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8’Rb NMR spectra of hydrogen-bonded RBD(SO,), and RbsH(SO,), crystals
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The paraelectric and antiferroelectric phases ofIRBO,), and RRH(SO,), were investigated using ru-
bidium NMR. The angle dependence of the second order quadrupole shifted &Rtrafransitions was
recorded at 300 K. It was found to be in full agreement with the symmetry elements of a monédiaic
structure. The temperature dependence of the magnitude and asymmetry of the electrical field @&a@ent
tensors at the Rb sites was determined using powder samples and revealed no differences between protonated
and deuterated specimens. The antiferroelectric transition gb®I©,), (Ty=82K) is associated with a
guadrupling of the unit cell. Belov the magnitudes of the EFG at the Rb sites remain constant and smoothly
tilt away from their high temperature orientations. The temperature dependence of the NMR line splittings
associated with this tilt follows a power law implying an order parameter critical exponent of 0.21.
[S0163-182809)07517-1

l. INTRODUCTION [(SQy)-H:--<(SO,) P ions are separated by Rb ions. Out of
the twelve Rb ions per unit cell four symmetric unjtbe-

The phase transitions of hydrogen bonded solids usuallyioted RI§1)] together with the centers of the hydrogen bonds
exhibit an isotope effect. The melting point of deuterated iceare located in tha-b plane. The other eight crystallographi-
(at 3.8°Q provides a well known example. Also for ferro- cally equivalent R2) sites separate the planes of sulfate
electric and antiferroelectric crystals isotope effects aredimers when seen along th& axis. As indicated in Fig. 1
known and have been the subject of experimental and theave define thee* axis to be normal to tha-b plane. For our
retical studies for a long timk? Particularly interesting in NMR investigations it is important to note that while all
this respect are crystals of thd;D(X0,), family with M Rb(1) sites are connected via inversion symmetry there are
={Rb,K! andX={Se,3. For these crystals the substitution W0 groups of R2) sites denoted as Rb{R and Rb(2).
of the deuterons by protons can lead to a complete suppres-
sion of electric order. Such a pronounced isotope effect has,
e.g., been reported for R, _,D,(SOy),. Here, the fully
deuterated compound exhibits a paraeleetamtiferro-
electric phase transition aty=82 K.° Upon proton substi-
tution T decreases and for<0.22 the paraelectric phase is
stable down to the lowest temperatufes.

As for other hydrogen bonded crystals there is a débate
whether the isotope effect is purely geometdaal predomi-
nantly quantum mechanical in natfréIn the framework of
one of the theories aiming at understanding how hydrogen
bonded crystals are driven into electrically ordered phases it
has been argued that a coupling of phonon and tunneling
modes should lead to “self-trapped proton statesihd con-
sequently to asymmetric hydrogen bonds already in the
paraelectric phase. A recent nuclear magnetic resonance
(NMR) study of RRH(SOy), powders has been interpreted to
indicate that in this crystal the nonordered hydrogen bonds
are asymmetric.

In continuation of our previous wotkin the present pa-
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FIG. 1. Sketch of projections along the crystallographiaxis
(left-hand sid¢ and thea axis (right-hand sidg of the paraelectric
A2/a (Z=4) structure of RED(SOy),. Upper part: Paraelectric
per .We report on87Rb_ NMR measurements that we have crystal structure. The sulfate tetrahedra are linked via hydrogen
carried out for . single crystals and powders of bonds(straight line$. The deuterons are depicted as dots located
Rb;H; - xDy(SOy), with x=0 andx=1. At room temperature o the time averagein the center of the hydrogen bonds. The
these compounds exhibit the monoclikié/a structure with  gimers are separated in thé direction(defined to be normal to the
Z=4 formula units in the unit ceff! Sketches of the crystal a-p plane by rubidium atomgRb(2) sites. Lower part: Projec-
structure as projected along the monoclibiaxis and along tions of the EFG tensors for the different Rb sites. The tensors of
thea axis are shown in Fig. 1. The structure is characterize@Rb(2') and Rb(2) can be transformed into one another by a glide
by sulfate tetrahedra which are linked to dimers via hydrogeneflection along the-c plane. The assignment a$ 8nd 2’ chosen
bonds. When viewed along the monoclinic axis these for representation in this figure is arbitrary.
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The four Rb(2) sites are obtained from the four RB(2 ov=—2K[2(V,, AV, +V,AV,,)
sites by a glide reflection.

This article is organized as follows. In the next section we ~ (Vi Vyy) (AVy = AV )[4=V, AV .- (3)
will present the framework required to analyze quadrupole

perturbed NMR spectra. Section Il gives the experimentaIThUS the line shift is proportional to small variations in the

details. In Sec. IV we present the orientation and temperaturgr G-ténsor elements which in turn are proportional to small

dependence of the absorption spectra of single crystals arﬂ\anges in the distances between the probe nucleus and the

powders as taken in a large temperature range. We summi@ns in its vicinity. o
rize in Sec. V. Sometimes only the determination of the quadrupolar

coupling constant and the asymmetry of an EFG tensor but
not its orientation is of interest. Then it suffices to measure
Il. THEORETICAL CONSIDERATIONS spectra ofpowderedsamples. For a quantitative analysis of

One of the goals of the present work is to determine théN€ Powder spectra presented in this article we have per-
electrical field gradientEFG) tensorV,; of the 87Rb probe formed numerical simulations. To this end we have added

from its second-order shifted central transition spetifehe e ffrequen(I:y Contributior}Eas fcalculated accorQihng to Eq.I
frequency shiftv— », with respect to the Larmor frequency ()] from a large ensemble of EFG tensors with randomly

v, depends on the angle enclosed by the external magnetﬂfie_m_ed principal axes. I_n order to obtain overall i;otrppic,
field (taken to be oriented along theaxis) and the principal sufficiently “noise-free” simulated spectra the contributions
axes of the EFG tensor. Usir\gaﬁ=(72V/(9a B, with a, 8 from about 18 “grains” were added. We have checked for

={x,y,z} andV denoting the electrical potential in the labo- a number. of parametersq, and 7 that the powder spectra
ratory axis systeniLAS) one ha&>14 thus obtained agree with those calculated from analytical

expressions® In order to determinerg and » from the ex-

perimental data we have implemented this simulation proce-
dure into a least-squares fitting routine. To account for a
finite dipolar broadening the simulated spectra were convo-

pling with »o=eQV,/2h andV,,=eq denoting the largest I(ltj;/g?c;/;”\t/\r/]id?hrilitluv;ly narrow Gaussian or Lorentzian line
eigenvalue of the EFG in the principal axis systéRAS). ’

These tensor elements were determined by rotating the

sample around three orthogonal crystal axes and recording Ill. EXPERIMENTAL DETAILS

the positions of the resonance frequencies? tfenotes the ) )
rotation angle around theaxis, say, in the LAS then Eql) Rb;D(SO); crystals of optical quality were grown from

can be expressed in terms of five Fourier componegts ~2dueous solutions of RBO, and DO with an excess of
d;, d,, ds, andd, as* D,S0O,. Analogously for the protonated compound@Hand

H,SO, were used. The solutions were placed in closed ves-
sels on a heated surfac@~«70°C) for several days and
crystals were grown by a convection method. Quasihex-

v= =K[2(Ve,+V5) — (Vi Vy) 14— VZ 1. (1)

Here K= —1%/(3vV3,) determines the quadrupolar cou-

v—y =K[dp+d;sin(26)+d, cog26)+d;sin(40)

+d, cog46)]/32. 2 agonally shaped platelets with a size of typically
5x2x 10 mn? were obtained. For some of the NMR mea-
Only the coefficientsd;=—36(Vyy,—V,)V,, and d,= surements finely powdered samples with a grain size of a few

- 9(Vyy—VZZ)2+ 36V, as well as those obtained from rota- um were used.
tions around two other orthogonal axes are used in the deter- Several experimental methods were employed to charac-
mination of the EFG tensors. From a diagonalizatioivgf,  terize the crystals. From polarization microscopy no signs for
the principal values of the EFG tensor, i.¥xx, Vyy, and  twinning could be observed in our samples. Studies using a
V2, as well as the orientation of the PAS with respect to theéwo-axis goniometer revealed that particularly t(@01),
LAS were obtained. From this information we have deter-(001), (312, and (12) faces were well established. X-ray
mined the quadrupolar coupling constagt, the asymmetry measurements carried out at room temperature confirmed the
parameterp=(Vyx— Vyy)/Vzz, and the three Euler angles monoclinic space group2/a(Z=4). The lattice parameters
specifying the transformation between LAS and PAS. were found to bea=10.2 A, b=6.0 A, c=15.0 A, andg
Structural changes in crystals are associated with the dis=103.1° at room temperature; see also Ref. 11. The
placement of ionic charges and thus with a modification ofparaelectric to antiferroelectric phase transition of
the EFG tensor. In a simple point charge model the contriRb,D(SQ,), was observed with dielectric measurements.
bution of a chargee atr=(r,,ry,r,) to the EFG can easily From the frequency independent maximum of the dielectric
be calculated. If the EFG tensor is located at the origin of thesonstant we find a transition temperatureTgf=82 K.
coordinate system then one fas V,z=e(3r,r, The NMR measurements were performed utilizing a
— 8,5 ?)/r® with r=|r|. The total EFG tensor is then ob- home-built spectrometer. For our studies we used the quad-
tained by summing over all charges.rifchanges slightly, rupole perturbed central transition (+2-1/2) of the®Rb
e.g., due to thermal contraction, then the relative variation of| =3/2) nuclear probe at a Larmor frequency of abept
the tensor element i&V,;/V,5=—3Ar/r. The change of =857 MHz. Frequency offsets— v, are given with respect
the second order line shiftv=v({V,,z}) — »({V,4}) can be to a solution of RbCl in BO. Absorption spectra were ob-
calculated using Eq(l). Inserting V;B=VQB+AVQB into  tained with standard solid echo sequences employing 90°
this equation to lowest order yields pulse lengths of typically «s. However, in order to record



11722 A. TITZE, A. MAIAZZA, G. HINZE, AND R. BOHMER PRB 59

2xffe " e=ds 50 For e e e f W S s
T 0| et
:@ ogfe |l x 36° < -50 _ allg, bl Bo %
‘E - -.I 1 n 1 1 I-
35 > T T T T T
. e O * 21° v 50
2 > I
J e
- e O * 14° 2 -50 - b'
= "(20' ) \ !
8 opal x T Q 50f
c
= ; g
e\D * 0 = 50
100 50 0 50 100 0 45 90 135 180
v-v,_ (kHz) rotation angle © (deg)
FIG. 2. Typ|cal spectra of the central transitions OfSB(:SO4)2 FIG. 3. Angular pOSitiOnS of the resonance pOSitiOI’lS recorded

at room temperature. No efforts were made to achieve a uniforny rotating a ReD(SQ,); single crystal around an axis perpendicu-
excitation of all three resonances. Therefore the three equally strorlg" to the external magnetic field. From top to bottom the three
lines here appear with different intensities. The resonance positioféames correspond to rotations around tfe theb’, and thea’

are summarized in the lower frame of Fig. 3. The(Blpeaks are ~ axes of the crystal. The orientations markedanda’ in the upper

marked by the stars. The other symbols refer to thé2R&ites. frame correspond to th® =0° positions in the middle and lower
frame, respectively. The positions where thandb axes are par-

the angle dependence of the resonance frequencies, the el to the external magnetic field are also indicated. They enclose
called rotation pattern, larger coils, and consequently longesn angle of 25° with the primed axes. The solid lines represent fits
pulses(10 us) were necessary. For the determination of theusing Eq.(2) and yielded the EFG tensors schematically repre-
rotation patterns, we utilized a sample holder which allowedsented in Fig. 1(see also Table)l The symbols have the same
mounting of the specimen in three mutually orthogonal po-meaning as in Fig. 2.
sitions. In each of these positions the sample holder could be
rotated around an axis perpendicular to the external magnetic o, findings are summarized in Table I. It turns out that
field. The precision achieved for the angular adjustment wag, , of the sites show the same and » values. Furthermore
better than 1 ’ Temperatures were megsured from Cf”‘,“brat%e set of Euler angles characterizing the orientation of the
:jr sensors which are accurate Itlo W;tgtlog K. Stability EFG tensor, within experimental uncertainty, can be ob-
uring one measurement typically was).1 K. tained from the other by inversion. These findings imply the
existence of a plane of reflection or glide reflection. There-
fore these sites are unambiguously recognized as ttig) Rb
A. Symmetry of the EFG at room temperature sites. For the remaining EFG tensor, one principal axis points
along the twofold monoclinic axis as required by the sym-
etry of theA2/a phase. Thus the orientations of the EFG
i
u

IV. RESULTS AND DISCUSSION

In Fig. 2 we present single crystal spectra okBR50y),
recorded at room temperature. It is seen that the position
the three resonance lines shifts upon rotating the crystal. F
these experiments large coiland long radiofrequency
pulses were used. The large coils permitted rotation of the
crystal, but did not allow a uniform excitation across the TABLE |. EFG tensor parameters characterizing the three ru-
entire spectral range. However, from experiments employindpidium sites. The Euler angles describe how the crystallographic
shorter pulses we know that the lines exhibit equal intensitiegxesa, b, andc* are transformed into the principal axes system of
when suitably irradiated. Since the unit cell of RWSOy), the EFG tensor. We used the standard definition witbeing the
contains twelve Rb ions, each line corresponds to four siteftation angle around™, x that around the nevb axis, andy
in that cell. denoting the rotation angle around the finally obtaire#d axis.

In order to achieve a structural assignment of the lines wd/ithin experimental error(~1°) one principal axis of the EFG

rotated the crystal around three mutually orthogonal axed€nSor at the Ri) site points along the twofold monaclinic axis as
equired by symmetry. The existence of a reflectiglide) plane is

The .results of this Erocgdure.are. collected .m Fig. 3. Th{)orne out by the Euler angles of RBj2with respect to those char-
rotation around the* axis (which is perpendicular to the acterizing Rb(2)

a-b plane is particularly instructive. The rotation induced

nsors, which are sketched in the lower part of Fig. 1, are in
Il agreement with the crystallographic symmetfy.

changes in the second order shifts are small as compared to Site RK1) Rb(2') Rb(2")
those around the two other axes. This implies that the largest

principal axes of the EFG tensors are not tilted far from thevg (MHz) 4.8 3.8 3.8
c* axis. For a quantitative analysis of these rotation patternsy 0 0.45 0.45
we have used Eq2). From the coefficientsl; andd, we ¢ (deg 0 67 —-67
have determined the quadrupolar coupling constagtand  y (deg 10 28 27
the asymmetry parametergas well as the orientations of the  (deg 0 -113 115

EFG tensors in the system of crystal axes for all three sites
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FIG. 4. A typical spectrum of a powdered samgiiick solid _A_.//\’J\\L/\_f
line) taken at 86 K. The thin solid line is the result of the simulation

intensity (arb. units)

procedure described in the text. The dashed and dotted lines show ‘ - N 29
the contributions for the Rt) and RI§2) sites, respectively. 150 100 -50 0 50 100
. v-v, (kHz)
The quadrupolar coupling constants and asymmetry pa-
rameters are found to bey=4.8 MHz and»=0 for Ri(1) FIG. 5. Temperature dependent powder spectra of the deuterated

and vo=3.85 MHz andy=0.45 for RIf2); see Table I. We  (ypper framgand protonated sampléewer frame. Only the outer
note that these parameters are substantially different frorpeaks exhibit a pronounced temperature shift. Below about 80 K the
those determined in a previous Rb-NMR investigation ofine splitting remains constant.

powdered RkH(SO,), samples. The observation in Ref. 9 is

surprising in view of the fact that we were able tq detgrmlnem Fig. 4 which is a fit result shows that the simulation tech-
v and » from powder spectra very reliably. This will be

documented in the following. nique provides a good description of th.e spectra. The tem-
perature dependent quadrupole coupling constants deter-
mined from least-squares fits are summarized in Fig. 6. It is
seen that at room temperature where direct comparison with
A representative powder spectrum of JRI6SO,), is  single crystal parameters is possible the powder data nicely
shown in Fig. 4. The lower part of this figure reveals that thisreproducerq as given in Table I. The same is true for the
spectrum can be decomposed into several distinct contribiasymmetry parameters. We fing=0.43+ 0.02 for the RK2)
tions. One contribution is due to an axially symmetric EFGsite andn=(0.02+0.03) for the RK1) site, independent of
tensor as is immediately recognized from the singularitiesemperature.
located on the outer edges of the spectfffihis part of the
spectrum obviously is due to the Rb site. Then there is a

B. Temperature dependent coupling constants

second nonaxially symmetric contribution from the (Rb 6.0 RbH D (SO ) .

site which exhibits an integrated area twice that of the yomm. 31X X 472 |

former. This intensity ratio was to be expected since in pow- 55| T, R i

dered samples symmetry equivalent, but differently oriented, . | %,

EFG tensors can of course not be distinguished. In addition T 5o Rb(1) %o

to these features, there is a weaker central component which = i ]

is not anticipated from the single crystal spectra. After most VO I QO*O

of the powder spectra reported in this article were collected > 45¢ 0

we found out that the intensity of the central component - Rb(2)

could be affected by subjecting these samples to elevated 40l 4

temperatures. Therefore we suspect that moisture at the grain @8 Thoooedon  Poeg o |

surfaces gives rise to the central feature. asl o o
Figure 5a) shows powder spectra of F(S0Oy), as mea- 0 100 200 300

sured for several temperatures. It is seen that upon cooling
the splitting of the outer edge singularities of the axially
symmetric EF(%3 tensor at first increases but then below about g\ 6. Temperature dependent quadrupolar coupling constants
80 K saturates’ The shape of the central component which vg of the protonated*,+) and the deuterate(,() samples. The

is due to the R{®) site does not change much with tempera-coupling constants were determined from powder spe@pen
ture. In order to determine the quadrupole coupling constantgymbols or single crystal rotation patterriilled symbol. vq, is

and the asymmetry parameters from these spectra we hawglependent of the degree of deuteration. Below the paraelectric to
used the simulation procedure described in Sec. Il takingntiferroelectric phase transition the quadrupolar couplings are con-
also into account the central component. The thin solid linestant within experimental uncertainty.

temperature (K)
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FIG. 7. Temperature dependent single crystal spectra 0T_O.OS. The inset shows an enlarged view near the transition tem

Rb;D(SQy), as measured near and below the phase transition. '&)erature.
crystal orientation was chosen that exhibits a large separation of
lines in the paraelectric phase. The lines quadruple as the crystal is
cooled through the phase transition. The spectra can be fitted withRINQ) components. At low temperaturés.g., at 48.3 K
superposition of twelve Gaussian profiles for each temperéatiote ~ twelve peaks are clearly resolved, providing evidence for the
ted lines. For T=33.0K pairs of lines are labeled with the same quadrupling of the unit cell. The implications of these find-
symbol. The lines labeled witti and O correspond to the R) ings for the space group of the low temperature phase have
site. been discussed elsewhéfe.
In order to describe the spectra in the entire temperature

As Fig. 6 shows, the quadrupole coupling at théRite  range we have fitted them with a superposition of twelve
turned out to be temperature independent, with=(3.83  Gaussian profiles which all exhibited the same width and
+0.1) MHz. However, for the coupling constant at the(Rb integrated area. The results of these fits are shown as dashed
site a pronounced temperature dependence shows up abdimes in Fig. 7 and are seen to provide a good description of
about 100 K. Here the variation in, is much stronger than the data. The fitting parameters are presented in Figs. 8 and
expected from effects of thermal lattice expansiorit 9. The line splitting of each pair of lineas marked by the
should be noted however, that strongly temperature deperpairs of symbols in Fig. J7/is seen to increase strongly below
dent coupling constants are also known from fh&s reso- the antiferroelectric phase transition temperature. Further-
nances measured in the paraelectric phases of ammonium- more, Fig. 8 documents that the splitting of each pair of lines
alkali-dihydrogen-arsenaté$. as normalized to its value foF —0 is the same within ex-

Sincevo(T) changes slope in the vicinity of the antifer- perimental error. Thereforejv(T)/5v(0) provides a good
roelectric phase transition temperature one might think thameasure of the order parameter of the low temperature phase.
this effect is associated with the electrical ordering processThe normalized splitting for all lines could be fitted using the
In order to test this notion we have also taken spectra of fulllsame power lawsvo (T —Ty)? whereg is the order param-
protonated samples which show no phase transition belowter exponent. Independent of the temperature range for
room temperature. A comparison of Figgaband 5b) re-  which the fit was carried out we fintly=(82.1*+0.1) K and
veals that the temperature evolution of the spectra o8=0.21+0.03. A similar exponentg=0.25) was reported
Rb;H(SOy), and of RRD(SQy), is very similar. The tem-
perature dependence of, as obtained from the simulation
analysis and shown in Fig. 6 confirms this impression. This
means that the magnitude of the quadrupolar coupling and
hence the powder spectra of the deuterated sample are sur-
prisingly little affected by the antiferroelectric phase transi-
tion. Therefore in order to investigate the phase transition
itself single crystal studies are required.

peak width & (kHz)

C. Antiferroelectric phase transition ' 40' — (';0' — 80'

Single crystal spectra of RB(SQy), are shown in Fig. 7
for several temperatures near and below the paraelectric to
antiferroelectric phase transitionT(=82K). Upon ap- FIG. 9. Linewidthss as determined from the data presented in
proachingTy from above the resonance lines first broadenFig. 7. The inset gives an enlarged view of the line broadening
somewhat and then split into a number(péartially overlap-  showing up neafly. The solid lines are drawn to guide the eye.

temperature (K)
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from a Raman scattering study onB(SQy),.%* For a phase V. CONCLUSIONS

transition in the vici_nity of a tricritica}l point a mean .fielld Single crystals as well as powders of #S0,), were
exponent of3=0.25 is expected, bgt it is noted that. similar g¢,died using’Rb-NMR. At room temperature we have de-
exponents have also been determined on the basis of Megdmined the magnitudes and orientations of the EFG tensors.
field models incorporating strongly anharmonic potenttals. These were found to be fully compatible with the symmetry
The inset of Fig. 8 reveals that closeTq the scaled line  of the monoclinicA2/a (Z=4) structure indicated by x-ray
splittings differ somewhat. The reason for this observationscattering. The symmetric Rb unit is characterized by an
can be related to the fact that, in the vicinity of the transitionaxially symmetric EFG tensor and a relatively large and
temperature, the lines broaden. This hampers a precise detatrongly temperature dependent quadrupole couplgd).
mination of the magnitude of splitting. The eight crystallographically equivalent but magnetically
The full width at half maximumsg, of the resonance lines, pairwise inequivalent RR) sites exhibit a temperature inde-
as determined from the data presented in Fig. 7, is shown ipendent coupling constant§¢=3.8 MHz) and asymmetry
Fig. 9. In the vicinity of the antiferroelectric transitiaf T) ~ parameter =0.45). For RBD(SQ,), vo(T) changes slope
is reminiscent of the temperature dependence of the spirid the vicinity of the antiferroelectric phase transition tem-
lattice relaxation rate, T .*° NearTy, 1/T; is strongly en-  perature Ty=282K). However, as a surprising result we find
hanced due to the slowing down of a soft mode which drivet Practically identical temperature dependence ¢fT) for
the antiferroelectric phase transition. Frdmmeasurements the fully protonated compound, B#(SQy),, which shows
at several Larmor frequencies it was suggested that the sdf® €lectrical order at low temperatures..
mode remains fast on the time scale set by the Larmor Since belowTy the quadrupolar couplings do not change
frequency*® In analogy with these findings we interpret the ap_premably, the temperature_ erendence (.)f the sgcond order
increase in linewidth seen far~Ty in Fig. 9 as a signature f’;'fés of the central Rb transitions as seen in the single crys-
of the soft mode behavior. pectra obviously indicate that the EFG tensors become

Finally we would like to comment on the fact that the tilted with respect to their high temperature orientations. The

iati fthe i litt in Fia. 7 obviouslv d tsmooth evolution of the line positions or line splittings ob-
variation ot the fin€ Spltlings Seen In Fg. 7 00VIOUSIy do NOtgq a0 belowl y indicates that this tilt increases in a fashion
reflect changes in the magnitude of the quadrupolar couplin

: : ’ that is expected for a second order phase transition.
constants(cf. Fig. 6). This means that belowy the line The antiferroelectric phase transition in R4SOy), is

shifts seen in the single crystal spedtfag. 7) correspond 10 griven by a soft mode. This mode remains always fast on the
variations in theorientationsof the EFG tensors. Since the {ime scale set by the Larmor frequency and leads to a sharp
changes in the resonance frgquenues are 4mal kHz, cf.  jncrease of the spin-lattice relaxation rate n&gr° It also

Fig. 7) as compared toq, via Eq.(3) the order parameter gives rise to the increase of the linewidth as observed in the

can be expected to be directly proportional to the displacesingle crystal spectra near the antiferroelectric transition tem-
ments of the ions which contribute to the EFG at the Rbperature.

sites.
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