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Time-differential perturbed-angular-correlation studies on In and Cd in Li g94Cdg 0oNbO5
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The nuclear-electric-quadrupole interactions *4fin and '*’Cd nuclei arising from*'’Cd and *'*"Cd,
respectively, chemically introduced ingdgdy:Cdy 9odNDO; polycrystals were studied using the time-differential
perturbed angular correlation ofrays. The|V3"4 values derived for'*In and **'Cd coincided with each
other, i.e., 3.4(1X 10?° V/m? and 3.4(5)X 10?° V/m?, respectively, meaning that the In and Cd ions are in the
same lattice environment in the forms offnand Cd". Although these probes are considered to occupy the
Li sites, the above values leazttice are substantially different from the previously reported value foi;
0.7x10%° V/im?, which is ascribable to the structural relaxation around the probe atoms. The temperature
dependence obq of *in indicates that the In ion vibrates anisotropically about its equilibrium position at
high temperatures, as has been argued for the Li ion in LYNPE0163-18207)04942-4

Lithium niobate, LiNbQ, is a ferroelectric withTc ~ Q=+0.77(12) b’ The intermediate state is split by the in-
=1483 K Because of the similar sizes of Li76 pm and  teraction of the electric quadrupole moment of the nuclei
Nb®* (64 pm),? this oxide while having theABO; stoichi-  with an extranuclear electric-field gradiei@FG). Detection
ometry (A and B stand for metal elementsioes not adopt of the 90 keV(151 ke\) y rays with a detector sorts out a set
the perovskite structure, but takes an ilmenieTiOy)-  of In (*!Cd) nuclei in the intermediate state with spin
related structuré.The oxide is an important nonlinear optic alignment against the direction of the detector from the
material. Its optical properties are influenced by doping theource. Then, time-differential measurements of the 344 keV
material with metal impuritied.t is reported, for example, (245 ke\) y rays with another detector permits determina-
that In impurities increase the resistance of LiNti@optical  tion of the spin precession frequency Bfin (**1Cd) nuclei
damage. Knowledge of the lattice environment and the in the intermediate state and then determination of the mag-
chemical state of dopants is essential for theoretical undemitude of the splitting of the state. Thus, TDPAC of the 90
standing of the impurity effects. and 344 keV(151 and 245 keY y rays emitted in the suc-

In the present study, we performed time-differential cessivey transitions reveals the electric quadrupole interac-
perturbed-angular-correlatiofTDPAC) measurements on tion during the stay of*In (**!Cd) nuclei in the intermedi-
n arising from *’Cd and on*!'Cd arising from*™Cd  ate state.
in polycrystalline samples of a chemical composition The parent nuclet'’Cd and '*'"Cd were separately ob-
Lig.996Cth 0oNDO;, both of whose parent nuclides were tained by irradiating enriched*®CdO and!!%CdO, respec-
chemically introduced in order to obtain information abouttively, with thermal neutrons at Kyoto University Research
the valency of In and Cd. The assumption of purely ionicReactor Institute. The irradiated oxide was mixed with ap-
states of In and Cd, i.e., i and Cd", leads to the ratio of propriate amounts of high-purity powders of,CiO; and
the electric quadrupole frequency fdIn®* to that for  Nb,Og for a chemical composition of big:Cdh oodNDOs.
MCc* being 2.3 A deviation of the measured ratio from The mixture was pressed into a pellet and heated in air at
2.3 may indicate a participation of the&nd 5 electronsin 1100 °C. The same process followed after the sample was
the bondind’ repowdered and thereby ddodCdy 0ofNDO; was obtained.

Figure 1 shows decay schemes &f'Cd—'In and We tentatively use the formula dieiCdy00dNDO5 for our
Himcdcd. The 749 keV excited state 6t'In is popu-  samples, use of which will be justified below. Loss of neither
lated by 8~ decay of the parent'’Cd with a half-lifet;,  the metals nor the source nuclides was observed during these
=2.49 h and decays to the 315 keV excited state through thkeating processes. The room-temperature x-ray-diffraction
660 keV intermediate state having a spin=3, ty, pattern of a sample without cadmium prepared by an identi-
=53.6ns, and an electric quadrupole mome@= cal heating process showed a single phase of LiNbO
(—)0.59(1) b/ Here and hereafter, the number in the paren-TDPAC measurements were performed in the temperature
theses represents the uncertainty in the least significant digegion between 4.2 and 873 K for the samples containing
it(s). The 396 keV excited state dft'Cd, i.e., 1™™Cd with  *'’Cd by means of a conventional fast-slow setup and four
t1,=48.54 min decays to the ground state through the 24BaF, scintillation detectors. For the sample containing
keV intermediate state having=32, t;,=85.0ns, and MCd, a TDPAC measurement was performed at 4.2 K
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M4 B~ FIG. 2. (8) TDPAC spectrumA,,G,(t), of *in («—**'Cd) in
L 32m Lig.99:C 0y 00NDO; at 4.2 K with the solid curve showing the result
9/2+ 4“7 - of fitting with Egs.(1) and(2) in the text, andb) the corresponding
P (i} h spectrum of1'Cd (—!Cd) with the solid curve showing the
(b) B result of fitting with Eqs.(3) and(4) in the text.
48.54 m
1172- T 396 keV the case of*'’In, G,,(t) contains only one frequency com-
504 151 keV ¢ 85.0 08 45 1oy ponent and the values @by and 7 cannot be determined
g =-0.3062 independently from the spectrum, whereas for the case of
245keV |Q=+0.77b 111cd, they can be determined because the amplit@jes
”y y_E2 and the frequencies,, in Eg. (3) are modified in a charac-
' " teristic way as a function of,.
Cd The A,,G,,(t) measured at 4.2 K of!In and 'Cd in
. s 117 Lig.g9£Cdy goNbO; are shown in Figs. @) and 2b), respec-
1“”":c|:Gd. 1111-Cd Partial decay schemes of!'Cd—'In and tively. The anisotropy is modulated in a manner characteris-

tic of the electric quadrupole interaction in polycrystalline
_ ) ) samples depending on the spin value of the intermediate
using the same detection system. For the details of the exqyclear state. They were analyzed with an expression assum-
perimental method, refer to Ref. 8. _ ing that the electric quadrupole frequeney, has a Lorent-
Here, we give the expressions of directional anisotropyzjan distribution around the central valwe The width of the

A Ga(t), for a unique static quadrupole interaction. The| grentzian distributiorAw was taken to be 0 for théin
coefficientA,, depends only on the nuclear transitions. Thetime spectra aT <433 K, and to be 3% ob for the in
perturbation factoG,(t) for an ensemble of randomly ori- time spectra aT=573 K and for the!''Cd time spectrum at
ented microcrystals is a function of the electric quadrupoleg 2 K. We assume that the value pfor 1Yn is the same as
frequencywq and the asymmetry parametgrof the EFG  that obtained for''!Cd as assumed in Ref. 6. The solid
through the interaction Hamiltonian. The quantitieg and  cyryes in Fig. 2 are the results of the fitting.
n are defined as followsi wg=—eQV,,/[41(2] —1)] and In order to examine the site of 0.5 mol% Cd in LiINO
7= (Vax—Vyy)/Vz,. The asymmetry parametey takes a e compare our result of!Cd with that obtained by Hauer
value between 0 and 1. The perturbation fadByi(t) has et al® They studied the electric quadrupole interactions at
the form Egd (Hllllllh?]) in undoped LiNbQ single crystals and at

d («*""Cd) in undoped and 6 mol% Mg-doped
Gat)=[1+4 cog ' VD)]/5, (D) LiNbO, single crystals after implantation of'iin and
72 1Imcd employing the TDPAC method. They observed two

for the case of'n, (2 electric quadrupole frequencies that differ from each other by
only about 5% in each of the above three systems, and each
electric quadrupole frequency was the same in the three sys-
tems. Since the lattice site of 0.59 mol% In in 6 mol% Mg-
doped LiNbQ had been determined by the PIXERroton-
induced x-ray emissigfchanneling technique to be the Li
site it was concluded that both In and Cd occupy the Li
site of undoped and Mg-doped LiNg® From Table Il and
Fig. 5 of Ref. 9, showing the room-temperature values of the
quadrupole interaction df'Cd (—"Cd) and the tempera-
ture variation of the two quadrupole frequencies 8tCd
TheS, andC,, in Egs.(3) and(4) are numerically calculated (+*1in), respectively, the weighted average of quadrupole
for a given asymmetry parameter. It should be noted that fofrequency oft*'Cd (—!'!"Cd) at 4.2 K is estimated to be

2

1+ —

R Bwg 3

and

3
Gzz<t>=go Sn(7)cog wpt), &)

0o=0, 0,=6weCh(7) (N=1,23

for the case of'''™Cd. (4)
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30.33) Mrad/s, which essentially coincides with our value of 115 T
29.72) Mrad/s. Our n value of 0.08 is considered to be
eventually the same as thevalue of the main component in
Ref. 9, i.e., 0.1(2). This observation means that 0.5 mol%
Cd occupy the Li site of LiNb@and that the chemical for-
mula Lig g9sCdy 9oNbO; is justified.

Since the Li site has a three-fold symmetry axis, the
EFG’s at '*In and 1'Cd at the sites may provisionally be
expected to be axially symmetric. Hawedral. interpreted the
obtained nonzergy values as being due to the influence of
the considerable concentration of Nb vacancies in congruent ¢¢_
LiNbO3.° On the other hand, Catchest al. interpreted the 100#-—4)?‘ -
asymmetry of the EFG at®'Ta (—Hf) at the Li site in ' - s -
stoichiometric LiINbQ and LiTaQ, isostructural to LiNb@ 0 200 400 600
with Tc=938 K, using an order-disorder modélin both Temperature (K)
LINbO3 and LiTaQ, it was observed thap decreases from FIG. 3. Temperature dependence of the electric quadrupole fre-
the value of about 0.25 at room temperature to less than O-éluencwa of 1IN in Ligee:Cth 0gdNDO; (sOlid circles together
aboveT.. Catcheret al. considered that in the ferroelectric ith those of 'cd (—!in) (Ref. 9 (open circles and of "Li
phase some of the Li ions occupy the interstitial sit@sr-  (Ref. 15 (solid line) in LiNbO;. The dashed line represents the
mally vacant metal-ion sites in oxygen octahgdiad break temperature dependence 8§ at the Li site in LiNbQ calcu-
the axial symmetry of the Li site, whereas in the paraelectrigated by the point-charge model with no anisotropic vibration effect
phase equal occupancy of the normal and interstitial Li site$Refs. 9 and 15 The wq of ‘Li is scaled so as to be equal to our
gives effectively zero asymmetry of the EFG. The observa+!In data at 295 K.
tion by Haueret al. of the two electric quadrupole interac-
tions are consistent with this argument. As an additional \attice
cause of the nonzerg value, we consider that impurity " Ref. 9, room-temperaturvzz4 values4?r¢ corlrlpared
probe ions with the electric charges larger thah are dis- 2mong three lJDPACw probes,*’Sc  (—*Ti), *Cd
placed from the normal Li position and deform the surround-(— iin), and ***Ta (—**'Hf) (Ref. 14 all occupying the
ingsl as described later on. Li site of LINb03 The |V|Zazttlce] values are 27(3)

We now move to the discussion on the valency of In andX 107° V/m?, 3.1(5)x 107° V/im?, and 3.1(2) 10°° V/m?,

Cd in LiNbO,. We calculate the ratio of the electric quadru- respectively, for*“Sc, **'Cd, and'®Ta.® The value for**in
pole frequency of Yn to that of !cd, obtained in the present study is 3.4¢)0°° V/im? The un-
wQ(117|n)/wQ(111Cd), assuming that In and Cd exist as certainties in the parentheses include both the uncertainties

purely ionic states, fif and Cd", and are in the same lattice Of the quadrupole frequencieﬁ_ and the electric quadrupole
environment. Employing the phenomenological model ofmoments. These values of thg,“®s are remarkably similar
Sternheimef?V,, is expressed a¢,,= (1— 7..) V2 under  to each other. However, t¥'2"°9 value for ’Li in LiNbO4

zz

the former assumption. Herg!2°® is due to the charges on at room temperature, 0:710°° V/m? calculated from the

the lattice ions surrounding the probe atom noncubic sym-Li-NMR quadrupole coupling constaftt,is 4-5 times as
metrically. The quantityy.. is the Sternheimer antishielding small as those for the above TDPAC probes. The large dif-
factor representing the effect of the distortion of the closedference seen in the'* value is not ascribable to the ionic
shell electron distributions in the probe atom. The latter assize because the ionic radius of'Lat the octahedral site is

sumption means that2°ejs the same for both probe nuclei. 76 pm, which is among the ionic radii of c(74.5 pm),
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Then, Cd™ (95 pm), In*" (80 pm, and T&" (64 pm.? In the
TDPAC study of electric quadrupole interactions at the Ti

wo(*In) 10 Q(**In) 1—y..(*In) site in TiO, using the**'Cd (—**4n) and '#*Ta (—Hf)
wo(*'Cd) 3 Q(MMCd) 1— y..(Hica) (5) probes, where significant differences were found in the val-

ues ofV,, and %, and their temperature dependence, direc-
Using the calculated values 6f29.3 asy..(Cd) and—25.8  tjonal bonding effects on EFG were proposed to explain the
as 7..(In),"® |wg(*In)/ wo(**'Cd)| is evaluated to be 2.3, differences® However, in the present case where all the in-
where the value of..(In) was taken to be the average value volved atoms are ionic, a reasonable explanation would be
of 7..(Cd)=—29.3 andy..(Sn)= —22.3'* The observed ra- that the TDPAC probe ions, all with the electric charges
tio of 2.272) at 4.2 K agrees reasonably with the abovelarger than+1, cause a structural relaxation: they deform the
calculated value of 2.3. Putting it in another way, the valuessurroundings and are substantially displaced from the inher-
of Vit derived for *¥In and **'Cd by dividing the ob- ent Li position. This structural relaxation could also be a
served EFG's by the corresponding values of i, excel- cause of the nonzerg, described earlier. As seen in the
lently coincide with each other, i.e., 3.4(2)10°° V/m? and  decay of 1*'C* to In®", where no further observable
3.4(5)x 10?° V/Im?, respectively. We then consider that structural relaxation takes place, the TDPAC probes with the
when Y"Cd?* decays to'*In®", no observable structural electric charget2 and with+3 are considered to be in an
relaxation takes place, In and Cd being in the same latticessentially identical lattice environment.
environment, and that both In and Cd are predominantly In Fig. 3 is plotted thewq(T)/wq(0 K) value of 1
ionic, i.e., they have the identical electronic configuration. (—**'Cd) vs temperaturd, as solid circles. The electric
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quadrupole frequencw, of **In increases by about 15% than that of Li and the ionic bond betweer?inand G~ is

with increasing temperature in the range from 4.2 to 873 Kstronger than that betweenLand G~ In the case of®'Ta

In the figure is also shown, as open circles, the(—!®Hf) atthe Li site of LINbQ, the quadrupole frequency
0o(T)/ wg(0 K) for the weighted average of the tway's increases by only a few percent in the temperature range
of 1Cd (—*4n) obtained by Haueet al? Temperature from 295 to 1100 K!! different from the present case of
dependence obg of *In agrees with that of*'Cd in the 7. The mass of Ta is larger than that of In and, moreover,
range between 4.2 and 295 K. This agreement supports thRe ionic bond between & and G is stronger than that
above stated consideration on the Iatt|Ce enVironment angetween “’%Jr and df, resu|ting in essentia”y no anisotropic
valency of In and Cd. The dashed I|r_1e in the _flgure rePréyipration effect. Finally, we note that the, of 18174
sents thev(T)/ we(0 K_) calculated with the_ lattice param- (. 181y at the Li site of LiTaQ increases by about 11% as
eters based on the point charge mat€l This CSI7cuIat|on temperature increases from 295 K to ab@yt(=938 K).1!
reproduces the temperature dependenasgfor “In only For a better understanding of the observed temperature de-

117,
beIrO\;V rroorln t(:lmpdersitutre. ij\‘l? ?J fr lrrr]1 atlﬁovgz rohorg E?nm- A endence, the present study should be extended to measure-
perature clearly deviates upward 1rom the dashed fine. %ent of wg of ™n and **!Cd in LiNbO; and LiTaQ; at

discussed below, we consider that there is another cause H|gh temperatures

i i 117
mc':'erlaeSI?I?inuO;drulr:)lle coupling constaneQV,,/h, for Well-defined static electric quadrupole interactions were
4 P ping zz! observed at!'/In at the Li site in LINDQ employing the

LiINbO; between 297 and 953 K increases linearly as th :

temperature increases from 297 to 953°KThe solid line in eI;EqPL;Ae(;C;nwethgfd.1ll7:|:10vrcmt]h$];ogf1E?%sdonbgfhtrrfegsﬁigz?le
. Q ]

5'9' 3 represents the scaled temperature dependence of e, K, it is concluded that!In at the Li site in LiNbQ is
Li coupling constant. Obviously, the large gradient of the redominantly ionic in nature. It was observed thatdhgof

line cannot be explalned by thg changeg of th? lattice paranﬂnm increases about 15% with increasing temperature in the
eters. Halstead interpreted this large linear increase of the

) - ) range from 4.2 to 873 K, which is not explained only in
guadrupole coupling constant as being due to the anisotropic .
. : ) o erms of the temperature dependence of the lattice constants.
vibration of Li. We consider that the upward deviationaa§

of Win from the dashed line in Fig. 3 is also due to theThe steep increase above room temperature is most probably

. . . . . . l 3+
anisotropic vibration of In. There is a large difference be_f’:\scrlbed to an increase of anisotropic vibration &fin

tween the rates of change fdti and i as seen in Fig. 3. 'O

It implies that the effect of the anisotropic vibration is much  The authors wish to express their thanks to Y. limura of
smaller for In. We can qualitatively understand this differ- the Institute of Physical and Chemical ResedRHKEN) for
ence to be due to the fact that the mass of In is much largethe x-ray powder-pattern measurement.
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