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EPR probing of low temperature structural phases of RZnCl, crystals with TI® and TI?>* centers
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Thallium related paramagnetic centers of T(6s') and TP (6p') type were produced by low temperature
x-ray irradiation in ferroelectric RiZnCl,: 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 théype TP' centers, already used in many such studies, it was found that
the p-type TP 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 tripling2tbe phase,
as well as the symmetry lowering and lattice dynamics inGiie1 phase. The temperature induced, continu-
ous changes observed in the EPR spectra of bdtaid TP* centers were explained by the influence of the
soft modes responsible for the 74-K structural phase transition.
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[. INTRODUCTION using both types of thallium centers as paramagnetic probes,
and the observed variations with temperature are attributed
Rb,ZnCl, is a particularly effective test system for study- to the influence of the lattice modes.

ing structural phase transitiofSPT9, due to the presence of
S(_averal such transitions with dgcreasmg te_mpe_rét[fr‘ee Il. EXPERIMENTAL DETAILS
high temperature normal phase is paraelectric, with an ortho-
rhombic (Pmen structure and the number of structural units ~ High quality, transparent, and colorless ®hCl, single
per unit cellZ=4. At T,=303 K a first transition to an in- crystals, doped in the melt with 0.2% mol TICI, were ob-
commensuratéINC) phase takes place. Atc=192 K the tained by the Czochralski technique in a closed apparatus
system passes into a commensurate orthorhonfi; ¢n) pnder a pure argon atmosphéfdue to segregation effects,
ferroelectric phase, characterized by a tripling of the unit cellt IS estimated that about 10% of the initial amount of thal-
along thec direction with respect to the first phase apd UM enters the REZnCl, crystal lattice. Moreover, the thal-
—12. Another transition to a monoclini€lcl) ferroelec- lium impurity distribution in the lattice, as revealed by EPR

i e akes place B, 4 1, with e unt el uter 20€ 0Pl abscrton measurerents s noruniorm, e o
doubling along botta andb directions g=48).2 g g

. . . . . single crystal. At such relatively low concentration levels it
Although this compound was intensively studied by vari- 9 y y

. is expected that the Tlions are mainly distributed at iso-
ous methods, the electron paramagnetic resondB&R lated sites in the crystal lattice.

data' about it are very scarce, as regards both point defgcts EPR measurements were performed with Xrband
studies and SPT monitoring. The reported defect studieg, ker ESP-300E spectrometer, equipped with a continuous-
were concerned with the intrinsic self-trapped hlgCl,)  flow cryostat(Oxford ESR910, allowing operation in the
centers analyzed in the commensurate pAasewell as with  260-2.5-K temperature range. Due to the large, uncontrol-
Cd" (5sh) (Ref. 4 and Cd™ (3d°) (Ref. 5 impurity cen-  lable temperature gradient present in such a cooling system,
ters. The SPT studies in RBNCI, were focused mostly on the temperature was measured at two points, above and be-
the P2,cn—INC and ING—Pmcnphase transitions, using low the sample, using two chromel-AuF6.07%9 thermo-
Mn?* (3d%) ions as microscopic paramagnetic probés. couples. For this purpose a special sample holder was de-
Recently, the 74-K phase transition and the monoclinic ferrosigned, with a thermocouple fixed at 1 cm above the
electric phase were investigated by EPR, using'Cons as  sample’s center. The reference was kept in liquid nitrogen.
paramagnetic probés. The other thermocouple, which was part of the variable tem-
Here we report the production and EPR properties of twgerature system, did measure the temperature in the helium
other types of irradiation point defects in thallium dopedflow path, at about 1 cm below the sample. The experimental
Rb,ZnCl, single crystals, namely the 7 (6s!) and temperature was determined as the average of the two mea-
TI® (6p?) centers. Their EPR spectra properties are investisured temperatures.
gated in both low temperature ferroelectric phases of The samples for the EPR measurements, ofx2%
Rb,ZnCl,. The TP centers, which have not been observed X5 mn? in size, were cut from cleaved plates, with their
in a noncubic crystal up to now, prove to be a very sensitivdong (rotation axis parallel to one of the<c<b crystal
paramagnetic probe for studying the structural changes inaxes, as identified by Laue x-ray diffraction technique. The
duced by the phase transitions. The SPT at 74 K is studiedamples were x-ray irradiaté¢80 kV, 50 mA, W-cathodeat
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liquid nitrogen temperaturéLNT) and transferred into the
microwave cavity without raising their temperature above 90
K. Some of the samples were submitted to thermal treat-
ments (heating and quenchingprevious to irradiation, for
studies concerning the production properties of the paramag-
netic centers.

IIl. PARAMAGNETIC THALLIUM CENTERS IN

FERROELECTRIC Rb ,ZnCl, Ble
In order to use a paramagnetic center as a probe for study- 100 200 300 400 500 600 700 800
ing SPT, information about the center’s structure and local- B (mT)

ization is needed Optical absorption measurements on
samples from thas grownthallium doped RkZnCl, single
crystals evidenced the presence of two very intense absorp-
tion bands, at 226 nm ane 195 nm. These bands were
identified as the A- and C-like band&respectively, of the

TI™ (6s?) ions entered into the crystal lattice during the
growth process.

Preliminary studies have shown that *Tlions in
Rb,ZnCl, can trap both holes and electrons produced by
radiolysis, resulting in " (6s!) (see Ref. 1B and
TI? (6pt) (see Ref. 1% paramagnetic centers, respectively. L L L L L L L

_ . 100 200 300 400 500 600 700 800
Similar effects have been already observed and extensively B (mT)
studied in thallium doped alkali halidés®

FIG. 1. EPR spectra of BREnCl,: Tl x irradiated at LNT, mea-
o . sured along the main crystalline directions{9.44 GHz)(a) at 90
A. EPR characterization of the thallium centers K in the P2,cn phase andb) at 40 K in theC1c1 phase.

The thallium doped RJZnCl, single crystals produced

EPR signals only after being x-ray irradiated at LNT. Figures  The strongly anisotropic groups of lines at 200 and 500
1(a) and 1b) display the observed spectra along the mainmT were attributed to two types of trapped electrqyt-g1°
crystal axes, at two temperatures, 90 and 40 K, correspongenters, calledh and B, produced simultaneously with the
ing to theP2,cn and Clcl phases of RIZnCl,, respec- 112+ centers. The three pairs of well-separated lines, with
tively. One can notice that the spectra exhibit different pat-— g_mT linewidth, observed along treeand ¢ directions in
terns at the two temperatures. The various groups of EPR,q P2,cn phase, were attributed to theZTtentergsee Fig.
lines were attributed to several paramagnetic centers of inl(a)]. The pair of broad lines, extending over 19 mT each

trinsic or thallium related type. with a threefold structure discernible along thexis in the
The very intense group of lines around 350 mT, already,

i . P2,cn phase, were marked asSTlIn the Clcl phase the
observed in pure RENCl, crystals, has been attributed to 0" phase, wer ' S8 phas

: TI° spectra strongly change along all three directions, in the
sgzlf-trapped hole\(,) centers’ We fognd out that_the Inten- number, positions and relative intensities of the component
sity of the V|, centers spectrum in the thallium doped

. ; . ; lines[see Fig. 1b)].
Rb,ZnCl, crystals is aboufc e_|ght times I_arger than in UN-  Weak transitions belonging to other paramagnetic centers
doped crystal samples of similar size. As in the case of alkal&O

X 67 . > uld be observed around 300 mT and in the 600—800-mT
halides!® this effect is due to the very efficient electron trap- region[see Figs. () and 1b)]. Their very low intensity did
ping by the TI" ions, resulting in a large number of “ncom'qr:ot allow a proper analysis and identification of the paramag-
! ) ; \etic defects responsible for their presence. As shown in the
isotropic and narrow+ 0.5 mT) EPR lines of th¥/y Centers  ;oqe of the thallium doped alkali chloriddsi®it is expected

proved to be very'convenient, as we cquld use the”.‘ to Oflthat other thallium impurity type centers, which are not vis-
entate the crystalline samples in the microwave cavity W'tr\ble in the EPR spectra, could be also produced by x-ray

high precision (=0.5°). irradiation and subsequent thermal annealin
The pair of intense transitions at 600 and 750 mT, display- d g

ing small anisotropy, is typicdl for the hole trapped
6s!-TI?* type centers. The EPR-line splitting, observed
along thea and b directions in theP2,cn phase[see Fig. Due to the relatively large linewidth<9 mT) and strong
1(a)], suggests the presence of at least two inequivalent cemautual overlap of the spectra, it has been possible to deter-
ters. In theClcl phase[see Fig. 1b)] the TP" spectra mine only the angular variation of the transitions belonging
change slightly, especially in the splitting pattern of the highto the most intense #T center. The spin-Hamiltonian pa-
field line, but, due to line superposition, the exact number ofameters were determined at 90 K in #B2,cn phase and at
inequivalent centers cannot be determined. 40 and 26 K in theC1cl phase, using the spin Hamiltonian

1. TI?* centers
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TABLE |. Spin-Hamiltonian parameters and direction cosines 8f Tenters relative to theab crystal
axes, in the two low temperature ferroelectric phases, at 90, 40, and 26 KA Tingerfine components
represent average values for tFETI and 2°°T| isotopes.

Direction cosine A(£0.002) Direction cosines
Phase gi(+0.001) of g(=0.04) ) of A(+0.04)
P2,cn g,=2.001 0.92-0.38-0.01 A,=3.595 0.96-0.27 -0.11
90 K gy=2.008 0.38 0.92 0.06 Ay=3.599 0.24 0.94-0.25
g,=2.000 —0.02-0.06 0.99 A,=3.601 0.17 0.21 0.96
Clcl gy=2.005 0.65-0.68—-0.34 A,=3.627 0.99-0.07 —0.16
40 K gy=2.012 0.51 0.72-0.47 A,=3.629 0.06 0.99-0.10
g,=2.002 0.57 0.13 0.82 A,=3.630 0.16 0.09 0.98
Clcl g,=2.005 0.67-0.43-0.61 A,=3.645 0.94—-0.34-0.03
26 K gy=2.008 0.40 0.96-0.19 A,=3.648 0.28 0.73 0.62
g,=2.002 0.63—0.11 0.77 A,=3.647 —-0.19-0.59 0.78
1 1 . . localized at two different lattice sites. The presence of three
goMBHSZ&B' g-S+S-A-l. (1) centers of each type is determined by the unit cell tripling in

the P2,cn phase.

Based on symmetry considerations, one expects each of

Here all terms have the usual meartihty and S=1=1/2.  the TP centers from theP2,cn phase to give rise to four
The spin-Hamiltonian parameters, determined by numericanequivalent centers in thé1cl phase. This would amount
fitting procedures, using thePRNMR program?’ are given in  to twelve inequivalent centers of eaéh and B-type. How-

Table I. Theg and A tensors have different orientations, as a
expected for a very low local symmetry. Because the isotopic
effects are hidden by the large linewidth, the resulting hyper-
fine (hf) tensor component4; represent the average values
for the two naturally occurring®TI and 2°°T| isotopes.

The values thus obtained are slightly different from the ¢
preliminary valuegat 90 and 26 Kreported in Ref. 13, as
the transition fields are better identified now. The angular
variation in the three main planes is displayed in Figs) 2
and 2Zb) at 90 and 40 K, respectively, in the two structural
phases.

The local symmetry modification induced by the phase
transition is evidenced in the different values of the param-
eters in the two phases. Moreover, the differences betweeig b—
the spin-Hamiltonian parameters at 40 and 26 K, in both
principal values and orientations, show that the local crystal-
line environment continues to transform in the monoclinic
phase. Up to now, this effect has not been evidenced by EPF
in this crystal lattice. No resolved superhyperfine structure
due to the interaction of the unpaired electron with the
nuclear momenta of the surrounding ions could be observe
down to 2.5 K.
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2. TI° centers
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As briefly mentioned in a preliminary repdftthree TP
centers ofA type were identified, with quite similar angular
dependencies of the EPR transitions and mutually close spin
Hamiltonian parameters. TH&type centers seem to be also «
three in number, but due to the overlap of their spectra they 100
could not be studied separately. Thus, for this type of centers
only average spin-HamiItonian values could be calculated. FIG. 2. Angular dependence of thegTand TB* centers in the
The subsequent analysis of the’ Benters parameters sug- low temperature ferroelectric phases of,RbCl,: Tl x irradiated at
gests that thé\- andB-type centers correspond to°Tdtoms ~ LNT. (a) P2,cn phaseT=90 K. (b) C1cl phaseT=40 K.
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TABLE II. Spin-Hamiltonian parameters and direction cosines 8fcBnters relative to theab crystal axes, in the two low temperature
ferroelectric phases, at 90 K and 40 K. TAghyperfine components represent average values fof%ffié and 2°°T| isotopes.

Direction cosines Ai(x1) Direction cosines A, p
Phase Center  g;(+0.005) of g (+0.005) (mT) of A (+£0.005) (mT) (mT)
P2.cn TS, gyx=1.502 0.985 0.065-0.160 A,=—196 0.718—-0.688 —0.107 50 104
90 K gy=1.522 —0.069 0.998-0.018 A,=—187 0.672 0.725-0.152
g,=1.867 0.158 0.029 0.987 A,=338 0.182 0.037 0.983
TI9, 0y,=1.512 0.856—0.507 0.098 A,=-191 0.735—-0.675 0.064 62 103
gy=1.527 0.495 0.860 0.127 A,=—169 0.656 0.732 0.184
g,=1.888 —0.149-0.060 0.987 A,=345 —0.171-0.093 0.981
T, 0,=1.519 0.816 0.551 0.176 A,=—187 0.721-0.692 0.040 75 103
g,=1.529 —0.553 0.832-0.043 Ay=-145 0.676 0.715 0.181
g,=1.883 —0.170—-0.062 0.984 A,=357 —0.154—-0.104 0.983
TIg 0x=1.429 0.834 0.030 0.551 A,=—230 0.473-0.720 0.507 -1 104
gy=1.555 —0.057 0.998 0.032 A,=—248 0.572 0.689 0.445
9,=1.839 —0.549-0.058 0.834 A,=295 —0.670 0.080 0.738
Clcl T, 0,=1.476 0.963—-0.007 0.269 A,=—188 0.946—-0.083-0.313 55 103
40 K g,=1512 —0.025 0.998-0.066 A,=-201 0.056 0.994-0.095
g,=1.881 0.268 0.070 0.961 A,=343 0.319 0.073 0.945
T, 0,=1.531 0.814 0.553 0.181 A=—172 0.757—-0.653 0.032 91 100
g,=1.513 —0.565 0.825 0.016 Ay=—127 0.636 0.748 0.190
g,=1.911 —0.140-0.115 0.983 A,=364 —0.148—-0.124 0.981
Tli, g,=1.518 0.742—-0.670 0.028 A,=—187 0.821—-0.565 0.081 55 107
gy,=1.541 0.649 0.729 0.216 A,=-170 0.545 0.818 0.182
g,=1.821 —0.165—-0.142 0.976 A,=351 —0.169—-0.105 0.980
Tlg,, 0,=1.547 0.858—-0.507 0.084 A,=—209 0.859—-0.504 0.092 60 104
g,=1.472 0.500 0.861 0.089 A,=—-169 0.490 0.860 0.143
g,=1.895 —0.117—-0.034 0.993 A,=348 —0.152—-0.078 0.985

ever, due to the strong overlap of the EPR lines, the spectra 1
observed al =40 K along the main crystal axes do not ex- A= ( 1- §A9||)/-\a+
hibit more than seven individual lines with different intensi-

ties. We could identify and determine the EPR parameters of

four TI centers, only. For two of these centers, calfetf A =
and A3’, the corresponding transitions could be followed
throughout the whole temperature range in which th% Tl

cer;tpe\;s/ speftra are .V'S;blfe' Thfhsa\ive fz;r;d OUtt that.AtB:ﬁ interaction and includes both exchange polarizatidomi-
an centers originate from an centersIN € pant and negative for the free °Thtom and a positive

P2,cn phase, respectively. The origin of _the qther two Cen-Farmi-contact contribution caused lsymixing, if the TP
ters, calledA” andA”, could not be determined in t2,Cn 410m happens to be positioned in a crystal field with a strong
phase. The transitions belonging to Bype centers could  oqq component. The anisotropic part of the hf tensop is
not be properly identified in th€1cl phase because of the :(2/5)(MN/I)<r73>6p: an atomic property which is less in-

overlap with theA-type centers spectra. fluenced by the nature of the crystal field, being more or less
Table Il shows the spin-Hamiltonian parameters of thecgnstant for various Pldefects.

identified TP centers in the two low temperature phases. The  The numerical values of andA,, resulting from such an
corresponding calculated angular variations of #ype  analysis applied to the present data are given in Table II. The
centers are displayed in Figsia2and 2b). The parameters zprincipal value was identified with the parallel parameter
\(N()ere determined by fitting a spin Hamiltonian similar to Eq'for both § and A, while the perpendicular parameter was
1). ' L .
. Lo taken as the average of tlxe and y-principal values. As it

In order to gain further insight into the nature of thé Tl turns out. theA- anng-type TP ce)r:tgrs an be well distin-
centers, PSe is made of expressions to second ordgr n ﬂb%ished by the value of the isotropic contributidp, which
perturbation theory for thé\ components, expressed in an for the A-type centers is positive and large, while for the
axial approximation as a function of ttgecomponents de- B-type center it is very small. The significant difference be-
viationsAgi=g;—9go (Refs. 21 and 2R tween the respective values Af, suggests that thé&- and

3 1
2+ EAQL'F EAg” P,

1 13 9
1—§AgH A,—| 1+ ZAQL—ZAQH p. 2

In these expressiond, is the isotropic part of the hf
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B-type centers occupy different sites in the host lattice. The
isotropic contributionA, calculated for the four centers in
the C1lcl phase falls well within the range of values corre-
sponding to theA-type centerdsee Table ). As expected,

PHYSICAL REVIEW B 69, 104107 (2004
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the anisotropic contributiop is almost the same for all cen- \
ters and very close to the values determined for tietyipe o~ v v b
centers in other host latticé$.The differences in theA, = k Y e
values, especially for the ﬁ‘g center, may be determined by =S
the increased rhombicity of the centers, which was neglected g
in the calculation. bl

e
0
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B. Localization and production properties of the thallium |

centers

In order to determine the possible aggregation of the pre-
cursor TI" ions as well as the production and decay proper-

ties of the observed paramagnetic thallium centers formed 0.0bLs M Y : :
after low temperature x-ray irradiation, thermal annealing ex- 80 120 160 200 240
periments were performed. T(K)y—-

Before being x-ray irradiated at LNT the samples were
heated up to 723 Kabout 100 K below the melting tempera-
ture) and then quenched. Such a treatment is expected
disperse the possibly agglomerated Tons, present in the
crystalline lattice. Moreover, without affecting the quality of
the crystal lattice, it ensures the thermal resetting of anyEPR spectra, ascribable to a vacancy movement in the vicin-
irradiation defects from previous experiments. The subseity of the thallium centers, could be observed in all these
quent spectra did not exhibit any difference in the intensityexperiments.
or pattern from the spectra of the unheated samples, pointing With the data at hand we can discuss the structure and
to the absence of the aggregation phenomena. The aggredacalization of the paramagnetic thallium centers in
tion is usually associated with the presence of neighboringR,ZnCl,. During the growth process, thallium enters the
charge-compensating vacancies, occurring for the substitrystal lattice as monovalent TI(6s?) ions. The absence of
tion of a lattice ion with an impurity with different charge aggregation effects strongly suggests that the nonparamag-
state. netic TI* ions settle in positions where they do not need

Pulse annealing experiments have been also performed #harge compensation, or the compensation takes place at a
order to determine the structure, formation and decay propdistance. At these positions they trap holes and electrons re-
erties of the observed paramagnetic centers. In such expeteased by x-ray irradiation and transform into the paramag-
ments the x-ray irradiated sample was heated at a certaimetic T+ and TP centers, respectively.
annealing temperature for 5 min, and then quenched back to In discussing the possible localization of the"Tibns in
80 K, where the spectra were recorded. The range of annedhe crystal lattice one should keep in mind that in the high
ing temperatures included the decay temperature ofthe temperaturé®mcnphase of the RIZnCl, crystals there are
centers in RBZnCl, (=120 K)® and the onset of the thermal three cationic positions, namely, Zh Rb* (1) and RB (2),
diffusion of the anion vacancies<(190 K).* Figure 3 dis- which can accommodate these ions. ThéZRlsite is char-
plays the evolution with the annealing temperature of theacterized by a closer packing, with shorter distances to the
relative EPR line intensities, reflecting the variation of thesurrounding CI ions’®than Rb'(1). Asshown in Sec. Il A,
relative concentrations of the corresponding paramagnetitvo major, different types of both T and TP centers were
centers in the crystal. observed. This situation can arise from the localization of the

The V, centers concentration begins to diminish aroundprecursor T ions either at the two Rbsites, or at the Zi"

110 K and totally decays at about 130 K. In this temperatur@nd RbE" sites. Unfortunately, in the absence of a resolved
range the concentration of all observed centers undergoesiperhyperfine structure the occupied sites cannot be clearly
significant changes. Part of the holes released bytheen-  identified. One can only speculate that the low symmetry
ters decay are trapped at'Tlons, increasing thus the con- Rb* sites seem to be more suitable hosts for thé ibins,
centration of the A" centers. Another part recombines with due to both electrical charge and ionic radius match
the electrons trapped at the’Tenters, resulting in a propor- [r(Rb")=r(TI")=1.47 A, while r(Zn**)=0.74 A]. In
tional decrease in the concentration of bot}-Eind Tg-type  such a case, the two different®Tl centers would be local-
centers. As the annealing temperature is further increaseiged at the two inequivalent Rbsites. For the T centers,
the TP* and TP centers concentrations exhibit a similar the differences between th% and B types can be well ex-
variation, with a steep decay above 180 K, pointing to aplained by the localization of the Jlcenters at R{®) sites
possible mutual recombination mechanism. No change in thand of the Tg centers at R{d) sites. Indeed, the looser sur-

FIG. 3. Evolution with annealing temperature of the paramag-
tra)etic centers produced in EnCl,: Tl single crystals by x irradia-
tion at LNT.
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rounding of RK1) induces weaker interactions with the — 1T T
ligand field and thus a lower differentiation between the
three TE centers, while the stronger interactions at(Bb
sites would account for the neat differentiation between the
three TR centers in the®2,cn phase.

IV. THALLIUM CENTERS AS PARAMAGNETIC PROBES
FOR SPT

The EPR spectra of both 7l and TP centers can be
observed in a temperature range extending over the two
ferroelectric phases of RBNCl,, i.e., up to 250 and 210 K,
respectively. At higher temperatures, the EPR lines become
indistinguishable, as a result of both thermally induced decay
and line broadening effects.

The rel-type TP™ centers have often been employed for
SPT studies on different crystals, including some belonging
to the RBZnCl, crystalline family*®> The temperature range
in which they are stable suggests their possible use to probe
the less investigated phase transition at 74 K and the low
temperatureC1cl phase. On the other hand, the higher sen-
sitivity of the TI° centers to small variations in the crystalline
environment makes them eminently suited as paramagnetic
probes for such a study.

The presence of both 71 and TP centers in the same  FIG. 4. EPR spectra of RANnCl,: Tl along thea crystal axis at
crystal is also a most convenient occasion for comparing thelifferent measuring temperatures.
sensitivity in SPT investigations of theph TI® paramagnetic
probes with that of the better knowrs'atype probes.

symmetrical line remains around 192 K, at the transition into
the INC phase. Similar changes seem to occur in the case of

A. Temperature variation of the TI** and TI° EPR spectra the B-type centers, although in this case the separation of
Careful EPR measurements vs temperature were pekarious component lines IS not so obvious.
formed, with the magnetic field parallel to taeandb axes, The observed changes in the EPR spectra of tRedih-

respectively, along which the unit cell is doubled in theters can be attributed to the structural changes associated
Clcl phase. The spectra were recorded with a 2° temperavith the low temperature phase transitions. Indeed, the three-
ture step, which was decreased to 1° intd0 K range fold structure of the spectra from bothSTand Tf centers
around bothT,,=74 K andTo=192 K transition tempera- can be associated with the tripling of the unit cell which
tures. takes place at 192 K, at the transition from the INC phase

Figure 4 displays the EPR spectra measured alongthe into the P2,cn phase. A further splitting of each line is ex-
crystal axis at various temperatures, in a magnetic field rangpected to occur in th€1cl phase, associated with the qua-
which includes the EPR transitions from boti¥ Tland TP druplication of the unit cell, which leads to 12 inequivalent
centers. The 7—-195-K temperature range includes Gatti TI° centers of eacth andB type.
and P2;cn phases and the transition point into the incom- In order to analyze the observed collapse of the compo-
mensurate phase. The temperatures selected in the figure coent lines into a single line, when raising the temperature
respond to significant changes in the spectra. Special attefrom the lowest measured temperature to the transition tem-
tion was paid to thé°2,cn—Clcl transition region, from perature into the INC phase, we have measured the spread of
71 to 74 K, where the spectra are displayed in steps of 1 Kthe group of low field transitions belonging to the, Tden-

The TP spectra exhibit in the whole temperature range aers. As shown in the lower part of Fig. 4, the measured
strong variation in the number, positions and intensities ofpreadAW,,,, has been determined as the distance between
the EPR component linesee Fig. 4 These changes are the positions of the farthest peaks of the derivative signals.
more visible for theA-type centers. The maximum splitting This means that the measuradV,,,, value represents the
of the TR spectra, which are better resolved, is reached besum of the maximum separation between the low field lines
low 20 K. The observed component lines exhibit differentbelonging to inequivalent centers, plus the individual line-
intensities, which can be explained as resulting from the suwidth.
perposition of lines originating from a larger number of cen-  Figure 5 presents the temperature variatiol\d¥,,, . A
ters. By raising the temperature, towards #2,cn phase, steep decrease &fW,,,, with increasing temperature can be
the lines tend to collapse into a three equally intense compaoaoticed in theClcl phase and also a smooth, almost linear
nents structure. Above 120 K the threefold structure of thelecrease in theP2,cn phase. Around 74 K, at the
spectra becomes less and less visible, until a single weak;lcl«< P2.cn transition, the AW, variation becomes
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FIG. 5. Temperature dependence of the spread of tﬂ}@é'mters
low field transitions groupAW,,,,, along thea direction, which
includes the individual linewidth. The transition temperatures are
marked with vertical dotted lines.

much steeper. Another change from negative to positive
slope of AW,,,, is visible around 185 K, close to the
P2,cn«INC transition.

To separate the temperature induced variation of the indi- B (mT)
vidual linewidth from the effective lines spread, we have
measured the individual linewidth for the magnetic field ori-
entation at 7° from the crystal axis in thelbc) plane. For
this particular orientation, one component of the low field
group of lines of the T centers is well separated from the and B-type centers, both in the low field and high field re-
other lines of the non-equivalem-type centers, from the gions, the analysis is more difficult.
lowest attainable temperature up to 150 K. We found out that NO clear effects associated to the structural modulation
the corresponding individual linewidth exhibits an almostcharacteristic to the INC phase could be observed in the EPR
constant value of about 6.8 mT, up to 150 K, where the linespectra of both Pland TF* centers. In the case of the®Tl
overlaps other two triplet lines. In smaller temperaturecenters, such effects are very likely masked by the thermally
ranges we observed similar linewidth values for other, quitdnduced line broadening of the very weak signals, still visible
well separated component lines, as well. At higher temperafor about 20 degrees above the transition point. In the case of
tures, for many orientations of the sample in the magnetiéhe TP* centers, for which the thermally induced line broad-
field, the lines belonging to both Ttenters exhibit a homo- €ning is not effective yet and the EPR lines are visible up to
geneous broadening accompanied by loss of signal amplgbout 250 K, the effects associated with the structural modu-
tude, which is very likely due to thermally induced relax- lation are very likely hidden into the broad, isotropic lines.
ational broadening effects.

Based on these results, one concludes that the continuous
decrease oAW,,,, with temperature increase in both low
temperature ferroelectric phases, up to 150 K, is due to the Ramai* and neutron scatteriAg experiments have re-
structural changes in the crystal lattice. At higher temperavealed the presence of two soft modes, belonging to different
tures, close to th®2,cn«INC transition, the contribution representations, associated with the second order
of the thermally induced line broadening effects seems to b&2;cn«+— Clcl phase transition in BZnCl,. The two soft
responsible for the observed change in the slope of thenodes, calledv,; and w,, arise from a doubly degenerate
AW, Vs temperature curve in Fig. 5. mode in theP2,cn phase, which softens aaf +b*)/2,

One can notice from Fig. 4 that the EPR lines of the twowhere a* and b* are the reciprocal lattice vectors. They
TI?* centers also exhibit a collapsing tendency as the incomexhibit a continuous frequency variation vs temperature in
mensurate phase is approached. Above K& single, sym- the Clcl phase, similar to the temperature variation of the
metric line can be seen. The variation with temperature off12* and TP centers hyperfine splitting. Consequently, we
the TP spectra is, however, less dramatic than in the case aissume that both T and TP centers are strongly coupled
the TP and the structural change at the phase transition ito the vibration modes of the lattice, in particular to the soft
reflected mainly in the shifting of the line positions. modes.

A similar behavior of the A" spectra vs temperature was  Analytical expressions have been previously derived to
observed along thie crystal axis(see Fig. 6. The TP spectra  describe the influence of @, soft mode on the temperature
also show a collapsing tendency with increasing temperaturg/ariation of the zero-field-splittingZFS) parameteD in the
but, due to the strong overlap of the EPR lines fromAke case of the @°-type Fé" centers in KDRsee Ref. 2pand

FIG. 6. EPR spectra of BEnCl,: Tl along theb crystal axis
recorded at different temperatures.

B. Lattice modes influence on the thallium centers spectra
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of the hyperfine parameter for thes'atype Cd™ and Hg"

: . g 3.72F E
centers in (NH),SO, (see Ref. 2¥. According to Tsuchida Blla
and Abe?® this influence is induced by the instantaneous 3'70_} ]
displacement of the impurity iony(t), relative to the sur-
rounding lattice. A spin-Hamiltonian parametei(the D pa- 3.68F >
rameter in their case and the hf parameter in Ref, 8&n- e Clel
sitive to the local field modifications, can be written as ;3.66 L ¢ .

P(t)=Po+AP(u(t)), 3 364} i
where P, is a term related to the static distribution of the 3.62} -

surrounding ions and P(u(t)) accounts for the variations Y e
induced by the ion displacement from the equilibrium posi- 20 40 60 30 1,190 120 140 160 180 200
tion. By expandingA P(u(t)) in terms of smallu(t), written )

in terms of usual phonon operators and considering the high g, 7. Temperature dependence of the hyperfine parameter
temperature approximation, the time averagePgt) be- 112+ centers(solid circleg along thea direction in ferroelectric

comes Rb,ZnCl,:Tl. Solid lines—the result of the fitting.
1 1. TI?* centers
(P(1))=Po+ kT —, (4)
9 In the case of the FI centers, the most temperature sen-

q
sitive parameter is the very large hf splitting. Considering the

wherek is a constant expressible in the phonon propertiessmall anisotropy of the hf tensdkess than 0.5%; see Table

Herewé is expressed &% I), we calculated the hf parameter with a simple formula

derived® from the Breit-Rabi equations, approximating the
wi(T)=a(T—T)"+ %, (5)  centers as fully isotropic:

where @ and B are material constants} is the soft mode

wave vector, an_q/ is thg critical expon.ent..lnsertmg Eth) A= m{(Bﬁ B;)

into Eq.(4) and integrating over the Brillouin zone, the value H#BYol B2 By

of (P(1)) goes as +[(Bo+B1)?+8(B,~ B3 ®)

|T_Tc|y/2 C

arctan Figure 7 displays the temperature dependence of the hf
c |T—T472)° parameters as calculated with this equation from the reso-
nance fields measured along taerystal axis. In the tem-
perature region corresponding to tkEdcl phase one can
whereC= (8/+/2)Q andQ is the Brillouin zone cut-off. notice a steep decrease of the hf parameter as the transition
In our case the high temperature approximatigil  temperature is approached, which is attributed to the influ-
>hwq is valid for temperatures above 20 K, as the frequenence of the lattice modes that softenTaf. In the P2,cn
cies of the displacivev,, and wy, soft modes are~11 and  phase, an approximately linear increase of the hf parameter
~12 cm !, respectively.’ can be observed. No particular variation is marking the tran-
In the P2,cn phase otheii modes are excited, which sition into the incommensurate phase at 192 K.
could influence thé& parameter values. Their contributionto  The analysis of the hf temperature dependence in the
the temperature variation ofP is expressed as Cicl phase has been performed considering the coupling
Sicothfiw; /ksT) (see Ref. 2§ which at high enough tem- with a soft mode only. We used expressi@h for fitting the
peratures approaches a linear dependence. Thushd@r experimental data, where the general paramBtevas re-

(P(ONT)=Py+P,T| 1

<kgT, P(T) will have a variation of the form placed byA. The critical temperatur&, from expressior{6)
was, in our case, equal to tiElc1l«+ P2,cn transition tem-
P(T)=P4{(1-C'T). (7)  perature,T.=Ty=74 K, and they exponent was set to the

mean-field valuey=1, as in Ref. 26. The experimental er-

The thermal expansion of the lattice is also expected tgors of about=0.5 mT in the determination of the transition
contribute to the temperature dependence of the EPR pararfields close to the phase transition and th& K accuracy in
eters, especially at higher temperatures, inRi2gcn phase. the temperature measurements did not allow an accurate de-
As will be further shown, a linear experimental temperaturetermination ofy in the critical region. The resulting param-
dependence of the hf splitting for both types of centers in thisters are given in Table lll, and the calculated temperature
temperature range was observed. This result suggests thd¢pendence is represented in Fig. 7 with solid lines,Tfor
either the thermal expansion contribution is negligible or<T,, . The deviations observed below 30 K are probably due
both implicit and explicit contributions are linear in tempera-to the fact that the high-temperature approximation is not
ture in the first approximation. valid anymore.
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TABLE lll. Fitting parameters for the soft mode induced temperature dependence alamdithetion of
the hf parameter in the case of?Tlcenter and ofAB,.s=B,— B, in the case of 'Iﬁ centers, considering
T.=Ty=74 Kandy=1.

Phase Fitting parameters il T, TI%,
Clcl Py (MT) (3.711+0.005)x 10° 342.4+0.5 240.0-0.5
P, (MTK™Y —1.1+0.5 —0.51+0.05 0.470.05
C (K3 4.0+2.0 14.0-1.0 15.0-1.0
P2:cn Pg (mT) (3.589+0.005)x 10° 326.2+0.5 270.2-0.5
C' (K™Y (—1.10£0.05)x10 %  (0.70+0.01)x10°°%  (—0.6=0.1)x10 *

The temperature dependence of thé'Thf parameter in ~ Similar expressions can be obtained alorandy, by cyclic
the P2,cn phase could be well fitted with E€7). The fitting ~ permutations ofy; andA;, wherei=x,y,z.
parametersP), and C’ are given in Table IIl. The negative ~ From Eq.(9) one can notice that when the hf parameters
sign of theC’ constant suggests that the temperature variaare small enough compared to the microwave quarttum
tion of the hf parameter in this phase is determined mostly byhe differenceAB,..=B,— B; of the transition fields is pro-
the thermal expansion of the lattice, and not by the influencgortional, in a good approximation, to the hf parameter along
of the lattice modes. It is possible that the increase in théhat specific direction of the magnetic field. This is expected
interionic distances with temperature yields a reduction irfo be valid for any random direction of the magnetic field.
the strength of the odd local crystalline field componentsTherefore, the temperature dependence ofABg. differ-
responsible for admixture of the excite Gtate into the ence is expected to reflect mainly the variation of the sensi-
ground @&, thus inducing the observed increase of the hftive hf parameters.
parameter. However, in order to ascertain the presence of Figure 8 displays the temperature dependencé Bf.s
such an effect, information about the pressure dependence afong thea crystal axis, in a temperature range covering both

the TP* centers hf parameter would be needed. Clcl andP2,cn phases, up to 170 K. At higher tempera-
tures, up to the incommensurate phase, the transitions be-
2. TI? centers longing to the two T4, and TR, centers could not be distin-

Due to the large number of inequivalent centers and th@uished any longer. As in the case of thé Ticenters, an
strong overlap of the corresponding EPR lines in @l anomalous tem_p_erature dependence can be observed ar_ound
phase, only two centers, namelySTland TR, could be th_e 74 K transition temperature, aSS|gned_ to the coupling
followed throughout the whole investigated temperaturg/Vith the soft lattice modes. Above the transition temperature
range, along thea crystal axis(see Fig. 4 and just one, the variation is again almost linear for both centers.
namely, TR,, along theb crystal axis(see Fig. 6 The pairs The estimated errors for the transition fields range from

of transitions belonging to the ﬁl' and Tﬁs centers are +0.15 mT, where the individual lines are separated, to

marked in Figs. 4 and 6 with dotted and solid lines, respec—i 0.5 mT where .the Ime_s overlap. T_he last case occurs
tively. around the transition point and at high temperaturés (

The TP centers represent one of the cases for which no_ 130 K). To th‘?se errors an accuracy bl K in the tem-
ie|gerature determination has to be added as well. Thus, some

with the spin-Hamiltonian parameters can be derived. Th@' the largest errors appear in a 30° temperature range cen-

difficulties arise from the comparable order of magnitude of
the hf and electronic Zeeman terms, the high anisotropy of 340
the centers and the low local symmetry, reflected in the dif-

ferent orientations of thg and A tensors'® Moreover, both 320
principal values and principal directions of the spin-

Hamiltonian tensors vary with the temperature. We thus have = 300
to resort to several approximations in order to obtain a quali- g
tative description of the temperature dependence of the TI 280
spectra. 3

In a simplified case, considering tigeand A tensors to
share the same orientation, the transition fields could be de-
r_|ved for the magnetic field parallel t_o one of the main dlre_c- 2030 60 80 160 130 140 160
tions. ForB parallel toz the expressions for the two transi- T (K)

tion fields are

FIG. 8. Experimental temperature dependence of the difference

2
:(ZhVi Az) \/1_ Ax _ \/1— Ay of the resonance field®yB,.s, of the TR, and TR, type centers
1.2 2hv*A, 2hv*A, (solid circles along thea direction in ferroelectric RZnCl,:TI.

29,05
9 Solid lines—the result of the fitting.

104107-9



STEFAN, NISTOR, GOOVAERTS, AND SCHOEMAKER PHYSICAL REVIEW B9, 104107 (2004

tered on the transition temperature, preventing an accuratgery small linewidth in these materialsmaller than 1QuT
analysis of the critical region. The temperature dependencig the low temperature rangeBecause in crystals such as
of AB,¢s in the Clcl phase was fitted with expressif®),  Rb,ZnCl, the linewidth of the MA" ions is orders of mag-
whereT.=Ty=74 K andy=1, using the same procedure nitude larger, the small temperature induced variations in the
as in the case of the ¥ centers, while the approximately hyperfine coupling parameter associated with the local crys-
linear behavior in thé?2,cn phase was fitted with expres- tal field changes cannot be easily monitored. In the case of
sion (7). The resulting fitting parameters are given in Tablesuch paramagnetic transition ions, wih-1/2, one prefers
Il and the calculated temperature dependencies are repres study the temperature induced SPT with EPR by monitor-
sented with solid lines in Fig. 8. ing the more sensitive ZFS parameters from the spin

One can notice from Table IlI that the material cons@nt Hamiltoniant
has the same value, within the experimental errors, for the
two TI° centers and a different one for the?Tlcenters. This
discrepancy may have multiple origins: in both cases we
have considered the contribution of a single, dominant soft Thallium paramagnetic centers op5TI? and &-TI2*
mode, neglecting the influence of the other lattice modes ofype were observed in the ferroelectric low temperature
of possible local modes, as observed in alkali halitiéghe phases of x-ray irradiated RbnCl,: Tl single crystals. Both
TI® and TF* centers are also expected to couple differentlycenters are very likely localized at the two inequivalent Rb
with the two soft modes of different symmetry. Moreover, sites. Their visibility range allowed us to probe by EPR the
the soft mode frequency was described with the simple exp2,cn andC1cl low temperature ferroelectric phases.
pression(5), neglecting the influence of the macroscopic |n the case of thetype TP* centers, the different values
electric field, which is expected to differ for the’Tnd TF*  and orientations of the spin-Hamiltonian parameters deter-
centers. Itis also possible that the different coupling with themined at the three temperaturéd0 K, 40 K and 26 K
lattice for the T§; and TP* centers is related to a different reflect the changes in the local crystalline environment in-
localization of the impurity ion, which would then be at the duced by the 74 K phase transition and the lattice dynamics
Rb(2) and Ri1) positions, respectively. in the C1cl phase, as well.

It is worth mentioning that, using the same theoretical Due to the mainlyp-character of their electronic wave
model to describe the temperature indugedalue variation  function and their relatively large hf parameter, thé @én-
in the C1cl phase of the Cui (Il) centers localized at Rb  ters prove to be even more sensitive probes to the local crys-
sites in RBZnCl, crystals® we found out a comparable value tal field changes induced by the SPTs and/or associated to the
of C=9.7 K2, lattice dynamics. The temperature variation of their EPR

The present paper shows how the study of the hyperfingpectra provides direct evidence of the unit cell tripling in
splitting vs temperature dependence of thp'g1° and the P2,cn phase, the symmetry lowering in tidlc1 phase
6s-TI2* centers yields valuable information concerning theand the lattice dynamics in both low temperature ferroelec-
SPT and associated lattice dynamics in the host lattice. Thisic phases. The different symmetry of these two phases is
was possible because, despite the small relative variation o&flected in the larger number of inequivalent centers present
the hyperfine coupling with temperature, its large absolutén the lowest temperatur€1cl phase and in the different
value in the case of both ¥land TP* centers results in an values and orientation of the Tkenters spin-Hamiltonian
enough large variation to be easily measured in the studiegarameters in the two phases.
temperature range. In the case of the?Nions, which have The temperature variation of the spectra belonging to both
been previously used to study the high temperaturaypes of centers is explained by the influence of the soft
P2,cn—INC and ING-Pmcn phase transitiofis in modes in the monoclini€lcl phase, while in the commen-
Rb,ZnCl, crystals, the small value of the hyperfine coupling surate orthorhombi®2,cn phase the interplay between the
parameter A~9 mT), resulting from a different mechanism thermal expansion of the lattice and the influence of the other
(core polarizatioft), is expected to yield, in the temperature excited lattice modes leads to the observed linear variation
range below 290 K, relative variations too small to be pracwith temperature.
tically detectable. Indeed, determinations of the temperature
induced variation of the hyperfine coupling parameter of
Mn?* ions in oxidic lattice hosts, such as Cag@alcite)
(Ref. 32 and ThQ,** resulted in total variations of less than ~ The present work was performed in the frame of the bi-
1% of A for the temperature range below 300 K and less tharateral scientific project BIL 00/72 between FlandéBzl-
0.1% of A for the temperature range below 100 K. In thesegium) and Romania and of the Ceres scientific Project No.
cases, the corresponding temperature variation could be d81/2001 of the Ministry of Education and Research of Ro-
termined as a result of the very high accuracy in measuringnania. Further financial support by the Fund for Scientific
the EPR lines position. This accuracy is determined by th&Research—Flanders is kindly acknowledged.
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