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ESR study of photoinduced defects in isotopically enriched quasi-one-dimensional
chlorine-bridged platinum complexes

X. Wei, S. R. Johnson, B. I. Swanson, and R. J. Donohoe*
CST-4, MS J586, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Received 27 January 1997!

Photoinduced defects in the quasi-one-dimensional chlorine-bridged platinum complex,
@PtII (en)2#@PtIV~en!2Cl2#(ClO4)4 , where en5ethylenediamine, C2N2H8, were investigated by light-induced
electron-spin resonance~LESR!. Using samples prepared with enriched nuclear isotopes including194Pt (I
50), 2H (I 51), and37Cl ~I 53/2, magnetogyric ratio;83% that of35Cl!, the hyperfine and superhyperfine
~SHF! patterns in the LESR spectra were fully characterized. The SHF structure~16 G average spacing! is
unequivocally assigned to the bridging chlorines by comparison of the LESR spectra from samples with natural
abundance Cl with samples enriched with37Cl. The LESR spectra were analyzed atg' , gi , and intermediate
angles by simulation of both the polaron and soliton-spin distributions. The results at temperatures above 6 K
were found to be in better agreement with the neutral soliton assignment advanced by Kuroda and co-workers.
The spectra from 6 to 140 K do not indicate motional narrowing as has been previously suggested. Below 6 K,
surprisingly, the LESR spectra of both the natural and isotopically enriched samples exhibit an unusual
dependence on temperature, modulation frequency, or microwave power, which indicates the presence of a
localized dynamic process. Two other types of defect which exhibit strong sample-to-sample variability were
also discovered in the LESR spectra: one is likely a spin triplet, and the other appears only at temperatures
above approximately 120 K and is quite intense and stable at room temperature.@S0163-1829~97!03037-3#
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I. INTRODUCTION

Intrinsic and photoinduced excitations in quasi-on
dimensional halide-bridged mixed-valence metal comple
(M -X) have been the subject of significant interest.1–9 These
linear chains have been synthesized with a variety of me
~Pt, Pd, and Ni!, halogens~I, Br, Cl!, equatorial ligands and
counterions. While the average oxidation state of the me
in anM -X chain is13, this structure is unstable to a Peie
distortion: the strong electron-electron and electron-lat
interactions lead to charge disproportionation between
metals ~alternating sites tending toward14 and 12 va-
lences! and dimerization of the halide sublattice toward t
higher valence metal sites, as illustrated in Fig. 1. As a res
a commensurate charge-density-wave~CDW! ground state is
formed with the degree of charge disproportionati
~strength of CDW! dependent upon all aspects of the chem
cal makeup and also upon environmental influences suc
temperature and pressure.@PtII (en)2#@PtIV~en!2Cl2#(ClO4)4

~where en5ethylenediamine, C2N2H8!, referred to hereafte
as Pt-Cl, is a well-known example of these complexes.8,9 For
a given composition of equatorial ligands and counterio
the strength of the CDW increases in the series Ni,Pd,Pt
and I,Br,Cl, making Pt-Cl chains strong CDW material

Much of the interest inMX complexes is generated by th
fact that they can serve as a well controlled experime
testing ground for the examination of highly correlat
narrow-band electronic materials, including the lo
dimensional elements of high-temperature superconduc
~Cu-O planes and chains!. Mishima and Nasu8 have devel-
oped a half-filled, one-band Peierls Hubbard model in wh
only the metal electronic structure is explicitly include
whereas Gammelet al.9 have developed a three-quarte
560163-1829/97/56~13!/8257~8!/$10.00
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filled, two-band model where both halide and metal ele
tronic structures are included. Both approaches have enjo
considerable success in modeling the CDW ground state
various localized excited states, such as spin-1/2 polar
and neutral solitons, and spinless bipolarons, charged
tons and excitons.

While both polaron and soliton excitations~see Fig. 1!
have been suggested to coexist in Pt-Br and Pt-I complex3

the nature of photoexcitations in Pt-Cl has been the sub
of controversy. In their original study of the electron-spi
resonance~ESR! spectrum of Pt-Cl, Kawamori, Aoki, and
Yamashita7 observed a signal atg''2.3 which exhibited a
five-line hyperfine~HF! structure with approximately 180 G
splitting and intensity ratio of 1:8:18:8:1. Later, ligh

FIG. 1. A schematic diagram of Pt-Cl in its ground state a
polaron as well as soliton excitations, where3 denotes Cl2, the
numbered ovals denote Pt sites with the number representing
approximate oxidation state, and the hatched pattern represe
spin distribution.
8257 © 1997 The American Physical Society
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8258 56X. WEI, S. R. JOHNSON, B. I. SWANSON, AND R. J. DONOHOE
induced ESR~LESR! studies showed that this signal can
photogenerated and is correlated with photoinduced abs
tion and Raman features in Pt-Cl.10–16 The signal was first
assigned to spin-1/2 neutral solitons localized on two equ
lent Pt sites. The HF intensity pattern was attributed to
probability of finding the total nuclear-spin momentI z of the
two Pt at21, 21/2, 0, 1/2, and 1, which yields the observ
result because natural Pt consists of 33.7%195Pt with nuclear
spin-1/2 and 66.3% Pt isotopes with no nuclear spin.

While the general features of theg' spectrum have bee
reasonably assigned, there have been a variety of inco
tencies in the LESR data. First, the publishedgi spectra have
not always been identical~cf. gi in Refs. 7 and 11!, suggest-
ing that sample and/or experimental variations are sign
cant. Second, the 16-G-spaced superhyperfine~SHF! struc-
ture has not always been observed for theg' signal.
Kawamori and co-workers observed this structure in th
original study and tentatively attributed it to interactions
the unpaired electron spin with the nitrogens on the equ
rial en ligand. However, a later report13 from our laboratory
demonstrated that this could not be the case because sy
sis of Pt-Cl with 15N-labeled en ligands was shown to ha
no effect upon this structure, and we suggested that the
on g' was due to bridging chlorines.

Apart from the experimental results, there has been a
damental disagreement regarding the nature of the defec
sociated with the LESR spectrum in particular and the pho
induced spectroscopic signals~including absorption17,18 and
resonance Raman19! in general. Both polaron and soliton de
scriptions have been advanced, and theoretical descrip
of both types of defects have been variously argued to
more consistent with one model or the other.20,21Key experi-
mental results have also been interpreted as strongly ind
tive of one of the two types of defects, including two LES
studies on both sides of the argument. First, a report that
LESR signal gains intensity upon halogen doping22 was sug-
gestive that the photoinduced defect is charged, consis
with a polaron description. Second, a report that the LE
signal exhibits motional narrowing without a measurable
crease in conductivity11 was argued as incontrovertible ev
dence that the photoinduced defect is neutral, consistent
the soliton description. From our laboratory, characterizat
of a variety of photoinduced spectral signatures, includ
absorption,23 resonance Raman19 and LESR~Ref. 13! data,
have generally been advanced within the polaron descript
With regard to the LESR spectra from15N-labeled en, the
number of the peaks and approximate intensities obse
with 16-G spacing were suggested to originate from a
laron defect in which four equivalent Cl nuclei surround tw
partially oxidized or reduced Pt sites within the reduced
oxidized metal sublattice, respectively~two Pt sites with an
intervening Pt, see Fig. 1!.13 Intuitively, however, the soliton
model seems more reasonable in that the two Pt sites a
ciated with the defect are adjacent. Furthermore, a sol
model based onK-band ESR results15 provided an example
of a simulation that is successful at reproducing the HF f
tures at all angles. In our assessment, however, this mod
not satisfactory in that it continues to associate the S
structure with the nitrogen nuclei and also yields the pred
tion that 40% of the spin density in the defect is located o
single bridging chlorine nucleus, which is unexpected ba
rp-
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on the similarity of the magnitude of the H-F splitting t
LESR signals observed for stacked~bridgeless! Pt
compounds.24

Clearly, understanding the SHF structure could grea
improve the prospects for accurate characterization of
defect responsible for the LESR signal. Part of the difficu
in clarifying the nature of the SHF features is due to the f
that they are distributed over the five-line Pt HF patte
where they overlap and exhibit varying resolution. To clar
the nature of the defect and the HF/SHF interactio
samples of PtCl were prepared with enriched nuclear
topes including 194Pt (I 50), 2H (I 51), and 37Cl ~like
35Cl, I 53/2, but with a magnetogyric ratio;83% that of
35Cl! and studied by LESR.

II. EXPERIMENT

~1! Materials: all isotopes were purchased from Oa
Ridge National Laboratory. The194Pt was certified to have a
195Pt concentration of less than 3%. The37Cl was purchased
as NaCl. The samples of Pt-Cl were synthesized from
saturated aqueous perchloric acid solution of@PtII ~en!2#21

and @PtIV(en)2#41 by the literature method25 and recrystal-
lized in the absence of light at around 5 °C to obtain sin
crystals of Pt-Cl, with a typical dimension of about 432
30.5 mm3. The crystals were stored below 15 °C.

~2! ESR spectroscopy:single crystals of Pt-Cl were take
from the aqueous solution, dried on tissue paper, and
ented on a quartz capillary by means of a small amoun
vacuum grease prior to insertion into a 4 mmquartz tube
with a stopcock. The sample tube was evacuated for sev
minutes prior to placement within the cavity of an IBM
~Bruker! series ER 200X-band spectrometer equipped wi
an Oxford liquid-helium cryostat. The sample was cooled
10 K or below and a spectrum recorded. No significant s
nals were observed prior to irradiation. The sample was t
irradiated for 1 h with a 50 mW/mm2 Ar1 laser beam oper-
ated in the visible all-lines mode. The spectra were then
corded at various temperatures from 4 to 300 K and at v
ous orientations between the magnetic field and the prim
crystal axis, which was identified as the chain axis by exa
nation with an analyzer.

III. RESULTS

A. LESR studies of isotope-labeled Pt-Cl at 10 K

The LESR spectra of194Pt-NCl ~N denotes natural abun
dance! were measured at various orientations as shown
Fig. 2. Compared with the well established LESR results7,10

of NPt-NCl, which exhibit the five-line pattern describe
above, the spectrum of194Pt-NCl at g' , as expected, show
only a single line with peak-peak linewidth ofHpp;90 G.
The spectrum from194Pt-NCl broadens when the orientatio
is changed from 90° to 0°, while the SHF features unde
extensive changes and are essentially unresolved or abse
the gi spectrum. Figure 3 shows the comparative spectra
NPt-NCl with deuterium-labeled en ligand groups, an
194Pt-NCl with hydrogen-labeled en. The deuteratedNPt-NCl
spectrum is essentially the same as that fromNPt-NCl syn-
thesized with hydrogen,7 demonstrating that the LESR spe
trum is not influenced by the hydrogen nuclei. Having elim
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56 8259ESR STUDY OF PHOTOINDUCED DEFECTS IN . . .
nated the possibilities that the SHF originates from hydro
and nitrogen13 ~as well as the remote possibility that it is du
to Pt!, the SHF structure must indeed originate from t
chlorines. This conclusion is tested by LESR experiments
194Pt-37Cl.

Natural Cl consists of 75.77%35Cl and 24.23%37Cl with
a ratio of magnetogyric ratios ofg35Cl /g37Cl'1.20. Thus, the
relative ratio between the average magnetogyric momen
NCl and that of37Cl is expected to be about 1.15. Figure
compares the integrated LESR spectra from194Pt-NCl with
that from 194Pt-37Cl. The overall spectral width of194Pt-NCl
is clearly broader than that of194Pt-37Cl at both the perpen
dicular and parallel orientations, and we measure this bro
ening factor to be approximately 1.16. Moreover, the aver
SHF splitting also varies by the same ratio~15.8 G vs 13.6
G! for 194Pt-NCl and 194Pt-37Cl at g' . This result shows tha
~1! the SHF structure unequivocally originates from ch
rines;~2! the overall spectrum is fundamentally comprised
a superposition of individual chlorine SHF lines. Regardi
the inconsistency reported in the literature with respect to

FIG. 2. The LESR spectra of194Pt-NCl at various orientations
whereN denotes the element with natural abundance of isoto
Data were acquired with temperatures around 6 K.

FIG. 3. The comparative spectra of~a! NPt-NCl with deuterium-
labeled en ligands, and~b! 194Pt-NCl with hydrogen-labeled en.
n

n
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appearance of the SHF structure,7,10–16 we conducted mea
surements on a variety of samples under identical exp
mental conditions and observed the linewidth of individu
SHF lines to be quite sample dependent. In all cases, h
ever, the SHF splitting remains unchanged, indicating t
the SHF structure is affected by variations in spin-relaxat
rates.

B. Spectral dependence on temperature, frequency,
and microwave power

The temperature dependences of the ESR spectra
NPt-NCl and 194Pt-NCl are shown in Figs. 5~a! and 5~b!,
respectively. As expected, the LESR signal discussed to
point exhibits a rapid intensity decrease when the sam
temperature is raised from 10 to around 200 K, where i
not discernable, and the spectrum is only partly recove
upon cooling. No motional narrowing or collapse of the ES
spectrum is observed at any temperature. This is the cas
theI z561/2 lines shown forNPt-NCl up to 140 K, and these
lines are not observed above 170 K, which we consider to
the result of diminished signal to noise, rather than motio
collapse. The central line is observed up to around 200
but exhibits no changes in line shape. For194Pt-NCl, as
shown in Fig. 5~b!, no changes are observed in the linewid
up to 200 K. Although the conclusion that no motional e
fects are observed in the ESR data is not in agreement w
previous report,7,11 it is consistent with the idea that suc
localized solitons in strong CDW materials should be qu
immobile.26

Surprisingly, we observed drastic changes in the LE
spectrum ofNPt-NCl from 10 to 4 K, as shown in Fig. 6. The
spectrum at 10 K shows the ‘‘normal’’ 1:8:18:8:1 hyperfin
intensity ratio and SHF structures. At 4 K, no SHF structu
was observed under our normal measuring condition~modu-

s. FIG. 4. The comparative LESR spectra of194Pt-NCl ~solid lines!
and 194Pt-37Cl ~dashed lines! at gi andg' , respectively. The inte-
grated ESR spectra are plotted here to emphasize the overall
tral width variations upon chlorine isotope substitution. The sup
hyperfine splitting is also seen to vary.
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8260 56X. WEI, S. R. JOHNSON, B. I. SWANSON, AND R. J. DONOHOE
lation frequency and microwave power dependences are
cussed below!. The integrated intensity for the five HF line
at 4 K becomes 0.7:17.7:17:16.5:0.760.2, where the inten-
sity units of the 10 K spectrum are preserved. Note that
two I z561/2 HF lines gain intensity dramatically~more
than doubled!, while the other three lines lose a relative
small amount of intensity from 10 to 4 K. Overall, the spe
tral intensity increases by nearly 50%. Moreover, the lin
widths of the five HF lines change from an approximate
uniform value of 108 G at temperatures above 6 K to 94,
184, 103, 184, 94 G at 4 K. Finally, the separation betwe
the two I z561/2 HF lines decreases from 360 to 260
while the other lines remain comparatively, but not perfec
~vide infra! fixed.

Because the ‘‘normal’’ 1:8:18:8:1 hyperfine intensity pa
tern in NPt-NCl results from the probability of finding tota
nuclear-spin moment,I z , of the two Pt at21, 21/2, 0, 1/2,
and 1, one might assume that deviation from this distribut
is due to the sudden appearance of an unrelated defect w

FIG. 5. Temperature dependence of the~a! NPt-NCl and ~b!
194Pt-NCl LESR spectrum atg' .
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contributes to the excess spectral weight.16 Accordingly, the
4 K LESR spectrum of194Pt-NCl would be expected to re
veal this new defect more cleanly because there is no in
ference from theI z561/2 HF lines in 194Pt-NCl. Figure 7
shows the low-temperature dependence of the ESR spec
for 194Pt-NCl. It is striking that there is no counterpart in th
4 K 194Pt-NCl spectrum to the increased spectral weight
the analogous spectrum ofNPt-NCl. Thus, if such a ‘‘new’’
defect exists, it would be selectively localized on only t
195Pt (I 51/2) sites and be totally absent in194Pt-NCl, which
is extremely unlikely. Excess spectral features were also
served by Otaet al. However, there are several significa
differences.~1! Our spectral alterations ‘‘disappear’’ above
K, while those of Otaet al.persist up to nearly 30 K.~2! The
excess intensity in our data is unlike that observed by
et al. in that it reappears if the sample is recooled below 4
~3! Our result does not depend on whether the Pt-Cl cry

FIG. 6. ComparativeNPt-NCl LESR spectra at 4 and 10 K
respectively. The solid lines are experimental data, the dashed
are the five Gaussian components for each temperature respect
and the dotted lines are the resultant simulations.

FIG. 7. Temperature dependence of the194Pt-NCl LESR spec-
trum at g' . The spectrum undergoes dramatic changes from 4
6.4 K and stays relatively unchanged between 6.4 and 11 K.
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56 8261ESR STUDY OF PHOTOINDUCED DEFECTS IN . . .
has been through the monoclinic to orthorhombic phase t
sition. ~4! We did not observe any photosaturation effect
the excess weight.

Figure 7 also shows that the SHF structure is largely s
pressed at 4 K and appears quite suddenly when the tempe
ture is raised from 4 to only 6 K. In fact, the spectrum at 4
is distinct from that at 6 K in several ways. Quite unexpecte
is the observation that the bandwidth is more narrow
;17 G at 4 K. In addition, there is a slight shift (Dg
;0.001) of the spectrum. In comparison, the spectral pro
remains relatively unchanged from 6 to 70 K. The rap
change in the overall width andg value of the 194Pt-NCl
LESR spectrum at low temperatures is consistent with
NPt-NCl results where the central HF line corresponding
I z50 also narrows and shifts at 4 K~Fig. 6!. To again con-
sider the possibility that these two spectra represent the p
ence of unrelated defects, i.e., the spectrum at 4 K represents
one defect and the excess spectral weight in the 6 K spec-
trum represents another, we studied the LESR spectrum
temperature cycling between 4 K and higher temperature
~near 80 K!. Figure 8 shows the comparative LESR spec
at 4 and 20 K before@Fig. 8~a!# and after@Fig. 8~b!# tem-
perature cycling. The thick line spectra in Figs. 8~a! and 8~b!
were taken at 4 K, while the thin curves were obtained at
K. Although Fig. 8~b! reveals that the intensity is decreas
by more than 35% after the temperature cycles, the 4 an
K spectra in the two parts of the figure retain the same r
tive intensities. The possibility that two defects with sup
imposed spectra experience identical annihilation with rai
temperatures is not credible. Thus, the spectral variations
tween 4 and 6 K are associated with a single type of defe

We also found that variations of the modulation frequen
and microwave power at 4 K affect the spectrum in a manne
similar to raising the temperature to 6 K. In194Pt-NCl, where
the SHF lines are not resolved at 4 K under typical meas
ment conditions~modulation frequency5100 kHz; micro-
wave power52–20 mW!, the structure becomes well re
solved when measured at low modulation frequency~for
example, 3 kHz! and/or reduced microwave power~for ex-
ample, 2mW!. Figure 9 shows the integrated 4 K LESR
spectra of194Pt-NCl measured at field modulation frequen
of 100 and 3 kHz, respectively. Similarly, the spectrum

FIG. 8. LESR spectra at 4 and 20 K. The thick lines in~a! and
~b! were obtained at 4 K while the thin lines were obtained at 20 K
The two panels reveal the relative intensities of the spectra take
the two temperatures before~a! and after~b! temperature cycling.
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NPt-NCl measured at low microwave power shows that
two I z561/2 HF lines are less broadened as compared w
the spectrum measured at high microwave power. This co
be an indication that the spin-lattice relaxation time,T1 , de-
creases rapidly when the temperature is raised above
and that microwave saturation effects are responsible for
spectral changes. However, the fact that theI z561/2 lines
alone lose significant intensity above 4 K, while the oth
lines behave in the opposite manner is not consistent w
this idea. Finally, the fact that the 6 K spectral profile can be
recovered at 4 K by variations in the instrumentation setting
does not suggest that the fundamental defect structure
been altered by a phase transition.

C. Sample-dependent defects

In addition to the LESR signatures presented so far, wh
were found for all samples, we also observed two other
fects which exhibit extensive sample-to-sample variabili
One defect is shown in Fig. 10, where two Gaussian-sha
satellite lines separated by 750 G are observed with sam

at
FIG. 9. The comparative LESR spectra of194Pt-NCl measured

with field modulation frequencies of 100 and 3 kHz.

FIG. 10. The sample-dependent triplet exciton spectrum. T
solid and dashed lines represent integrated LESR spectra for
different samples. The arrows point to the field positions of
triplet exciton magnetic resonance.
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8262 56X. WEI, S. R. JOHNSON, B. I. SWANSON, AND R. J. DONOHOE
dependent intensity compared with the typical LESR sp
trum atg51.95. Because they have a much narrower wi
than the central line, these two lines cannot be attributed
195Pt impurity, in which case the satellite lines should ha
the same width as the central line. Furthermore, any195Pt
impurity would not be expected to show sample to sam
variations, since the samples were crystallized from a sin
synthetic preparation. These two peripheral bands were
casionally observed both in194Pt-NCl prepared with
2H-substituted en ligands as well as the normal en samp
thus, they are not from hydrogen-related defects. Moreo
if these two lines were due to the hyperfine interactions
tween the unpaired spin and some unknown nuclear spin
site, the separation of 750 G would lead to a hyperfine c
pling constant of 1500 G, which is about as large as tha
free hydrogen atoms, i.e., the unpaired spin would be c
pletely localized on a hydrogen 1s orbital. We tentative
attribute the separation of 750 G to the zero-field splitting
a triplet exciton. Half-field resonance signals have not b
observed, although these would be expected to be quite w
in anX-band ESR measurement. The irregular observatio
this defect could be a contributor to the inconsistency of
gi spectra reported in the literature.

The second type of sporadic LESR signal, shown in F
11, was observed at temperatures above 120 K. Unlike
lower temperature signal, this ESR signal exhibits intens
increases when the temperature is raised, presumably d
more rapid spin-lattice relaxation at higher temperatures~this
assumption was not tested by investigation of power sat
tion effects at lower temperatures!. This LESR signal is very
intense at room temperatures and can persist after se
days at room temperature, much longer than the roo
temperature lifetime of the photoinduced defects observe
low temperatures. This new metastable defect has a c
paratively isotropicg tensor withgi52.26 andg'52.23 and
with DHpp;150 G. Note also thatgi.g' , in contrast with

FIG. 11. ESR spectra of the sample-dependent metastable
fects at room temperature.
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gi,g' for the primary low-temperature signal. We sugge
that the disagreement between the present study and
from Kuroda et al. regarding the observation of motiona
narrowing is due to the presence of this signal in their da
That study shows the fully separated HF bands up to 60
and a broadband above 200 K~see Fig. 4 in Ref. 11!. Fur-
thermore, in our opinion the spectra recorded at 160 and
K in that report do not definitively reveal a collapse of th
HF structure. In fact, despite the poor signal-to-noise ass
ated with LESR spectra at those temperatures, evidenc
theI z561/2 lines at their original low-temperature position
without collapse is observed. In the present case, the bro
linewidth of the metastable signal (;150 G) from 194Pt-Cl
excludes the possibility of motional narrowing associa
with the low-temperature spectrum (Hpp;90 G). The origin
of this metastable defect is not clear at present. It may
related to the long-lived photoinduced absorption bands
ported previously for Pt-Cl.27

IV. DISCUSSION

A. Primary photoexcitations in Pt-Cl

The LESR spectrum in Pt-Cl has been assigned both
polarons and solitons. Theg' ESR spectrum can be approx
mately reproduced by both polaron and soliton-spin distri
tions such as those illustrated in Fig. 1. However, there
been no model of the ESR data that convincingly mimics
spectrum at all angular orientations. One polaron mod13

predicts that four equivalent~excepting isotope! Cl nuclei
contribute to the SHF structure, whereas a simple soli
model15 predicts that one Cl nucleus is strongly coupled
the spin. Both defect models are explored here in an atte
to simulate the 194Pt-NCl LESR spectra observed at a
angles. Unlike the previous soliton model, however, o
simulation includes three chlorines, two of which are equiv
lent and lie at the periphery of the defect and one of which
centralized and more strongly coupled to the spin. Thus,
following Hamiltonian was used for the spin-soliton simul
tion:

H5bS•gJ•H1S•AJClc
•IClc

1(
i 51

2

S•AJClo
•IClo

, ~1!

where AJClc
denotes the hyperfine tensor for the central

site, whileAJCl0
denotes that of the outer Cl sites. The sim

lated spectra were calculated assuming random distribu
of Cl isotopes in accord with natural abundance. For
polaron simulation, the following spin Hamiltonian wa
used:

e-
TABLE I. Parameters used in the soliton model.

gi51.943 g'52.293

Aic54731024 cm21 ~for 35Cl! A'c52831024 cm21 ~for 37Cl!
Aic53931024 cm21 ~for 37Cl! A'c52331024 cm21 ~for 37Cl!
Aio51131024 cm21 ~for 35Cl! A'o51431024 cm21 ~for 35Cl!
Aio59.331024 cm21 ~for 37Cl! A'o51131024 cm21 ~for 37Cl!
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TABLE II. Parameters used in the polaron model.

gi51.943 g'52.293

Ai535.0031024 cm21 ~for 35Cl! A'514.9631024 cm21 ~for 35Cl!
Ai529.1231024 cm21 ~for 37Cl! A'512.4531024 cm21 ~for 37Cl!
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The optimum parameters~by visual inspection of the simu
lated result! from the two simulations are listed in Tables
and II.

Figure 12 shows the simulation of LESR spectra
194Pt-NCl based on the two models compared with the d
acquired for that orientation. Examination of the calcula
spectra for the two extreme and one intermediate angles
veals that the spin-soliton model gives a better overall fi
the LESR data. The equivalency of Cl nuclear sites in
polaron model entails binomial distribution of the SH
lines,28 which tends to have higher~integrated! ESR intensity
and larger SHF line amplitude in the middle of the spec
The soliton model permits adjustment of the electron-s
density on the two types of Cl sites, thereby allowing a
perior fit of the spectra. The model is successful in tha
reproduces the principle features of the data at all ang
including the resolved SHF ing' and the tripletlike appear
ance ofgi , where the contribution of the bridging chlorine
is more extensive yet the resolution of the SHF is lost. T
polaron model is especially poor at reproducing this featu
less signal. Using an argument similar to that proposed
Kuroda et al.,15 the unpaired electron is estimated to ha
15% density on thepz orbit of the central Cl site and 2% o
each of the outer Cl2 sites. These values differ marked
from a previously proposed model in which 40% of the sp
density was found on the bridging chlorines.15

While the present soliton model is generally accurate
all angles, some details are not reproduced. Perhaps
important is the inability to yield good registry with the SH
features of theg' spectrum, as seen by careful inspection
Fig. 12. The simulated intensity pattern is also not a go
match to the data, in that excess intensity is predicted for
bands at the edge of the spectrum. Such discrepancies c
be due to the simplified nature of the model Hamiltonia
which includes the assumption that the principal axes of
g and A tensors are coincident. The differences could a
partly be a result of the presence of heterogeneous de
structures. Such are indicated by sample to sample variab
in the relative intensities of the SHF features and the fact
the individual SHF bands often exhibit structure~see Fig. 8!
which is not reproduced by the model. One previous re
that supports such a possibility is the observation of multi
pinning energies for photoinduced spin defects in the b
mine analog of Pt-Cl, Pt-Br.29

B. Possibility of spin dynamics at 4 K

The spectral changes of the HF structure, which is as
ciated with Pt nuclei, and the SHF structure, which is as
ciated with Cl nuclei, at low temperatures are quite unus
The intensity pattern of 0.7:17.7:17:16.5:0.7 (60.2) at 4 K is
f
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s,

e
-
y
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ost

f
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,
e
o
ct

ity
at

lt
e
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especially puzzling because no obvious configuration
yield such an intensity pattern in accord with the statisti
distribution of the Pt isotopes. Yet in Sec. III B, we co
cluded that these changes are unlikely to be due to the e
gence of new defects, phase transitions, or saturation effe
Therefore, the spectral changes observed between 4 and
are apparently a manifestation of a dynamic process.
cause the intensities of the LESR spectra observed upon
cling between 4 and 6 K are reproducible, any dynamics a
apparently localized and do not lead to activation or ann
lation of the defect. Sakaiet al.14 proposed a dynamica
model to explain the observation inNPt-NCl that the SHF
lines are present in theI z50 and61 HF lines and absent in
the I z561/2 HF lines. In their model, the spin density o
neutral solitons are fluctuating back and forth around
equilibrium position. However, in such an instance o
would also expect the overall linewidths of the twoI z5
61/2 lines to be broader than the other three HF lines, wh
is not in agreement with the LESR spectra at temperatu
higher than 6 K. Below 6 K, the twoI z561/2 lines do
indeed broaden and collapse toward the centralI z50 line
from 6 to 4 K. In this instance, the classical Anderson sp
exchange narrowing model can be investigated for appl
bility:

@DH12~0!#22~DH12!
252~G2G0!2, ~3!

FIG. 12. The experimental~solid lines! and simulated ESR
spectra based on neutral soliton~dotted lines! and polaron~dashed
lines! models at a variety of angles.
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where the resonant lines are at fieldsH1 or H2 with DH12
5H22H1 , G0 is the intrinsic linewidth,G is the measured
linewidth andDH12(0) is the intrinsic splitting without spin
exchange. However, the values extracted from Fig.
i.e., DH12(0)5360 G, DH125270 G, G05108 G, and
G5184 G, are not in accord with Eq.~3!. In general, any
simple dynamical model is not likely to explain the low
temperature phenomenon in Pt-Cl. In fact, the data provid
surprising indication that the dynamic phenomenon is
evenly applied among the isotopically distinct defect sit
Because it is well established that quantum lattice fluct
tions affect both the electronic properties of the ground a
photoinduced states, we speculate that low-frequency in
nal modes, apparently on time scales similar to the mod
tion frequency of the ESR measurement, couple to the s
dynamics.

V. CONCLUSIONS

We have measured the LESR spectra of various isoto
cally enriched Pt-Cl complexes. These results show that
superhyperfine~SHF! structures are purely associated wi
Cl and the spin-1/2 defects can be better modeled as ne
solitons by a simple Hamiltonian including significant sp
a

A

,

a
t
.
-
d
r-
-

in

i-
e

ral

density over three Cl sites. This result is in opposition to o
earlier assignment of the LESR spectrum to polarons an
accord with the general assignment from Kuroda and
workers, although our results call several aspects of th
soliton model into question. As one example, we can find
indication of motional narrowing of the LESR spectrum.
redistribution of spectral intensities below 6 K is believed to
result from some unusual spin dynamics in Pt-Cl. These
namics are not easily understood and appear to be sens
to isotope. Two sample-dependent defect signatures were
served, one of which appears to be a spin triplet, while
other appears above 120 K and is metastable at room t
perature. Thus, it is clear that a variety of sp
photoexcitations are possible for Pt-Cl, although the solit
result seems to be common to all instances.
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