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Electron spin-lattice relaxation rates for the low-spin
[Rh(CN)s]*~ complex in KCI were measured by the inversion
recovery and saturation recovery techniques, in the range of 5
to 30 K. Angular variation experiments indicate that electron

plexes because the weakness of the crystal field in these systel
provides an appropriate low lying ionic excited state.

The experimentally observed exponential-like increase in the
electron spin-lattice relaxation rate at low temperatures is no

spin—lattice relaxation times present axial symmetry. The data fit
very well to a relaxation process involving localized anharmonic
vibration modes, also responsible for the g tensor temperature
dependence. © 2001 Academic Press

only characteristic for Orbach-type electron spin—lattice relax-
ation. An alternative is the Murphy-type electron spin—lattice
relaxation 6), related to a local vibrational mode (internal or
external). This can be described as a phonon absorption resu
ing in simultaneous transition of a local vibration and spin—flip
in a double-well tunneling model. This mechanism leads to the
temperature dependence,

In the literature there are widely accepted models for elec-
tron spin—lattice relaxation processes that involve low frequency
transitions. The resonant two-phonon electron spin—lattice re-
laxation process, postulated independently by Orbayfaifd with A being the tunneling frequency. At low temperatures when
Aminov (2), involves absorption of a phonon by a direct proA > kT this function approaches an exponential dependenc
cess to excite a spin system to a much higher electronic levellal; = Aexp(=A/kT).
an energyA above the ground doublet, followed by the emis- Neither Orbach—Aminov nor Murphy relaxation processes
sion of another phonon of slightly different energy so that thely on the Jahn—Teller effect; the Born—-Oppenheimer approxi
magnetic ion is indirectly transferred from one level to the othetfiation is assumed to be valid.
of the ground doubletd) split by the Zeeman interaction. This The Jahn-Teller effect was first postulated to explain the low:-
process may be considered a predominant electron spin—latéi¢iag in symmetry of octahedral complex&$ &nd then to ex-
relaxation pathway when the energy differercis less than the plain the temperature dependence ofdl@nd hyperfine tensors
maximum phonon energy available. The electron spin—lattice taat appear in the spin Hamiltonian used to interpreted electro
laxation rate is shown to depend on temperatdy¢hrough the paramagnetic resonance spec®aThis is a direct consequence
Bose factor, of the crystal field model for molecules. Nowadays, with the
development of sophisticated molecular ab initio calculations
which are able to include some of the host lattice as v@|li{
is possible to show that an axial distortion may arise as a natur:

Atlow temperatures, whef > KT, this function approaches consequence of chemical bonding.
an exponential dependencgTy = Aexp(—A/kT). For example, an axial distortion represents a minimum in the

Apart from describing the temperature dependence of tipstential hypersurface of the [Rh(C4Jtj~+ vacancy complex
electron spin—lattice relaxation process, fitting the experimentalKCl host lattice; there is a loosening of the coordination bond-
data to this exponential-like function can yield the energy p@ag between the metal and the axial cyanides, a consequence
sition of an excited paramagnetic level, which might otherwigbe anti-bonding character of the nondegenedataunpaired
be unobservable. In the literature there are many examplestdctron orbital 9). Clearly, there is no need to invoke the Jahn—
the determination ofA from T; measurements employing non-Teller effect to understand the lowering in symmetry in this case
resonant as well as resonant methods, including CW and puléidd seen as a consequence of chemical bonding. Of course tf
electron paramagnetic resonandeX). The measurements aredynamic Jahn—Teller effect is not to be expected for a nonde
related to paramagnetic rare earth ions or other high spin cogenerate ground state.

I. INTRODUCTION

1/T, = Acsch(A /KT), [2]

1/Ty = Alexp(A/kT) — 1] 7L [1]
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Concerning Jahn—Teller systems, electron spin—lattice reldixne constant was measured as a function of the inversion puls
ation via vibronic levels for Cu(kD)s complexes was clearly width in the range 56—400 ns; the variation was found within
stated by Williamst al. (10) and the electron phase relaxatiorihe experimental error.
due to excitations to vibronic levels was mentioned by Bill and Saturation recovery (SR) experiments were performed &
Silsbee 11) and experimentally observed by Hoffmann and cddenver University at 5, 7, and 10 K. At 10 K, using aus-
workers (2). pumping pulse, SR experiments give the same spin—lattice re

Onthe other hand, for non Jahn—Teller systems, low frequeriaxation times as those obtained by the IR method, while at 7 |
vibrational modes were invoked to explain electron spin—latti&R T;'s are about 25% smaller, probably due to two reasons
relaxation of defects in crystalline quartt3) and of atomic- the larger time window accessible to SR experiments provide
hydrogen centers generated in fused silica by gamma-irradiatlmetter exponential fittings and just a small inaccuracy in the tem
(14). perature measurement can give rise to significant deviations ¢

In this paper we report electron spin—lattice relaxation metire measured; values for the system under study. It is known
surements on the [Rh(CHJ}~ complex in KCI host lattice. We that below 10 K the temperature in the sample is rather sensitiv
suggest that experimental data can be explained with a reléxthe helium flux and to sample thermalization; direct reading
ation process intermediated by local anharmonic vibrations msy differ from that of a thermocouple located close to the sam
deduced beforel§) from theg value’s temperature dependenceple. Typical saturation and inversion recovery curves are show

in Fig. 1 at 10 K.

1. EXPERIMENTAL

The paramagnetic complex under study is produced by X-ra** 1ggg0

or 2 Mev electron irradiation on KClI single crystalsf doped
with a 0.5% molar proportion of §)Rh(CN). The crystals were
grown from slow evaporation of a saturated aqueous solution (& 5000}
KCl'to which the desired molar proportion of the salt was added 3
The EPR experiments were performed at X-band (9.68 GHz) 0 §
a Bruker ESP380E pulsed spectrometer using a dielectric cavi% 0
inserted into an Oxford CF-935 variable temperature cryosta.g
The cubic crystals were mounted on a small Teflon cylinder int(@
a quartz tube. The sample was aligned in such a way that or%
of the principal axes of the cubic crystal is perpendicular to thd? .
magnetic field so that one can obtain both the parallel and tF
perpendicular features of the spectrum with the magnetic fiel
parallel to either of the other axes.

The EPR spectra of thisi4 low spin complex reveal a hyper-
fine interaction between the unpaired electron occupyidg a
antibonding orbital and the rhodium nucleuis=£ 1/2), besides 1000
a superhyperfine interaction with two equivalent nitrogens o
the axial cyanides. Both and hyperfine tensors are anisotropic
and their temperature dependence is attributed to the presence >
localized anharmonic vibration%, 17). Using a selection tech-
nigue based oif, (spin—spin relaxation time)l8) we verified
the existence of two distinct paramagnetic species, attributed
distinct positions of the charge compensating positive ion vaS 0
cancy.

Electron spin—lattice relaxation times were measured usin
an inversion recovery (IR) technique in the temperature rang
7-30 K. Temperatures were carefully measured with a calibrate ~ -500
thermocouple located very close to the resonant cavity. The puls
sequence employed was a 56-ns inversion pulse followed by
400-nsm/2 pulse. Detection was carried out on the top of the
free induction decay signal.

Spectral diffusion is minimized with the application of a suffi- FIG. 1. Typical saturation recovery (top) and inversion recovery (bottom)

ciently nonselective inversion pulse and a selective measuremghles taken at 10 K from the perpendicular EPR spectturs, 9¢°, of the
pulse. As a test of the impact of spectral diffusion, the recovelsh(CN)]*~ complex diluted in a KCI host lattice.
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I1l. RESULTS

The best results are obtained when the experimental data ar
fitted to two exponentials instead of one, as a consequence o
the existence of the two distinct paramagnetic species mentione(™N

. . . .
above. This is clear from the SR experiments. The first species iss
more intense and relaxes fast&8). The second species is char-
acterized by a rather large electron spin—lattice relaxation timel
and by a smaller intensity, implying a much lower accuracy in its :
determination as a consequence of the restricted time window
accessible to the IR experiments. Furthermore, the presence c
the second exponential in the fitting also implies a lower preci-
sion in the determination of the parameters of the first one. For
this reason the low intensity slow relaxing exponential was ap-
proximated to a linear function in order to get the electron spin—
lattice relaxation times from the predominant exponential as a
function of temperature. This procedure diminishes the number
of parameters and improves the fitting accuracy.

electron spin—lattice relaxation rate at the paraltle0°) and
the perpendicularg( = 90°) orientations. A very good fitting
to a Boltzmann factor is obtained for both curves with=

N
Figure 2 shows the measured temperature dependence of th % 0.51
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(344 1) cn!. The SR experimental point at 5 K, measured _ = o
for & = 90, fits well to the IR curve, considering that the ‘ =
temperature at the sample could be 5.5 instead of 5 K, as showi ]

with triangles in Fig. 2.
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FIG. 3. Angular variation experiments performed at 7 (top) and at 14 K
(bottom). The sample was initially aligned in such a way that one of the principal
axes of the cubic crystal is perpendicular to the static magnetic field, so that on
can obtain both the parallel and the perpendicular features of the spectrum wit
the magnetic field parallel to either of the other axes. Circles represent data take
in the Z X plane and triangles represent data in the pMne Fluctuations in
experimental points are mainly due to temperature fluctuations.

Angular variation experiments, performed at two distinct tem-
peratures, are shown in Fig. 3. The observed anisotropy is far tc
large to be attributed solely to the Zeeman interaction, which i
mainly responsible for the electron spin—lattice relaxation mech
anism; the electron spin—lattice relaxation process, therefore
must also depend on the angle between the external magne
field and the complex principal symmetry axis. Measurement o
Ty as afunction of the magnetic field under the parallel spectrun
demonstrates a complete independenceévipnruling out hy-
perfine interactions as possible electron spin-lattice relaxatio

for the [Rh(CN}]*~ complex diluted in a KCI host lattice for the faster reIaxingmeChamsmS-

species, measured by the inversion recovery method. The point at 5 K, repreThere is a prediction that Orbach electron spin—lattice re:
sented by a down triangle, was measured by the saturation recovery techniqigghtion rates of Kramers' ions should show some angula
Denver University; the up triangle represents the same measurement if the tﬁ’ﬁisotropy 19)' somewhere around 50% (Calculated for trivalent

perature is corrected to 5.5 K. The Boltzmann fitting relations are also shown
The upper curve represents data takef 2t0° and the lower curve represents
data taken a# = 90°. The energy separation is found to be (34t 1) cm !

for both curves.

neodymium). In fact, a much larger anisotropy (a factor of 12)
was reportedZ0) for trivalent Nd in L&Mg3(NOz3)12 - 24 H,0.
The observed angular dependence, in our case, reveals
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anisotropy of about 50% and a functional shape similar to thar  45,0-
predicted 19) for the direct process in a sample of 1%°C€én 40,04
LaClz. Modeling this effect is beyond the scope of this work.

35,0
30,01
IV. VIBRONIC ELECTRON SPIN-LATTICE =
RELAXATION PROCESS T 2501
§_ 20,01

In the usual treatment of the temperature dependence of ele: ‘Sh 15,0-
tron spin—lattice relaxation of impurity ions, the vibrational
properties of the paramagnetic ion are assumed to be those of
normal host ion. For impurities that do not affect the vibrational

10,0 1
5,04

Dashed Murphy
Straight Vibronic

properties of the lattice, this is expected to be a reasonable a|
proximation. However, if a paramagnetic impurity is associated
with a gross defect in a crystal, it should be expected that the
temperature dependence of the electron spin—lattice relaxatic
time would be dominated by the vibrational properties of the
defect. Anion could be trapped at a site about which the poten
tial is highly anharmonic such that the vibrational amplitude is 7.4
very large. Under these circumstances, lattice vibrations coult
beat the localized vibrations, producing a difference frequencyg 2,7
resulting in a spin transition in a process similar to Murphy’s JE_' ]
relaxation 6) but in a single well. = W
As mentioned above, low frequency localized anharmonic‘t; e
modes were inferred from thgetensor temperature dependence 1
for the paramagnetic species under study. Two vibration mode 0,1
(15) are reported, witth,, and A g symmetry, respectively, with 1
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FIG. 5. Comparison between the vibronic model electron spin—lattice re-
laxation process and Murphy’s model. The logarithmic plot (bottom) of the re-
laxation rate as a function of the reciprocal temperature unravels the difference
which are hidden in a linear plot (top).

levels relevant to the relaxation problem. Figure 4 illustrates
this idea, considering only one vibration mode. The resonar
excited state is now a vibronic level and not an excited electroni
one as in the Orbach—Aminov process. Dotted lines indicate th
coupling to lattice phonons amiE is the usual Zeeman energy.
The expected temperature dependence, as the population of t
vibronic levels is determined by the Boltzmann statistics, is ho
through the Bose factor but follows an exponential law as

1/Ty = Aexp(=A/kT). [3]

The A value obtained in this work suggests that the reportec

FIG. 4. Energy levels relevant to the vibronic electron spin—lattice rela-15) lower frequency mode is mainly responsible for the mea
ation. Instead of an electronic excited state such as the Orbach—Aminov procsstied electron spin—lattice relaxation process. This is an od

the electron spin-lattice relaxation process is governed by the coupling betwegirity mode, if we consider 84, local symmetry. According
the electronic system and localized anharmonic vibrations. Dashed lines i%'theory based on harmonic vibration modéi;)(when there

cate the coupling to lattice phonons andk is the usual Zeeman energy. The.
diagram is not to scale and the interactions have been depicted successive‘§

;an inversion center, electron spin—lattice relaxation is ser

the following order: pure electronic, vibronic (taking into account the zero poiitive to local modes which are even under inversion. In this

energy), and vibronic plus Zeeman.

case the known anharmonicity of the local vibration modes will
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introduce odd components in the vibronic Hamiltonian, makJACN). We thank Prof. G. Eaton and Prof. Sandra Eaton for the saturatior
ing the parity of its eigenfunctions undetermined and providirf§covery measurements and Dr. A A !amitfor useful d?scussions. We thank
nonnull matrix elements of the orbit-lattice operator. FurtheP- R B- €apaz for useful suggestions in the manuscript.
more, symmetry lowering caused by the presence of the charge
compensating vacancy also plays a role in electron spin—lattice
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