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Electric-quadrupole interactions at *Cd in HfO, and ZrO,:
A perturbed angular correlation study
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The electric hyperfine interactions of implant&din/**'Cd probes in Hf@ and ZrQ, powder samples have
been measured by means of perturbed angular correl@®&€) spectroscopy, in the temperature range
between 15 K and 1273 K and at various oxygen pressures. In both oxides, several electric-field gradients
(EFG have been established that show pronounced similarities among the two oxides. The EFG having the
largest fraction at room temperature has been assigned to the substitutional, defect-free cation site. Its quad-
rupole frequencyro=112 MHz and asymmetry parameter=0.6, at 300 K, are almost identical in both
oxides. The scaling of this EFG relative to that found witfHf/*8'Ta probes in HfQ confirms the substitu-
tional site. EFG calculations with the point charge and the cluster model for this site are compared with each
other and with the data. The other EFG’s observed have been attributed to different charge states of oxygen
neighbor ions. Below 120 K, the spectra are strongly damped and indicate dynamic quadrupole interactions.
[S0163-182608)00323-3

l. INTRODUCTION Furthermore, the PAC experiment 0fi'Ta in monoclinic
ZrO, (Ref. 23 has given evidence for a very similar EFG

The present investigations of the hyperfine interactions ofhat, on the basis of the chemical and structural similarities
implanted **4in ions in monoclinic HfQ and ZrGQ, powder  between both compounds, was also attributed to the substi-
samples evolved from our systematic studies on the electrigutional cation site. In three of the experiments, additional
field gradients EFG'S and magnetic hyperfine fields in bi- EFG'’s were observett**The only PAC study ort*'Cd in
nary and ternary oxides, carried out with perturbed angulaZrOz known to us is the one by Gardnet al** who identi-
correlation (PAC) spectroscopy. Among the questions re-fied an asymmetric EFG witho =83 MHz at 1373 K, which
cently addressed are the conditions under which'fied IS 70 K below the monoclinic-to-tetragonal phase-transition
probe atoms, after implantation of the radioactiy®in  temperature. . _
mother activity and annealings of the samples, reach substh—quhfnCmOt'vat'ons. of the present detalled study with
tutional, defect-free cation sites and in what way the electric- n/~"Cd probes in both oxides were first to identify the

field gradients on these sites scale with the cation-oxygeEFG at the .subst|t.ut|onal site and to gpalyze its hyper_fme
bond lengths™ as predicted by the point charge model parameters in relation to those found forTa probe nuclei

N . . and to theoretical estimates from the point charge and the
(PCM in ionic compounds. Other questions raised were th%Iuster model. In addition we wanted t% measurg the EFG

suitability of the PAC method to study structural or magnencparameters over a large temperature range and to identify

phase transitions in oxid&s’ the detection of implantation- (and possibly interprgiother EFG's associated with defects.
induced or intrinsic defects;!? the role of after-effects in-

duced by the radioactive decay &in,'*'? and the possi-
bility to study thermally activated charge-transfer
reactions->1* For many of these problems, PAC proved ex- The powder samples of HfOhad purities of either
tremely useful to investigate the underlying structure or99.57% (with contents of 0.1% Zr@ and 0.01% AJO,,
mechanism, and to interpret them on an atomic scale. Fe,05, and TiQ) or 99.988%(with 0.01% ZrQ), while the
Very few PAC measurements have been carried out, howZrO, powder samples had 99.975% purity. X-ray diffraction
ever, in the monoclinic oxide structure typical for Hf@nd  and energy dispersive x-ray analysis were used to check the
ZrO, and only one with*4n/**'Cd probes. In this lattice, monoclinic structure and stoichiometries of the samples. The
there exists a single cation site, surrounded by seven oxygepowders were pressed into 0.5-mm-thick pellets of 4 mm
ions at distances between 0.20 and 0.23 nm. A considerabtéam at a pressure of some ‘1Ba. Thein activity was
number of measurements with th&Hf/*®Ta probe in HfQ  implanted at 400 keV ion energy and at a total dose of about
(Refs. 15—22has given a large fraction having an asymmet-10*2 ions, by means of the Gingen ion implanter
ric EFG with the quadrupole frequeney,=707-807 MHz.  IONAS?>%® The mass resolution of this implanter is good
By virtue of introducing the radioactive probes via thermalenough to select ions with mass numbkes111. As the
neutron capture leaving little radiation damage, this fractioimplanting system has n@ resolution, **Cd produced in
has been attributed to substitutional, defect-free cation sitethe 8 decay of *in before implantation also reached the

Il. EXPERIMENTAL PROCEDURE
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samples. The center of the tracer activity after implantation is TABLE I. Summary of experimental conditions during the PAC
at a depth of 70 nm, as estimated with the progmamves.?’ ~ measurements in HfO

After doping, the samples were annealed at 1643 K for about
4 h making sure that radiation damage was removed, whil&ample Measuring temperatufg, (K) Atmosphere

less than 10% of the activity diffused out of the samples. 1 15-325 10° Pa

The PAC experiments were performed with several setups 2 25400 10° Pa
of four Nal(Tl) detectors in 90° geometry, connected to 3 33203 10° Pa
slow-fast circuits. The measurements below 315 K were car- 4 203643 10° Pa
ried out in a high vacuum chamber equipped with a closed- 3
cycle helium cryostat(in the low-temperature range 5 293-724 103 Pa
Tm=12-160 K or a Peltier element T, =250-315 K. 6 293-970 10" Pa
Measurements up to 773 K were carried out in air or at 5 ' 254-313 _ ar
%1073 Pa vacuum conditions. A special high-temperature 8 293 and 1274 air and CO/G@nixture
PAC chamber, equipped with a heater made from pyrolytic ° 673-873 air
boron nitride with a buried graphite layer, reached tempera- 10 673-1173 air

11 873-1074 air

tures of up tolT,,=1273 K.
Each PAC spectrum can be characterized by the perturba=
tion functiorf®2°

pressure of each run. In order to check the results obtained in

R(t)=2[N(180° t)— N(90° t)]/[N(180° t)+ 2N(90° t)] the vgrious temperature ranges an.d.in order to study the'pos—
1) sible influence of the oxygen activity, several overlapping

runs have been carried out, both under identical measuring
conditions and for different oxygen activities or temperature
cycles. Figures 1 and 2 exhibit typical experimental and fit-
180° relative to each other ariddenotes the time interval €dR(t) functions and their Fourier transforms, which illus-
elapsed between detecting the 171-keV staray and the trate the evolution of the hyperfing interactions in this com-

245-keV stopy ray. These two radiations mark the times of pound. The parameters are listed in Table II. Up to about 100

population and decay of the 245-keV isomeric staté'ficd, K very weak oscillations_in _thR(t) functions are seen giv-
which has a mean lifetime df=123 ns. Most spectra have "9 T1S€ to a broadly distributed frequency spectrum. At

been fitted, by assumingtatic EFG’s and using the expres- 125 K, @& quadrupole frequency triplet EF@merges that
sion

and its Fourier transform Ad). Here N(@,t) denotes the
coincidence rate of two detectors positioned@at90° or

R(H)=AS"Sf,GH)(1). 2

Up to four fractionsf; (i=1—4) were necessary to achieve
good fits to the data, each fraction being characterized by its
perturbation factor,

3
Gh2(1)= 2, San(71)c0sGn( 1) vil)

X ext — (gn( 71) 61)*/2]d(Gn( ) vait, TR). (3)

Theith traceless EFG tensor is characterized by the quad- 008 T, =291K
rupole frequencyq;=eQW)/h and the asymmetry param- " 404
eter 7;= (V) —VW)/VY). The exponential damping factor

exd —(gn(7;) 8it)7/2] accounts for a Gaussian distribution of

—
—

A (o) [arb. units. ]

quadrupole frequencies aroumg; having a widths;. The 0.08 T —33K 8
function d(gn(7;) voit,7r) accounts for the damping of 0.04 "’
GY)(t) due to the final time resolutiong of the apparatus. . 4 W
For further details and the coefficient,, and g,, see 000 .
Refs. 28 and 29. Some of the strongly damped perturbation ©.08 T =356K e
functions were fitted with exponential functionR(t) 004
=AS"exp(—\t), where the damping constaktis a measure , 4
for the reciprocal fluctuation time of the relevant EEG. 000 |
0 100 200 300 g.o 02 04 06
IIl. RESULTS IN HFO , tlns] o [GHz]

Table | summarizes the PAC measurement conditions in  FIG. 1. PAC spectra and their Fourier transforms f&iCd in
HfO,, including the range of measuring temperatufgsand  HfO, measured at 15-356 K in vacuum.
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FIG. 2. PAC spectra and their Fourier transforms Cd in emperature [K]

HfO, measured at 443—-1274 K in air. FIG. 3. Temperature dependence of all fitted PAC parameters
for Cd in HfO,.

increases in sharpness and intensity up to about room tem-
perature. The frequency spectrum then becomes broader The temperature dependence of the relevant parameters is
again and, at 356 K, a new frequency triplet BFeEises that, symmarized in Fig. 3. We note moderate changes of the pa-
above 443 K up to 773 K, is accompanied by the We”'rametersVQi and#; , but strong variations of the fractioris
defined EFG At the very h.'gheSt temperatures g gistribution widths5; . For that reason, we have given, in
Tm:923_127.4 K’. a_nother wgll-defmed EfGsmall 5,) Table II, the EFG parameters at those measuring tempera-
fevg:\(ﬁr?’ Za\\//é?g IS|m|Iafr h¥perf|ni gpoe:’;ameters as EBed turesT,,, where the corresponding fractiofisare relatively

9 y large fraction of o large and the distribution widthg small.
In the temperature range,=600—1000 K, we noted ap-

TABLE II. Measured electric-field gradients f8#'Cd in HfO, preciable differences of some EFG parameters measured in

and Z1Q. vacuum(at 5x 102 Pa and in air. We therefore decided to
Sitei T (K)  vg; (MH2) - 5 (MHz)  f; (%) take few further runs in Which the oxygen activiO,)
=p(0,)/[p(0,)ai;] was adjusted by means of a CO/CO
HfO, mixture. According to the Boudouard equilibrium, the oxy-
1 254 1122) 0.573) 8(3) 7503 gen activity follows the relationship
2 254 1812) 0.393) 14(3)
970 1845) 0.424) 35(5)
3 313 1683) 0.303) 6(3) 109, 0a(0,) =2log, o[ p(CO,)/p(CO)]—29532 KI/T+9.188.
970 16%5) 0.424) 35(5) (4)
4 970 853) 0.654) 21(3)
1173 843) 0.71(4) ~3 89(3)
Zro, In the measuring cycle illustrated in Fig. 4, we took first
1 250 1122) 0.644) 9(4) 75(5) PAC spectra afl,=1274 K, a(0O,)=1 and a(0,)=3.9%
2 250 1903) 0.334) ~2 8(4) 1012 then turned to room temperature, returned to
673 18@3) 0.354) 5 305) Tm=1274 K, a(0,)=6x10 and again to room tempera-
3 373 16@3) 0.284) 2 45(5) ture. Figure 4 clearly shows that all spectra at 1274 K show
673 1683) 0.404) 5 32(5) well-defined EFG’s that are almost identical among them-
4 1173 823) 0.664) ~3 100 selves, but markedly differ from those taken at room tem-

perature. The two quadrupole interactions ER®Bd EFG
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FIG. 5. PAC spectra and their Fourier transforms ¥biCd in
FIG. 4. Dependence of the PAC spectra on the oxygen activityzr0, measured at 12—373 K in vacuum.
and temperature. The spectra were taken in consecutive order.

are thus well distinguishable amddependenbf the oxygen
activity; the transformation between them being reversible.

10 ZrO
IV. RESULTS IN ZrO ,

PAC measurements in ZyQvere carried out at tempera-
turesT,, in the range from 12 K to 1173 K. The samples of o0 T =573K 10
the runs up to 573 K were kept in vacuum and those above ir
a nitrogen atmosphere. The evolution of the perturbation °* ]
functionsR(t) and Fourier transformé(w) is very similar 000
to the case of HfQ as illustrated in Figs. 5 and 6. In Z30O
four EFG’s with nonvanishing quadrupole frequencies were
identified, in addition to a small fraction withg=0. The 3

14

o o

EFG parameters are summarized in Table Il, and their evo;
lution with the temperatur@,, is shown in Fig. 7.

The broadly distributed frequencies below 100 K are fol-
lowed by a well-defined EFGat 120—300 K(see Fig. 5 0.08 T =893K
with the fraction { reaching almost 80% at 250 K. As in the
case of HfQ, the interactions EF&and EFG appear in the
range T,,=370-900 K and have smalb values. Above
600 K, they decrease in intensity and give rise to ER&v-
ing hyperfine parameters very similar to those of EF&-
though the asymmetry parameter of this latter fraction equals ¢4 ‘ 10
71, its lower frequency,=80 MHz markedly differs from
the valuevq,; =112 MHz, typical in the low-temperature re- 0007y, 5
gime. Th(_e guadrupole parameters of EFEgree with those ) 5 5 % Ry Ry mm—
reported in Ref. 22 which were taken at 1373 K. The two t[ns] o[GHz]
frequenciesyg, andvq, are essentially constant in the tem-
perature ranges where they are well defined, nevertheless a FIG. 6. PAC spectra and their Fourier transforms f6iCd in
linear decrease with the temperature dependence can be f4rO, measured at 473-1173 K in air.

o

A (o) [arb. units. ]

-
(=]

0
0.08 T, =1173K 15
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100 710 . TABLE lll. Comparison of measured EFG’s fol¥'Ta and
T w0 . 6 ry, Hicd in HfO, and ZrG.
c 60 a®
S ¢ x . T (K) vo1 (MHz) 7 vo(*®'Ta)lvg(**'Cd)  Ref.
@
L g s o 8 B . 18T 4 in HfO,
0 0D o 77 80718) 0.353) 7.312) 15
200 o o o & o o 300 801 0.287) 7.2 16
— 160 X X x x %% 300 784 0.3616) 7.1 17
Lol ee s . 300 76211  0.37 6.92) 18
= * o« s oo . 300 627  0.36 5.6 19
> 40 300 7071) 0.3611) 6.4(1) 20
300 7896) 0.351) 7.1 21
. 2 300 7076) 0.343) 6.4(2) 22
’ 1173 720 0.49 8@) 22
O e . e in HiO,
06 ¢ ¢ 3
- i ¢ 254 1172) 0.592) present work
04 55 g2 8§ & mx 313 1112  0.609) "
0.2 1173 843) 0.71(4)
00 181Ta in Zro,
0 . —EFG 203 7226) 033 6.51) 21
- 0 = EFG1 1323 650 0.43 23
z % . = EFG2 111cd in zro,
— 2 { - 3 250 1122)  0.644) present work
10 a 1373 83 0.69 24
[m} ® [ ]
o i u] x, x. R M RR []
0 200 400 600 800 1000 1200
Temperature [ K ) vo=eQV,,/h. (5)

FIG. 7. Temperature dependence of all fitted PAC parameters Assuming that the largest EFG compon¥®ft is propor-
for *'Cd in ZrO,. tional to the lattice contributionV’3"(1—y.,), we expect
the ratio of quadrupole frequencies obo(*®'Ta)/

ted, as in the case of Hior both PAC probes, keeping in vo(**'Cd)=6.510), using the known gquadrupole moments
mind the larges; values in the transitional region. Q (*'Ta)=2.365) (b) andQ (**'Cd)=0.8313) (b),?® as
well as the Sternheimer factorg..(‘8Ta)=—68.12 and

Yo (F'Cd)=—-29.27%

V. DISCUSSION We first compare the measured EfFfer '!Cd in both

In spite of their high spatial resolution concerning theOxides with that for'®‘Ta. Table Ill summarizes these fre-

immediate neighborhood of the probe atoms and their powefluency ratiosvq, (**Ta)/vq,(*'Cd). The fact that all fre-

to clearly distinguish between various defect configurationsduency ratios are in good agreement with the predicted value
PAC measurements lack an intrinsic calibration of the hyperof 6.510) and that the quadrupole frequencies for both
fine fields, whenever the probe atom is an impurity, as it is inProbes agree with each other in both matrices, strongly sup-
the present study. Arguments of ion valences, preferred oxyPorts our conjecture that ER3ndeed, is related to probes at
gen coordinations, and cation-oxygen bond lengths and théndisturbed cation sites.

like are used to assign the site of the probe atoms. In favor- The main argument for identifying ERGvith EFG, is the
able cases, comparisons with intrinsic probe atoms, the rdxehavior of the fractions during reversible changes of the

sults of other hyperfine techniques or model calculationgneasuring temperatufg,, which is illustrated in Fig. 8. In
may help to solve this problem. the temperature range 300—-800 K up to 30% of the substi-

tutional *8Hf/ 8'Ta probes observe a change of their micro-
o o o surrounding Fig. 8@)],% giving rise to EFG. The PAC pa-
A. Substitutional cation site in the monoclinic lattice rameters of fractiori; give a frequency factor of 6(%) (see
We will first argue that both EFGand EFG refer to the  Table lll). The decrease of the substitutional fractibnis
same microsurrounding that we attribute to the substitumuch more dramatic fof*in/**'Cd probeqFigs. 8b) and
tional, defect-free cation site of the monoclinic lattice of 8(c)]: f; nearly completely disappears in favor of fractify
HfO, and ZrG. In a first step we inspect the PAC results which is observed witht8'Hf/ 18Ta probes, too, and of frac-
obtained in previous measurements WitiHf/*8'Ta probes: tion f,, seen only with**lin probes. In all three cases the
in HfO,, the radioactive mother isotog&'Hf surely is at the ~ decrease of ; starts around 300 K. An interpretation of the
cation site. In the spirit of the point charge modeCM) the  fractionsf, and f; as being due to trapped defects will be
EFG'’s obtained with different PAC probes should scale, acfurther discussed in Sec. V C.
cording to their quadrupole momer@sand Sternheimer fac- At this point we note that, for®Hf/8Ta in HfO,, the
tors v,,, via the relationship substitutional fractionf; recovers around 700 K and in-
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FIG. 9. Positions and nhomenclature of the seven oxygen atoms
that are the next neighbors to the cation Hf or Zr. The direction of
the axes of the unit cell are also given.
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predictions of the PCM performed by Bartos and
co-workers? and by Wiardaet al* has shown that the PCM
reproduces the asymmetry parameter on substitutional sites
whenever the cation-oxygen bond length excegs,~0.2
nm. The PCM calculations also reproduce the quadrupole
frequenciesq in the bixbyite 1n0; (where the!in probe
atoms are on lattice sites, of couyskut disagrees as to the
extent to which the bond length,.o deviates from the In-O
bond length. On the basis of the PCM, Bartos and
co-workers2 and Lupasciet al> have been able to refine the
. coordinates in bixbyite oxides to a precision of the order of
0 200 400 600 8OO 7000 1200 10 pm. Belowd,,.o~0.2 nm, the PCM was found to fif
Temperature [ K] pl)Icl)Cl:)ab_Iy due to local deformations induced_ by _the oversi_z_ed
YA d ion. A recent extensive PAC investigation by Attili
et al*2for *1Cd in ternary oxides of the delafossite structure
t('A“B:'”Oz) has given further evidence for these findings.
Figure 9 illustrates the oxygen coordinations of ¢dhd
Zr) in monoclinic HfO, (and ZrQ).3*34 There are two
groups of oxygen ions that have small differences in their
du.o values: grouga, Ib, Ic hasdy.0=0.203-0.217 nm,
RWhile grouplla—Ild hasdy.0=0.215-0.228 nm at room

Fraction [ % ]

FIG. 8. Comparison of the temperature dependence of the su
stitutional fractionf ; /f, and the defect fraction; andf, for **in
probes in HfQ and ZrQ, with '8Hf probes in HfQ. All lines are
given only to guide the eye.

creases to 100%. In spite of the scatter of the hyperfine p
ramet.ers at room temperatmsaee.Table I, we emphasize temperature. All bond lengths thus exceed the critical value
the slight decrease ol and the increase of, at 1173 K, dy.0=0.2 nm above which the PCM should work in ionic

. . . . M
:ﬁlatwe to the|r_ values at 300 K for both oxides. Glul'j?ed bY oxides. Table IV lists the measured and calculated EFG pa-
ese observations, we suggest that the fractigrier ~in/ rametersvg and » for both probes in both compounds, as-

11 ; -

.ICd in both HIQ gnd Z1G also denote the sub_stltutlonal suming the Sternheimer factors and quadrupole moments
site. Nevertheless, it has to be rem_arked that at high temperahoted above and extending the lattice sums over all ions
tures(1173 K) the frequency factor is found to be 816 (see \yithin 5 nm. The PCM underestimates the quadrupole fre-

Table IlI). quenciesvo; (81T4) and vou (**!cd) by a factor of 1.26—

Addit_io_nal support for our gssumption that EF@nd . 1.85 in both oxides. As often in PCM calculations the asym-
EFG, originate from the same site comes from PAC studlesmetry parameten, for 1*Cd in HfO, is perfectly predicted.

in CoO(Ref. 9 and NiO(Ref. 8 by Wenzel and co-workers. But while the measured asymmetry parameter in Zgin

At high temperatures, a large number of intrinsic point de- - ; :
fects has to be expected. However, these defects are nﬁfrfed agreement with that in Hfpthe PCM predicts a

- : uch smaller value for Zr® Such a discrepancy is quite
trapped for sufficiently Ior:g t'?ef at the pfrlobes fo generalq, . .al and we tried to find out which coordinates in the
static EFG’s. Consequently, the fast EFG fluctuations cancel .. ; : :
and the EFG of the unperturbed lattice remains. The EFG Sattice are responsible for it. It turned out that the coordinate

. - o . Tesponsible for the position of the three oxygen ivas|c
the highest tempergtures should therefore be identified wit hifts 7 between 0.2 and 0.8 if the value is exchanged be-
the unperturbed lattice.

tween HfQ and ZrQ. The coordinates used for calculating
the lattice sum have been determined using x-ray
B. Calculations of the lattice EFG in HfO, and ZrO, diffraction333* As the atomic numbers of Zr and O differ
strongly, the reflexes of O are hard to identify among the Zr
reflexes. We suggest that the O goordinate in the data set

A systematic comparison of measured electric-field gradiof ZrO, (Refs. 33 and 3Mis not correct. The smaller differ-
ents of 1Y1Cd probes in ionic binary metal oxides with the ence between the calculated and measured asymmetry pa-

1. Point charge model
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TABLE IV. Comparison of measured EFG'’s fd#'Ta and!'!Cd in HfO, and ZrGQ, with predictions of
cluster calculations and the point charge mo@RTM).

Cluster Calculation PCM Experiment
Vi 129 i v i vyr 7**P

System 10 Ccm2 (MHz) MHz MHz
181Ta in HfO, 12.61.0) 721(60) 0.91) 420 0.62 786) 0.351)
111cd in HfO, -3.11.0 62(20) 0.812) 65 0.62 110) 0.603)
181Ta in Zro, -12.92.1) 7360120 0.6(3) 564 0.19 7206) 0.33
111cd in zro, 89 0.19 1122) 0.644)

rameter»; in the case of*®Ta in both oxides is not ex- of (CdO,)2" is only —1.6. Consequently, ang priori as-
plained. sumption of the cluster charges is not possible.
The large value of the asymmetry parameteimplies
2. Cluster calculations that there are two components of the EFG, almost equal in

The theoretical basis for the electronic-structure calculafr’lmplm“Ide but with different sign. Since,yby definition is

tions is the self-consistent one-electron local-density formaI:[he largest component, a small change in lattice coordinates

ism in the Hartree-Fock-Slater model. This is solved with the &Y flip the sign as for Ta in HfPand ZrQ in Table IV.

discrete variational metho@®VM).35 Details of the method However, this change of sign is more likely due to the given
have been previously publisidnd only a short review of uncertainty of the calculations. The PAC experiments cannot

the numerical procedure is given here. A double variationafietermine the sign of the EFG.

basis was composed of numerically calculated neutral and _
ionized atoms. Core orbitals were frozen, i.e., the cores were 3. Comparison

only .present in 'Fhe_overlap matrix bgt not in the Hami!tonian The calculated main component of the Ta EFG’s agrees
matrix. No_mufﬁn tin or other spherical shape restrictions quuite well with the experimental values regarding that these
the potential was enforced and the Hedin-Lundqvist eXg|culations do not depend on any Sternheimer fagtor
change correlation potentfalwas adopted. From the ob- The PCM assumes a fully ionized Ta probe ion while the
tained wave functions the self-consistent charge depgity  cluster calculations show a considerable EFG contribution
was calculated and all the nine components of the EFG terfrom the valence electrons. However, this valence contribu-
sor (in atomic unitg: tion is often proportional to the lattice-ion EFG in the PCM
making ratios such as the asymmetry paramet@nore re-
31— 2 liable in the PCM. The cluster calculations here show too
Vii= —f p(r) —=——dr+V;; (nucleay (6) large» values. _
r The calculated Cd EFG is by almost a factor of 2 smaller
than the experimental value. A relaxation of the O sites
where the second term is a summation over the nuclear giround the Cd impurity probe ion may be expected and may
ionic pointlike charges with the same geometric weight fac-2lso be the reason for the discrepancy in the EFG. Different
tor as in the first term. Her¥;; refers to the cluster coordi- relaxed positions of the O ions were tested and changed the
nate system. After diagonalization the dominant EFG comEFG considerably. The values given in Table IV correspond
ponentV,, and the asymmetry parameter are obtained t0 unrelaxed O sites appropriate for the unperturbed host.
(Table IV). Nevertheless, the result support the site identification of the
The smallest possible clusters were used, Ta@ Cdg  main fraction of the PAC signal as being a substitutional site
(see Fig. 9 with interatomic distances appropriate for Hfo Without O vacancies.
and ZrQ, respectively. Point charge lattice summations
show that more than 80% of the EFG originate from these
seven nearest oxygen ions. The ionized clusters were embed-
ded in a charged, spherical shell to ensure a charge neutral As already mentioned in the previous section we attribute
system. A more accurate treatment would have been to enthe fractionsf, andf; to the trapping of defects close to the
bed the cluster in a pseudopotential appropriate for the ioniprobe on the cation site. The reasoning is based on the ob-
crystal. Instead calculations were performed for differentservation that 80—100% of the impurity prodé'in/**'Cd
cluster charges. The EFG’s listed in Table IV are the averagtrap such defectsf¢ andf,), whereas only 20% of the self-
values using (TaO)’~, (Ta0)% , (TaO,)" and atom ®Hf/*®Ta do so ;). Nevertheless, one has to realize
(Cd0O,)®, (Cd0O,) 0, (CdO,) 1?2, respectively. The uncer- that all samples had been well annealed at very high tem-
tainties, within parenthesis, represent half the maximum deperatures T,=1673 K): the defects are therefore likely to be
viation. The formal chemical valence of Taand & cor-  intrinsic ones. In the following we will use the notation of
respond to(Ta0;)?". However, a Mullike® population  Krlger/Vink*® X3 denotes an ioi or a vacancy X=V) on
analysis of the self-consistent wave functions gives®O the lattice site of the ioiZ in a perfect latticeY gives the
increasing to & for (Ta0,)'". Similarly, the O ionicity  effective charge, compared to the nominal charge on that

C. Defect EFG’s in HfO, and ZrO,
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TABLE V. PCM calculations of different effective charges on the oxygen next neighihbrisiteraction
frequencies are given in Mbiz

Eff. charge:+1 Eff. charge:+2

Position vq (PCM) 7 (PCM) L7 vg vq (PCM) n (PCM) L7 vq

Oyiq 219 0.28 372 391 0.16 665
O 203 0.23 345 383 0.13 651
Oi1c 164 0.28 279 318 0.16 541
Oila 154 0.71 262 308 0.36 524
Oip 193 0.28 328 401 0.15 682
Oia 202 0.52 343 403 0.26 685
Oip 83 0.45 141 103 0.33 175
Experiment: 0.32 168) 0.40 19@3)

lattice site. Positive effective charges are marked with pointslisturbs the octahedral coordination of oxygen ions around
(+), negative charges witH J; Y=x corresponds to a charge the 'in probe. Similar calculations have been made for
difference of zero. An electron hole is symbolized Hy both charge states of all 10 possible single cation vacancies

The most probable equilibrium defects in Hf@nd ZrG close to the probe. Only 3.out of 20 cases agree with one of
are either doubly charged oxygen vacandiés)” and mo-  the experimental frequencieg or vq,, but fail completely

bile electronse’, according to the reaction in the prediction of the experimental asymmetry parameter.
We conclude thavo; and vg, are probably caused by one
(037 )*=(Vo) ™" +2e' +1/20,, (7y  and two electron holes trapped at the oxygen igg @ext to
a probe atom.
or fully ionized cation vacancies/)"”' (M =Hf or Zr) and Finally, we discuss the reversible temperature behavior of
mobile electron hole&’, according to the reaction the two defect EFG’s. At high temperatures, the holes are not
trapped during the PAC observation time of 400 ns, but are
(M )+ 120, (V)" +4h*+ MO, . (8) trapped and released at a very high rate. A similar situation

has been described in detail by Wenzel, Uhrmacher, and
The mobile charge carriers are needed for charge compehieb for *in/*!Cd in CoO? In such a situation of a high
sation as both oxides only slightly deviate from fluctuation rate, the lattice EFG emerges and individual de-
stoichiometry’® In general, the concentration of both types fects are not observable any more. The behavior at tempera-
of equilibrium defects decreases at lower temperatures, bii#res below 300 K is less easily explained. One may assume
this effect is faster for the oxygen vacanc{és* Further- that at these temperatures other traps are more attractive for

more, the formation enthalpy for cation vacancies is only€l€ctron holes than the oxygen atonyOnext to the probe.

0.141) eV as compared to 1.6¥8) eV for oxygen

vacancied? Therefore, the presence of cation vacancies

seems to be most probable in the measured temperature The low-temperature behavior of the observed PAC spec-

range 300—800 K. In reactia®) the electron holes are much tra in HfG, and ZrG as shown in Figs. 1 and 5 was not

more mobile compared to ionic vacancies, and we expedfivestigated in great detail. The spectra up to 120 K are

mainly electron holes to be trapped close to the probes. Strongly damped and have been fitted assuming a broad fre-
We have tried to model the observed defect EFG’s usingluéncy distribution aroundq,. In HfO, the width 6, in-

the PCM. Since the EFG is only sensitive to the charge atc'€ases up to 40 MHz at the lowest temperaflife=15 K.

tached to a certain lattice site, one cannot distinguish be©n the other hand, at this temperature one might identify in

: Fourier spectra a new frequency trigdee Fig. 1, indi-
tween a charged oxygen vacancy or a differently charge(TJhe. :
oxygen ion. Using the above-mentioned arguments we Caﬁatmg another EFG. Strong damping at low temperatures and

culated the defect EFG’s by localizing one or two electronthe reappearance of.defined frequencies at low temperatures
oles 1 one ofthe nexneghbor oxygen ons, The calcu TN Ol cele L Bl a A Oy L 10,
Iatc_ad va_llues:/Q (PCM) and 7 .(PCM). are given in Table V. dynamical hyperfine interactions related to the electron cap-
In its third columnvq (PCM) is multiplied by the factor 1.7 ty d ' );[1)1]1 ! Id ¢ II ilability of elect i P
found in the calculation of the substitutional site. Although ure klecayto trr: ant b?éﬂC%W ?vatu a ”ﬁ’ ﬁ Svec rons to
there is only one substitutional cation site in the monoclinicf[qhulc y :es oref € s_la h electron Sfé;d' ebpg?pqse
lattice, the low lattice symmetry causes different EFG’s for & existence of similar phenomena in H d probably in
charged defects on each different oxygen ion. Most calcu-zroZ’ too, but the present data are not sufficient for further
lated values are by far too large as compared to the experﬁnalys's'
mental values obq; andvg,. Only for the atom @, do the

calculated values ofg (PCM) and » (PCM) match the data

for the two assumed charge states. It is surprising that just The most prominent result of the present PAC study with
one site should be favored, but it is this oxygen site that''in/*'iCd probes implanted into monoclinic, polycrystal-

D. Low-temperature behavior of the PAC spectra

VI. CONCLUSIONS
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line HfO, and ZrQ is that, after the high-temperature an- number of rather severe discrepancies, in particular, the
nealings, all'*iin atoms appear to reside on substitutionalstrong deviations of the predictegivalues for'*'Cd in ZrG,
cation sites. The EFG parameters measured at room temperand for 8'Ta in both compounds, as well as the obvious
ture for this siteyg;=1122) MHz, 1,=0.623), are in per-  decrease of the quadrupole frequencies by 25%, which oc-
fect agreement in both compounds and highlight the identicaturs in both**in-doped oxides around 600 K. As the PCM
crystallographic structure. Measurements performed in theften has been found to reproduce the asymmetry of the EFG
intermediate temperature range from 300 to 900 K evidenceth ionic oxides, we argue that the different PCM predictions
two further EFG’s that we attribute to defective environ- of this quantity in the two oxides may either be due to errors
ments. We have presented some arguments that they may pethe determination of the position of the oxygen iduim
connected with the trapping and detrapping of one or two,_ray diffraction analysis or to slight distortions of the oxy-
electron holes at the site of that oxygen neightfyi,) that  gen coordination by the impurities. Refined x-ray or neutron
most disturbs the octahedral symmetry around #n  giffraction measurements would be useful to clarify this
%Obe- One similar fraction was previously found in noint |n addition, the cluster calculations indicate that both
'Hf-PAC experiments in Hf@ with only up to 30% in  qxides show a fair amount of covalent bondifup to 20%,

intensity, besides the substitutional defect-free site. There aighich sheds some doubt on the validity of the PCM calcu-
indications of dynamic hyperfine interactions below 120 K. |5tions.

The measured EFG parameters for substitutioltaCd
have been compared with that found f6¥Ta*8'Hf probes
in both oxides and with predictions of the PCM and the
cluster model. With regard to th&'Ta probes, the PCM
reproduces well the measured frequency ratio of17.in The authors are indebted to Dr. L. Ziegeler and D. Pur-
HfO, and 6.%1) in ZrO,, respectively, as well as the asym- schke for their help in preparing the samples and implanting
metry parametety; =0.62 for 1*1Cd in HfO,. The 20—-40% the *n activity. J.L. thanks the Physics Department of the
deviations of the predicted quadrupole frequencies for bottniversity of Uppsala for the hospitality extended to him
probe nuclei in both compounds must also be regarded asduring his visit. This work has been supported by Deutsche
fair success of the PCM. There are, on the other hand, Borschungsgemeinschdtti325/2).

ACKNOWLEDGMENTS

1A. Bartos, D. Wiarda, M. Uhrmacher, and K. P. Lieb, Phys. Lett. 7Y. Yeshurun and B. Arad, J. Phy&=rancé 7, 430(1974.

A 157, 513(199)); Hyperfine InteracB0, 953 (1993. 184, Barfuss, G. Bhnlein, H. Hohenstein, W. Kreische, H. Niedrig,
2A. Bartos, K. P. Lieb, M. Uhrmacher, and D. Wiarda, Acta Crys-  H. Appel, R. Heidinger, J. Raudies, G. Then, and W.-G. Thies,
tallogr., Sect. B: Struct. Sc#9, 165 (1993. Z. Phys. B47, 99 (1982.
°D. Lupascu, A. Bartos, K. P. Lieb, and M. Uhrmacher, Z. Phys. B19A_ Baudry, P. Boyer, and P. Vulliet, Hyperfine Interats, 263
93, 441 (1994. (1983.
4 - ; .
D. Wiarda, M. Uhrmacher, A. Bartos, and K. P. Lieb, J. Phys.:20g kojicki, M. Manasijevic, and B. Cekic, Hyperfine Interat4,
Condens. Matteb, 4111(1993. 105 (1983.
52 Inglot, K. P. Lieb, M. Uhrmacher, T. Wenzel, and D. Wiarda, 2101 ¢. Caracoche. J. A. Martinez. P. C. Rivas. and A. Lopez-
Z. Phys. B87, 323(1992. Garcia, Hyperfine Interacg9, 117 (1988.

6D. Wiarda, T. Wenzel, M. Uhrmacher, and K. P. Lieb, J. Phys.zzA
Chem. Solids53, 1199(1992. .

M. Uhrmacher, R. N. Attili, K. P. Lieb, K. Winzer, and M.
Mekata, Phys. Rev. Let¥6, 4829(1996.

8T. Wenzel, M. Uhrmacher, and K. P. Lieb, Philos. Mag.72,

Ayala, R. Alonso, and A. Lopez-Garcia, Phys. Rev.5B,
3547(1994).

M. C. Caracoche, M. T. Dova, A. R. Lopez-Garcia, J. A. Mar-
tinez, and P. C. Rivas, Hyperfine Interag®, 117 (1988.

243. A. Gardner, H. Jaeger, H. T. Su, W. H. Warnes, and J. C.

1099 (1995. ,
°T. Wenzel, K. P. Lieb, and M. Uhrmacher, J. Phys. Chem. Solids25 Haygarth, Physica B.50, 223 (1988. )
55, 683 (1994. M. Uhrmacher, K. Pampus, F. J. Bergmeister, D. Purschke, and
10Th. Wichert, Hyperfine Interacll5/16 355 (1983. K. P. Lieb, Nucl. Instrum. Methods Phys. Res9B234 (1985.
1p, Lupascu, S. Habenicht, K. P. Lieb, M. Neubauer, M. Uhrma-2°M. Uhrmacher, M. Neubauer, W. Bolse, L. Ziegeler, and K. P.
Cher’ and T. WenzeL Phys Rev.33, 871(1996 Lieb, Nucl. Instrum. Methods PhyS Res.(B) be publlshe}i
125 Habenicht, D. Lupascu, M. Uhrmacher, L. Ziegeler, and K. P.>’J. P. BiersacKprivate communication
Lieb, Z. Phys. B101, 187 (1996. %8G, schatz and A. WeidingeNuclear Solid State PhysicwViley,
LA, F. Pasquevich, M. Uhrmacher, L. Ziegeler, and K. P. Lieb, New York, 1996.
Phys. Rev. B48, 10 052(1993. 2H. Frauenfelder and R. M. Steffen, pha, Beta and Gamma-
M. Neubauer, A. Bartos, K. P. Lieb, D. Lupascu, M. Uhrmacher, Ray Spectroscop{North-Holland, Amsterdam, 1965
and T. Wenzel, Europhys. Le®9, 175(1995. 30R. M. Sternheimer, Phys. Rev. & 1702(1972.
15, Gerdau, J. Wolf, H. Winkler, and J. Braunsfurth, Proc. R. Soc3'T. Wenzel, A. Bartos, K. P. Lieb, M. Uhrmacher, and D. Wiarda,
London, Ser. A311, 197 (1969. Ann. Phys.(Leipzig) 1, 155 (1994).

6p R. Gardner and W. V. Prestwich, Can. J. Ph48, 1430  32N. Attili, M. Uhrmacher, K. P. Lieb, L. Ziegeler, M. Mekata, and
(1970. E. Schwarzmann, Phys. Rev.33, 600 (1996.



57 ELECTRIC-QUADRUPOLE INTERACTIONS ATHCd . .. 15281

33R. Ruh and P. W. R. Corfield, J. Am. Ceram. S68.126(1970.  “°P. Kofstad, inHigh Temperature CorrosioriElsevier Applied
34R. E. Hann, P. R. Suitch, and J. L. Pentecost, J. Am. Ceram. Soc. Science, New York, 1988

68, C-285(1985. 41p, Kofstad and D. J. Ruzicka, J. Electrochem. Sbt0, 181
35D. E. Ellis and G. S. Painter, Phys. Rev.282887(1970). (1963.
36B. Lindgren, Phys. Rev. B4, 648(1986. 423. Xue and R. Dieckmann, Adv. Ceram. Mat24, 106 (1993.
371, Hedin and B. I. Lundqvist, J. Phys. & 2064 (1972). 43H. Solmon, J. Chaumont, C. Dolin, and C. Monty, Adv. Ceram.
38R. S. Mulliken, J. Chem. Phy23, 1833(1955. Mater. 24, 12 (1993.

39F, A. Kroger and H. J. Vink, Solid State Phy3. 307 (1956. 443, Xue, J. Electrochem. Sot38 36C (1991).



