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EPR probing of low temperature structural phases of Rb2ZnCl4 crystals with Tl0 and Tl2¿ centers
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Thallium related paramagnetic centers of Tl21 (6s1) and Tl0 (6p1) type were produced by low temperature
x-ray irradiation in ferroelectric Rb2ZnCl4 :Tl single crystals. Extensive EPR investigations have been per-
formed in order to elucidate their intrinsic properties and sensitivity as paramagnetic probes for structural phase
transitions studies. Compared to thes-type Tl21 centers, already used in many such studies, it was found that
thep-type Tl0 centers are much more sensitive to the small variations in the local crystal field associated with
these transformations. Their EPR spectra provided information about the unit cell tripling in theP21cn phase,
as well as the symmetry lowering and lattice dynamics in theC1c1 phase. The temperature induced, continu-
ous changes observed in the EPR spectra of both Tl0 and Tl21 centers were explained by the influence of the
soft modes responsible for the 74-K structural phase transition.

DOI: 10.1103/PhysRevB.69.104107 PACS number~s!: 77.80.Bh, 61.80.Cb, 61.82.Ms, 76.30.Mi
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I. INTRODUCTION

Rb2ZnCl4 is a particularly effective test system for stud
ing structural phase transitions~SPTs!, due to the presence o
several such transitions with decreasing temperature.1 The
high temperature normal phase is paraelectric, with an or
rhombic~Pmcn! structure and the number of structural un
per unit cellZ54. At TI5303 K a first transition to an in-
commensurate~INC! phase takes place. AtTC5192 K the
system passes into a commensurate orthorhombic (P21cn)
ferroelectric phase, characterized by a tripling of the unit c
along thec direction with respect to the first phase andZ
512. Another transition to a monoclinic (C1c1) ferroelec-
tric phase takes place atTM574 K, with the unit cell further
doubling along botha andb directions (Z548).2

Although this compound was intensively studied by va
ous methods, the electron paramagnetic resonance~EPR!
data about it are very scarce, as regards both point de
studies and SPT monitoring. The reported defect stud
were concerned with the intrinsic self-trapped holeVk(Cl2

2)
centers analyzed in the commensurate phase,3 as well as with
Cd1 (5s1) ~Ref. 4! and Cu21 (3d9) ~Ref. 5! impurity cen-
ters. The SPT studies in Rb2ZnCl4 were focused mostly on
the P21cn↔INC and INC↔Pmcn phase transitions, usin
Mn21 (3d5) ions as microscopic paramagnetic probes6,7

Recently, the 74-K phase transition and the monoclinic fer
electric phase were investigated by EPR, using Cu21 ions as
paramagnetic probes.8

Here we report the production and EPR properties of t
other types of irradiation point defects in thallium dop
Rb2ZnCl4 single crystals, namely the Tl21 (6s1) and
Tl0 (6p1) centers. Their EPR spectra properties are inve
gated in both low temperature ferroelectric phases
Rb2ZnCl4. The Tl0 centers,9 which have not been observe
in a noncubic crystal up to now, prove to be a very sensit
paramagnetic probe for studying the structural changes
duced by the phase transitions. The SPT at 74 K is stud
0163-1829/2004/69~10!/104107~11!/$22.50 69 1041
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using both types of thallium centers as paramagnetic pro
and the observed variations with temperature are attribu
to the influence of the lattice modes.

II. EXPERIMENTAL DETAILS

High quality, transparent, and colorless Rb2ZnCl4 single
crystals, doped in the melt with 0.2% mol TlCl, were o
tained by the Czochralski technique in a closed appara
under a pure argon atmosphere.10 Due to segregation effects
it is estimated that about 10% of the initial amount of th
lium enters the Rb2ZnCl4 crystal lattice. Moreover, the thal
lium impurity distribution in the lattice, as revealed by EP
and optical absorption measurements, is nonuniform, its c
centration increasing towards the bottom of the result
single crystal. At such relatively low concentration levels
is expected that the Tl1 ions are mainly distributed at iso
lated sites in the crystal lattice.

EPR measurements were performed with anX-band
Bruker ESP-300E spectrometer, equipped with a continuo
flow cryostat ~Oxford ESR910!, allowing operation in the
260–2.5-K temperature range. Due to the large, uncont
lable temperature gradient present in such a cooling sys
the temperature was measured at two points, above and
low the sample, using two chromel-AuFe~0.07%! thermo-
couples. For this purpose a special sample holder was
signed, with a thermocouple fixed at 1 cm above t
sample’s center. The reference was kept in liquid nitrog
The other thermocouple, which was part of the variable te
perature system, did measure the temperature in the he
flow path, at about 1 cm below the sample. The experime
temperature was determined as the average of the two m
sured temperatures.

The samples for the EPR measurements, of 2.532.5
35 mm3 in size, were cut from cleaved plates, with the
long ~rotation! axis parallel to one of thea,c,b crystal
axes, as identified by Laue x-ray diffraction technique. T
samples were x-ray irradiated~50 kV, 50 mA, W-cathode! at
©2004 The American Physical Society07-1
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liquid nitrogen temperature~LNT! and transferred into the
microwave cavity without raising their temperature above
K. Some of the samples were submitted to thermal tre
ments ~heating and quenching! previous to irradiation, for
studies concerning the production properties of the param
netic centers.

III. PARAMAGNETIC THALLIUM CENTERS IN
FERROELECTRIC Rb 2ZnCl4

In order to use a paramagnetic center as a probe for st
ing SPT, information about the center’s structure and loc
ization is needed.11 Optical absorption measurements
samples from theas grownthallium doped Rb2ZnCl4 single
crystals evidenced the presence of two very intense abs
tion bands, at 226 nm and,195 nm. These bands wer
identified as the A- and C-like bands,12 respectively, of the
Tl1 (6s2) ions entered into the crystal lattice during th
growth process.

Preliminary studies have shown that Tl1 ions in
Rb2ZnCl4 can trap both holes and electrons produced
radiolysis, resulting in Tl21 (6s1) ~see Ref. 13! and
Tl0 (6p1) ~see Ref. 14! paramagnetic centers, respective
Similar effects have been already observed and extensi
studied in thallium doped alkali halides.9,15

A. EPR characterization of the thallium centers

The thallium doped Rb2ZnCl4 single crystals produced
EPR signals only after being x-ray irradiated at LNT. Figur
1~a! and 1~b! display the observed spectra along the m
crystal axes, at two temperatures, 90 and 40 K, correspo
ing to the P21cn and C1c1 phases of Rb2ZnCl4, respec-
tively. One can notice that the spectra exhibit different p
terns at the two temperatures. The various groups of E
lines were attributed to several paramagnetic centers o
trinsic or thallium related type.

The very intense group of lines around 350 mT, alrea
observed in pure Rb2ZnCl4 crystals, has been attributed
self-trapped hole (Vk) centers.3 We found out that the inten
sity of the Vk centers spectrum in the thallium dope
Rb2ZnCl4 crystals is about eight times larger than in u
doped crystal samples of similar size. As in the case of al
halides,16 this effect is due to the very efficient electron tra
ping by the Tl1 ions, resulting in a large number of uncom
pensated holes in the lattice. The presence of the highly
isotropic and narrow ('0.5 mT) EPR lines of theVk centers
proved to be very convenient, as we could use them to
entate the crystalline samples in the microwave cavity w
high precision (60.5°).

The pair of intense transitions at 600 and 750 mT, displ
ing small anisotropy, is typical15 for the hole trapped
6s1-Tl21 type centers. The EPR-line splitting, observ
along thea and b directions in theP21cn phase@see Fig.
1~a!#, suggests the presence of at least two inequivalent
ters. In theC1c1 phase@see Fig. 1~b!# the Tl21 spectra
change slightly, especially in the splitting pattern of the hi
field line, but, due to line superposition, the exact numbe
inequivalent centers cannot be determined.
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The strongly anisotropic groups of lines at 200 and 5
mT were attributed to two types of trapped electron 6p1-Tl0

centers, calledA and B, produced simultaneously with th
Tl21 centers. The three pairs of well-separated lines, w
'6-mT linewidth, observed along thea andc directions in
the P21cn phase, were attributed to the TlA

0 centers@see Fig.
1~a!#. The pair of broad lines, extending over 19 mT eac
with a threefold structure discernible along thea axis in the
P21cn phase, were marked as TlB

0 . In the C1c1 phase the
Tl0 spectra strongly change along all three directions, in
number, positions and relative intensities of the compon
lines @see Fig. 1~b!#.

Weak transitions belonging to other paramagnetic cen
could be observed around 300 mT and in the 600–800-
region@see Figs. 1~a! and 1~b!#. Their very low intensity did
not allow a proper analysis and identification of the param
netic defects responsible for their presence. As shown in
case of the thallium doped alkali chlorides,17,18 it is expected
that other thallium impurity type centers, which are not v
ible in the EPR spectra, could be also produced by x-
irradiation and subsequent thermal annealing.

1. Tl2¿ centers

Due to the relatively large linewidth ('9 mT) and strong
mutual overlap of the spectra, it has been possible to de
mine only the angular variation of the transitions belongi
to the most intense Tl21 center. The spin-Hamiltonian pa
rameters were determined at 90 K in theP21cn phase and at
40 and 26 K in theC1c1 phase, using the spin Hamiltonia

FIG. 1. EPR spectra of Rb2ZnCl4 :Tl x irradiated at LNT, mea-
sured along the main crystalline directions (n59.44 GHz)~a! at 90
K in the P21cn phase and~b! at 40 K in theC1c1 phase.
7-2
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TABLE I. Spin-Hamiltonian parameters and direction cosines of Tl21 centers relative to thecab crystal
axes, in the two low temperature ferroelectric phases, at 90, 40, and 26 K. TheAi hyperfine components
represent average values for the203Tl and 205Tl isotopes.

Phase gi(60.001)

Direction cosine

of ĝ(60.04)
Ai(60.002)

~T!

Direction cosines

of Â(60.04)

P21cn gx52.001 0.9220.38 20.01 Ax53.595 0.9620.27 20.11
90 K gy52.008 0.38 0.92 0.06 Ay53.599 0.24 0.9420.25

gz52.000 20.02 20.06 0.99 Az53.601 0.17 0.21 0.96
C1c1 gx52.005 0.6520.68 20.34 Ax53.627 0.9920.07 20.16
40 K gy52.012 0.51 0.7220.47 Ay53.629 0.06 0.9920.10

gz52.002 0.57 0.13 0.82 Az53.630 0.16 0.09 0.98
C1c1 gx52.005 0.6720.43 20.61 Ax53.645 0.9420.34 20.03
26 K gy52.008 0.40 0.9020.19 Ay53.648 0.28 0.73 0.62

gz52.002 0.6320.11 0.77 Az53.647 20.19 20.59 0.78
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B•ĝ•S1S•Â•I . ~1!

Here all terms have the usual meaning15,19 and S5I 51/2.
The spin-Hamiltonian parameters, determined by numer
fitting procedures, using theEPRNMRprogram,20 are given in
Table I. Theĝ and Â tensors have different orientations,
expected for a very low local symmetry. Because the isoto
effects are hidden by the large linewidth, the resulting hyp
fine ~hf! tensor componentsAi represent the average valu
for the two naturally occurring203Tl and 205Tl isotopes.

The values thus obtained are slightly different from t
preliminary values~at 90 and 26 K! reported in Ref. 13, as
the transition fields are better identified now. The angu
variation in the three main planes is displayed in Figs. 2~a!
and 2~b! at 90 and 40 K, respectively, in the two structur
phases.

The local symmetry modification induced by the pha
transition is evidenced in the different values of the para
eters in the two phases. Moreover, the differences betw
the spin-Hamiltonian parameters at 40 and 26 K, in b
principal values and orientations, show that the local crys
line environment continues to transform in the monoclin
phase. Up to now, this effect has not been evidenced by E
in this crystal lattice. No resolved superhyperfine struct
due to the interaction of the unpaired electron with t
nuclear momenta of the surrounding ions could be obser
down to 2.5 K.

2. Tl0 centers

As briefly mentioned in a preliminary report,14 three Tl0

centers ofA type were identified, with quite similar angula
dependencies of the EPR transitions and mutually close s
Hamiltonian parameters. TheB-type centers seem to be als
three in number, but due to the overlap of their spectra t
could not be studied separately. Thus, for this type of cen
only average spin-Hamiltonian values could be calculat
The subsequent analysis of the Tl0 centers parameters sug
gests that theA- andB-type centers correspond to Tl0 atoms
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localized at two different lattice sites. The presence of th
centers of each type is determined by the unit cell tripling
the P21cn phase.

Based on symmetry considerations, one expects eac
the Tl0 centers from theP21cn phase to give rise to fou
inequivalent centers in theC1c1 phase. This would amoun
to twelve inequivalent centers of eachA- andB-type. How-

FIG. 2. Angular dependence of the TlA
0 and Tl21 centers in the

low temperature ferroelectric phases of Rb2ZnCl4 :Tl x irradiated at
LNT. ~a! P21cn phase,T590 K. ~b! C1c1 phase,T540 K.
7-3
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TABLE II. Spin-Hamiltonian parameters and direction cosines of Tl0 centers relative to thecabcrystal axes, in the two low temperatur
ferroelectric phases, at 90 K and 40 K. TheAi hyperfine components represent average values for the203Tl and 205Tl isotopes.

Phase Center gi(60.005)

Direction cosines

of ĝ (60.005)
Ai(61)

~mT!

Direction cosines

of Â (60.005)
As

~mT!
r

~mT!

P21cn TlA1
0 gx51.502 0.985 0.06520.160 Ax52196 0.71820.68820.107 50 104

90 K gy51.522 20.069 0.99820.018 Ay52187 0.672 0.72520.152
gz51.867 0.158 0.029 0.987 Az5338 0.182 0.037 0.983

TlA2
0 gx51.512 0.85620.507 0.098 Ax52191 0.73520.675 0.064 62 103

gy51.527 0.495 0.860 0.127 Ay52169 0.656 0.732 0.184
gz51.888 20.14920.060 0.987 Az5345 20.17120.093 0.981

TlA3
0 gx51.519 0.816 0.551 0.176 Ax52187 0.72120.692 0.040 75 103

gy51.529 20.553 0.83220.043 Ay52145 0.676 0.715 0.181
gz51.883 20.17020.062 0.984 Az5357 20.15420.104 0.983

TlB
0 gx51.429 0.834 0.030 0.551 Ax52230 0.47320.720 0.507 21 104

gy51.555 20.057 0.998 0.032 Ay52248 0.572 0.689 0.445
gz51.839 20.54920.058 0.834 Az5295 20.670 0.080 0.738

C1c1 TlA1
0 gx51.476 0.96320.007 0.269 Ax52188 0.94620.08320.313 55 103

40 K gy51.512 20.025 0.99820.066 Ay52201 0.056 0.99420.095
gz51.881 0.268 0.070 0.961 Az5343 0.319 0.073 0.945

TlA3
0 gx51.531 0.814 0.553 0.181 Ax52172 0.75720.653 0.032 91 100

gy51.513 20.565 0.825 0.016 Ay52127 0.636 0.748 0.190
gz51.911 20.14020.115 0.983 Az5364 20.14820.124 0.981

TlA8
0 gx51.518 0.74220.670 0.028 Ax52187 0.82120.565 0.081 55 107

gy51.541 0.649 0.729 0.216 Ay52170 0.545 0.818 0.182
gz51.821 20.16520.142 0.976 Az5351 20.16920.105 0.980

TlA9
0 gx51.547 0.85820.507 0.084 Ax52209 0.85920.504 0.092 60 104

gy51.472 0.500 0.861 0.089 Ay52169 0.490 0.860 0.143
gz51.895 20.11720.034 0.993 Az5348 20.15220.078 0.985
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ever, due to the strong overlap of the EPR lines, the spe
observed atT540 K along the main crystal axes do not e
hibit more than seven individual lines with different intens
ties. We could identify and determine the EPR parameter
four TlA

0 centers, only. For two of these centers, calledA18
and A38, the corresponding transitions could be follow
throughout the whole temperature range in which theA

0

centers spectra are visible. Thus we found out that theA18
andA38 centers originate from theA1 andA3 centers in the
P21cn phase, respectively. The origin of the other two ce
ters, calledA8 andA9, could not be determined in theP21cn
phase. The transitions belonging to theB-type centers could
not be properly identified in theC1c1 phase because of th
overlap with theA-type centers spectra.

Table II shows the spin-Hamiltonian parameters of
identified Tl0 centers in the two low temperature phases. T
corresponding calculated angular variations of theA-type
centers are displayed in Figs. 2~a! and 2~b!. The parameters
were determined by fitting a spin Hamiltonian similar to E
~1!.

In order to gain further insight into the nature of the T0

centers, use is made of expressions to second order in
perturbation theory for theÂ components, expressed in a
axial approximation as a function of theĝ components de-
viationsDgi5gi2g0 ~Refs. 21 and 22!:
10410
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1

2
Dgi DAs2S 11

13

4
Dg'2

9

4
Dgi D r. ~2!

In these expressionsAs is the isotropic part of the hf
interaction and includes both exchange polarization~domi-
nant and negative for the free Tl0 atom! and a positive
Fermi-contact contribution caused bys mixing, if the Tl0

atom happens to be positioned in a crystal field with a stro
odd component. The anisotropic part of the hf tensor isr
5(2/5)(mN /I )^r 23&6p , an atomic property which is less in
fluenced by the nature of the crystal field, being more or l
constant for various Tl0 defects.

The numerical values ofr andAs resulting from such an
analysis applied to the present data are given in Table II.
z-principal value was identified with the parallel parame
for both ĝ and Â, while the perpendicular parameter wa
taken as the average of thex- and y-principal values. As it
turns out, theA- and B-type Tl0 centers can be well distin
guished by the value of the isotropic contributionAs , which
for the A-type centers is positive and large, while for th
B-type center it is very small. The significant difference b
tween the respective values ofAs suggests that theA- and
7-4
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B-type centers occupy different sites in the host lattice. T
isotropic contributionAs calculated for the four centers i
the C1c1 phase falls well within the range of values corr
sponding to theA-type centers~see Table II!. As expected,
the anisotropic contributionr is almost the same for all cen
ters and very close to the values determined for the Tl0-type
centers in other host lattices.22 The differences in theAs

values, especially for the TlA3
0 center, may be determined b

the increased rhombicity of the centers, which was neglec
in the calculation.

B. Localization and production properties of the thallium
centers

In order to determine the possible aggregation of the p
cursor Tl1 ions as well as the production and decay prop
ties of the observed paramagnetic thallium centers form
after low temperature x-ray irradiation, thermal annealing
periments were performed.

Before being x-ray irradiated at LNT the samples we
heated up to 723 K~about 100 K below the melting tempera
ture! and then quenched. Such a treatment is expecte
disperse the possibly agglomerated Tl1 ions, present in the
crystalline lattice. Moreover, without affecting the quality
the crystal lattice, it ensures the thermal resetting of a
irradiation defects from previous experiments. The sub
quent spectra did not exhibit any difference in the intens
or pattern from the spectra of the unheated samples, poin
to the absence of the aggregation phenomena. The agg
tion is usually associated with the presence of neighbo
charge-compensating vacancies, occurring for the subs
tion of a lattice ion with an impurity with different charg
state.

Pulse annealing experiments have been also performe
order to determine the structure, formation and decay pr
erties of the observed paramagnetic centers. In such ex
ments the x-ray irradiated sample was heated at a ce
annealing temperature for 5 min, and then quenched bac
80 K, where the spectra were recorded. The range of ann
ing temperatures included the decay temperature of theVk
centers in Rb2ZnCl4 ('120 K)3 and the onset of the therma
diffusion of the anion vacancies ('190 K).4 Figure 3 dis-
plays the evolution with the annealing temperature of
relative EPR line intensities, reflecting the variation of t
relative concentrations of the corresponding paramagn
centers in the crystal.

The Vk centers concentration begins to diminish arou
110 K and totally decays at about 130 K. In this temperat
range the concentration of all observed centers underg
significant changes. Part of the holes released by theVk cen-
ters decay are trapped at Tl1 ions, increasing thus the con
centration of the Tl21 centers. Another part recombines wi
the electrons trapped at the Tl0 centers, resulting in a propor
tional decrease in the concentration of both TlA

0- and TlB
0-type

centers. As the annealing temperature is further increa
the Tl21 and Tl0 centers concentrations exhibit a simil
variation, with a steep decay above 180 K, pointing to
possible mutual recombination mechanism. No change in
10410
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EPR spectra, ascribable to a vacancy movement in the vi
ity of the thallium centers, could be observed in all the
experiments.

With the data at hand we can discuss the structure
localization of the paramagnetic thallium centers
Rb2ZnCl4. During the growth process, thallium enters t
crystal lattice as monovalent Tl1 (6s2) ions. The absence o
aggregation effects strongly suggests that the nonparam
netic Tl1 ions settle in positions where they do not ne
charge compensation, or the compensation takes place
distance. At these positions they trap holes and electrons
leased by x-ray irradiation and transform into the param
netic Tl21 and Tl0 centers, respectively.

In discussing the possible localization of the Tl1 ions in
the crystal lattice one should keep in mind that in the h
temperaturePmcnphase of the Rb2ZnCl4 crystals there are
three cationic positions, namely, Zn21, Rb1(1) and Rb1(2),
which can accommodate these ions. The Rb~2! site is char-
acterized by a closer packing, with shorter distances to
surrounding Cl2 ions23 than Rb1(1). Asshown in Sec. III A,
two major, different types of both Tl21 and Tl0 centers were
observed. This situation can arise from the localization of
precursor Tl1 ions either at the two Rb1 sites, or at the Zn21

and Rb1 sites. Unfortunately, in the absence of a resolv
superhyperfine structure the occupied sites cannot be cle
identified. One can only speculate that the low symme
Rb1 sites seem to be more suitable hosts for the Tl1 ions,
due to both electrical charge and ionic radius ma
@r (Rb1)5r (Tl1)51.47 Å, while r (Zn21)50.74 Å]. In
such a case, the two different Tl21 centers would be local-
ized at the two inequivalent Rb1 sites. For the Tl0 centers,
the differences between theA and B types can be well ex-
plained by the localization of the TlA

0 centers at Rb~2! sites
and of the TlB

0 centers at Rb~1! sites. Indeed, the looser su

FIG. 3. Evolution with annealing temperature of the param
netic centers produced in Rb2ZnCl4 :Tl single crystals by x irradia-
tion at LNT.
7-5
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STEFAN, NISTOR, GOOVAERTS, AND SCHOEMAKER PHYSICAL REVIEW B69, 104107 ~2004!
rounding of Rb~1! induces weaker interactions with th
ligand field and thus a lower differentiation between t
three TlB

0 centers, while the stronger interactions at Rb~2!
sites would account for the neat differentiation between
three TlA

0 centers in theP21cn phase.

IV. THALLIUM CENTERS AS PARAMAGNETIC PROBES
FOR SPT

The EPR spectra of both Tl21 and Tl0 centers can be
observed in a temperature range extending over the
ferroelectric phases of Rb2ZnCl4, i.e., up to 250 and 210 K
respectively. At higher temperatures, the EPR lines beco
indistinguishable, as a result of both thermally induced de
and line broadening effects.

The ns1-type Tl21 centers have often been employed f
SPT studies on different crystals, including some belong
to the Rb2ZnCl4 crystalline family.15 The temperature rang
in which they are stable suggests their possible use to p
the less investigated phase transition at 74 K and the
temperatureC1c1 phase. On the other hand, the higher s
sitivity of the Tl0 centers to small variations in the crystallin
environment makes them eminently suited as paramagn
probes for such a study.

The presence of both Tl21 and Tl0 centers in the same
crystal is also a most convenient occasion for comparing
sensitivity in SPT investigations of the np1 Tl0 paramagnetic
probes with that of the better known ns1-type probes.

A. Temperature variation of the Tl 2¿ and Tl0 EPR spectra

Careful EPR measurements vs temperature were
formed, with the magnetic field parallel to thea andb axes,
respectively, along which the unit cell is doubled in t
C1c1 phase. The spectra were recorded with a 2° temp
ture step, which was decreased to 1° in a610 K range
around bothTM574 K andTC5192 K transition tempera
tures.

Figure 4 displays the EPR spectra measured along tha
crystal axis at various temperatures, in a magnetic field ra
which includes the EPR transitions from both Tl21 and Tl0

centers. The 7–195-K temperature range includes bothC1c1
and P21cn phases and the transition point into the inco
mensurate phase. The temperatures selected in the figure
respond to significant changes in the spectra. Special a
tion was paid to theP21cn↔C1c1 transition region, from
71 to 74 K, where the spectra are displayed in steps of 1

The Tl0 spectra exhibit in the whole temperature rang
strong variation in the number, positions and intensities
the EPR component lines~see Fig. 4!. These changes ar
more visible for theA-type centers. The maximum splittin
of the TlA

0 spectra, which are better resolved, is reached
low 20 K. The observed component lines exhibit differe
intensities, which can be explained as resulting from the
perposition of lines originating from a larger number of ce
ters. By raising the temperature, towards theP21cn phase,
the lines tend to collapse into a three equally intense com
nents structure. Above 120 K the threefold structure of
spectra becomes less and less visible, until a single w
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symmetrical line remains around 192 K, at the transition in
the INC phase. Similar changes seem to occur in the cas
the B-type centers, although in this case the separation
various component lines is not so obvious.

The observed changes in the EPR spectra of the Tl0 cen-
ters can be attributed to the structural changes assoc
with the low temperature phase transitions. Indeed, the th
fold structure of the spectra from both TlA

0 and TlB
0 centers

can be associated with the tripling of the unit cell whi
takes place at 192 K, at the transition from the INC pha
into the P21cn phase. A further splitting of each line is ex
pected to occur in theC1c1 phase, associated with the qu
druplication of the unit cell, which leads to 12 inequivale
Tl0 centers of eachA andB type.

In order to analyze the observed collapse of the com
nent lines into a single line, when raising the temperat
from the lowest measured temperature to the transition t
perature into the INC phase, we have measured the sprea
the group of low field transitions belonging to the TlA

0 cen-
ters. As shown in the lower part of Fig. 4, the measur
spreadDWlow has been determined as the distance betw
the positions of the farthest peaks of the derivative sign
This means that the measuredDWlow value represents the
sum of the maximum separation between the low field lin
belonging to inequivalent centers, plus the individual lin
width.

Figure 5 presents the temperature variation ofDWlow . A
steep decrease ofDWlow with increasing temperature can b
noticed in theC1c1 phase and also a smooth, almost line
decrease in theP21cn phase. Around 74 K, at the
C1c1↔P21cn transition, the DWlow variation becomes

FIG. 4. EPR spectra of Rb2ZnCl4 :Tl along thea crystal axis at
different measuring temperatures.
7-6
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much steeper. Another change from negative to posi
slope of DWlow is visible around 185 K, close to th
P21cn↔INC transition.

To separate the temperature induced variation of the i
vidual linewidth from the effective lines spread, we ha
measured the individual linewidth for the magnetic field o
entation at 7° from thec crystal axis in the~bc! plane. For
this particular orientation, one component of the low fie
group of lines of the TlA

0 centers is well separated from th
other lines of the non-equivalentA-type centers, from the
lowest attainable temperature up to 150 K. We found out t
the corresponding individual linewidth exhibits an almo
constant value of about 6.8 mT, up to 150 K, where the l
overlaps other two triplet lines. In smaller temperatu
ranges we observed similar linewidth values for other, qu
well separated component lines, as well. At higher tempe
tures, for many orientations of the sample in the magn
field, the lines belonging to both Tl0 centers exhibit a homo
geneous broadening accompanied by loss of signal am
tude, which is very likely due to thermally induced rela
ational broadening effects.

Based on these results, one concludes that the contin
decrease ofDWlow with temperature increase in both lo
temperature ferroelectric phases, up to 150 K, is due to
structural changes in the crystal lattice. At higher tempe
tures, close to theP21cn↔INC transition, the contribution
of the thermally induced line broadening effects seems to
responsible for the observed change in the slope of
DWlow vs temperature curve in Fig. 5.

One can notice from Fig. 4 that the EPR lines of the t
Tl21 centers also exhibit a collapsing tendency as the inc
mensurate phase is approached. Above 160 K a single, sym-
metric line can be seen. The variation with temperature
the Tl21 spectra is, however, less dramatic than in the cas
the Tl0 and the structural change at the phase transitio
reflected mainly in the shifting of the line positions.

A similar behavior of the Tl21 spectra vs temperature wa
observed along theb crystal axis~see Fig. 6!. The Tl0 spectra
also show a collapsing tendency with increasing temperat
but, due to the strong overlap of the EPR lines from theA-

FIG. 5. Temperature dependence of the spread of the TlA
0-centers

low field transitions group,DWlow , along thea direction, which
includes the individual linewidth. The transition temperatures
marked with vertical dotted lines.
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and B-type centers, both in the low field and high field r
gions, the analysis is more difficult.

No clear effects associated to the structural modulat
characteristic to the INC phase could be observed in the E
spectra of both Tl0 and Tl21 centers. In the case of the Tl0

centers, such effects are very likely masked by the therm
induced line broadening of the very weak signals, still visib
for about 20 degrees above the transition point. In the cas
the Tl21 centers, for which the thermally induced line broa
ening is not effective yet and the EPR lines are visible up
about 250 K, the effects associated with the structural mo
lation are very likely hidden into the broad, isotropic lines

B. Lattice modes influence on the thallium centers spectra

Raman24 and neutron scattering25 experiments have re
vealed the presence of two soft modes, belonging to differ
representations, associated with the second o
P21cn↔C1c1 phase transition in Rb2ZnCl4. The two soft
modes, calledva1 and vb , arise from a doubly degenerat
mode in theP21cn phase, which softens at (a* 1b* )/2,
where a* and b* are the reciprocal lattice vectors. The
exhibit a continuous frequency variation vs temperature
the C1c1 phase, similar to the temperature variation of t
Tl21 and Tl0 centers hyperfine splitting. Consequently, w
assume that both Tl21 and Tl0 centers are strongly couple
to the vibration modes of the lattice, in particular to the s
modes.

Analytical expressions have been previously derived
describe the influence of avq soft mode on the temperatur
variation of the zero-field-splitting~ZFS! parameterD in the
case of the 3d5-type Fe31 centers in KDP~see Ref. 26! and

e

FIG. 6. EPR spectra of Rb2ZnCl4 :Tl along theb crystal axis
recorded at different temperatures.
7-7
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of the hyperfine parameter for the ns1-type Cd1 and Hg1

centers in (NH4)2SO4 ~see Ref. 27!. According to Tsuchida
and Abe,26 this influence is induced by the instantaneo
displacement of the impurity ion,u(t), relative to the sur-
rounding lattice. A spin-Hamiltonian parameterP ~the D pa-
rameter in their case and the hf parameter in Ref. 27!, sen-
sitive to the local field modifications, can be written as

P~ t !5P01DP„u~ t !…, ~3!

where P0 is a term related to the static distribution of th
surrounding ions andDP„u(t)… accounts for the variation
induced by the ion displacement from the equilibrium po
tion. By expandingDP„u(t)… in terms of smallu(t), written
in terms of usual phonon operators and considering the h
temperature approximation, the time average ofP(t) be-
comes

^P~ t !&5P01kT(
q

1

vq
2

, ~4!

wherek is a constant expressible in the phonon propert
Herevq

2 is expressed as28

vq
2~T!5a~Tc2T!g1b2q2, ~5!

where a and b are material constants,q is the soft mode
wave vector, andg is the critical exponent. Inserting Eq.~5!
into Eq.~4! and integrating over the Brillouin zone, the valu
of ^P(t)& goes as

^P~ t !&~T!5P01P1TS 12
uT2Tcug/2

C
arctan

C

uT2Tcug/2D ,

~6!

whereC5(b/Aa)Q andQ is the Brillouin zone cut-off.
In our case the high temperature approximationkBT

.\vq is valid for temperatures above 20 K, as the frequ
cies of the displaciveva1 and vb soft modes are'11 and
'12 cm21, respectively.24

In the P21cn phase otheri modes are excited, which
could influence theP parameter values. Their contribution
the temperature variation of P is expressed as
( icoth(\vi /kBT) ~see Ref. 29!, which at high enough tem
peratures approaches a linear dependence. Thus, for\v i
!kBT, P(T) will have a variation of the form

P~T!5P08~12C8T!. ~7!

The thermal expansion of the lattice is also expected
contribute to the temperature dependence of the EPR pa
eters, especially at higher temperatures, in theP21cn phase.
As will be further shown, a linear experimental temperatu
dependence of the hf splitting for both types of centers in
temperature range was observed. This result suggests
either the thermal expansion contribution is negligible
both implicit and explicit contributions are linear in temper
ture in the first approximation.
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1. Tl2¿ centers

In the case of the Tl21 centers, the most temperature se
sitive parameter is the very large hf splitting. Considering
small anisotropy of the hf tensor~less than 0.5%; see Tabl
I!, we calculated the hf parameter with a simple formu
derived15 from the Breit-Rabi equations, approximating th
centers as fully isotropic:

A5
hn

2mBg0~B22B1!
$~B21B1!

6@~B21B1!218~B22B1!2#1/2%. ~8!

Figure 7 displays the temperature dependence of the
parameters as calculated with this equation from the re
nance fields measured along thea crystal axis. In the tem-
perature region corresponding to theC1c1 phase one can
notice a steep decrease of the hf parameter as the trans
temperature is approached, which is attributed to the in
ence of the lattice modes that soften atTM . In the P21cn
phase, an approximately linear increase of the hf param
can be observed. No particular variation is marking the tr
sition into the incommensurate phase at 192 K.

The analysis of the hf temperature dependence in
C1c1 phase has been performed considering the coup
with a soft mode only. We used expression~6! for fitting the
experimental data, where the general parameterP was re-
placed byA. The critical temperatureTc from expression~6!
was, in our case, equal to theC1c1↔P21cn transition tem-
perature,Tc5TM574 K, and theg exponent was set to th
mean-field valueg51, as in Ref. 26. The experimental e
rors of about60.5 mT in the determination of the transitio
fields close to the phase transition and the61 K accuracy in
the temperature measurements did not allow an accurate
termination ofg in the critical region. The resulting param
eters are given in Table III, and the calculated temperat
dependence is represented in Fig. 7 with solid lines, foT
,TM . The deviations observed below 30 K are probably d
to the fact that the high-temperature approximation is
valid anymore.

FIG. 7. Temperature dependence of the hyperfine parameterA of
Tl21 centers~solid circles! along thea direction in ferroelectric
Rb2ZnCl4 :Tl. Solid lines—the result of the fitting.
7-8
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TABLE III. Fitting parameters for the soft mode induced temperature dependence along thea direction of
the hf parameter in the case of Tl21 center and ofDBres5B22B1 in the case of TlA

0 centers, considering
Tc5TM574 K andg51.

Phase Fitting parameters Tl21 TlA1
0 TlA3

0

C1c1 P0 ~mT! (3.71160.005)3103 342.460.5 240.060.5
P1 (mT K21) 21.160.5 20.5160.05 0.4760.05

C (K1/2) 4.062.0 14.061.0 15.061.0
P21cn P08 ~mT! (3.58960.005)3103 326.260.5 270.260.5

C8 (K21) (21.1060.05)31024 (0.7060.01)31023 (20.660.1)31024
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The temperature dependence of the Tl21 hf parameter in
theP21cn phase could be well fitted with Eq.~7!. The fitting
parametersP08 and C8 are given in Table III. The negative
sign of theC8 constant suggests that the temperature va
tion of the hf parameter in this phase is determined mostly
the thermal expansion of the lattice, and not by the influe
of the lattice modes. It is possible that the increase in
interionic distances with temperature yields a reduction
the strength of the odd local crystalline field compone
responsible for admixture of the excited 6p state into the
ground 6s, thus inducing the observed increase of the
parameter. However, in order to ascertain the presenc
such an effect, information about the pressure dependenc
the Tl21 centers hf parameter would be needed.

2. Tl0 centers

Due to the large number of inequivalent centers and
strong overlap of the corresponding EPR lines in theC1c1
phase, only two centers, namely TlA1

0 and TlA3
0 , could be

followed throughout the whole investigated temperat
range, along thea crystal axis~see Fig. 4! and just one,
namely, TlA1

0 , along theb crystal axis~see Fig. 6!. The pairs
of transitions belonging to the TlA1

0 and TlA3
0 centers are

marked in Figs. 4 and 6 with dotted and solid lines, resp
tively.

The Tl0 centers represent one of the cases for which
simple analytical expressions relating the transition fie
with the spin-Hamiltonian parameters can be derived. T
difficulties arise from the comparable order of magnitude
the hf and electronic Zeeman terms, the high anisotropy
the centers and the low local symmetry, reflected in the
ferent orientations of theĝ and Â tensors.18 Moreover, both
principal values and principal directions of the spi
Hamiltonian tensors vary with the temperature. We thus h
to resort to several approximations in order to obtain a qu
tative description of the temperature dependence of the0

spectra.
In a simplified case, considering theĝ and Â tensors to

share the same orientation, the transition fields could be
rived for the magnetic field parallel to one of the main dire
tions. ForB parallel toz the expressions for the two trans
tion fields are

B1,25
~2hn6Az!

2gzmB
A12S Ax

2hn6Az
D 2

•A12S Ay

2hn6Az
D 2

.

~9!
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Similar expressions can be obtained alongx andy, by cyclic
permutations ofgi andAi , wherei 5x,y,z.

From Eq.~9! one can notice that when the hf paramete
are small enough compared to the microwave quantumhn,
the differenceDBres5B22B1 of the transition fields is pro-
portional, in a good approximation, to the hf parameter alo
that specific direction of the magnetic field. This is expec
to be valid for any random direction of the magnetic fie
Therefore, the temperature dependence of theDBres differ-
ence is expected to reflect mainly the variation of the se
tive hf parameters.

Figure 8 displays the temperature dependence ofDBres
along thea crystal axis, in a temperature range covering bo
C1c1 andP21cn phases, up to 170 K. At higher temper
tures, up to the incommensurate phase, the transitions
longing to the two TlA1

0 and TlA3
0 centers could not be distin

guished any longer. As in the case of the Tl21 centers, an
anomalous temperature dependence can be observed a
the 74 K transition temperature, assigned to the coup
with the soft lattice modes. Above the transition temperat
the variation is again almost linear for both centers.

The estimated errors for the transition fields range fr
60.15 mT, where the individual lines are separated,
60.5 mT where the lines overlap. The last case occ
around the transition point and at high temperaturesT
.130 K). To these errors an accuracy of61 K in the tem-
perature determination has to be added as well. Thus, s
of the largest errors appear in a 30° temperature range

FIG. 8. Experimental temperature dependence of the differe
of the resonance fields,DBres , of the TlA1

0 and TlA3
0 type centers

~solid circles! along thea direction in ferroelectric Rb2ZnCl4 :Tl.
Solid lines—the result of the fitting.
7-9
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STEFAN, NISTOR, GOOVAERTS, AND SCHOEMAKER PHYSICAL REVIEW B69, 104107 ~2004!
tered on the transition temperature, preventing an accu
analysis of the critical region. The temperature depende
of DBres in the C1c1 phase was fitted with expression~6!,
whereTc5TM574 K andg51, using the same procedur
as in the case of the Tl21 centers, while the approximatel
linear behavior in theP21cn phase was fitted with expres
sion ~7!. The resulting fitting parameters are given in Tab
III and the calculated temperature dependencies are re
sented with solid lines in Fig. 8.

One can notice from Table III that the material constanC
has the same value, within the experimental errors, for
two Tl0 centers and a different one for the Tl21 centers. This
discrepancy may have multiple origins: in both cases
have considered the contribution of a single, dominant s
mode, neglecting the influence of the other lattice modes
of possible local modes, as observed in alkali halides.30 The
Tl0 and Tl21 centers are also expected to couple differen
with the two soft modes of different symmetry. Moreove
the soft mode frequency was described with the simple
pression~5!, neglecting the influence of the macroscop
electric field, which is expected to differ for the Tl0 and Tl21

centers. It is also possible that the different coupling with
lattice for the TlAi

0 and Tl21 centers is related to a differen
localization of the impurity ion, which would then be at th
Rb~2! and Rb~1! positions, respectively.

It is worth mentioning that, using the same theoreti
model to describe the temperature inducedg-value variation
in the C1c1 phase of the Cu21~II ! centers localized at Rb1

sites in Rb2ZnCl4 crystals,8 we found out a comparable valu
of C59.7 K1/2.

The present paper shows how the study of the hyper
splitting vs temperature dependence of the 6p1-Tl0 and
6s1-Tl21 centers yields valuable information concerning t
SPT and associated lattice dynamics in the host lattice. T
was possible because, despite the small relative variatio
the hyperfine coupling with temperature, its large absol
value in the case of both Tl0 and Tl21 centers results in an
enough large variation to be easily measured in the stu
temperature range. In the case of the Mn21 ions, which have
been previously used to study the high temperat
P21cn↔INC and INC↔Pmcn phase transitions6,7 in
Rb2ZnCl4 crystals, the small value of the hyperfine coupli
parameter (A'9 mT), resulting from a different mechanism
~core polarization31!, is expected to yield, in the temperatu
range below 290 K, relative variations too small to be pr
tically detectable. Indeed, determinations of the tempera
induced variation of the hyperfine coupling parameter
Mn21 ions in oxidic lattice hosts, such as CaCO3 ~calcite!
~Ref. 32! and ThO2,33 resulted in total variations of less tha
1% of A for the temperature range below 300 K and less th
0.1% of A for the temperature range below 100 K. In the
cases, the corresponding temperature variation could be
termined as a result of the very high accuracy in measu
the EPR lines position. This accuracy is determined by
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very small linewidth in these materials~smaller than 10mT
in the low temperature range!. Because in crystals such a
Rb2ZnCl4 the linewidth of the Mn21 ions is orders of mag-
nitude larger, the small temperature induced variations in
hyperfine coupling parameter associated with the local c
tal field changes cannot be easily monitored. In the cas
such paramagnetic transition ions, withS.1/2, one prefers
to study the temperature induced SPT with EPR by moni
ing the more sensitive ZFS parameters from the s
Hamiltonian.11

V. CONCLUSIONS

Thallium paramagnetic centers of 6p1-Tl0 and 6s1-Tl21

type were observed in the ferroelectric low temperat
phases of x-ray irradiated Rb2ZnCl4 :Tl single crystals. Both
centers are very likely localized at the two inequivalent R1

sites. Their visibility range allowed us to probe by EPR t
P21cn andC1c1 low temperature ferroelectric phases.

In the case of thes-type Tl21 centers, the different value
and orientations of the spin-Hamiltonian parameters de
mined at the three temperatures~90 K, 40 K and 26 K!
reflect the changes in the local crystalline environment
duced by the 74 K phase transition and the lattice dynam
in the C1c1 phase, as well.

Due to the mainlyp-character of their electronic wav
function and their relatively large hf parameter, the Tl0 cen-
ters prove to be even more sensitive probes to the local c
tal field changes induced by the SPTs and/or associated to
lattice dynamics. The temperature variation of their EP
spectra provides direct evidence of the unit cell tripling
the P21cn phase, the symmetry lowering in theC1c1 phase
and the lattice dynamics in both low temperature ferroel
tric phases. The different symmetry of these two phase
reflected in the larger number of inequivalent centers pres
in the lowest temperatureC1c1 phase and in the differen
values and orientation of the Tl0 centers spin-Hamiltonian
parameters in the two phases.

The temperature variation of the spectra belonging to b
types of centers is explained by the influence of the s
modes in the monoclinicC1c1 phase, while in the commen
surate orthorhombicP21cn phase the interplay between th
thermal expansion of the lattice and the influence of the ot
excited lattice modes leads to the observed linear varia
with temperature.
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