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The time-differential perturbed-angular-correlation technique is applied to study the hyperfine in-
teraction of !''In atoms in stannic oxide. Two different preparation procedures were employed to
obtain high-purity samples. With both of them two static quadrupole interactions are observed,
characterized at room temperature by the parameters w;=31.1 Mrad/s, 1,=0.45; 0,=14.3
Mrad/s, 17,=0.65. The temperature dependence of the hyperfine interaction is studied from 17 to
1173 K. The origin of the measured interactions is analyzed and assigned to probe atoms substitu-
tionally replacing Sn with singly and doubly ionized oxygen vacancies as near neighbors.

I. INTRODUCTION

Many nuclear-physics methods have been used to elu-
cidate details of solid-state systems on a microscopic lev-
el. In this context, hyperfine-interaction techniques,
(NMR, nuclear orientation, M0ssbauer spectroscopy,
perturbed angular correlation, muon-spin rotation) have
been increasingly applied to study metals, alloys, and,
more recently, semiconductor compounds.

The applicability of the time-differential perturbed-
angular-correlation (TDPAC) method to systems with ex-
tremely low concentration of impurities (probe atoms) is
important because the single-atom counting of this tech-
nique, in combination with the highly localized sensitivi-
ty, permits detailed investigations. The technique is sen-
sitive to any static or fluctuating extranuclear field and
provides information concerning crystal structure, charge
density symmetry, charge exchange mechanisms, and
other characteristics of the compound, at the precise site
of the impurity.

Although much work has been done, there are still
many open questions, such as, for example, the correla-
tion between the magnitude of the observed electric field
gradient (efg) and the charge carrier density, or dynamic
effects of electronic relaxation of the probe on the mea-
sured angular correlation, which occurs if the probe de-
cays through electron capture (EC).

In this context, we have applied the TDPAC technique
to study stannic oxide which is, in its undoped form, an
n-type, wide-gap semiconductor. Various specific and
unique properties of this material make it very useful in
many applications. Polycrystalline thin films and ceram-
ics of SnO, have been extensively used for production of
resistors. Conducting SnO, films are well known as
transparent electrodes.? SnO, films are also used as
transparent heating elements® for production of transis-
tors,*> for transparent antistatic coatings,® and other
parts in electric equipment where transparency is re-
quired.

Because of its practical importance, an increasing
amount of work has been done on crystals and films of
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SnO, in recent years. Although a great deal of expermen-
tal research has been carried out on the electrical and op-
tical properties of single crystals, thin films, and sintered
SnO,, many questions concerning the basic properties of
this compound still remain open.

Preliminary results of our TDPAC investigations of
SnO, using '''In as probes have been presented else-
where.” Two static quadrupole interactions were found
in those measurements revealing the existence of two
different sites for In in the sample, but no conclusive as-
signments could be made for those interactions. Our in-
vestigation of the temperature dependence of the
hyperfine interaction was not conclusive, either, concern-
ing the existence of a fluctuating interaction originating
in the electronic relaxation consecutive to the electron
capture decay of the radiative probe (In—Cd). This in-
teraction is usually called “after effects.”

Nearly simultaneously, Wolf and co-workers® reported
a TDPAC study of SnO, also using !''In probes. TFhey
found a single quadrupole frequency assigned to probe
atoms at substitutional Sn sites. They stated that the
temperature dependence of the fraction of probes exposed
to this efg reveals the presence of after effects. In a subse-
quent report,” using SnO, powder with higher impurity
concentration, the same group found spectra similar to
ours and stated that in this case the Cd atoms formed
pairs with other impurities and that this caused the ap-
pearance of more than one efg.

It is the purpose of this paper to present all our further
investigations consistently in a series of TDPAC mea-
surements (17-1173 K) of three highly pure stannic oxide
samples, obtained through different preparation pro-
cedures.

II. EXPERIMENTAL

A. Experimental technique and data reduction

The TDPAC measurements were made using the well-
known 173-247 keV y-y cascade in '''Cd created via
electron capture by '''In with a 2.8-d half-life. A conven-
tional automatic two-detector apparatus with one INa(T1)
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and one CsF scintillator was employed.

Details of the experimental technique can be found in
Ref. 10. The R (t) ratios were determined from the ex-
perimental data by

N(180°%¢t)—N(90°¢)

R()=2180".1) 12N (90°.1)

~ A4,G,(1) . (1)

Theoretical perturbation factors of the form 4,G,(1),
folded with the measured time-resolution curve (full
width at half maximum 2.4 ns) were fitted to the experi-
mental R (t) ratio.

The proposed perturbation factors, corresponding to
static quadrupole interaction, were of the form

Galt= 3 1, 3 S0

t l‘l.'
‘cos(w, t), ()
n;=0 !

where f; are the relative fractions of nuclei that experi-
ence a given perturbation. The frequencies o, are related
by o,=F,(n)oy to the quadrupole frequency
wQ—eQVz,27r/4Oh The F, and S, are known func-
tions'! of the axial asymmetry parameter 7 defined by
n=(V,,—V,,)/V,, where V;; are the principal com-
ponents of the efg tensor. The exponential function ac-
counts for a Lorentzian frequency distribution of relative
width 8 around w,,.

B. Sample preparation

Two different kinds of samples were prepared.

Sample 1. Commercially obtained carrier-free '''InCl,
was dropped onto 99.999% pure Sn foils. The active Sn
foil was melted at 290°C in Ar, then the resulting pellet
was rolled down to 20 um and oxidized at 210°C for 20 h
in air. Finally, it was reoxidized at 830°C for 2 h in air.
A Mossbauer measurement was performed on the white-
yellow powder resulting. The spectrum obtained shows
the SnO, characteristic hyperfine interaction.

Sample 2. Commercially obtained '''InCl; was
dropped onto high purity SnO, powder, kindly provided
by Renn and co-workers. It was dried using an infrared
lamp and finally was heated in order to diffuse the activi-
ty at 1000 °C during 1.5 h in air, sample 2a. An addition-
al TDPAC sample was prepared in the same way but
heated at 1000°C during 1.5 h in Ar (120 Torr), sample
2b.

C. Stannic oxide: general remarks

SnO, crystallizes with the tetragonal rutile structure,
space group D)} (P4,/mnm).'> The unit cell contains
six atoms, two tin and four oxygen as illustrated in Fig. 1.
Each tin atom is at the center of six oxygen atoms ap-
proximately at the corners of a regular octahedron, and
every oxygen atom is surrounded by three tin atoms ap-
proximately at the corners of an equilateral triangle. The
lattice parameters‘2 are a =b=4.737 A and ¢=3.186 A
The ionic radii for 0>~ and Sn** are 1.40 A and 0.71 A,
respectively.

Stannic oxide is a broadband semiconductor with an

FIG. 1. Left: The atomic arrangement in the tetragonal unit
of SnO, projected on the basal plane, c; the small circles
represent tin atoms. Right: A drawing to show the way the
atoms of SnO, pack together if they are given their expected
ionic sizes. The large spheres are the oxygen ions. Numbers in-
side the circles mean distance to the basal plane in percent of
the ¢ parameter.

energy gap of around 4 eV and an s-character conducting
band."?

The nature of the defect structure of pure SnO, is not
completely elucidated yet. Although both doubly ionized
oxygen vacancies and interstitial tin ions have been pro-
posed, and either one is possible, it is generally accepted
that oxygen vacancies predominate as native disor-
der. 1415

The electrical properties of single crystals are well un-
derstood, and the properties of SnO, powder are similar
to those of single crystals.

The results of conductivity measurements, performed
on samples of purity comparable to those used in the
present work, show three different regions,'® namely: re-
gion I in a temperature range 130-300 K; region II from
10 to 130 K, and region III from 4.2 to 10 K. In the first
region the resistivity increases with increasing tempera-
ture, while in the last two regions the resistivity decreases
with increasing temperature. Above 300 K the conduc-
tivity changes by the equation o =(const) 7~!. The in-
vestigation of the electrical properties of stannic oxide re-
ported in the literature reveals that the complicated tem-
perature dependence of conductivity in pure SnO, crys-
tals is mainly due to the different temperature depen-
dence of the conduction electron concentration and the
charge carrier mobility, both related to the native defects
of the semiconductor (oxygen vacancies and interstitial
tin atoms). It is interesting that in the temperature range
from 4.2 to about 130 K the conductivity varies by 9 or-
ders of magnitude. Thus, pure SnO, crystals can be ei-
ther a good insulator at very low temperatures or a good
conductor at a temperature of about 130 K.

III. RESULTS AND DISCUSSION

The TDPAC measurements performed with sample 1
in the temperature range 17-1073 K are shown in Fig. 2.
A strong damping is the main feature of the spectra taken
at temperatures from 17 to 773 K. At higher tempera-
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FIG. 2. TDPAC spectra of '!'In in sample 1 of SnO, taken at 0 500 1000 T(K)

the indicated measuring temperatures. Full lines show the re-
sults of least-square fits of Eq. (2) to the data with the hyperfine
parameters quoted in Table I.

tures, a well-defined oscillatory pattern is noticeable. We
also show a second room temperature spectrum [see (a) in
Table I], taken at the end of the sequence of measure-
ments, which indicates the reversibility of the processes
responsible for the temperature evolution of the spectra.
No change in the experimental anisotropy was observed
in the studied temperature range.

Although from crystalline structure considerations (see
Sec. II C) only one static electric quadrupole hyperfine in-
teraction should be expected for In atoms substitutionally
replacing Sn in the lattice, our best fits, which reproduce

FIG. 3. Temperature dependence of the hyperfine parameters
measured in SnO,, sample 1. Vertical bars take into account
statistical and fitting-procedure errors.

the experimental data quite well (see full lines in Fig. 2),
reveal the existence of two different sites for In probes in
the sample. The hyperfine parameters obtained in this fit
are quoted in Table I and displayed in Fig. 3.

A different temperature dependence of the parameters
characterizing the two interactions is observed.

Site 1. At low temperatures, the highest fraction of
probes (f) is exposed to a hyperfine interaction charac-
terized by a quadrupole frequency @, =30 Mrad/s and an
asymmetry parameter 77, =0.45. There is a strong depen-

TABLE 1. Fitted hyperfine parameters of the TDPAC spectra taken with sample 1. The results of a second RT measurement (a),
performed at the end of the sequence are also shown, demonstrating the reversibility of the processes. When no errors are given, this

means that the parameter was kept fixed.

Site I Site II
T fi Do, 8 fa @o, 8,
(K) (%) (Mrad/s) m (%) (%) (Mrad/s) 7, (%)
17 100129 31.0+4.7 0.33+0.14 48+13
150 98+3 26.5+0.6 0.41 46+4 2+2 20.4+0.6 0.57+0.06 0+6
300 84+6 31.1+0.9 0.45+0.04 152 16+6 14.3+0.6 0.65 7+6
523 78+13 35.4+2.0 0.46x0.06 23+5 22+11 17.6x1.1 0.65 16+10
773 7010 36.1+1.7 0.50 22+6 30£5 21.0+£0.2 0.50+0.02 4+1
1073 4617 32.3%+1.1 0.60+0.04 12+3 54+4 18.4+0.1 0.16+0.02 2+1
300(a) 75+7 32.5+0.8 0.40+0.04 12£2 2519 14.3 0.66%0.05 106
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dence on the temperature as observed for the fraction f,.
It decreases from around 100% at low temperatures to
less than 50% at 1073 K.

Site II. The complement of site I constitutes In probes
in site II. It is characterized by a temperature-
independent frequency of w,=18 Mrad/s and an asym-
metry parameter 1), which remains constant around 0.65
from 17 up to 523 K and strongly decreases for higher
temperatures down to 0.16 at 1073 K. The fraction of
probes f, exposed to this interaction, which is nearly
zero at low temperatures, increases up to more than 50%
at the highest measured temperature.

The small frequency distribution 8, remains always
lower than the corresponding &, of site I which varies
from 40% to 15%.

The characteristics of the two quadrupole interactions
described above do not allow a direct assignment of ei-
ther of them to a particular site in the perfect stannic ox-
ide lattice. In fact, a point charge calculation predicts an
asymmetry parameter of 0.17 for the efg in the substitu-
tional cation site. We find such an asymmetry parameter
at high temperatures for site II. One could then be
tempted to assign site II to probes substitutionally replac-
ing Sn in the lattice, supposing that the misalignment of
the ionic radii produces a distortion which is released
only with the lattice thermal expansion at high tempera-
tures. But this hypothesis cannot explain the tempera-
ture dependence of the fraction f, which should remain
constant.

A low quadrupole frequency in the range 15-20
Mrad/s, with an asymmetry parameter between 0.6 and
0.7 (as we find in site II up to 523 K) has been observed in
the internal oxidation of very small concentration of indi-
um in a silver matrix'”!® arising from the oxidation of in-
dium atoms, and in perturbed-angular-correlation studies
of several oxides.!~23 In all cases this interaction was
assigned to In-O, clusters, where the number of In and O
atoms, the details of coordination between them, and the
size of the clusters could not be determined. But in none
of these previous studies was a change in the 7 value of
this interaction detected, in contrast to the decrease we
observe for 7, (from 0.6 to 0.16 at T'> 500 K).

Furthermore, the reversible variation with temperature
of the fraction of site II cannot be explained in this pic-
ture. Hence, we do not believe that the interaction in site
II can be assigned to the existence of In-O, clusters.

Another important fact can be the cause of the mea-
sured hyperfine interactions; this is the native disorder.
As we mentioned in Sec. II C, oxygen vacancies are gen-
erally considered to be predominant in SnO,. The donor
levels related to these defects have been measured by
several authors (see the review article of Ref. 16), and
they range between 0.03 eV for the shallow level and 0.15
eV for the second donor level. Due to the shallow energy
level, the first donor level should be ionized in the studied
temperature region while the second level should ionize
with increasing temperature.

Since the charge imbalance introduced by the presence
of In** probes may relieved by the creation of oxygen va-
cancies, it is possible that during oxidation, oxygen va-
cancies will be created as In near neighbors. A similar

effect has been found in Zn-doped sintered stannic ox-
ide.?* Also, from ionic radii considerations (0.81 A for
In’>* and 0.71 A for Sn*") it is apparent that indium
atoms will have lower energies on Sn sites with an oxygen
vacancy as near neighbor. Thus, the two measured
hyperfine frequencies could arise from the interaction of
the probe atoms with singly-ionized and doubly-ionized
oxygen vacancies as near neighbors. At low tempera-
tures, most of these vacancies are singly ionized giving
rise to the interaction in site I. With increasing tempera-
ture, the ionization of the second donor level would cor-
respond to the interaction of probes with doubly ionized
oxygen vacancies. Since the intensity of both interactions
ought to be related to the native defect thermal equilibri-
um, the reversibility observed in our measurements
favors the above-mentioned hypothesis.

Unfortunately, it is not possible to check this assign-
ment since there are no previous measurements nor
theoretical predictions of hyperfine interactions with such
point defects in this compound to compare with our re-
sults. The point charge model cannot be used in this case
since the atomic coordinates, modified by the presence of
oxygen vacancies, are not known.

We have analyzed the temperature dependence of the
fraction f, supposing that it is directly related to the
number of doubly ionized defects. A function of the form

f cexp—(E, /2kT) (3)

fitted to our f, data (see full line in Fig. 4) leads to an en-
ergy of the second donor level of 0.10£0.02 eV, which is
consistent with previous measurements.'>?

Considering the temperature dependence of the
hyperfine parameters, the small variation of the quadru-
pole frequencies can be due to thermal expansion of the
crystalline lattice. This would also cause the more im-

Inf
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FIG. 4. Relative intensity of the fraction of probes located in
site IT as a function of temperature. Vertical bars take into ac-
count statistical and fitting-procedure errors. The full line
shows the fit of Eq. (3) to the data.



24 BIBILONI, DESIMONI, MASSOLO, AND RENTERIA 38

portant change observed in the asymmetry parameters
which are much more sensitive to symmetry distortions.
As we said before, no exact calculation can be done in or-
der to prove this statement. Nevertheless, due to the low
oxygen vacancies concentration, the effect of the crystal
thermal expansion on the hyperfine parameters can be
qualitatively checked using the point charge model as-
suming the expansion of the perfect crystal lattice. We
performed a series of calculations separately expanding
the principal axis of the unit cell. This shows that even a
slight expansion of 1% in any of these leads to a 75%
variation of the 7 value; meanwhile the calculated efg
only varies 15%. The calculations also show that a con-
tinuous expansion in the a, axis leads to a nonmonoto-
nous variation of the asymmetry parameters.

Although an important increase in the conductivity is
known to take place in the studied temperature range,
this is not supposed to produce an important change in
the measured efg due to the s character of the conduction
band."

We have performed measurements at room tempera-
ture and high temperatures using sample 2 (a and b),
where the indium activity was diffused in air and an ar-
gon atmosphere, respectively. We have not found any
difference in the hyperfine interaction originated in the
sample preparation. The same two static quadrupole in-
teractions discussed above are present in the whole tem-
perature range. We show in Fig. 5 a typical spectrum at
high temperatures where the oscillatory pattern is best
defined.

The similarity of results obtained with sample 2a and b
shows that the measured interactions cannot originate in
the diffusing process of the activity. In particular, the
possibility of the formation of In-O, clusters in the sur-
face may be discarded.

On the other hand, although a change in the defect
concentration is to be expected in both samples due to
the different annealing atmospheres,'® our results indicate
that in both cases the number of oxygen vacancies is

R(t)

-0.1

0.0

t(nsd

FIG. 5. Typical TDPAC spectrum of !''In in sample 2 of
SnO, taken at 1173 K. Full line shows the result of a least-
square fit of Eq. (2) to the data with the following parameters;
f1=56%8 %, »,;=30.6+£2.0 Mrad/s, 17,=0.93 (fixed in this fit),
5,=34+8%; f,=44+t4%, w,=18.7+0.1 Mrad/s, 1,=0.16
+0.03, §,=3%1%.

larger than the probe concentration. If not, a third in-
teraction should appear in the TDPAC spectra, corre-
sponding to probes substitutionally replacing tin in per-
fect lattice sites.

The fact that the same two interactions have been ob-
served using sample 1, sample 2, and one prepared with a
less pure tin metal (99.95%, see Ref. 7), indicates that the
measured hyperfine interaction can be associated neither
with the nature nor with the concentration of impurities
in the sample.

As we mentioned in the Introduction, nearly simul-
taneously with the publication of the preliminary results
of this investigation,” Wolf et al. reported a TDPAC
measurement on ZnO and SnO,.® They find only one
quadrupole frequency of 19 Mrad/s with =0.1 in the
whole temperature range (4-1170 K). However, the frac-
tion of probe atoms f; which are exposed to this efg de-
pends on temperature, increasing from 25% at 4 K to
70% at temperatures above 1000 K. They assign this in-
teraction to In probes located at substitutional Sn sites
and do not give any explanation for the rest of the probes
that seem to be unperturbed. They claim that the tem-
perature dependence of the fraction f reveals the decay
aftereffects. The fact that in a hydrogen-doped sample
they find a faster increase of the fraction f with tempera-
ture seems to confirm their hypothesis.

In a further investigation®’ using SnO, powder with an
impurity concentration a factor of 100 higher than in the
sample referred to above, the same authors find spectra
very similar to ours and state that in this case the Cd
atoms form pairs with other impurities and that this
causes the appearance of more than one efg. Neverthe-
less, our results are in disagreement with this explana-
tion. In fact, using the high-purity powder provided by
these authors, we have also found the same two interac-
tions which are not related to the impurity concentration.

In order to check the existence of a fluctuating interac-
tion arising from the decay aftereffects, we have fitted all
our spectra with a theoretical perturbation factor includ-
ing an exponential term. In none of our spectra did we
observe an improvement of the fits using this theoretical
function; therefore we find that there is no evidence of
the presence of any time-dependent interaction in our
samples.

We do not find any explanation for the discrepancy be-
tween our results and the ones reported by Wolf et al.
Probably a combination of native defects and the pres-
ence of contaminants is at the origin of this discrepancy.

IV. SUMMARY AND CONCLUSIONS

The TDPAC technique has been applied to study the
hyperfine interaction of !''In probes in stannic oxide.
High-purity samples have been used, obtained by two
different preparation procedures: sample 1, introducing
the activity in a 99.999% tin metal foil subsequently oxi-
dized and sample 2, diffusing the In activity in 99.999%
SnO, powder.

With both types of samples we have found two static
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quadrupole interactions which we assign to In probes
substitutionally replacing Sn with an oxygen vacancy as
near neighbor. Site I: The interaction of probes with
singly ionized oxygen vacancies as near neighbors is
characterized by a quadrupole frequency of around 30
Mrad/s and 7 varying from 0.4 to 0.6. Site II: The in-
teraction characterized by a quadrupole frequency
around 19 Mrad/s and 7 varying from 0.65 to 0.16 is re-
lated to a doubly ionized oxygen vacancy.

Both frequencies remain nearly constant in the studied
temperature range (17-1173 K) as expected taking into
account the s character of the conduction band of this
semiconductor.

The variation of the asymmetry parameter of both sites
is attributed to the thermal expansion of the crystalline
lattice.

In this interpretation, the ionization of the second
donor level introduced by the defects is responsible for
the evolution with temperature of the measured relative
intensities. The temperature dependence of the fraction

of probes interacting with ionized oxygen vacancies leads
to an energy level of 0.1010.02 eV consistent with previ-
ous measurements.

We have not found in our investigation any evidence of
the existence of a time-dependent interaction arising from
the decay after effects.
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