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Dynamic Jahn-Teller effect in the EPR spectrum of Ni'* and Ni** in magnesium oxide
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An electron-spin-resonance study of the dynamic Jahn-Teller effect in Ni'* and Ni’* in MgO at
liquid-helium temperature is reported. For both ions the spectra arise from strain-split ground vibronic
doublets, with a small admixture of an excited singlet. From the anisotropy of the linewidth it follows
that the symmetry of this singlet is 4, for Ni!* and 4, for Ni**.

INTRODUCTION

It is well known that ions possessing orbitally
degenerate electronic ground states are subject
to the Jahn-Teller (JT) effect. This effect has
been studied extensively in a number of transition-
metal ions.!”* Most of these studies are concerned
with d* and d® configurations, for which examples
were presented for both the static and the dynamic
cases, and more recently also for the intermediate
range.>® Much less work has been done on d”’
ions, and all of the published cases for such ions
deal with the static JT effect only.!~*°

In the present work we report an EPR study of
Ni* {t§, e3} 2E, and Ni**, {t§, ¢!} 2E, ions in MgO.
These systems were investigated previously!®!!
down to liquid-helium temperatures; however,
for both cases only a single isotropic line, as-
cribed to a dynamic JT effect, was reported. In
the crystals studied in the present work an aniso-
tropic doublet, in addition to the isotropic line,
appeared in the spectra of both ions at low tem-
perature. Analysis of the spectra shows that the
anisotropic lines originate from a nearly isolated
ground vibronic doublet split by large random
strains, while the isotropic lines result from fast
averaging of the anisotropic spectra. In addition,
it is shown that the ground vibronic doublet con-
tains a small admixture of an excited vibronic
singlet state and it was possible to determine the
symmetry of this state for both ions. Ni®* is the
first example of such a dynamic effect for a d’ low-
spin configuration,

EXPERIMENTAL

Two types of MgO crystals were used: (i) crys-
tals grown in our laboratory by evaporation from
PbF, flux,'? and (ii) commercial crystals (Semi-
elements Inc, ) grown by the arc-fusion method.
Ni'* and Ni®* occupy substitutional octahedral sites

®

in the same environment in the crystals. They
were obtained from Ni¥®* impurity by irradiation
at room temperature. It may be of interest to
note that in crystals grown from flux in an atmo-
sphere of oxygen, only a weak Ni¥ signal was ob-
tained. The crystals contained also other para-
magnetic centers such as V centers, Mn?*, Fe3*,
Cr?*, etc.

EPR measurements were performed at 4. 2 °K
(and some preliminary measurements also at
1.8°K), on an X-band Varian spectrometer. The
magnetic field was calibrated by a proton-resonance
probe and by the hyperfine structure of Mn?* im-
purity.!®

RESULTS AND DISCUSSION

Typical first derivative EPR spectra at 4.2°K
in flux-grown MgO crystal, at two orientations of
the magnetic field, are shown in Fig. 1. For each
of the two ions one observes two types of coexisting
spectra, an isotropic line (already reported pre-
viously!®!!) and an anisotropic doublet whose com-
ponents are located very nearly symmetrically
about the corresponding isotropic lines, The
g values for the two isotropic lines are

81s0=2.239120,0006 for Ni% ,
8iso=2.1685+0.0008 for Ni** .

The angular dependence of the spectra in the (100)
and (110) planes are shown in Fig, 2. The largest
separation of the doublet components occurs when
the magnetic field is parallel to the [100] and
equivalent directions, while along [111] the dou-
blets coalesce with the corresponding isotropic
lines. The doublet components are asymmetric
and exhibit a powderlike shape, characteristic of
a random-strain-broadened envelope.}* Their
widths range between 6 and 15 G for Ni** and be-
tween 8 and 20 G for Ni'*. The isotropic lines are

2047



2048 SCHOENBERG et al.

more symmetric; they have nearly isotropic widths
(about 9 G for both ions), but their intensity is
strongly anisotropic. It is largest close to the
[111] direction, whereas along the [100] and
equivalent directions their intensity is much re-
duced.

This behavior is typical of a strain-split vibronic
doublet state. The quantitative interpretation of
such spectra has been discussed by several au-
thors.?~!* The anisotropic doublets correspond
to extrema in the envelope spectrum, while the
isotropic lines result from dynamic averaging of
the central part of this envelope. The angular
dependence of the resonance fields, H*, of the
components of the anisotropic doublet can be de-
scribed to first order by

H*=(hv/g,1p) [17(aga/g)f] (1)

where f=[1 - 3(&m® + mPn® + ¥ B)/2, g, and g, are
components of the g tensor, ¢ is a “reduction
factor” and I, m, and n are direction cosines of
the magnetic field relative to the cubic axes. The
+ signs in Eq. (1) refer to Zeeman transitions
within the strain-split vibronic doublet eigen-

states* 14
[+) =sinjw | 6,,) +coszw | €,) (2a)
| =) =cos3wlb,y,) —sinzwl€,,) , (2b)

(b) W N H

100 G

FIG. 1. EPR spectra (first derivative) of Ni'*and Ni**
in flux-grown MgO crystals at 4.2°K. (a) Hg, is in the
(110) plane, 48° from the [001] direction. (b) Hgll [001].
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FIG. 2. Angular variation of the Ni'* and Ni* spectra
in the (110) and (100) planes. The points are experimen-
tal, while the continuous curves are calculated from Eq.
(1) using the best-fit parameters given in the text.

where

sinw=1% V3 (2 -m?/f (3a)
and

cosw=1%(3n%-1)/f . (3b)

Equation (1) applies if the vibronic doublet is well
separated from the first excited singlet state. A
best-fit analysis of the experimental points in Fig.
2 showed that for both ions g, =g,, and using Eq.
(1) gave the following results for gg,:

gg»=0.06 for Ni** , (4a)
qg,=0.145 for Ni'* . (4b)

The assignment H* and H~ in Fig. 2 is arbitrary.
In fact, as will be discussed later on each line has
contributions from both components of the strain-
split doublet [Eq. (2)]. In the analysis of the Ni*
results, only the H* points were used, since the
H"- component was in many orientations broadened
and obscured by other lines in the spectrum.

To obtain values for ¢ from results in Eqs. (4),
g2 must be known. It can, in principle, be calcu-
lated from crystal-field theory. For the orbital
doublet E, one finds'®

glzé'(gu"'Zgj.) s (5a)
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g2=¥%(gu—g.l.) ’ (5b)

where the upper (lower) sign applies to the 6(e)
component. It is generally the case that for an
“E, hole” (d@®) the ground orbital state is € while
for an “E, electron” (d") it is 6.'® Crystal-field
theory gives'” for d®,

gw€)=g, , (6a)

gi€)=g,~6Ma (6b)
and, thus,

ga€)=g1-g, . (7)
Therefore for Nil*

9=4g2/82=982/(g1-g5)=0.6 . (8)

For Ni% the situation is more complicated since
for d” ions actual values of the crystal-field pa-
rameters must be known. In this case we have!®!?

gu(0)=g,+2¢%/8 (92)

g.(0)=g,+2t%/ 82+ 3L /E (9b)
where

1/E=1/E4+1/E,+0.38 (1/E; - 1/E,) (10)

and 6, E;, and E, are the energy differences as
explained in Ref. 18. (Note that ¢ is the spin-or-
bit coupling constant for a single d electron, while
Xis that for the 2D term.) Thus, from Egs. (5)
and (9),

21(0)=g,+2¢/E +2¢%/8%
gz(9) = ZE/E

(11a)
(11b)

To obtain E and 8 the following procedure was
adopted. Using Tanabe-Sugano diagrams for d’
ions, 20 an approximate relation between 1/E and
6 in terms of the Racah parameter B can be ob-
tained as follows:

1 1 ] z)]
E-1520B [2.4—3.58—0.12(B . (12)

On the other hand, 1/E can be expressed in terms
of 6 and ¢ using Eq. (11a) and the experimental re-
sult for g,. Thus assuming numerical values for
B and ¢, results for E (and §) and thus for ¢ may
be obtained as follows:

q=4gs/g82=982/(2L/E) . (13)

We will compute g for two sets of values of B and
¢: (i) Taking B=971 cm™, the point-charge crys-
tal-field-model value® and the single-d-electron
spin-orbit coupling constant'? ¢="700 cm™, one ob-
tains E =18200 cm™, 8=2950 cm™, and using Eq.
(13)

g=0.78 .
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(ii) Introducing covalency by using reduced val-
ues'®®2 of B (660 cm™) and ¢ (520 cm™) gives
E=14000 cm™, 5=3400 cm™, and, thus,

q=0.67

The results for ¢ for both ions correspond to
the moderate JT coupling region, i.e., Ep~Awg,
where wy is the frequency of the E mode. For
Ni®* this result is consistent with previous inde-
pendent estimates of E =~ 325 cm™ % and the com-
monly used value for Zw, (300-400 cm™) in
Mgo' 23,24

Although the general fit in Fig. 2 is quite satis-
factory, there are, in many orientations, syste-
matic deviations from Eq. (1). These deviations
cannot be explained by second-order correction to
this equation.'* It is however quite possible that
they arise from the interaction with an excited
low-lying singlet state. That such an interaction
indeed exists is supported by the anisotropy of the
linewidth discussed below.

As mentioned previously, the linewidth of the
doublet components varied with the orientation of
the magnetic field. In fact for both ions the width
of the two components differed significantly in
many orientations. For example, in the (110)
plane the lines labeled H- for Ni** and H* for Ni'*
were broader than their corresponding partners
(Fig. 1). This effect was first discussed by Chasé®
and explained in terms of selective strain-induced
mixing of the excited singlet into the ground dou-
blet.

As indicated above, each anisotropic line has
contributions from both states of the strain-split
doublet | +)and | - ). In the (110) plane w is ei-
ther 0 or 7 and from Eq. (2) they become pure vi-
bronic states. In fact, since for both the Ni** and
Ni!* ions g, and g, are positive!® [See Eqs. (5), (6),
and (11)], the lines labeled H* and H" in Figs. 1
and 2 correspond, respectively, to €,q, and 6.
(To see this, it is sufficient to consider Eqgs. (1)
and (2) along the [001] direction and note that w=0
corresponds to f=1, and w=7 corresponds to
f=-1.) The matrix form of the general Hamiltonian
within the vibronic states [0,y,, €4, A4, (or A),)]
is given in Table I.%5 For the specific case of
strain Hamiltonian, G, for the sites contributing
to the H* lines in the (110) plane vanishes. Thus
from Table I, 6, can only mix with A,, while €,
can only mix with A,. This mixing will result in
broadening of one of the doublet components, i.e.,
that one having the right transformation properties
to mix with the excited singlet. Comparison with
the experimental results shows that for Ni%* the
low-lying singlet is A, while for Ni'* it is A,. This
result also fixes the sign of the “warping” param-
eter B as positive for both ions.!® The physical
meaning of this is that the JT effect in both cases
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TABLE I. General Hamiltonian within the vibronic
states [0y, €yp A (Or A;)]. Here 7, 7' (and g) are “re-
duction parameters” and the G’s are components of the
external forces.

Ai(4y) Oyip €vib
3T +G, Gy’ G) 7Gg(— 7 Gg)
G1—4qGy qG
G1—46Gy

stabilizes an “elongated octahedron” distortion.
This will put the unpaired electron in Ni!* into a
dy2.y2 Orbital, while in Ni* it will go into a d,2
orbital. These results were assumed in deriving
the g values in Eqs. (6) and (9).

The perturbation mixing of an excited singletinto
the ground vibronic doublet results also in a small
shift of the H* lines. However, our experimental
accuracy was not sufficient for a quantitative anal-
ysis of this effect.
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Finally, as mentioned in the experimental sec-
tion, some measurements were also performed on
MgO crystals grown by the arc-fusion method. In
these crystals the anisotropic doublet is only ob-
served at temperatures lower than 4.2 °K, indicat-
ing that in these crystals the dynamic averaging
rate is higher than in the corresponding crystals
grown from the flux. From the general appear-
ance of the EPR spectra of other paramagnetic im-
purities it seems that the flux-grown crystals are
more strained than those obtained by the arc-fusion
method. We may therefore rule out the “direct
process” as the mechanism for the dynamic aver-
aging (which according to theorya is proportional
to the cube power of the strain). This problem is
currently being investigated.
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