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Jahn-Teller effect and relaxation processes in the 'T,, state of Ni' in MIO
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The 'T.„relaxed excited state of Ni'" in MgO was studied through the magnetic and stress-induced

polarization of the emission spectrum. Evidence for a Jahn-Teller coupling with an E, mode was found

(E,T —515 cm '}. The stress and temperature dependence of relaxation processes have been analyzed,
showing the existence of a one-phonon-induced tunneling process.

I. INTRODUCTION

A number of Jahn-Teller excited states have been
studied with success through optical techniques.
The behavior of the zero-phonon line and of the vi-
bronic spectrum under an external perturbation'
can provide quantitative information I,Ham factor
3nd Jahn- Teller energy).

The lattice coupling of Ni ' in MgO is known to be
fairly strong, and evidence for a Jahn-Teller effect
in the infrared 'T„ level has been found by Sturge
through the behavior of the zero-phonon line under
stress.

In the present study, we were interested in the
Jahn-Teller coupling of the 'T„ fluorescing state.
This coupling was investigated by Manson, who

showed, by analyzing the band shape of the emis-
sion spectrum that this level interacts mainly with

E, modes. However, Bird eI nl. ' claimed that they
could explain their dichroism measurements with-
out assuming any Jahn-Teller effect. We have been
looking, therefore, for experimental evidence and
quantitative information about Jahn- Teller coupling.

The technique used by Sturge for the 'T~, state
was not available in this case, since the A~- 'A.

~~

transition does not exhibit a zero-phonon line.
Moreover, the well-resolved vibronic lines of the
spectrum are too broad (100 cm ') to make a direct
observation of their splitting possible. However,
experimental evidence for the Jahn-Teller effect,
and an estimation of its magnitude, could be ob-
tained through the use of differential techniques in
emission. In addition, in the temperature range
where the fluorescence lifetime and the relaxation
time have the same order of magnitude, relaxation
processes could be analyzed through their tempera-
ture and stress dependence in a very simple way.

In Sec. II we will briefly describe the experimen-
tal arrangement. In Sec. III, we will review the
performance of the calculation of selection rules by
using detailed matrix elements which allow the
proper calculation of electric dipole moments in

any configuration, i.e. , under any perturbation.
We will analyze in Sec. IV the magnetic and stress
experiments in the excited state, and discuss them,
in order to deduce quantitative information. In

See. V, the relaxation processes will be analyzed
through the stress experiments, the discussion in
Sec. VI being centered on the physical origin of the
tunneling matrix element.

II. EXPERIMENTAL

The sample of Ni ' in MgO was placed in a heli-
um Dewar, where it was either immersed in liquid
helium (1.3-4. 2K) or cooled by a flow of helium
gas (5-30K). It was optically excited at 4040 A

(transition 'A2~- 'T, ) by a xenon arc through a low-
resolution monochromator. The emission spec-
trum was detected using a second monochromator
followed by a. photomultiplier. We used a photo-
elastic modulator, ' whose birefringence was modu-
lated at the frequency ~), followed by a Gian-Thom-
son polarizer in order to analyze the circular polar-
ization of the emission spectrum in the presence of
a magnetic field, as well as the linear polarization
under stress. In order to detect the degree of cir-
cular polarization (Pc), the modulator was set at
+:& &. a.nd the lock-in detector was operated a.t the
frequency &. If the degree of linear polarization
(P~) was to be detected, the modulator was made
~ —,'X and the lock-in detector wis adjusted to the
frequency 2v (Fig. 1). The sensitivity of our de-
vice depends, of course, on the intensity of the
fluorescence. Although the emission from the 'T&~

state is not very strong, we could nevertheless
measure, with a time constant of 14 sec, a degree
of circular or linear polarization of a few 10 '.

We define the degree of circula. r or linea, r polar-
ization in the usual way;

Pc —(I, —I, )l(f„+I, ),
where I, and I, are the intensities of (T, and cr

light, respectively;

PL, — (&ii
—Ii)/(lig+ fi),

where I, and I, are, respectively, the intensities
of linearly polarized light parallel or perpendicular
to the applied stress.

III. SELECTION RULES

The symmetry of the Ni ' ion site is 0„. Thus,
in the electric dipole approximation, the transition
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FIG. 1. Block diagram for detection of PI and Pc.

' Tz~- A2~ is both spin and parity forbidden.
It has already been shown that the transition be-

comes spin allowed through second-order spin-or-
bit coupling between the '

Tz, and the 'T„(T2) com-

ponents, and electric dipole allowed if mixing with

an excited odd configuration through odd vibration-

al T,„modes is considered. In particular, the

first two lines of the fluorescence spectrum have

been assigned to one-phonon T,„ lines. Using

group theory, we have calculated the relative in-

tensities of their linearly and circularly polarized
components in various cubic wave function bases
in order to interpret the behavior of the system un-

der magnetic and stress perturbations.
This calculation requires an exhaustive tran-

scription of the matrix element which is involved

in the electric dipole transition'; in particular, the

specification of the phonon state for each T~, com-

ponent is needed in the description of the vibronic

states, in order to unambiguously calculate the

transition probability from the relaxed excited

state '
T2~, 0, 0, 0) (0, 0, 0 represents the vibration-

al wave function of the T,„mode, meaning that

there is no phonon in any of the T,„components) to

the final vibronic ground state, which may be I 'Az~,

1, 0, 0); I Az~, 0, 1, 0); or I3Az~, 0, 0, 1) . This de-

scription, given by Manson, was nevertheless, not

used by him to calculate selection rules, since he

was mainly interested in shape functions.
Other authors have calculated the selection rules

for a, and 0 lights associated with the 'T&~- A&~

transition, the Ni ' ion being in a different crystal,
but still in O„symmetry. However, they could not

independently consider the transitions to the differ-
ent vibronic ground states, ' since they did not en-
tirely specify the phonon states in vibronic wave

functions.
It should be noted that, in the case of a magnetic

perturbation, and of circularly polarized light, the

calculation mentioned in the previous paragraph
happens to lead to the right result. However, this
is not the case for linearly polarized transitions,
where the use of proper formulas is required to

get a correct result. The selection rules thus cal-
culated are given in Table I.

IV. jAHN-TELLER COUPLING

It has been pointed out by Ham' that, in the case
of an orbital triplet interacting with an F~ mode,

the off -diagonal matrix elements of electronic op-
erators calculated within the vibronic ground state
are reduced, the quenching factor being Q
=e'~ » ""', where I'» stands for the Jahn-Teller
energy and h& is the energy of the interacting
mode.

The Zeeman and the trigonal stress operators
are thus expected to be reduced, whereas a tetrag-

TABLE I. Polarization and relative line intensities of the T» one-phonon-assisted

T2~- A&~ transition in various cubic bases.

Magnetic
field
(100)

Stress
(001 )

I 'T~e~ +1)

I'7„, Yz)

X(2)
Y(1)
z(1)

I' T„, o)

0 (1)
(T (1)

I' T„, zx)
X(1)
Y(2)
z(1}

I 'T~, —1}
a (1)
0,(2)

I'T2g, XY)

x(1)
Y(1)
Z(2)

Stress
(110) T2g, XY)

110(1)
11O(1)
001 (2)

(1j~~2)( I T2, YZ)+ I T~, ZX))

110(2)
110(1)
001 (1)

(1/H2) ( I T2~YZ ) —
I T~gzx))

11O(1)
11O(2)
001(l)
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onal stress must give rise to an unquenched split-
ting.

Since we do not know the coupling coefficients of
the 'T2~ level to the stress, we cannot conclude that
a possible quenching of the splitting induced by a
trigonal stress exists. On the contrary, the g fac-
tor of this level may be calculated, thus making
possible the comparison between theoretical and
experimental magnetic splittings.

A. Magnetic measurements

The circular polarization of the emission spec-
trum induced by a magnetic field, like the magnetic
circular dichroism, includes terms whose origin
is the change in energy of the transition (the so-
called diamagnetic terms), and terms which arise
from the difference in population between the Zee-
man sublevels. We restrict our study here to the
latter terms, since they dominate in the spectra.

For an orbitally triply degenerate emitting state
(assuming that Boltzman equilibrium is reached in

it) the P& expected from Table I is

Pc = (e" —e ")/(3e" + 3e "+2),
where

x = 5E/kT .
5F = gp. ~H is the splitting induced by the magnetic
field; p, ~ is the Bohr magneton; H is the magnetic
field; T is the temperature.

The orbital g factor is estimated using the pa-
rameters of Bird et al. '; taking into account sec-
ond-order spin-orbit coupling with the 'T«(T, )

state, it is found to be

g=('Tz +1~ L, + 2S,
~

'T2 + 1) = l. 1 .

4750 4800 4850
Wavelength (A)

FIG. 2. P~ experimental spectrum. 7 =1.27 K, H
= 0. HGT.

P I%)

O.l

0 0& 0.3
I

0.5
l

I/T(K ')

We therefore expect P~ to be 3. 7 and 13.3 (-, at 4. 2

and 1.2K, respectively.
Figure 2 shows the experimental spectrum of P~

measured for a 0. 85 T magnetic field. We have
plotted on Fig. 3 the variation of P& versus the
temperature. It clearly appears that the experi-
mental value of Pc is much smaller than the ex-
pected one.

In order to explain this quenching, we have to
analyze more carefully the various perturbations
which may lift the degeneracy of the T&, level and
take into account the way in which the system ther-
malizes.

Before the magnetic field is applied, the level is
actually split by ~.a~bIO»~ I'»ter»al' stresses. We
have observed through our stress experiments that
the trigonal splitting of the 'T„ level is at least an
order of magnitude smaller than the tetragonal one.
We shall therefore calculate only the contribution
of the tetragonal internal stresses. We assume a
statistical repartition of these stresses with a giv-
en half-width, whose order of magnitude has been
evaluated through the half-width of the zero-phonon
line associated with the transition 'A2~- 'T2~ (T2).
For the sample used in our magnetic experiments,
it was found to be 5 em '.

When a magnetic field is applied along the [001]
axis on a crystal where tetragonal internal stresses
are present, two relaxation processes can be dis-
tinguished. The first one occurs between sublevels
which are split by the internal stresses; this pro-
cess is analyzed in Sec. V, and we are thus able to
take it into account. The second process is pre-
dominant between the sublevels whose wave func-
tions are mainly i'Tz~, +1) and i'T2, —1). Con-

FIG. ;&. Temperature-dependent terms of Pc, H = 0. 85 T.
The solid line corresponds to zero internal stress. The
dashed curve corresponds to 4 kg ' mm internal stresses.
Crossed circles correspond to experimental points.
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siderations which are developed in Sec. VI lead to
an estimation of its efficiency.

From the values of the internal stresses and the
relaxation times, we have computed (in the temper-
ature range 1.2-4. 2K) the degree of circular po-
larization associated with various Zeeman matrix
elements in order to take into account a possible
Jahn- Teller quenching. By fitting the experimen-
tal and calculated values of Pc, we found that the
Zeeman matrix element is indeed reduced, the re-
ducing factor being

g=0. 08 .
It should be noted that the Pc measurements,

though very sensitive, are not very precise, par-
ticularly because of stray signals due to the optical
quality of the samples, or to the optics. This in-
troduces an error estimated at 30~~.

The quenching factor being expressed as

we calculated the Jahn- Teller energy assuming an
equal coupling to the I:, modes, whose Green's
function is given in Ref. 3 as

I".» = 515 + 60 cm ' .

B. Comparison with moment data

As suggested to us by Ham, it is possible to get
a maximum value for the Jahn-Teller energy
through the second-order moment of the fluores-
cence spectrum.

This spectrum may be represented as the con-
volution of two shape functions p(E) and h(E), g(E)
giving the distribution of odd-parity modes which
make the transition allowed through one-phonon
processes, and h(E) representing the broadening
due to even-parity modes. This line shape is then

F(E) = f g(E')h(E- E') dE' .

We define the zeroth-, first-, and second-order
moments of F(E) as

(E'), = f F(E)dE,

(E'), =E = f EF(E)dE,

(E'), = f (E - E)'F(r'. )dE;
For g(E) and h(E) the definitions are similar.

One can then prove that

&E'&~ = &E'&, + &E'&» = (E'&, + &E'&~„

+&E'&s +«'&r,

(E'), can be estimated from Manson's T» Green's
function, and &E'&r can be calculated from the ex-

perimental fluorescence spectrum. If we assume
that the entire additional broadening is due to the
E~ modes, then

&F'). = &E'), - &E'&, = & (E„),h, .
This leads to the maximum value of the Jahn-Tel-
ler energy

I:.~T -= 555 cm ' .
In the limit where the coupling with all the E~

modes is not very different, these results show
that the coupling to the A,~ and T~ modes is actu-
ally weak.

V. RELAXATION PROCESSES

In the specific state we are studying, the Jahn-
Teller coupling quenches the operator which in-
duces the relaxation between the sublevels split by
a [001] stress; therefore it makes the relaxation
time longer. In the temperature range in which we
are working, this relaxation time happens to have
the same order of magnitude as the fluorescence
lifetime.

A. Tunneling process

In this Jahn-Teller configuration, the ground-
state vibronic wave functions are fairly well local-
ized. Moreover, when only coupling with E~ modes
is considered, the electronic wave functions of the
triplet remain mutually orthogonal. This should
lead, at low temperature (when hT«Ezr), to a
static Jahn-Teller effect; there should be no trans-
fer from one potential well to another.

When a [001] stress is applied, the relative en-
ergies of the potential wells are changed. How-
ever, since the splitting remains very small corn-
pared to the Jahn-Teller energy, the fluorescence
spectrum, in the absence of relaxation, should not
be polarized.

We observed a large degree of PI, meaning that
some relaxation occurs through a quantum process
between the potential wells, leading to unequally
populated vibronic states.

8. Study of dynamic processes through static I'» experiments

The relaxation processes may be studied through
the temperature and stress dependence of P~. In
order to calculate it, the following hypothesis are
required: (i) The sublevels of the relaxed excited
state are equally populated by pumping and fast re-
laxation processes (we use natural excitation light).
(ii) The influence of random internal tetragonal
stresses is negligible (in the sample we used in
stress experiments, their half-width is 0. 5 Kg
mm 2}. (iii) The fluorescence lifetime T~ does not
depend upon the stress; the 'Tz level is fairly well
isolated from the levels that could be mixed with it
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by the [001] stress. Nor does rx depend upon the
temperature; we measured it at various tempera-
tures and found it to be 0. 7&&10 ' sec.

The relaxation time v„ is analogous to the
reorientation time for paraelastic systems. ' '"

The stress is applied along the [001] axis.
The emission light is then mostly polarized
parallel to the stress; from the selection rules,
we may conclude that the I'Tz„XF) singlet is
lower than the I 'Tz„Y'Z), I 'Tz„XZ) doublet
energy.

Under these conditions, the equations of the
pumping cycle are

dN „N Nxr (Nx„+ Nrz+ Nxz)e X

df 7« rz rR(e +2e )

dNrz dN«z Nrz Nrz (Nxr+ Nrz+ N«z)~
d& df rx rz rs(e + 2e )

+xYy +Yzp and Nxz a.re the populations of the
I'Tzz, XF), I Tzz, YZ), and I'Tzz, XZ) states, re-
spectively; X is the pumping rate; X= nE/2kT,
where AE is the splitting induced by the stress.

The above expressions lead to the formula for
PI, under stress:

Pr Opi
—[zf(X)1 [1+ rR/TF+ 8 f(X)]

where f(X) = (e —e ")/(e + 2e «) .
Equation (1) shows that it is possible to identify

~R through the temperature and stress dependence
of PJ..

C. Evidence for a one-phonon-assisted tunneling process

I. Temperature dependence

If we suppose that, for weak values of X, the ~R

dependence on stress may be neglected, ' '"
we can study the temperature dependence of ~R by
deriving the slope at the origin from our experi-
mental curve (Fig. 4). According to Eq. (1), the
slope Y at the origin is proportional to

(1/T)(1+r„/rx) ' .

3 4 5 6

FIG. 4. Pl pof versus stress at various temperatures.
The solid curves have been theoretically derived from
experimental parameters.

SLOPE
(arbitrary unit)

0.2 04 I/T (K ')

FIG. 5. Slope Y at the origin of the P&00, curves
versus T '. Crossed circles correspond to experimental
points. The solid curve is deduced from the experimental
data. The dashed curve is an hyperbola corresponding to
a one-phonon direct process.

2. Stress dependence

The stress dependence of vR is worthy of study
below 4. 2K, when X reaches large values. For
weak values of X, we may define rz(0), which is
the limit of 7R when X approaches zero. For large
values of Xwe have

7z(X, T) =7s(0, T)/P(X),
By replacing rz by rz(X, T) in Eq. (1), we have
derived P(X). The experimental values of P(X)
at 1.3 and 4. 2K are plotted in Fig. 6.

The stress dependence of a one-phonon-assisted
tunneling process is the same as in the case of
Oz. ' The calculation leads to

@(X)=2X(e "+ 2)/3(e —1) .

The agreement between the theoretical curve and
the experimental points confirms the nature of the
relaxation process below 4. 2 K as a one-phonon-
assisted tunneling process.

Finally, in Fig. 4, we show the theoretical vari-
ation of P& Dog versus stress at 1, 3, 4. 2, 9. 8, and

With the help of Eq. (2), and of our experimental
results (Fig. 5), two processes may be distin-
guished, according to the formula,

7R' =0.77x10' T+40T'.
One process is associated with a T ' law and is
predominant at low temperatures. It is inter-
preted as a one-phonon-assisted tunneling process,
which was already observed for the reorientation
time of Qz in alkali halide crystals' and in Jahn-
Teller systems. '

Multiphonon processes usually become predomi-
nant at intermediate temperatures. Our experi-
mental results are consistent with a T ' law, i.e. ,
with a two-phonon process. ' '" Nevertheless, be-
cause of the experimental error, 7R' =40T' must
be considered as an order of magnitude only.
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FIG. 6. Stress dependence of the relaxation time:
@(X)= v {0)/v&(X) vs X=DE/2kT (see text). Crossed and

dotted circles correspond to experimental points at 1.3
and 4. 2 K, respectively.

17.5K, using the experimental parameters previ-
ously determined. The general agreement is quite

good, since our experimental P»0, values differ by
less than 5% from the theoretical ones.

VI. DISCUSSION

A. Relaxation in the presence of a uniaxial stress

The existence of a tuntneling process implies that
the three orthogonal wave functions I

' Tz, XF),
I

'
Tzz, XZ), and I 'Tz„FZ) are mixed by a trigonal

operator in order to make the overlap integral non-
zero. A calculation similar to that of Ref. 12, but
performed in the case of a threefold degeneracy,
leads to the tunneling matrix element 1", which ap-
pears explicitly in the transition probability of the
relaxation processes, and may be calculated from
the experimenta, l data.

We found I'=3. 10 cm ', a value quite consistent
with the fact that it is considered to be a small per-
turba. tion.

Among the different processes which may cause
the mixing of the wave functions, the trigonal ran-
dom internal stresses have to be considered. As
will be shown in the Appendix, a Gaussian distribu-
tion of internal stresses leads to a, variation of the
relaxation time versus temperature which is in-
consistent with our experimental results. In addi-
tion, we have obtained similar results using sam-
ples where internal stresses were quite different.
The internal stresses must therefore be ruled out
as physical origins for the tunneling process.

It is present1y impossible to experimentaQy
check the existence of any other trigonal perturba-
tion.

B. Relaxation in the presence of a magnetic field

As was already pointed out in Sec. IV, two pro-
cesses may be efficient when a magnetic field is
applied in the presence of random internal stresses.
The one-phonon-assisted tunneling process, which
occurs between levels whose wave functions are
localized by a tetragonal stress, has been studied
in Sec. V.

The relaxation processes which occur between
the I 'Tzz, + 1) and I 'Tzz, —1) states are not known
experimentally. The Jahn- Teller energy would be
560 cm ' if these two states were completely ther-
malized, and 370 cm ' if they were equally popu-
lated.

Actually, we are able to obtain a better estimate
of the Jahn-Teller energy if we assume a one-pho-
non direct process between the states I' T„, +1)
and I Tz„—1). This is quite reasonable, since we
operate at very low temperatures.

We can theoretically compare the relaxation
times a,ssociated with a one-phonon-assisted tun-
neling process, and with a one-phonon direct pro-
cess (r& and rz, respectively). Symmetry consid-
erations show that the former process may be in-
duced by A~ or E~ phonons; the latter process by
E~ or Tphonons.

In order to estimate the ratio ~&,/7'&, we will only
consider the relaxation induced by E, phonons. The
coupling with T~ phonons may actually be neglected,
because the associated matrix element is quenched
by the Ham factor. Coupling coefficients are not
known for A,~ phonons.

The derivation of r /~z, requires the usual expres-
sion of -2 as a function of the splitting 26L;, and the
expression previously cited from Ref. 12 as a
function of the tunneling matrix element I' in the
case of T ).

In the limit of weak values of the stress [p(X}
-1], and of the magnetic spbtting 25E (25E«kT},
this ratio is

~,/~, = (F/25E)' .

From vz/r„we can deduce the ratio vz/vz and
take it into account in order to calculate the ther-
malization and the Ham factor. This has been done
in Sec. IV.

Vll. CONCLUSION

The study of magnetically and stress-induced po-
larization of the fluorescence spectrum of the 'T~~
relaxed excited state has shown a major interaction
with the E, modes, leading to a Jahn-Teller energy
of about 515 cm '. The influence of random inter-
nal stresses has been taken into account in order to
get quantitative results. Furthermore, these static
experiments aQowed us to analyze the relaxation
processes in the range 1.2-17K; a one-phonon-
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APPENDIX

The following calculation is performed under the
assumption of a one-phonon direct process. When
only one relaxation time is considered, the PL ex-
peritnents, as was previously shown [in Eq. (1)j,
lead to the T ' variation of 7R. If the relaxation
is induced by random internal stresses, a random
distribution of relaxation times must be consid-
ered; this leads to a more complicated formula for
the PL

FIG. 7. vR/w+ vs T '. The solid line corresponds to
a fixed value of p, crossed circles correspond to experi-
mental points. The dashed line is associated to a random
distribution of p; the fit is on the point at 1.3 K (see text).

assisted tunneling process has been identified
through its stress dependence. However, its phys-
ical origin is not yet known.

Such experimental studies, which provide infor-
mation about relaxed excited states of ions in crys-
tals, also extend the field of investigation of tunnel-
ing processes in solids.
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where y is the random value of the stress, yo is
the half-width of the distribution, and &R

=K(T Q(X), K being a constant factor. Q(X) has
been defined in Sec. VC 2.

By identifying the experimental value of PL for
a given temperature with the theoretical value, we
compute the half-width yo which would induce this
value of the PL. We then calculate the variation of
the PL versus temperature that would be expected
for this specific distribution of internal stresses.
We can finally deduce the relaxation time that could
be measured with the method described in Sec. V.
The variation of this time is shown on Fig. 7.
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