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The structure of the primary rhodium defect in rhodium-doped AgCl was determined by EPR
and electron-nuclear double-resonance technique spectroscopies. The substitutional and ortho-
rhombic Rh?** complex, (RhClg)*~, was elongated along a [100] axis with a silver ion vacancy in
a next-nearest-neighbor position in the plane perpendicular to the elongation axis. The large
superhyperfine interactions measured for the first-shell chloride ions and the fourth-shell silver
ions along the elongation axis suggest that the complex was stabilized by covalent interactions.
The structural model deduced from these experiments provided an explanation for the dynamic
behavior of the complex which was observed above ~80 K.

INTRODUCTION

Trivalent transition-metal ions can be incorporated into
silver halide melt-grown single crystals by addition to the
melt, and into powders and photographic emulsions by
coprecipitation from aqueous solution. The majority of
such addenda occupy substitutional positions on the cation
sublattice and act as photoelectron traps. They can have a
significant effect on the performance of the silver halides
as photographic materials.' ~*

In the silver halides, aliovalent impurity cations are
generally associated with charge-compensating silver ion
vacancies. It has been found experimentally that the trap-
ping behaviors of impurity-defect complexes are very sen-
sitive to the number and arrangement of vacancies.?
While EPR spectroscopy has proven to be a valuable tool
in studying the photobehavior of such complexes, the reso-
nances observed are always broadened by superhyperfine
(shf) interactions with the many surrounding magnetic
nuclei. Superhyperfine structure is usually only resolved
for either axial or equatorial first-shell halide ions, so that
the structure of the impurity-vacancy complex must be in-
ferred from the symmetry of the g matrix. More-detailed
structural information should be obtainable from
electron-nuclear double-resonance technique (ENDOR)
spectroscopic studies.

Rhodium(III), because of its properties as a long-lived,
deep electron trap, is widely used as a dopant in some pho-
tographic products to increase contrast. The diamagnetic
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ion, Rh3?, is incorporated in crystals grown in a halogen
environment. The Rh?*(d7) species can be produced by
photolysis or by annealing in air above 300°C or in va-
cuo.

The rhodium(II) species in AgCl has been studied pre-
viously by EPR.>® At temperatures less than 110 K, an
axially symmetric spectrum was reported, with g, > gy,
and shf splittings from two equivalent chloride ions.
Above 160 K, this reversibly converted to a spectrum with
g1 > g1 showing no resolved shf interactions. At temper-
atures above 200 K, this spectrum began to disappear, re-
versibly converting to a single, broad isotropic line. Only
this line was observed above 350 K. These spectra were
incorrectly assigned to Jahn-Teller distorted (RhClg)®™
complexes (Rh% d°). Accordingly, it was deduced that
the unpaired electron occupied a compressed d,: ground
state below 110 K, an elongated d,:—,: ground state
above 160 K, with a dynamic distortion between these two
states occurring above 200 K.® No explanation was given
for the observed distortion or the change in the ground
state. On the basis of later EPR studies of the (RhBrg)*~
complex in AgBr,* the complexes in AgCl were reassigned
to the d7, (RhClg)*~, ion,® which was, therefore, elongat-
ed below 110 K, compressed above 160 K and undergoing
a dzynamic distortion above 200 K. For the elongated
Rh?* complex observed below 110 K in AgBr, the source
of distortion was attributed to the presence of a charge-
compensating silver ion vacancy along the elongation axis.
The existence of such a structure was puzzling, however,
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since a contraction rather than an elongation was ob-
served along the dopant-vacancy axis for several other
dopant-vacancy complexes for which structures had been
deduced from EPR data.'2

The present EPR and ENDOR study was undertaken
to obtain further details of the structure of the Rh2*-
vacancy complex in AgCl. Resolved hyperfine and shf in-
teractions of the unpaired electron with some of the six
chlorine ions surrounding the Rh2" ion, as well as with
the rhodium ion and two fourth shell silver ions, were ob-
served. This has led to a new structural model for the
center, and an explanation for the reported changes in the
EPR spectrum based upon the dynamical behavior of the
low-temperature complex.

EXPERIMENT

Rhodium-doped single crystals were grown from ultra-
pure AgCl using the dopant salt Na;RhClg- HO. Crys-
tals were grown under chlorine by the Bridgman method,
aligned by the standard x-ray back-reflection technique,
and cut into cubes with either [100] or [110] axes perpen-
dicular to the cube faces. Crystals with nominal dopant
levels of 50, 200, and 1000 mppm were studied. The crys-
tals ranged in color from light orange to dark red. Crys-
tals from the latter boule are referred to below as heavily
doped, and from the 50- and 200-mppm boules as lightly
doped. The Rh?* species was produced by annealing the
crystals at 300°C in air. In this way, a stronger EPR sig-
nal was produced than could be obtained by photolysis.
The species could not be produced by annealing in
chlorine.

Most ENDOR measurements were done with a com-
puter-controlled ENDOR spectrometer at the University
of Paderborn.” Some measurements were made using a
Bruker 200D EPR-ENDOR spectrometer and Oxford In-
struments helium cryostat. Some EPR measurments were
performed using a Varian Q-band spectrometer at 77 K.

RESULTS

EPR measurements

Intense EPR spectra were obtained from both lightly
doped and heavily doped Rh3*-AgCl single crystals,
which had been heat treated as described above. Signals
from primary and secondary centers were observed. The
spectrum of the primary species and its temperature be-
havior were essentially the same as previously reported. >

Resonances from the secondary species were observed
in all crystals and were relatively more intense in lightly
doped crystals. These signals are just visible in the EPR
spectrum for Boli[100] of the heavily doped crystal in
Figs. 1(a) and 1(e). Despite the overlap of the EPR sig-
nals from the primary and secondary species, it was deter-
mined using the double ENDOR technique described
below that all of the ENDOR resonances described in this
paper were attributable to the primary species. The
secondary species will not be discussed further here.

For the primary Rh2* complex, a different EPR spec-
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trum was observed in each of three temperature ranges.
These signals could be reversibly interconverted by vary-
ing the temperature. The predominant form of the pri-
mary complex in each of these temperature ranges is re-
ferred to below as the low-temperature (LT) form, the
high-temperature (HT) form, and the isotropic form, re-
spectively (Fig. 1). The temperatures of transition be-
tween the three forms and the degree of spectral resolu-
tion for the HT and isotropic forms were very dependent
on dopant concentration. For the lightly doped samples,
the LT, HT, and isotropic spectra predominated, respec-
tively, below 80 K, above 110 K, and above 280 K. For
heavily doped samples, well-resolved shf structure for the
HT and isotropic forms were not observed at any temper-
ature. In these samples, distinct spectra from the HT and
isotropic forms were observed about 50 K higher than in
the lightly doped samples. The relationship between
dopant Jevel and temperature behavior probably accounts
for the differences between our transition temperatures
and those reported by Wilkens, DeGraag, and Helle.3

The EPR spectrum of the LT form of the primary
Rh?* complex is shown in Fig. 1(a). EPR angular rota-
tion studies in the (100) and (110) planes revealed that
for the LT form, the principal values of the g matrix were
parallel to the [100] crystal axes and that the g matrix
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FIG. 1. EPR spectrum of the primary (RhCl¢)*~ complex in
a heavily doped AgCl single crystal, measured at (a) 20 K, (b)
90 K, (c) 130 K, (d) 180 K, (e) 300 K, and (f) 400 K, with Bo
along (100). The inset spectrum (dashed line) in (d) is from a
lightly-doped AgCl single crystal. The asterisks denote reso-
nances from the secondary rhodium complex.
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had orthorhombic symmetry, not axial symmetry as previ-
ously reported.>® The resolution and relative intensities
of the symmetry-related g components were very depen-
dent on temperature, which could explain the earlier
failures to note the orthorhombic character of the g ma-
trix. For simplicity, the principal symmetry-related g
components of the LT form will be referred to as g, gy,
and g,, where the subscripts x, y, and z refer to the Rh +
complex axes as labeled in Fig. 2. Thus, f’ is parallel to
[100] and to the elongation axis of the Rh?* complex and
gx and gy are in the equatorial plane, with g, parallel to
the Rh** next-nearest-neighbor (NNN) vacancy axis.
These assignments will be justified below.

The data for the LT form could be described by the
first-order solution to the general spin Hamiltonian given
below, with the selection rules Amg = *+1, Am; =0, for
the EPR experiment:

n
H=uzBo- g." S+ Zl (Ii -A;*S —gn,ﬂn,BO
-

+1;- Qi Iy). (1)

The symbols have their usual meaning®® and S was as-
sumed to equal %, which was confirmed by the ENDOR
measurements. The observed EPR spectra indicated that
n=2, I =%, describing a superhyperfine (shf) interaction
with two equivalent chloride nuclei.

The dynamic behavior of the primary Rh2* complex is
illustrated by Fig. 1. As the temperature was raised above
80 K, the resolved hyperfine structure on the g, and g,
features began to disappear and the g, feature became
weaker relative to the g, and g, features [Fig. 1(b)]. As
the temperature was raised still further, the g, and g,
components disappeared, leaving a symmetric line at
g=2.435, close to the g value of 2.426 measured at low
temperature for g,. Further annealing produced the spec-
trum of the HT from, shown in Fig. 1(d), composed of
lines with g values of 2.435 and 2.211. Rotation studies
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FIG. 2. Model of the low-temperature, primary rhodium
complex in AgClL.
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TABLE 1. g values of the low-temperature, high-tempera-
ture, and isotropic forms of the primary Rh2* species in AgCl.

g components®

Type of distortion x y z
Static elongation 2.426 2.395 2.011
(low-temperature form)
Dynamic two dimensional 2.435 2.211 2.211
(high-temperature form)
Dynamic three dimensional 2.291 2.291 2.291

(isotropic form)

#+0.002.

showed that g =2.435 was a principal g value, which ro-
tated as a parallel g feature, and that the line at g =2.211
rotated as a perpendicular g feature. The symmetry-
related principal g components of the high-temperature
form will be referred to as gy and g.. These were parallel
to the cubic crystal axes.

At approximately 210 K, an isotropic EPR signal ap-
peared at a g value of 2.291 [Fig. 1(e)]. As the tempera-
ture was raised, this line grew in intensity, while the g
and g, components for the HT form broadened and
moved towards the isotropic line. At 400 K, the highest
temperature attainable with the EPR cavity used, the iso-
tropic species was the only resolved line present, with a
small amount of spectral anisotropy apparent in the wings
[Fig. 1(D)].

The principal g values of the LT form, the HT form,
and the isotropic form of the primary Rh?* complex are
listed in Table I. It can be seen that g, from the LT form
was very close to gy from the HT form. Additionally,
[ (g2+g2)1'2 from the LT form was the same as g,
from the HT form.

ENDOR measurements

The relaxation characteristics of the rhodium complex
in AgCl required that all ENDOR measurements be done
at approximately 30 K, and thus only the LT form of the
primary species was examined. An angular-rotation study
was performed by taking an ENDOR spectrum every two
degrees over a 50° interval in a (100) plane, using the
magnetic field By to select one or two of the three
symmetry-related orientations of the (RhClg)*~ complex.
Due to the large g anisotropy, ENDOR spectra could be
obtained independently from those complexes with their
g: axes parallel to By and from those with g, perpendicu-
lar to By.

The presentation of the ENDOR data is facilitated by
referring to the model of the (RhClg)*~ defect shown in
Fig. 2. The largest shf interaction observed by ENDOR
resulted from the two first-shell chlorines along the z axis
(axial chloride ions), which also gave rise to the seven-line
g: EPR feature [Fig. 1(a)l. Additionally, interactions
with the fourth-shell silver ions along the z axis (axial
silver ions) were measured. Some interactions with the
first-shell chloride ions in the x-y plane (equatorial
chloride ions) were also observed.
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A section of the ENDOR spectrum, measured while sa-
turating the g, component of the EPR spectrum shown in
Fig. 1(a), that is, selecting the centers with their g, axes
parallel to By, is shown in Fig. 3. The frequency range is
that where the ENDOR lines corresponding to the
resolved EPR septet would be expected. The lines can be
assigned to transitions of the 3°Cl and ’Cl isotopes based
on relative intensities and separations. The positions of
the lines, treating C1 ~ (1) and Cl ~(2) as independent nu-
clei, are given by the first-order solution of the Hamiltoni-
an in Eq. (1), with the selection rules Amg=0,
Amp=*1:

AEENDOR = IAms_gN#NBO+quq | )

,The variable my is given by 1 (m;+m;) where my and
my are the chlorine nuclear spin states involved in the
transition. A is the shf interaction parameter. W, is the
quadrupole interaction parameter. Thus, for each isotope,
the two ‘“hyperfine” lines, marked m, =0 in Fig. 3, are
split into three by a quadrupole interaction at the chlorine
nucleus. To first order, the positions of the hyperfine lines
are not influenced by the quadrupole transition.

The hyperfine lines (m; =0) of the **C] ENDOR tran-
sitions in Fig. 3 were further split by an amount given ap-
proximately by a?/g.ugBo, where a is the isotropic
hyperfine constant for the axial 3Cl’s. Such a splitting
was not observed on the 3’Cl1 ENDOR transitions. This
indicates that the splittings resulted from second-order,
indirect spin-spin coupling between equivalent chloride
ions.®1® Since the chloride isotope pairs **Cl-35Cl, 35Cl-
37C1, and 3’Cl1-3"Cl, occur in the ratio of 9:6: 1, the largest
contribution to the 3Cl ENDOR transitions would be
from equivalent chlorine nuclei in 33C1-3Cl pairs.
Second-order splittings due to indirect coupling of ine-
quivalent chloride ions (i.e., 3*C1-3'Cl pairs) would be less
than the ENDOR linewidths. Therefore, the splittings of
the 3’C1 ENDOR transitions were not detected.

Using the technique of ENDOR-induced EPR, which

Intensity (arb. units)
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FIG. 3. ENDOR spectrum of transitions from axial chloride
ions in primary rhodium complexes with g, parallel to By (mea-
sured with Boll[100]), showing the second-order splittings on the
3Cl hyperfine lines due to equivalent nuclei.
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allowed the correlation of EPR and ENDOR transitions
involving the same axial chloride ion nuclear-spin state,!!
it was established that the quadrupole interaction W, and
the shf interaction 4 had opposite signs.

Double ENDOR experiments were used as an aid in as-
signing ENDOR transitions, since it was difficult to track
individual ENDOR lines once the field was rotated more
than 20° from the g, axis of the complex, mainly due to
the second-order splittings of the ENDOR lines. In the
double ENDOR experiments, a second rf emitter is used
to excite an ENDOR line belonging to a particular com-
plex, while the first rf source is swept, as usual, through
the frequency range of interest. In the double ENDOR
spectrum only transitions belonging to the complex excit-
ed by the second rf source appear. Thus, as a result of the
relative abundances of chlorine isotope pairs, transitions
from *Cl nuclei in 3*C1-3"Cl pairs, which showed no
second-order splittings, could be observed separately in a
double ENDOR experiment in which *’Cl transitions
were pumped.

Using an iterative simulation and fitting process for the
analysis of the ENDOR angular rotation patterns, the
spin Hamiltonian was diagonalized and the interaction
parameters were extracted.’ The spin Hamiltonian used
was that shown in Eq. (1), with the simplifying assump-
tion that each nucleus acted independently. The results
are given in terms of the isotropic hyperfine (hf) and
superhyperfine interaction, represented by a, and the an-
isotropic hf or shf interaction, represented by b and b',
which are related to the principal hf or shf matrix by

A“"a—b+b',
Ap=a—b-b', 3)
A33-a+2b.

The parameter b' denotes the deviation from axial sym-
metry. Similarly, the quadrupole interaction constant q is
related to the principal values of the quadrupole tensor by

Qu=—q+q',
0n=-q—¢, 4)
0313=2q.

q' is the asymmetry parameter and is zero for axial sym-
metry. The measured quadrupole splitting is given by

Wq"3 q(3C0829_1)+—T-'2—g—2-— . (5)
sin“6cos“6

The quadrupole interaction constant g is related to the
electric field gradient 32/8Z 2 at the nucleus by

- eQ W _0sxn
TT4QI-1 9z 2 ©

The angular ENDOR data for the axial chloride ions
were fitted to an orthorhombic hf matrix with principal
axes parallel to the (100) crystal axes. The shf and quad-
rupole data for the axial chloride ions are collected in
Table II. By simulating the g, region of the [100] EPR
spectrum (Fig. 4) it was determined that the hyperfine
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TABLE II. Hyperfine constants for ligands of the primary
rhodium complex in AgCl (in MHz). The uncertainty in the
magnitude of these constants is one or two units in the last digit.

alh b/h b'/h q/h q'lh
3Cly.2 54.0 11.8 2.6 -0.4 -0.14
19Agam 10.7 1.0
103Rh 7.0 1.0 0.54
BClys Ajz=25

principal direction corresponding to the smallest principal
value, A;,, was parallel to x. It was obvious from the
parallel region of the EPR spectrum that 433 was along z;
thus, 4,; must be along y.

Figure 5 is a section of the ENDOR angular depen-
dence in the frequency range 2-6 MHz for the rotation of
By in the xy plane. It clearly shows the '*Rh transitions,
whose line separations were consistent with the value of
the '9Rh magnetic moment. Also shown are four transi-
tions from the axial fourth-shell Ag* ions. The relative
positions and intensities of the four lines are those predict-
ed from the ratios of the nuclear moments and the natural
abundances of the two silver isotopes, '®Ag and 'YAg.
For both rhodium and silver nuclei, all natural isotopes
have a nuclear spin of %, so no quadrupole splitting was
observed. For both nuclei, the principal shf values were
measured along the [100] cubic axes. The rhodium tran-
sitions exhibited a very orthorhombic angular dependence
(b' large) while the silver transitions were axial, with a
completely isotropic interaction in the equatorial plane.
This angular behavior justifies the assignment of these
silver transitions to nuclei along the z axis (Fig. 2). The
Hamiltonian parameters for the central rhodium ion and
the fourth-shell axial Ag™ ions were fitted as described
above and are collected in Table II. Some of the calculat-

Infensity (arb. units)

265 270 275 280

Magrnetic field (mT)

FIG. 4. Simulated (a) and experimental (b) g« and g, com-
ponents of the [100] EPR spectrum of the primary (RhClg)*~
complex.
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ed fits are shown in Fig. 5. For both nuclei the largest shf
interaction 43; was measured along z. For the rhodium
nucleus it was assumed that as for the axial chloride ions
the smallest shf interaction 4, was along x.

Also evident in Fig. 5 are a number of unassigned EN-
DOR transitions showing strong angular dependences.
Those close to the axial fourth-shell silver transitions, be-
tween 3.5 and 6.0 MHz, are most likely from fourth-shell
silver ions along the g, axis which are perturbed from axi-
al symmetry possibly by some distant defect. The relative
intensities of the resonance from the fourth-shell silver
ions along the z axis with axial symmetry and those with
nonaxial symmetry can be seen in the ENDOR spectrum
in Fig. 6. This ENDOR spectrum, corresponding to
06=42 in Fig. 5, is from those complexes with their g, axes
perpendicular to By and with By approximately halfway
between g, and gy. In the xz and yz planes, the angular
dependences of the nonaxial silver lines paralleled those of
the axial fourth-shell silvers. It was only in the equatorial
plane that a major difference in angular dependence pat-
tern was observed. The difference in the shf interaction
parameters compared to the unperturbed complex was
only 1.5%. Double ENDOR experiments showed that the
low-symmetry fourth-shell silver lines originated from the
same complexes which gave rise to the axial chlorine EN-
DOR transitions, the rhodium transitions, and the axial
fourth-shell silver transitions.

These observations can be explained if it is assumed
that some of the primary rhodium complexes were per-
turbed by a distant defect or impurity. For any such per-
turbation not in the equatorial plane, one of the axial
fourth-shell silver ions would be closer and more affected
by its presence. It would be possible therefore for a com-
plex to have one fourth-shell silver along the z axis with
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FIG. 5. Angular rotation plot of Rh?* and fourth-shell silver

ENDOR transitions in the (100) plane perpendicular to g,. The
dot size is proportional to signal intensity.



4348 OLM, NIKLAS, SPAETH, AND SYMONS 38

T T T I i

107
Ag(a)

Sag(a)

B W

103

Intensity (arb. units)

W

2 3 4 5 3
Frequency (MHz)

FIG. 6. ENDOR spectrum, measured with By perpendicular
to g; and approximately along [110], showing the relative inten-
sities of the transitions from Rh2* and from the fourth-shell
silver ions with axial [Ag(a)] and with nonaxial (*) symmetry.

axial symmetry and one with lower symmetry. The ma-
jority of complexes, however, would be completely unper-
turbed by distant defects, and ENDOR transitions from
their equivalent axial chloride ions would exhibit the ob-
served second-order splittings mentioned above. Alterna-
tively, the axial chloride ions of the perturbed complexes
might be considered equivalent, depending on the distance
and influence of the perturbing defect.

The measurement and assignment of the ENDOR tran-
sitions from the equatorial chloride ions was complicated
by several features. Figure 7 shows the angular depen-

35
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Degrees from [I00]
nN
(o]

mg= - o +
37
504 L L N axial ICl

" 12 B % ) 16
Frequency (MHz)

FIG. 7. Angular rotation plot in the xz and yz planes showing
the angular dependences for the equatorial chlorine transitions.
The dot size is proportional to signal intensity.

dence of a section of the ENDOR spectrum between 9
and 17 MHz for By rotated in the equatorial plane. Dou-
ble ENDOR experiments for By parallel to z showed that
the lines were from the same complexes which gave rise to
the other ENDOR lines discussed so far. The relative po-
sitions of the ENDOR lines were not consistent with their
assignment to rhodium or silver nuclei and were most con-
sistent with an assignment to chloride nuclei. The angular
dependences of the lines were consistent with an assign-
ment to first shell chloride ions in the equatorial plane.
The intensities of the lines were very dependent on tem-
perature, microwave power, rf modulation frequency, and
particularly, on field position. As the magnetic field was
shifted by only 1 or 2 mT, new lines would appear and
others disappear. It is, at least in part, for this reason that
all of the expected equatorial chloride ion’s hyperfine,
quadrupole, and isotopic transitions were not detected,
and regardless of the model used, the ENDOR data could
not be fitted exactly.

The transitions, shown in Fig. 7 for By parallel to [100],
are in a frequency range which corresponds to a hyperfine
value of the order of 20-35 MHz. A more precise value
for 433 was obtained by iterative simulations of the first-
order [100] EPR spectrum for the g, and g, components
of the primary rhodium complex (Fig. 4). The EPR spec-
trum was simulated using the experimentally obtained hf
data for '93Rh, two axial fourth-shell silver ions, and two
axial chloride ions given in Table II, taking into account
the relative isotopic abundances and using a Lorentzian
linewidth of 2 mT. An excellent fit for the g, feature was
obtained using just these splittings. The largest additional
splitting that could be accommodated, assuming the pres-
ence of one or two additional chloride ions, was 10 MHz.
The symmetric multiplet of the g, component could only
be simulated if two additional spin- 3 splittings with mag-
nitude + or + of the 4, axial chloride splittings were in-
cluded. A magnitude of 25 MHz gave a suitable spectral
width for the g, multiplet with a minumum EPR line sep-
aration of 6 mT. This could be reduced to 3 mT, in good
agreement with the experimental spectrum, by including
an additional splitting of about 5 MHz from one or two
spin- 3 nuclei.

A set of ENDOR lines corresponding to a 25-MHz Cl
splitting was indeed observed (marked in Fig. 7). The
other ENDOR lines in Fig. 7 must be quadrupole transi-
tions which, of course, do not cause splitting of the EPR
spectrum. Thus, for the model in Fig. 2, the 25-MHz
parallel splitting, which, according to the EPR simulation
must be caused from two equivalent nuclei, can reason-
ably be assigned to the equatorial chloride ions 4 and 6
along the y axis. Chloride ions 3 and/or 5 could then give
rise to the small perpendicular splitting of about 5 MHz
with a parallel splitting no larger than 10 MHz. Some of
the weak unassigned transitions visible in the angular
dependences of Figs. 5 and 7 could possibly arise from the
other equatorial chloride ions. However, due to the over-
lap with other ENDOR lines, a complete analysis was not
possible.

The doublet nature of the hyperfine lines from the equa-
torial chloride ions 4 and 6 is indicative of the presence of
two very similar centers. This can be reconciled with the
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double ENDOR results, which indicated that all the EN-
DOR transitions arose from one type of complex if several
different rhodium complexes were present which were
practically degenerate in their properties along the z axis.
The existence of several very similar rhodium centers was
also postulated above to explain the anomalous nonaxial
fourth-shell silver transitions. Although it is unfortunate
that a better analysis of thess ENDOR angular depen-
dences was not possible, it should be remarked that EN-
DOR at least demonstrates clearly that the actual distri-
bution of defect configurations is much more complicated
than could have been inferred from the EPR experiments
alone.

DISCUSSION

The observation of > Rh ENDOR transitions confirm-
ed that the primary species in the Rh-AgCl system was a
rhodium complex. The observation of only two spin mani-
folds in the ENDOR spectra further confirmed that
S =+ for the complex. Since g, was approximately 2,
and since the major shf interactions arose from two
equivalent chloride ions, we can infer that the unpaired
electron had a ground-state wave function with a large
rhodium 3d,: contribution.’ Based on ligand field argu-
ments, the lar\ge 3d,: contribution is indicative of an
elongated Rh2* complex.!? Atomistic calculations,!? de-
scribed further below, also support the picture of an
elongated Rh2* complex.

In the silver halide lattice, it is expected that a divalent
oation will be charged compensated by the association of a
silver ion vacancy. For the primary Rh2* defect in AgCl,
the ENDOR analysis showed clearly that the two axial
chloride ions (1 and 2) were equivalent. Therefore, the
charge compensating Ag* vacancy cannot be in a NNN
position along the z axis or in a nearest-neighbor (NN)
position in the xz or yz planes. The presence of a vacancy
in the equatorial plane, however, would account for the
concomitant observations of two equivalent axial chloride
ions and orthorhombic hf and g matrices which had prin-
cipal directions along cubic axes. The large degree of
orthorhombicity of the rhodium hf matrix suggests that
the vacancy was close, either in a NN or NNN gosition in
the equatorial plane. Atomistic simulations'’ using a
wide range of potentials all indicated that the NN
configuration was favored by 0.1 to 0.2 eV.!* We would
expect, however, that a NN vacancy would either result in
axial g and hyperfine tensors, or would cause an off-axis
shift of the principa] directions of these tensors, as was
seen for Ni'" nearest neighbor in AgCL'* Such a shift
was not observed within the experimental accuracy of
+4°. Thus, the NN vacancy configuration is ruled out.

The assignment of an equatorial NNN vacancy is con-
sistent with the dynamic changes observed in the EPR
spectrum. The temperature behavior described above
clearly indicates that the primary complex undergoes a
dynamic distortion as the temperature is raised. The near
equality of the g, value of the LT form with the gy value
of the HT form, and the fact that g, for the HT form was
the average of g, and g, for the LT form, suggests that the
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distortion occurs about g, in the yz plane. The possibility
that the observed averaging behavior occurred as a result
of vacancy motion can be ruled out since ionic motion was
frozen out at the temperatures at which averaging began
to take place. The averaging behavior can, however, be
explained by a two-dimensional dynamic distortion, in
which the presence of the vacancy raises the configuration
energy for elongation along the x axis so that averaging
only occurs in the yz plane. The averaging can be de-
scribed as a hopping of the axis of elongation of the com-
plex between the y and z axes. A similar motion was ob-
served for the Sn™ next-nearest-neighbor vacancy com-
plex in KCI (Ref. 16) and for the (AgBrCls)*~ complex
in Br ~-doped AgCl.!7 As the temperature was raised still
further, an isotropic line corresponding to a three-
dimensional distortion was observed. This could be the re-
sult of overcoming the barrier for distortion along the x
axis and/or thermally stimulated vacancy motion.

As mentioned above, at high rhodium dopant levels
complete spectral averaging occurred at higher tempera-
tures than at low dopant levels. This can reasonably be
attributed to the presence of both isolated rhodium-
vacancy complexes and complexes perturbed by distant
defects, as detected in the ENDOR experiments described
above. The proximity of such defects might be expected
to affect the barrier heights between the three distorted
complex configurations. The high rhodium dopant levels
used for the “heavily doped” crystals makes it likely that
the perturbing defects were other rhodium ions or clusters,
especially given the propensity for rhodium ions to aggre-
gate in the silver halides. '®

The assignment of the vacancy to the x-axis NNN posi-
tion is also supported by the EPR simulations which
showed that the largest shf interactions of the equatorial
chloride ions arose from two chloride ions along the y axis
and that these ions were equivalent or nearly equivalent.

The 2+ charge state of the rhodium complex is support-
ed by an estimate of the quadrupole interactions of the ax-
ial chloride ions. The quadrupole interaction constant g is
related to the electric field gradient at the nucleus by

-0 |y29-_
=g |2 T e Q)

where the field gradient is made up of contributions from
point charges and from unpaired electron density in p or-
bitals. Contributions from covalent bonding of inner-shell
rhodium electrons were ignored. (1 — y.) is the Sternhei-
mer antishielding factor and g, is 80 MHz for **CL"
The contribution to ¢ from the net excess charge at the
rhodium nucleus was —1.24 MHz, from the negative
charge due to the silver ion vacancy in a NNN position,
+0.035 MHz, and from the unpaired electron spin density
at the axial chloride ions, calculated from the measured
anisotrapic hyperfine constant, +1.05 MHz. The total
calculated g of —0.16 MHz compares favorably with the
measured value of —0.40 MHz (Table II). The
discrepancy is easily within the uncertainties of the ap-
proximation. The discrepancy is larger by a factor of 2
for an equatorial NN vacancy. A similar calculation
ruled out the charge state of Rh® (gcac=+2.3 MHz).
Likewise, the presence of a vacancy along the complex z
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axis could be excluded.

An estimate of the measured shf constant for the axial
chloride ions was done using the usual one-particle ap-
proach:2°

a=3C|ly(0)]?,
(®)

2,2
p=Ec (3220 |y |y,
8n r’

where C represents g.upgrun. y is the envelope wave
function of the rhodium complex. If the rhodium 34,: or-
bital is used as an envelope function and orthogonalized to
the Cl ™ cores, 30% of the observed isotropic shf constant
and only 7% of the anisotropic shf constant can be ac-
counted for. The classical dipole-dipole interaction is only
0.37 MHz for the undistorted lattice. In estimating the
shf constants, we used the analytical Hartree-Fock orbit-
als for the free ions Cl~, Ag*, and Rh* given by
Clementi and Roetti.?! Rh* wave functions were used
because of a lack of wave functions for Rh?*. The results
obtained should be relevant, however, since the discrepan-
cies described above would be exaggerated by the more
contracted envelope wave function of Rh2*.

As a result of the excess positive charge at the Rh2+
nucleus, one might expect an inward relaxation of the first
ligand shell of chloride ions, a distortion that would im-
prove the agreement between measured and calculated shf
parameters.'* It is necessary, however, to also consider
the effects of the nonspherical distribution of d-electron
density. Preliminary atomistic simulations that took into
account the nonspherical electronic distribution found
that while the equatorial chloride ions showed a tendency
to relax inwards by about 5%, the inward relaxation of the
axial chloride ions was cancelled by the outward repul-
sions due to the unpaired electron in the 3d,. orbital.'
Thus, the complex was predicted to be elongated along z,
in agreement with experiment, and lattice relaxation can-
not account for the large discrepancy between measured
and calculated axial C1~ shf parameters.

Taking the wave function used for the Cl "Rh?+Cl~
subsystem and orthogonalizing it to the cores of the
fourth-shell silver ions, we obtain shf interactions which
are 6 orders of magnitude too small to account for the ob-
served splittings. If we consider a transferred shf interac-
tion, that is, the interaction which results from the overlap
of the axial chloride ions and the fourth-shell silvers, a
and b are given approximately by?°

a '(%HOC)fs('I’Cl,: | V’Ag:;)zl WAg:;(O) |2,
)

b= fotwaiz, | Wagz,)

3po

HO
8 ¢
1
+\/.,Ts< V’CI; I VA&*';,,))Z_’T | WAg‘; I de )

where the terms f; and f}, are the ligand spin densities cal-
culated from the experimental shf constants. For the
transferred interaction, the calculated anisotropic interac-
tion is too small by a factor of 0.63. Once again, the
discrepancy cannot be ascribed to lattice relaxation since
atomistic calculations indicated that the axial fourth-shell
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silver ions moved inwards by less than 1%. !4

The discrepancies between the calculated and experi-
mental shf data for the axial chloride and fourth-shell
silver ions indicate that bonding in the rhodium defect
cluster cannot be treated as purely ionic. This suggests
that bonding in the rhodium clusters and the surrounding
AgCl lattice has some covalent character. ??

It is interesting to note that a major effect of the NNN
silver ion vacancy in the rhodium-vacancy complex was to
reduce electron density along the vacancy axis. This can
be seen from a comparison of the equatorial Cl~ shf pa-
rameters expected for a complex with no perturbing va-
cancy with the shf values reported here for the perturbed
complex. For an unperturbed complex, assuming a 3d,:
envelope function, the unpaired electron spin density and
the shf parameters for each of the equatorial Cl~ ions
should be # the value for each of the axial Cl ~ ions. For
the perturbed rhodium complex, spectral simulations
showed that along the rhodium-vacancy axis Cl~ shf
values were less than § of axial Cl1~ shf values. Con-
versely, for equatorial Cl~ ions 4 and 6, not on the
rhodium-vacancy axis, the estimated shf parameters were
about 30% those of the axial Cl ~ ions. This larger value
reflects, at least in part, the inward relaxation of the equa-
torial C1~ ions which were calculated by atomistic simu-
lation methods.'* The effect of the vacancy in reducing
electron density also appeared in the dynamic behavior of
the complex, where it was observed that the configuration
with “d,.” along the x axis of the complex was energeti-
cally unfavorable.

CONCLUSIONS

It was shown that the primary rhodium complex in
AgCl was an orthorhombic Rh?t complex elongated
along a [100] crystal axis with a silver ion vacancy in a
NNN position in the plane perpendicular to the elonga-
tion axis. The presence of the vacancy reduced electron
density along the rhodium-vacancy axis. The model de-
duced provided an explanation for the dynamic behavior
of the complex observed above 110 K.

The measured superhyperfine interactions for the lat-
tice ions along the rhodium complex elongation axis were
larger than those calculated considering only ionic inter-
actions. Atomistic calculations showed that the discrep-
ancies could not be attributed to lattice relaxation around
the impurity ion. Thus, it is suggested that a degree of co-
valency exists in the [RhClsAgzlo cluster and/or the host
lattice.
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