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The time dependence of Feb? chemical charge states in sources of Cus0, MgO, and Al;O3 doped with
Co® has been studied by means of the Méssbauer effect. Charge states of Fel*, Fe2t, Fe3*, and Fet* resulting
from the K-capture decay of the Co® have been detected. Delayed-coincidence measurements showed no
time dependence of the relative peak intensities of these charge states. A time-dependent narrowing of the
resonance lines is observed which is not ascribable to “time filtering”’ alone. The isomer shifts of the different
valence states are discussed in terms of 3d-electron shielding.

I. INTRODUCTION

HE technique of the Mdssbauer effect (ME) has
been used in a wide variety of solid-state experi-
ments designed to study various electric, magnetic,
chemical, and lattice-dynamic properties of atoms
embedded in solids. It is particularly suitable for ex-
amining the properties of dilute impurities by introduc-
ing their radioactive parents into host lattices.

In a number of ME experiments, using Co%, 1%,
and Sm'%®® embedded in different chemical compounds,
multiple emission lines have been observed."° These
emission lines are usually interpreted in terms of
ionization states resulting from the preceding K-capture
and Auger processes. The results of several coincidence
experiments looking for a time dependence of these
charge states have appeared previously.? On the
time scales available in these experiments, no time-
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dependent effects were observed in the intensities of
these multiple emission lines, which were not ascribable
to the “time filtering”®® introduced by the coincidence
technique itself.

We present here a study of the time and temperature
dependence of the Fe’” chemical charge states resulting
from the K-capture decay of Co® in Cu0, MgO,
and Al;O3. The results of this study support previous
interpretations and extend our understanding of the
origins and nature of such multiple charge states.

II. EXPERIMENTAL DETAILS

The Méossbauer spectra of oxides doped with Cob7
were studied at room temperature as a function of the
delay time following the population of the 14.4-keV
Mossbauer level in Fe®”. The technique of combining
delayed-coincidence methods with the Mossbauer effect
has been described earlier.!t:*? A time-to-amplitude con-
verter, coupled with four single-channel analyzers, is
used in combination with a multichannel analyzer in the
sampling mode to record Mdssbauer spectra of v rays
emitted during selected time intervals following the
population of the 14.4-keV Mossbauer level. The time
intervals selected by the four single-channel analyzers
are indicated in Fig. 1, which shows a typical coincidence
spectrum of the 14.4-keV level of Fe®” with the half-
life of 100 nsec. The time scale for the measurements is
limited through this half-life.

Additional Méssbauer spectra of sources of Co% in
Cus0 were recorded without time information, with the
sources held at various temperatures. Standard cryo-
stats were used to cool the sources of Cu.O. The
elevated temperatures were obtained by attaching the
sources to a copper plate heated by current flowing
through heating wires. The spectra were then recorded

BF. J. Lynch, R. E. Holland, and M: Hamermesh, Phys.
Rev. 120, 513 (1960).
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Fic. 1. A typical delayed-coincidence curve for the 14.4-keV
v ray of Fed’, gated by the 122-keV v ray preceding it. A prompt
curve shows the resolution of the apparatus to be about 20 nsec.
The time intervals used in the coincidence studies are indicated.

with the multichannel analyzer in the multiscaling
mode.

The Co%" was doped into Cus0, MgO, and Al;Qj,
where it should be chemically stable in the 14,
24, and 3+ valence state, respectively, if located
at substitutional lattice sites. The MgO and Cu,O
sources were prepared by heating Mg(NOg)s and
Cu(NOj)s, to which Co%Cl; has been added, in an
argon atmosphere. The MgO and two CuxO sources
[called CusO(coinc) and CuzO(1000) hereafter] were
reduced for 4 h at 1000°C, one CusO source was re-
duced for 4 h at 1250°C, [called CusO (1250) hereafter.]
The resulting white (MgO) and red (Cu,O) powders
were packaged in sample holders of lucite for the
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F16. 2. Delayed-coincidence Méossbauer spectra of Co¥ in
Cuz0. The source was prepared at 1000°C, and the spectra were
taken at room temperature with a single-line absorber of
K Fe(CN)s- 3H,0. The spectrum at the top is without coincidence
The delay-time intervals used are (in nsec) (I) 200-340, (II)
120-200, (III) 50-120, and (IV) 4-50. The dashed lines are an
unfolding of the spectra into time-filtered components.
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F16. 3. Mossbauer spectra of Co® in Cu;0. The source was
prepared at 1250°C. The spectra were taken against a single-line
absorber of Na,Fe(CN)g-10H,0, with the source at the tempera-
tures indicated.

coincidence experiments, and in airtight aluminum
holders in an argon atmosphere for the variable tem-
perature measurements. Parts of these radioactive
samples were investigated by x-ray goniometer tech-
niques. No diffraction peaks not ascribable to the cubic
structures of MgO and CuxO were observed. For the
preparation of Al:O; we started with very pure Al
dissolved in HCl to which trivalent Co%" atoms had
been added (Co®* was obtained by oxidizing CoCl,
to CoCl,). As the solution became basic, the aluminum
hydroxide together with the radioactive Co% was
precipitated and was separated from the solution.
About 509, of the Co%” remained in the solution. The
hydroxide was converted into Al;O; (white powder)
by heating in an argon atmosphere at 1000°C for 4 h.
The x-ray analysis demonstrated the expected crystal
structure of the sample, confirming that no macro-
scopic distortion of the lattice had taken place.
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F16. 4. Temperature dependence of the resonant fraction f
of the Felt, Fe?*, and Fe?+ peaks in the Mossbauer spectra, of Co8?
in Cuy0 prepared at 1250°C. The straight lines are high-tempera-
ture fits for the Debye temperatures of 250430, 600200, and
(250+30) °K, respectively.
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TaBLE L Isomer shifts (relative to iron metal), intensities, and quadrupole splittings observed for valence states observed for iron in
various host lattices. Within the experimental error of about 5%, no intensity changes are observed in the various time intervals.

Valence state

Host Tem
lattice Studies (°K) Experimental parameter Fett Ferr Fest+ Fett
Cu,0 Coincidence 298 Isomer shift (mm/sec) —2.0140.05 —0.7740.03 -+0.1440.03 -1.14+0.03
Relative intensity 0.17 0.32 0.42 0.09
Prepared at 1000°C 298 Isomer shift (mm/sec) —1.854+0.10 —0.444+0.10 +0.32+0.10 +1.14+0.20
Relative intensity 0.19 0.27 0.47 0.07
Prepared at 1250°C 11.5  Isomer shift (mm/sec) —2.13 —0.75 +0.38
f factor 4.29, 1.229, 5.7%
298 Isomer shift (mm/sec) (meas)® —2.00 —0.64 +0.41
Isomer shift (mm/sec) (extrap)®* —2.00£0.10 —0.64+£0.10 +0.57+40.10
f factor 2.8% 1.09%, 4.29,
524 Isomer shift (mm/sec) —1.54 —0.37 +0.40
f factor 1.719, 1.159%, 2.3%,
783 Isomer shift (mm/sec) —1.12 —0.22 +0.51
f factor 0.93% 0.99%, 1.55%,
Debye temperature (°K) 250430 6004200 250+30
MgO Coincidence 298 Isomer shift (mm/sec) —1.2540.03 —0.414-0.03
Relative intensity 0.48 0.52
Al,O3 Coincidence 298 Isomer shift (mm/sec) —1.104+0.03 —0.37+0.03 +0.604-0.03
Relative intensity 0.30 0.47 0.23
%egQ (mm/sec) 1.09 0.54 0.44

a Isomer shift (meas) is the experimentally determined isomer shift at room temperature ;isomer shift (extrap) is the isomer shift extrapolated from the

11.5°K value by correcting for the second-order Doppler shift.

III. EXPERIMENTAL RESULTS
A. Co® in Cu,0

The delayed-coincidence spectra of a Co%-in-CuO
source prepared at 1000°C [labeled CusO(coinc)] are
shown in Fig. 2. A single-line absorber of K Fe(CN)e
3,0 was used. The spectrum at the top was taken
without coincidence and represents a time-averaged
spectrum, which looks rather smeared. Through the
effect of time filtering,’®:* we obtained in the spectra I
and IT several well-resolved peaks of different intensity.
From their isomer shifts these were interpreted as being
due to iron in the 14, 24, 34, and 4+ chemical
valence states. With the isomer shifts thus determined,
the spectrum without coincidence and the spectra III
and IV were decomposed. The broadening through time
effects was taken into account by taking the line shapes
from analogous spectra of a source of Co%” in Cu versus
the same single-line absorber. The isomer shifts (rela-
tive to iron metal) and the relative intensities of these
resonances are shown in Table I.

Figure 3 shows the temperature dependence of the
Mossbauer spectrum of the CusO source prepared at
1250°C. A single-line absorber of NasFe(CN)g- 10H0
was used. The relative intensities and isomer shifts
(relative to iron metal) of the resulting Felt, Fe*,
and Fe3t resonances are recorded in Table I, and are
shown, respectively, in Figs. 4 and 5. The observed
effects in the resonance spectra were temperature
reversible. The intensities in Fig. 4 are fitted to the
high-temperature approximation!® for the Debye-

4 C. S. Wy, Y. K. Lee, N. Benczer-Koller, and P. C. Simms,
Phys. Rev. Letters 5, 432 (1960).
13 R. H. Herber and G. K. Wertheim, in The Missbauer Effect,

Waller factor f:
Inf=C+6E,T/k0p?, ¢))

where C is a constant, E, is the recoil energy, 7" is the
temperature, and ©p is the Debye temperature. We
find Debye temperatures of 250430°K, 6004-200°K,
and 250430°K, respectively, for the 14, 2+, and 3
resonances.

Figure 6 shows the temperature dependence of the
Mossbauer spectrum of the Cus0(1000) source. A
single-line absorber of NasFe(CN)s-10H:O was used.
Again the temperature effects were reversible. The
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Fic. 5. Temperature dependence of the resonant velocities of
the Fel*, Fe*t, and Fe3* peaks in the Mgssbauer spectra of Co®?
in Cu;0O prepared at 1250°C. The dashed lines are fits of the data
to the second-order Doppler-shift equation for the Debye tem-
peratures of 250, 600, and 250°K, respectively.

edited by D. M. J. Compton and A. Schoen (Wiley-Interscience,
Inc., New York, 1962), p. 105.
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F16. 6. Mossbauer spectra of Co%” in CuyO. The source was
prepared at 1000°C. The spectra were taken against a single-line
absorber of NaFe(CN)s- 10H.0, with the source at the tempera-
tures indicated.

absolute intensities of the Fe*, Fe*) Fe*t, and Fett
resonance peaks are shown in Fig. 7 as a function of the
temperature. The room-temperature values of the
absolute intensities and the isomer shift (relative to
iron metal) are shown in Table I.

B. Co*” in MgO

Figure 8 shows the time-dependent Mdssbauer
spectra of Co® in MgO, against a single-line absorber of
K Fe(CN)g-3H:0, taken at room temperature. Only
the two valence states Fe?* and Fe’t were observed.
Table I presents the isomer shift (relative to iron
metal) and the relative peak intensities of these reso-
nance peaks. Again no time dependence of the peak
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F16. 7. Temperature dependence of the resonant fraction f
of the Fel*, Fe?*, Fedt and Fett peaks in the Mossbauer spectra
of Co® in Cu,O prepared at 1000°C.

W. TRIFTSHAUSER AND D.

SCHROEER 187

No Coincidence

90}~ Co in MgO
Room Temperature

100 S
+ X * _
o5 I \Y 200-340 nsec _|

90}~ J
1007

95 120-200 nsec

90 j-
100

Relative Count Rate (%)

95 -1 50-120 nsec

i T

p Fed o lFe | |

0 K
Velocity (mm/sec)

Fi16. 8. Delayed-coincidence Mssbauer spectra of Co®” in MgO.
The spectra were taken at room temperature with a single-line
absorber of K Fe(CN)g-3H:0. The spectrum at the top is taken
without coincidence. The delay-time intervals used are (in nsec)
(I) 200-340, (IT) 120-200, (III) 50-120, and (IV) 4-50. The
dashed lines are an unfolding of the spectra into time-filtered
components.

intensities was observed for the various delay-time
intervals.

C. Co* in A1203

Figure 9 shows the results of time-dependent mea-
surements with the source of Co%” in Al;O; and a single-
line absorber of K4 Fe(CN)s-3H;0. The three charge
states Fe*t) Fe’t, and Fe'* were observed, with no

[ Co® in AL Oy
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Relative Count Rate (%)
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Fic. 9. Delayed-coincidence Méssbauer spectra of Co% in
AlLOs. The spectra were taken at room temperature with a single-
line absorber of K4Fe(CN)g-10H,0. The spectrum at the top is
taken without coincidence. The delay-time intervals used are
(in nsec) (I) 200-340, (II) 120-200, (III) 50-120, and (IV)
4-50. The dashed lines are an unfolding of the spectra into time-
filtered components.
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time dependence of the relative peak intensities. The
spectra taken with the delay-time intervals 1 (200-340
nsec) and II (120-200 nsec) clearly indicate a
quadrupole splitting of each resonance peak. The
isomer shifts relative to iron metal, the relative in-
tensities, and the quadrupole splittings of these reso-
nance peaks are shown in Table I.

IV. DISCUSSION AND CONCLUSIONS
A. Time Dependence of Spectra

The delayed-coincidence spectra of Figs. 2, 8, and 9
show the time dependence observed earlier.' As
indicated in these earlier papers,’® this broadening is
due to the time filtering according to the Heisenberg
uncertainty principle. However, the following question
arises: The natural linewidth (2I') for the 14.4-keV
Feb” Mossbauer level is 0.19 mm/sec. For example,
while the resonance lines for the Cu20(coinc) source in
the time-averaged spectrum are about 1.0 mm/sec
wide, the absorber linewidth (with a Co%-in-Cu source)
is only 0.28 mm/sec. This indicates that the larger part
of the resonance line broadening is not due to absorber
thickness. If this broadening is due to time-independent
source inhomogeneities, then no time filtering of this
broadening would be expected. Yet it is experimentally
observed in our spectra. The linewidth for the CusO-
(coinc)-source spectrum taken in the delay interval I
(200-340 nsec) is about 0.6 mm/sec wide. This narrow-
ing of 0.4 mm/sec is far beyond that expected from
any conceivable reduction of the natural linewidth due
to the Heisenberg uncertainty principle. For the MgO
and Aly,O; sources, similar excessively large narrowing
is observed, although the effect is not quite as pro-
nounced. If part of the source line broadening is due
to relaxation phenomena, this part could be reduced by
time filtering. Relaxation phenomena, which might
cause these effects, include the excitation of localized
lattice vibrational modes, temporary changes in atomic
force constants, higher charge states, and atomic
states which produce appreciably different quadrupole
splittings in the excited and equilibrium states, etc.®
Through the K-capture and the subsequent Auger
processes, any or all of these phenomena may occur;
from these experiments it is not possible to distinguish
among the various possibilities. The observation of the
time-dependent narrowing indicates that the relaxa-
tion phenomena die out on a time scale comparable to
the nuclear lifetime of the resonant level. The occurrence
of such relaxation phenomena is intimately connected
with the microscopic stoichiometry around the decaying
atom, and with the strength of the bonding and hence
the Debye temperature.?

Except for this time-dependent narrowing, the
Mossbauer spectra for each of the sources studied are

16 J. G. Dash and R. H. Nussbaum, Phys. Rev. Letters 16,
567 (1966).

CHARGE STATES IN Co%"-DOPED OXIDES

495

identical for the various delay times. Within the ex-
perimental error of about 5%, the relative intensities
of the various iron charge states resulting from the
K-capture decay of the Co%" atoms doped into these
oxides are time-independent during the time interval
of 5-340 nsec following the population of the 14.4-keV
Maéssbauer level. These results are in agreement with
earlier measurements? on other compounds. They
support the conclusion that, especially in oxides con-
taining cation vacancies or excess oxygen, chemical
valence states higher and/or lower than the chemical
equilibrium state can be stabilized. They are apparently
established in less than 5X 107 sec, and they can exist
longer than 3X1077 sec (and are possibly stable), as
indicated by their constant intensity within the lower
and upper limits of our time resolution.

B. Co* in CuO

The x-ray analyses of the various sources in each case
indicate the appropriate macroscopic crystal structure.
However, the ME samples the microscopic surroundings
of the emitting Mdssbauer nucleus, and these are
apparently quite different depending on source prepara-
tion. The emission spectra of the oxides doped with Co®”
each exhibit several resonance peaks. The four reso-
nances for the CusO(coinc) and Cu,O(1000) sources
(both prepared at 1000°C) are interpreted as being due
to Felt, Fe*t, Felt) and Fe*t, as indicated in Figs. 2
and 6. The three resonance peaks in the spectrum of
Cuz0(1250) are interpreted analogously as Fe't, Fe*t,
and Fe*t, as indicated in Fig. 3.

These charge-state assignments are made on the
basis of the isomer shifts and their temperature de-
pendence as well as on the basis of the valences expected
from the chemical preparation. The Fe*t and Fe*t
isomer shifts at room temperature agree with those
usually observed for such states and indicate a 4s-elec-
tron admixture of x=229, as determined from the
Walker-Wertheim-Jaccarino diagram!” of Fig. 10. In
Figs. 2, 6, and 7 the Fe!* and Fe** resonances would
be expected to fall to the left of the Fe** resonance
and to the right of the Fe’* resonance, respectively, in
agreement with our interpretation. There does, how-
ever, exist the possibility that the observed peaks are in
reality halves of quadrupole splittings of the Fe*t and
Felt resonance, respectively, with the other halves
hidden, respectively, under the Fe** or Fe?* resonance.
This possibility is rejected for the 34- state because the
experimental splitting would have to be about 2 mm/sec
wide to fit Figs. 2 and 6, whereas the quadrupole split-
tings of Fe** jons are typically of the order of 0.5
mm/sec.’®!% For the Fe** resonance, this quadrupole-

17 L. R. Walker, G. K. Wertheim, and V. Jaccarino, Phys. Rev.
Letters 6, 98 (1961).

18W. Kerler and W. Neuwirth, Z. Physik 167, 176 (1962).

1 H, Wegener, Der Missbauer Effekt und seine Anwendung in
Physik und Chemie (Bibliographisches Institut Mannheim,
Mannheim, Germany, 1966), p. 144.
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F16. 10. A Walker-Wertheim-Jaccarino plot of the Fe’? isomer
shift versus 4s-electron density for various 3d-electron configura-
tions (Refs. 17 and 32). The isomer shifts are relative to Fe metal
(note the reversal of the scale as compared to Table I to allow
comparison with absorber experiments). The present data are
plotted with the dashed vertical lines indicating equal covalent
bonding. The dashed inclined lines show the experimental be-
havior for the Fe'* and Fe*t jons as opposed to the theoretically
calculated solid lines.

splitting possibility is rejected because the expected
temperature dependence of an Fe*t quadrupole splitting
is not observed. Typical quadrupole splittings at
low temperatures for divaleni iron ions are about
3 mm/sec,’® in agreement with the value calculated
from the equation!®

Av(Fert, T'— 0)=F(2/7) 1 —R) (€Q/E){r*)s
=3.1 mm/sec, (2)

with the values of R=0.42 for the atomic Sternheimer
factor, (r3)=35X10% cm?, E=14.4 keV, and 0=0.18
X1072¢ cm?. To fit the data of Figs. 2, 3, and 6, the
splitting of the Fe*t state at 11.5°K would have to be
about 2.2 mm/sec, small compared to the typical
values. As the temperature increases, the spacing be-
tween the Fe* and Fe** peaks does decrease, just as a
quadrupole-split Fe** doublet would; and this decrease
is reversible. However, the decrease is approximately
linear with temperature between 128 and 350°C, and
then appears to level off at yet higher temperatures.
In contrast, the quadrupole splitting of an Fe?* ion
collapses much more abruptly as the temperature in-
creases, since exponential Boltzmann factors control
the population of the relevant crystal field states.!

The temperature dependences of the isomer shifts of
the Felt and Fe®*t peaks are not explainable solely on the
basis of the second-order Doppler shift. Figure 5 shows
the isomer-shift data for the CuyO(1250) source fitted
at low temperatures with Debye temperatures of 250,
600, and 250°K for the Fe't, Fe*t, and Fe?** resonances,
respectively, using the formula for the second-order
Doppler shift of Pound and Rebka.? At high tempera-

2 R. V. Pound and G. A. Rebka, Jr., Phys. Rev. Letters 4, 274
(1960).
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tures the shifts of the Fe'* and Fe?*t peaks are too large
to be so fitted. We suggest that these temperature-
dependent isomer shifts are due to changes in the nature
of the chemical bonding with temperature. There are
two possibilities. (a) The bonding may become more
covalent with increasing temperature. The shift of
about 0.5 mm/sec over and above the second-order
Doppler shift for the Fe'* resonance peak would cor-
respond to an increase in 4s-electron density of about
309, (see Fig. 10). (b) These shifts could be due to
changes in the number of 3d electrons. For the Felt
peak a decrease of about 0.5 3d electrons would be
sufficient to explain the shift. The first possibility seems
unlikely, as it would require the nature of the chemical
bond of the Fel* and Fe*t state to be very much dif-
ferent from that of the other Fe states in the CuxO.
The second possibility appears to be not unreasonable.
At elevated temperatures, the mobility of electrons (and
hence the electron shell overlap) increases, so that it is
quite possible for one of the 3d electrons of the Iel*
ion to be partially (increasing with temperature)
shared with some neighboring atoms around a vacancy.
For the Fe** ion a similar mechanism might operate to
increase the effective shielding of the 3d electrons.
Vorobev and Karkhanin? have stated that in CugO
samples associated groups of lattice defects (Cu*
vacancies) exist which dissociate into single vacancies
during illumination with light and increasing tempera-
ture, so that the effective number of vacancies is in-
creased. The Felt and Fet peaks in the Cu,0(1000)
source are shifted in the direction observed at the higher
temperatures for the CuyO(1250) source. This supports
the argument that these shifts are due to defects,
since the Cus0(1000) source is expected to contain
more defects.

For all of these reasons, we assume that the two outer
peaks in the Cuz0(1000) spectrum af low temperatures
correspond to Fe'* and Fe* ions with the same 4s-elec-
tron admixture as those of the Fe** and Fe®*t ions. The
values used in the discussion are extrapolated to room
temperatures by correcting for the second-order Doppler
shift.

The relative intensities of the various resonance peaks
support our multiple-valence-states interpretation. In
the CuyO samples either one monovalent copper atom
may be replaced substitutionally by a monovalent
radioactive Co®” atom, or else two copper atoms may be
replaced by one divalent cobalt atom, which may or may
not be on a regular lattice site. Higher valence should
not exist @ priori, i.e., before the electron-capture decay.
The replacement of two Cult atoms by one Co?* atom
produces vacancies in the neighborhood of the decaying
atom. These holes, together with the lower oxygen
density in CusO, might be favorable for stabilizing
higher-energy charge states, as has been suggested

2 Yu. V. Vorobev and Yu. I. Karkhanin, Fiz. Tverd. Tela 7,

1865 (1965) [English transl.: Soviet Phys.—Solid State 7, 1500
(1965) ], and references cited therein.
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earlier for CoO doped with Co%".12 The occurrence of
the Fe! resonance peak is therefore not surprising, and
the low Debye temperature Op(1+)=250°K of this
resonance indicates that it is substitutional, as expected.
The high Debye temperature ©p(2+)=600°K of the
Fe?* resonance indicates that this is an interstititial ion.
The Fe3* resonance with its low Debye temperature of
Op(3+) =250°K appears to be substitutional, and must
be stabilized by neighboring defects. The origin of the
Fe*t resonance is not clear, but it must involve stabiliza-
tion by some defects.

The preparation temperature of 1250°C for the
Cu30(1250) source is high enough to liquify the source.
We would expect this treatment to increase the prob-
ability of Co®" entering the lattice substitutionally, and
to reduce the number of defects present in the lattice.
This expectation is consistent with the observation that
the substitutional Fel* peak is enhanced in the Cu:O-
(1250) source, while the interstitial and defect stabi-
lized Fe?* and Fe*t resonance peaks are suppressed.

Figure 7 shows the temperature dependence of the
intensities of the four resonances in the Méssbauer
spectra of the Cu 0 (1000) source. This figure indicates
a reversible interchange between the various valence
states, similar to the observed in CoQ.%?%2 In particular,
the Fe** and Fe*t peaks increase with temperature.
This indicates that perhaps part of the reason for the
indicated high Debye temperature of the Fe** state in
the Cu0 (1250) source might be some conversion of one
of the other valence state into the divalent state. How-
ever, the isomer shifts, as a function of the temperature
for the Fe?* state in the same source, do fit the
Op=600°K second-order Doppler-shift curve. In the
case of CoO, two interpretations were offered for the
reversible interconversion between Fe** and Fe?t
valence states. Ok and Mullen” suggested that there
exist two different physical phases of CoO, one with
bulk properties showing only the Fe?* resonance, and
one with a half-vacant lattice showing only the Fe¥t+
resonance. The interchange between the di- and tri-
valent iron is then due to interchanges between these
two phases. Triftshiuser and Craig,” on the other hand,
interpreted the interconversion as being due to the in-
creasing mobility of the vacancies. This results at higher
temperature in an increased stabilization of the Fe’t
charge state. In this case of Co%” in CuO, more than
two ionic states are involved in the interconversion.
Since it seems unlikely that there are four physically
different phases of Cuy0O, all showing the same x-ray
patterns, the charge-stabilization theory appears to be
the more satisfactory one, insofar as it can explain both
the CoO and the Cu;0 data.

C. Co% in MgO

In the case of Co%" in MgO, the two valence states
Fe** and Fe** were observed (Fig. 8) in contrast to

2H. N. Ok and J. G. Mullen, Phys. Rev. 168, 550 (1968).
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measurements published previously where Fe't ap-
peared additionally.®® Three valence states were also
observed for Co%” in CaQ.2 The lattice structure of CaO
and MgO is the same (fcc), and therefore the Co%”
should enter the MgO exclusively as a divalent sub-
stitutional atom. However, in MgO both di- and
trivalent iron atoms can be stabilized.?5:26

D. Co% in A1203

The emission spectra of the AlyO; doped with Co%7
show three quadrupole-split resonances, which we
interpret as due to Fe?*, Fe*t, and Fe*" ions in noncubic
surroundings, as indicated in Fig. 9. Most of the
preparation of Co%-doped Al;O; in the past has been
carried out by diffusing divalent cobalt atoms into the
AlyO; lattice. Then it is found?s:?” that they occur in the
lattice only in the divalent state, but both in substitu-
tional and interstitial lattice sites. Because of charge
compensation, these two sites should be occupied in the
ratio of one interstitial to two substitutional atoms, so
that three divalent Co atoms replace two trivalent Al
atoms.?® On the other hand, it is known that iron
enters Al;O; only as a trivalent substitutional atom.?
For the preparation of our sample we started with tri-
valent cobalt atoms, and therefore the probability of
obtaining substitutional Co**atoms should be enhanced.
In agreement therefore with Wertheim et al.,*® we in-
terpret the Fe?* resonance as arising from interstitial
divalent cobalt atoms and the Fe*t resonance as arising
from substitutional divalent and trivalent cobalt atoms.
We cannot determine whether the Fet states are pro-
duced from interstitial or substitutional cobalt atoms,
but one would expect them to originate from trivalent
substitutional cobalt atoms. The observed quadrupole
splittings in Fig. 8 are consistent with our valence-state
assignments. The 3d-electron shell of the Fe** ion is
exactly half-filled, so that the electric field gradient
(EFG) at the site of the nucleus is due only to that pro-
duced by the crystalline electric field. It consequently
leads to small quadrupole splittings on the order of 0.5
mm/sec,’ in agreement with our observation of 0.54
mm/sec. The Fe** ion, on the other hand, will display
a temperature-dependent quadrupole splitting, as dis-
cussed earlier.’® This is in agreement with the larger
quadrupole splitting of 1.09 mm/sec observed for the
Fe?* resonance. The Fe*" ion has a hole in the half-
filled 3d-electron shell. This can also lead to a tempera-
ture-dependent modification of the EFG at the site of
the nucleus, with the modification oppositely directed

( 2 17{) B. Frankel and N. A. Blum, Bull. Am. Phys. Soc. 12, 24
1967).

2 J, Chappert, R. B. Frankel, and N. A. Blum, Bull. Am. Phys.
Soc. 12, 352 (1967).

25 Reference 15, p. 130.

26 E. R. Feher, Phys. Rev. 136, A145 (1964).

z G) K. Wertheim and J. P. Remeika, Phys. Letters 10, 14
(1964).

28 G, M. Zverev and A. M. Prohkorov, Zh. Eksperim. i Teor.
{Tiz. I)Zj 41 (1961) [English transl.: Soviet Phys.—JETP 12, 41

1961)7].
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to that in the case of the et jon. The slightly smaller
quadrupole splitting for the Fe** resonance of 0.44
mm/sec, compared to that of the Fe** resonance, is
consistent with this picture. Exact descriptions of
these effects would depend on the positions of the ions
inside the lattice.

E. Isomer-Shift Recalibration

The experiment with the CusO sources is the first
time that four valence states have been observed
simultaneously. This result is well suited to examine
the dependence of the isomer shift on the number of
3d electrons, i.e., the direct influence on the 3d-electron
shielding. The isomer shift measured in a ME experi-
ment is

=4 Ze’R*(OR/R)S'[[¥:(0)| *—[¥:(0)| 1, (3)

where 6R is the change in the nuclear radius from the
excited state to the ground state, |¢s(0)] 42 and|¢s(0) | s
are, respectively, the total s-electron densities at the
nucleus for the absorber and for the source, and S is a
relativistic correction factor. Watson?® carried out
Hartree-Fock calculations of the s-electron density at
the nucleus |¢:2?"(0)|? for different 3d configurations of
iron. The results show that especially the 3s-electron
density changes significantly if the number of 3d
electrons varies, while the change in |¢1,(0)|? and
[2(0)]% is substantially smaller. Hartree-Fock cal-
culations do not account for the 4s-electron density.
However, the Fermi-Segré-Goudsmit® formula allows
a rather accurate estimate of this density if the term
values of the 3d"4s! configurations are known.®!

Walker et al.'” established an isomer-shift calibra-
tion between the calculated s-electron densities and
the measured isomer shifts of various iron compounds,
identifying the isomer shifts in the most ionic Fe** and
Fe¥* compounds, respectively, with the calculated
densities for the 3d® and 3d® configurations. We have
extended the 4s-density calculation in the 3d*s!
configuration, and for the other configurations we used
the values given by Wegener.® Figure 10 presents the
calculated curves together with the measured isomer
shifts. The intersections with the 3d"4s® curves are
marked with bars which include the uncertainties in
the measured data. A small covalent bonding is found
which differs slightly among the various oxides. Be-
cause of its particular chemical structure, Cu.0 should
contain a larger fraction of covalent bonding than the
other oxides.®

®»R. E. Watson, MIT Technical Report No. 12, 1959
(unpublished).

% E. Fermi and E. Segr¢, Z. Physik 82, 729 (1933); S. Goudsmit,
Phys. Rev. 43, 636 (1933).

3L H. H. Landolt and R. Bérnstein, Zahlenwerte und Funktionen
(Springer-Verlag, Berlin, 1950), Vol. 1.

32 Reference 19, p. 199.

3 L. Pauling, The Nature of the Chemical Bond (Cornell Univer-
sity Press, Ithaca, N. Y., 1960).
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The 24 and 34 states measured in the CusO
sample fit well on the calculated electron-density curves,
respectively, for a 3d%4s%-*2 and a 3d%4s%?* configuration.
We will assume that the 14 and the 44 wvalence
states at low temperatures also contain about 229,
covalent bonding, i.e., that they also have a 229
admixture of 4s electrons. This assumption of similar
bonding mechanisms for the various charge states is
reasonable, particularly in the light of charge compensa-
tion. The experimental isomer-shift values for Fe'*
and Fe**, however, differ considerably from the cal-
culated values corresponding to 2297, 4s electrons. A
similar behavior is found in the Al;O; sample, where the
24 and 34 states show reasonable agreement with the
calculated data (x about 59%), while the additional
isomer shift for the 44- state is only about half of the
calculated value. In MgO, where only 24 and 34-
valence states are observed, the agreement is good, and
almost pure ionic bonding is indicated. The isomer shifts
measured earlier! for Fe** and Fe** in CoO fit also
very well on the curves with x about 39. To test these
calculations of the s-electron density further, we have
plotted two additional isomer-shift data, namely, those
for Fe* in NaCl as measured by Mullen® and for Fet+
in cobalt ammonium sulphate as measured by Ingalls
et al.! These compounds are assumed to have almost
pure ionic bonding, and they appear therefore at x=0
in Fig. 10. These data are consistent with our experi-
mental isomer shifts, as indicated by the dashed lines
drawn connecting them, and inconsistent with the
theoretical predictions, as indicated by the solid lines.
The disagreement is not so much with the 4s-electron
density calculations—the slopes of the dashed and solid
lines are the same—but rather with the shielding effects
of the 3d-electron.

This discrepancy between theory and experiment is
presumably due to the fact that these calculations were
carried out using free-ion wave functions. The large
measured isomer shifts for the Fe!* states indicate a
very low electronic charge density at the nucleus.
The polarization of s electrons is one effect which de-
creases the electron density, and in order to obtain
sufficient polarization to explain the measured isomer
shift, a 3d"7 configuration has to be ascribed to the Fe'*
atom.%3 As far as we know, no polarization effects
have been taken into account for the electron density
calculation, so that the disagreement of the measure-
ments with the calculations is not too surprising.

The polarization effect means that, under certain
circumstances, as in our experiments, for example, in
the configurations 3d* to 3d", every 3d electron shields a
more or less constant part of the 3s electrons. Further
investigations should be carried out to explore these
discrepancies.

3¢ W. Hayes, J. Appl. Phys. Suppl. 33, 329 (1962).



