § = 5/2), EG (4f%, S = 3), Dy*+ (4f°, S = 5/2), EP*
(4f't, § = 3/2). (Here the electronic spin is calculated using Hund’s rule.) This behaviour
is almost but not entirely consistent with the prediction of the superposition model which
dictates that the absolute value of a parameter increases with increase in the metal-ligand
distance when the parametgris positive. On the other hand, the predictions on the basis
of point-charge and induced-dipole models may be at variance with this as discussed in [14]
and [15].
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6. Concluding remarks

The salient futures of the present GdEPR study, focused on studying the systematics of
the phase transitions and &dzero-field splitting parameters in the family of isostructural
crystals RbR(S®),.4H,0 (R=Er, Dy, Pr, Nd, Eu, Sm) over the entire range 4.2-295 K, are
as follows:

(i) All the phase transitions undergone by the various host crystals are second order in
nature, and are in accordance with Landau’s theory of second-order transition (critical index
B ~ 0.5), except for the crystals with R Pr, Nd which undergo a first-order transition at
175.0 K and 178.5 K, respectively.

(i) The G&** spin-Hamiltonian parameters in the crystals with=RDy, Er have here
been estimated at room temperature. Combining the values in the other crystal®i(R
Nd, Sm, Eu), it is concluded that the magnitudes of the paraméfeend b3 increase
linearly as the radius of the rare-earth ion is either increased or decreased starting from that
of EL®, implying that the magnitudes of the paramete}sindb3 decrease with increasing
spin of the rare-earth ion.

(i) As discussed in sections 4 and 5, these are the sulphate ions which appear to be
most effective in the processes leading to phase transitions, althougtierR and HO
molecules do also play important roles in the dynamics of phase transitions.

It is hoped that this study will stimulate further studies leading to a better understanding
of the critical behaviours exhibited by RbR(§@4H,0O (R = Er, Dy, Pr, Nd, Eu, Sm),
involving other techniques, e.g. infrared reflectivity, specific heat, x-ray, neutron scattering
and nuclear magnetic resonance. As well, it will provide motivation to study other
isostructural crystals RbR(S5.4H,O not addressed so far.
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