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Influence of localized anharmonic vibrations on electron
paramagnetic resonance spectroscopy
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We have developed a theory that provides an interpretation for the temperature dependence of
the g values measured by electron paramagnetic resonance (EPR) spectroscopy, based on the pres-
ence of localized low-frequency anharmonic modes. The model is successfully applied to EPR data
on paramagnetic nickel cyanide complexes in NaC1 host lattice, for both d 2 and d 2 ground

z x —y

states.

I. INTRODUCTION

The temperature inhuence on electron paramagnetic
resonance (EPR) spectra has been frequently interpreted
with the aid of the dynamic Jahn-Teller effect. ' In a clas-
sical paper, O' Brien discusses the nature of the
electronic-vibrational states of a d ion in an octahedral
complex considering an adiabatic model, and derived ex-
pressions for the g values and the hyperfine structure pa-
rameters of the EPR spectrum at high and low tempera-
tures. Vibronic mixing between the d & and d, , orbit-

z x —y
als lead to an anisotropic EPR spectrum at low tempera-
tures, which changes at some intermediate temperature
to a high-temperature isotropic spectrum. This model
was successfully applied to the work of Bleaney et al. on
the Cu + ion in Mg3La2(NO3)i2 24DzO host lattice.

EPR studies of transition-metal cyanide complexes di-
luted in alkali-metal halide host lattices and submitted to
ionizing radiation revealed that hexacoordinated com-
plexes of Fe, Ru, Os, Co, Rh, and Ir are reduced by cap-
ture of an electron in a d 2 antibonding molecular orbit-

z
al. This investigation also showed that square-planar
complexes of Ni and Pd (Refs. 5 and 6) exhibit both oxi-
dized and reduced states. For example, electron-
irradiated diamagnetic Ni(II) d cyanide complexes in a
potassium chloride host lattice give rise to paramagnetic
d [Ni(CN)4Clz] complexes (unpaired electron in a d 2

orbital) and to paramagnetic d [Ni(CN)4C12] com-
plexes (unpaired electron in a d, 2 orbital). The simul-

Z

taneous observation of a transition-metal ion in two
different charge states, imbedded in the same host lattice,
makes these systems particularly suitable for comparative
measurements of properties which depend on external
factors.

Careful EPR measurements show that the spin Hamil-
tonian parameters for these paramagnetic complexes are
temperature dependent. For paramagnetic species with
the unpaired electron in a d & orbital, the parallel com-

ponent of the g tensor is temperature independent within
the experimental accuracy. The perpendicular g factor,
however, continuously increases with the temperature.

On the other hand, for paramagnetic species with the un-

paired electron occupying a d 2 2 orbital, both parallel
Z —y

and perpendicular g values continuously increase with
temperature. It is clear that these results cannot be inter-
preted on the basis of the dynamic Jahn-Teller effect.

In the present investigation we propose an explanation
for the observed temperature dependence of the g values
measured for d and d complexes. These temperature
effects are interpreted in terms of localized anharmonic
vibrations. Using this framework we shall compute
therma1 atomic displacements and use crystal-field theory
to calculate the temperature dependence of the g values.

II. THEORY

A. The crystal-field model

and localized anharmonic vibrations

In order to formulate a theory to interpret the g-tensor
temperature dependence in cyanide complexes we shall
begin with a crystal-field model. A ligand field picture
would give a better description for such covalent com-
plexes, but it would introduce too many parameters to
deal with in a feasible way.

Let us assume an hexacoordinated molecule, as shown
in Fig. I, with intramolecular distances a, b, c, and f (Ci„
symmetry). The crystal-field eigenfunctions and energies
are calculated and listed in the Appendix. The energies
are written in units of C(Ze(r )/7). The average value
of r" in the unpaired electron wave function is ( r"), and
the constant C has been introduced in order to adjust the

g values at T=O K. The ratio R =(r )/(r ) may be
calculated using the average values reported by Freeman
and Watson.

The main components of the g tensor are calculated
from first-order perturbation theory. ' For a d system,
d & ground orbital with energy E2, it follows that

g„=2.0023+ 8)i, sin y/(E2 E„»), —(l)

g„„=2.0023+2k(&3cosy+ siny ) /(E2 E„,), (2)—
g =2.0023+2K(&3cosy —siny) l(E2 E„,) . (3)—
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tential e associated energies are, in units of cm 7

(v) co(v+ —) —x~(v+ 1)2
2 7 (8)

Qr =(n) 1/z y ~r~d r

where cu is the frequenc ', thecy in cm, x is the
7
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ergy

(4)g„=2.0023+ 8A, cos y /(E E)—
1 xy

g„„=2.0023+2k, (cosy —&3siny ) /(E E—
1 yz

B. The generalized Morse potential

For a diatomic molecule, the Me Morse potential can be

gyy 2 0023 +2A ( cosy + 3s ) /( E
& xziny
& E„,), —(6)

where A, is the spin-orbit cou lini coup ing constant for the transi-
e a in t e appropriate charge state.
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1
Qt = — ln(1 E /D ) . —

2hr r r (12)
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where

F„(T}=

max

g ln(1 E—r /Dr )exp( E—r /kT )
0

Vmax

g exp( E—r lkT)
0

(15)

On the other hand, the thermal average given by rela-
tion (9) can be written as

Qr(T)=n ' g a,"b,dr(T) .
i=]

(16) I

AI Ig

r
d;(T)=d;(0) 1 —

—,
' g Fr(T)

r r
(18)

This expression gives the intramolecular distances as a
function of temperature. Substituting in relations
(Al) —(A5), we may calculate the g values as a function of
T. A least-squares method is used in order to fit the cal-
culated g values to the experimental data. The parame-
ters to be varied are frequency and dissociation energy
for each mode to be considered, and the distances metal
to the ligands at 0 K.

III. NICKEL CYANIDE COMPLEXES
IN NaCl HOST LATTICE

Among the possible C4„symmetry stretching modes,
Fi .ig. 2 shows only the ones considered for interpreting the
temperature effects observed in the EPR spectra of mono-
valent and trivalent nickel cyanide complexes in NaC1
host lattice with D4& or approximate D4I, symmetry. '

Mode A2„ is infrared active while modes A
g

and B,gan
are Raman active. Figures 3 and 4 show their effect on
the g values for a d & and for a d 2 2 ground state, re-

spectively, using the present theory. For the Ni ion,
R =2.057 A, and for the Ni'+ ion, R =3.7 A, obtained
from extrapolation using the values for Ni +, Ni +, and
Ni + taken from Ref. 8.

It is clear from Fig. 3 (top) that, if the unpaired elec-
tron occupies a d 2 orbital, the axial modes A and A

z 1g 2u

play a very important role on the temperature depen-
dence of the g factor considering an octahedral symmetry
at 0 K. However, if we take a D4I, distortion at 0 K as

Although there is a summation on the right-hand side
of relation (16},considering that a vibration mode means
a collective motion, we can comfortably assume that b,d"

l

and Qr have the same temperature dependence. There-
fore, it follows that

d;(0)
b,d;"( T)=—,F„(T),

2h „a'„

which is the same for all atoms involved in a given mode,
where d;(0) is the distance between the central metal and
atom i at 0 K. Furthermore, if we consider a linear su-
perposition of independent vibration modes, the net dis-
placement of the i atom will be given by the sum of
hd; (T) over the vibration modes.r

Finally, for a given temperature T, we get

2U

FIG. 2. Some stretching modes for C4„symmetry.

shown in Fig. 3 (bottom), the contribution of the modes
1A 1g and B1g becomes more important for the same fre-

quencies and dissociation energies. On the other hand, if
the unpaired electron occupies a d» orbital, the equa-

1torial modes A, g and B,g are likely responsible for the
major variations of the g values with teinperature (see
Fig. 4). Furthermore, it is known that the capture of an
extra electron loosens its respective chemical bond,
which suggests that it may be possible to correlate the
softening of the vibration modes to the presence of the
unpaired electron in the corresponding molecular orbit-
als.

Table I displays the best fitting data for d
[Ni(CN)4C12] and for the d [Ni(CN}4Clz] paramag-
netic complexes in NaC1 host lattice. The respective
fittings are shown in Figs. 5 and 6. The values of the met-
al to ligand distances, in and out of the equatorial plane,
were frozen to 2 and 3 A, respectively, which roughly
correspond to the distance Ni-CN center of mass and to
the NaC1 lattice parameter.

The agreement between the experimental data and
theory may be considered as very good, especially if we
remember that the data for the d 2 2 ground state con-

sist of two independent sets (g parallel and g perpendicu-
lar} which must be fitted with the same set of parameters.
Notice that g values at 0 K have been adjusted by the in-
troduction of the constant C.

The dissociation energies found are of the same order
of magnitude as the energy necessary to thermally
decompose a cyanide complex. Vibration frequencies
also fall in the predicted range' and decrease when the
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FIG. 3. Contribution of each stretching mode to the temper-
ature dependence of the perpendicular component of the g ten-
sor, d 2 ground state. The frequency is assumed to be 50 cm

and the dissociation energy 500 cm '. Top: distance metal to
axial ligand equal to the distance metal to equatorial ligand at
T=O K, taken as 2 A. Bottom: distances equal to 3 and 2 A,
respectively.

FIG. 4. Contribution of each stretching mode to the temper-
ature dependence of the perpendicular (top} and parallel (bot-
tom} component of the g tensor, d, & ground state. The fre-

x —y

quency is assumed to be 50 cm ' and dissociation energy 500
cm '. Considerations on the intramolecular distances at T=O
K, as made in Fig. 3, do not affect considerably this case.

TABLE I. Best-6tting data for the 3d' and 3d species.

Species

[Ni(CN}4C12]', d p

[Ni(CN)4Clp], d 2

Mode Frequency'

92

69

194

Dissociation'

1333

810

725

Anharmonicity

0.017

0.021

0.067

Estimated uncertainties are about 10%. Frequencies and dissociation energies are given in cm units.
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APPENDIX

FIG. 5. Comparison between the EPR measurements at 9.3
GHz for [Ni(CN)4Clz]', d, ground state, and theoretical

values calculated with the best-fitting data displayed in Table I.
The parallel component of the g tensor does not depend on the
temperature, within the experimental accuracy.

In this appendix the C2„crystal-field eigenfunctions
and energies are listed. The intramolecular distances a,
b, and c are shown in Fig. 1:

p, ( A, ) =cosyd, &
—sinyd, ,

2.I40

2.I30—
—2 052

CP

O
O
CL

2.IIO—

2 048

2 044

unpaired electron lies in the equatorial plane (d 2x —y
ground orbital and modes A I and B&s). When the un-

paired electron occupies a d 2 orbital, the probably higher

vibration frequency of mode 8, gives a good fitting
when considering only an A

&
mode. On the other hand,

the calculated anharmonicity parameters are rather simi-
lar to those reported by Morse' for diatomic molecules.

In summary, we have shown that localized anharmonic

4K 8E
E) =X+8'+ — G+ sin y,

p2( A, ) =cosyd 2 siny—d,
4E SKE =Y— + G+ siny2 G G

qr( A2) =d„

E„y =X —8',
y(B, )=d„,
E,=L+J,
y(B, ) =d, ,

E,=L —J,
where

1 1 1 1X=2 +
3 b3 c3 f3

(Al)

(A2)

(A3)

(A4)

(A5)

2.IOO—
—2.040

R
12

4 4 3 3
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FIG. 6. Comparison between the EPR measurements for
[Ni(CN)4C12]', d z z ground state, and theoretical values cal-

x —y

culated with the best-fitting data displayed in Table I. The
measurements were performed rigorously at the same experi-
mental conditions used to obtain the data shown in Fig. 5. Solid
circles correspond to the perpendicular component of the g ten-
sor and open circles to the parallel component of the g tensor.

12

Y=2 +1 1

3 f3
1 1

a b

4 4 3 3
3 fs bs 3

1 1

5 b5
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6=X+W —Y, and

2&2
tan2y = E,

1 1
3 f3

1 1
3 b3

1J=3
Q

1 „1 1

b
'

b a
4 4 3 3

3 5 f5 bs a5
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