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The Au~ center in KCl is isoelectronic to the series of Tl'-like ions. The electron-lattice coupling is
sufficiently weak so that zero-phonon lines appear in the absorption spectra. Various perturbative optical
measurements (stress and magnetically induced dichroism) were performed both in the zero-phonon line and
in the vibronic continuum of the 4 band. Two independent sets of Jahn-Teller parameters have been obtained
and found to be in complete agreement. Comparison of the results with existing theories clearly shows that
this center exhibits a very interesting kind of Jahn-Teller effect where the system is equally coupled to the E,
and T,, modes. It follows that the exact wave function of the lowest vibronic eigenstate has been obtained. In
view of this model most of the features connected to the absorption band are derived.

L. INTRODUCTION

The existence of the Jahn-Teller effect in the
ns®-type ions, isoelectronic to the widely studied
T1* ion, was first suggested in a pioneer work by
Seitz.! The problem was reconsidered more re-
cently by Toyozawa and Inoue.? Dealing with the
absorption-band shapes, these authors showed by
an adiabatic and semiclassical approach to the
problem, that the Jahn-Teller interaction could
explain rather satisfactorily the three-peaked
structure of several absorption bands in these
systems. Their calculations were then extended
by Cho?® to various situations of Jahn-Teller cou-
pling involving A,,, E,, and T,, modes together.
The computed absorption bands could in turn be
compared to the experimental ones in order to get
information about the detailed mechanism of the
electron-lattice coupling.

After the publication of these papers, a great
experimental effort was made in trying to de-
termine the complete set of Jahn-Teller coupling
parameters in various systems. Besides the study
of the absorption-band shapes, perturbative mea-
surements such as stress and magnetic dichroism
were used.*® Unfortunately, it turned out that in
most cases the agreement between the various sets
of parameters thus determined was recognized to
be rather poor.

In parallel to this development of the studies con-
cerning T1*-like ions, important progress was
made towards the exact theoretical solution of the
Jahn-Teller problem in cubic symmetry. Owing
to the difficulty of solving for the complete vibronic
Hamiltonian in the general situation of any cou-
pling strength with A,,, E,, and T,, modes,
several limiting cases were investigated. First,
the problem was solved in the case of a largely
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predominant coupling to E, or T,, mode only.°
More recently the problem of the intermediate
situation of equal coupling with E, and T,, modes
could be solved by O’Brien” and Romestain and
Merle D’Aubigné.®? Their theory was applied suc-
cessfully to the F* center in CaO (an electron
trapped at a negative-ion vacancy), thus leading
to a consistent model for this system.

Recently, an important work has been devoted
to the fluorescence process of the ns® ions. It
turned out that, due to the Jahn-Teller effect,
the interpretation of the emission properties is
rather complicated. In particular, it requires
the knowledge of the exact vibronic wave function
of the relaxed excited state. In fact, it was highly
desirable to find a system in which the Jahn-Teller
effect could be completely solved; unfortunately,
none of the previously studied systems exhibited a
sufficiently peculiar coupling so that any reliable
comparison with the existing exact theories could
be made.

The problem of finding an exact vibronic model
for an ns? ion was reconsidered with the recent
discovery of the Au~ system in alkali-halide crys-
tals. These systems possess the interesting pro-
perty of exhibiting a sufficiently weak electron-
lattice coupling so as to show a zero-phonon line
emerging from the vibronic continuum in the ab-
sorption spectrum. The existence of this zero-
phonon line seemed to us quite promising for the
research of a Jahn-Teller model, since it has
been shown first by Ham® that perturbative ex-
periments performed in this zero-phonon line
lead to information about the lowest vibronic state.
Thus, the aim of this paper was to investigate the
Jahn-Teller effect of the KCl:Au™ system by using
optical experiments performed both in the zero-
phonon line and in the vibronic continuum, fol-
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lowing a procedure which proved to be quite suc-
cessful for the F* center in Ca0.'° In principle
such experiments may be performed either in the
C band or in the A band, since the electronic states
of these two bands appear as known admixtures

of P, and °P, states. In this paper, we restricted
ourselves to the A band (major contribution of 3P,
state) for experimental convenience, since it lies
closer to the visible than the C band.

Section II deals with the experimental setup,
sample preparation, and technical procedures.
Section III explains how the useful parameters have
been extracted from the experimental data. In
Sec. IV we show how our results may be analyzed
in terms of a special case of Jahn-Teller effect.
In Sec. V we put together some implications of
the vibronic model and show how almost all the
observed features of the absorption and dichroism
curves can be explained. Finally, a brief dis-
cussion of the cluster model is reported in the
Appendix.

1. EXPERIMENTAL

A. Sample preparation

KCl1 crystals containing various amounts of
AuHCI, were grown by a Kyropoulos method at the
Laboratoire de Physique Cristalline d’Orsay. The
reduction into Au™ was made by solid-state elec-
trolysis at a temperature of 610 °C and with cur-
rents of the order of 1 mA. This treatment in-
troduces a large amount of F centers in the crys-
tals. In order to bleach these centers, the crys-
tals were kept at about 650 °C for a period of 12 h
and then slowly cooled down to room temperature
so as to minimize the effects of internal strains.
Only the bulk of the crystals was kept for the ex-
periments since, as was easily checked through
absorption measurements, it contained only Au"
centers. The quantity of AuHCl, (roughly 1% by
weight) added to the melt was chosen so that the
maximum absorbance in the A band was ranging
between 1 and 0.1 per mm.

B. Optical measurements

Magnetic circular dichroism (MCD) and stress
linear dichroism experiments at various tem-
peratures were performed on the broadband with
the now classical technique using a photoelastic
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FIG. 1. Absorbance and corresponding dichroism
signal in the broadband and in the zero-phonon line
region.

modulator and a gas-flow cryostat.!’ Measure-
ments performed on the zero-phonon line required
the use of a highly dispersive monochromator
(bandwidth around 1 em™), For an example, we
report on Fig. 1 the spectra obtained for absorp-
tion and MCD experiments. It would have been
necessary to deconvolute the measured absorp-
tion and MCD curves in order to obtain the cor-
rect values of the parameters. However, it may
be shown that the use of the moments without any
deconvolution introduces only a systematic error
of about 6%. The actual bandwidth of the zero-
phonon line turned out to be about 1.2 cm™, a
value smaller than that obtained in Fischer’s'?
work (~ 3.5 em™). We infer from this result that
our thermal treatment reduced the effects of the
internal stresses.

III. ANALYSIS OF THE OPTICAL EXPERIMENTS

The excited electronic state corresponding to the
so-called A band possesses T,, symmetry (J=1)
in the O, point group. It is obtained by the mixing
of the P, and °P, states via spin-orbit mixing and
is classically written

|Ad)=— v|*Pi)+ ufP.i).

When this electronic state is linearly coupled to
the A,,, E,, and T,, modes, the total vibronic
Hamiltonian may be developed as

5ey= (1) (PG + Hh0RQ%) + VaQa I+ Qug) ™ [Po+ Py + n305(Q5+Q7)]

+ V(@85 + Qe8o) + (Qup) [P+ Prt Pyt p707(QF+ Q1+ Q)] + V Qe+ @nTen+ Qe Tie)
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whered, &, ..., 7, are the usual matrices defined
by Ham® and Vi, up,wp (T'=A,E, T) are, respec-
tively, the coupling coefficients, the effective
masses, and the frequencies of the modes trans-
forming like A,,, E,, and T,,. The problem of
finding a vibronic model will be undertaken by
trying to measure pertinent parameters character-
istic of the Jahn-Teller effect. Most of the ex-
perimental features may be connected to the Jahn-
Teller energies corresponding to the minimum
value of the potential energy in the vibronic ]Ai)
states:

Ejp,g= (V- ‘é‘#z)z(V‘%/zuEwé) =Sphwg,

(1)
Egp, p= (¥ - 21)?(2V5/300w%) = Sphwy,

and by analogy
EJT'A= Vi/Z#Aw§=SAﬁwA.

These equations define unambigously the Huang-
Rhys factors Sr.

From the experimental viewpoint, at least when
the center is sufficiently weakly coupled, the
Jahn-Teller effect appears both on the zero-phonon
line and on the vibronic continuum. On the one
hand, the zero-phonon line displays the properties
of the well-defined lowest vibronic eigenstate and
thus perturbative measurements performed in it
will lead to an apparent reduction of the mea-
sured effects. This results from the so-called
Ham® quenching factors. The measurements of
these quenching factors associated to various ex-
ternal perturbations of T,, symmetry (magnetic
circular dichroism) and E, and T,, symmetries
(stress linear dichroism for (100) and (110)
stresses'®) will give information about the vibra-
tional part of the vibronic wave function of the
lowest-excited state. On the other hand, the shape
of the broadband also contains information about
the electron-lattice coupling. The pertinent quan-
tities which need to be calculated are then the
successive moments of the absorption and dichro-
ism spectra. As shown by Henry, Schnatterly,
and Slichter,'® (i) the first-order moment and
first-order moment changes under external per-
turbations are related to purely electronic quan-
tities; (ii) the second-order moment and third-
order moment changes are connected to the elec-
tron-lattice coupling parameters S and to the
effective phonon frequencies 7wr.

In order to clarify the different processes which
will lead to a vibronic model, we report in Table
I a synoptic presentation of the extraction of the
various useful parameters. The notations and
definitions for the moments and moment changes
follow those initially given in Ref. 13. For ex-
ample, the first-order moment change induced
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TABLE I. Synopsis of experiments and of extraction
of parameters processes.
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by stresses applied along (100) and (110) will be
respectively measured by

<AE>(1coo) = <E>(1oo) - <E><01o) ’
<AE>(110) = <E>(uo) - <E>(1io) ’

the subscripts referring to light polarization paral-
lel and perpendicular to the applied stress.

A. Combined zero-phonon line and broadband experiments

The measurements of the zeroth- and first-
order moments ((E), and (E)) of the absorption
band lead to the dipole strength D and the elec-
tronic transition energy E. The first-order mo-
ment changes under a magnetic field and stresses
will lead, respectively, to the Landé factor g of the
A states and to the splitting coefficients 3B and C
defined by Kaplianskii.'* These coefficients are
given by

(AE)ycp=2g1gH, (AE)40y=3Bp, (AE),00=Ch,

where H and p represent the magnetic field and the
applied stress.

According to Table I the same moment and mo-
ment change measurements performed in the zero-
phonon line will lead to the determination of S
(“total” Huang- Rhys factor), E;; (“total” Jahn-
Teller energy defined as the energy distance be-
tween the zero-phonon line and the centroid of the
band), and K(T,), K(E), and K(T,) which are the
quenching factors associated, respectively, with
the magnetic, stress along (100), and stress along
(110) perturbations. Experimentally, we found!®

E;p=440£20 cm™; S=4.8+0.5;
g=1.45+0.15; K(T,)=0.24+0.04;
3B=-2.9310.3 cm™/(kg/mm?); K(E)=0.58+0.08;
C=-5.72+0.6 cm™/(kg/mm?); K(T,)=0.53+0.08.
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B. Broadband experiments

The Huang-Rhys factors Sp. and the effective
phonon frequencies 7wy may be extracted from the
group of relations reported in Table I, where the
(E,)r are given by

(Ey) =S (Fiw ,)? coth(niw ,/2kT) ,
<E2>E = SE(ﬁwE)z coth(h'wE/ZkT) , (3)
(E,)p=3Sp(hw )? coth(fiw,/2kT).

They represent the contributions of the various
lattice modes to the bandwidth. Figure 2 reports
the temperature dependence of the pertinent mo-
ments. Our experimental curves combined with
the equations of Table I lead to

S,=3.840.4; Sp=S,=Syc=0.72+0.08;
Fiw,=65+7 cm™; Awg=7w=Awyc=160+16 cm™;
Ejr, 4=247+50 cm™;

Ejp p=Ejp, r=Ejp, nc=115£25 cm™,

A particularly interesting result consists of the
equality of the Jahn-Teller energies corresponding
to the noncubic (NC) E, and T,, modes. This may
also be found directly when considering the curves
reported in Fig. 2. Actually, it is observed that
the curves corresponding to ((AE,)/3(AE)) 140, and
((AE,)/3(AE)) 0y are superimposed within the ex-
perimental error limits. Considering the equations
of Table I, this may occur only if (E,),=3 (E,) 5.
The use of Egs. (3) then shows that Ejy p=Ejq, .

<Ez>'.o
4{100)
<AE3>/3¢AE) | +(110)
X MCD

N

o

o (E2X(BE/3¢8EN105cm=2)

(4]

] exp.error
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FIG. 2. Temperature dependence of the moments of

the broadbands involved in the determination of the S
and Zwp parameters (see text).

IV. VIBRONIC MODEL

The emerging feature of the preceding results is
the equality of the coupling with the noncubic
modes. This peculiar case of a triplet electronic
state equally coupled to tetragonal and trigonal
modes has already been observed in the F* center
in CaO. The corresponding theoretical problem
has received much attention these last years and
exact solutions have been derived for the diagon-
alization of the vibronic Hamiltonian, at least
for the lowest vibronic eigenstate (O’Brien,”
Romestain and Merle D’Aubigné®). The KCl:Au~
system appearing as a good test for these theories,
we have compared our results to the theoretical
predictions. For this purpose, we have assumed
that the |Ai) states have pure T,, symmetry,
neglecting the mixing with the |3P,j) states
through Jahn-Teller coupling (see Sec. VA),
since the existing theories have been elaborated
in this case. The theory of the D-mode model
(E, and T,, modes degenerate in a five-dimension-
al oscillator) predicts that two general relation-
ships exist between the reduction factors K(T,),
K(E), and K(T,). These are

K(E) =K(T,), 5K(E)= 3K(T1) +2,
whatever the coupling strengths are. Actually,
we find that the difference between the measured
values of K(E) and K(T,) is smaller than the ex-
perimental errors. If we now calculate K(T,)
using 0.55 as a mean value for K(E)=K(T,) we
find

K(T,)=0.25,

which agrees with our experimental result. This
agreement between the theoretical predictions of
the D-mode model and our results give a strong
support to this model for KCl:Au~.

We can go further with this model and calculate
the corresponding S Huang-Rhys factors starting

1
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FIG. 3. Reduction factors plotted against the strength
of the Jahn-Teller coupling. Insert is a plot of Sic vs Sy
[after O’Brien (Ref. 7)].
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TABLE II. Comparison of the Huang-Rhys factors ob-
tained from the broadband and zero-phonon line experi-
ments.

0-phonon line

S factors Broadband + D-mode model
S, 3.8 4.0
Sg 0.72 0.77
Sr 0.72 0.77

from our measured values for K(T,), K(E), and
K(T,). This calculation may be performed by
using formulas given in Ref. 8. However, for
sake of illustration, we preferred using a curve
computed by O’Brien’ which we have reproduced
in Fig. 3. This curve connects the Sp=S, param-
eters with the quenching factors. Our results
give

Sp=S7=Syc=0.770.09.

From this value of the Huang-Rhys parameters,
we may derive the effective S factor S{., which
is active in the reduction of the zero-phonon line
intensity (insert of Fig. 3). This allows the
evaluation of the S , factor connected to the S of
Table I by

S,=S-S8,.=4.00.6.

We now possess the complete set of S. parameters
derived from our experiments using the D-mode
model. It is worth comparing these parameters

to those obtained previously using broadband
experiments. The results are gathered in Table
II. The remarkable agreement between the sets of
S,, Sy, and S, values obtained by two independent
methods shows the high consistency of this vibron-
ic model for the KCl:Au~ system. We wish now

to examine some interesting features which can
also be discussed in the light of this model.

V. DISCUSSION

A. Relative order of magnitude of spin-orbit
and Jahn-Teller energies

One might raise the question to know whether
the spin-orbit energy is sufficiently large com-
pared to the Jahn-Teller effect so as to ensure
that we may effectively use the D-mode model
established for a pure T,, state. In fact, it ap-
pears that the bandwidth of the A band is of the
same order of magnitude as the spin-orbit energy
(about 1600 cm™'). Thus, at the beginning of this
study, this feature appeared to us a great source
of difficulties. Fortunately, the problem was
overcome when our results proved that the im-
portant enlargement of the band was due mostly

KCl:Au~ 751

to the cubic mode A,,. The order of the successive
diagonalization for the spin-orbit and vibronic
Hamiltonians is governed by the relative impor-
tance of the spin-orbit energy and the Jahn-Teller
energy corresponding to the noncubic modes. Our
results indicate that this Jahn-Teller energy is
smaller than the spin-orbit coupling constant by a
factor of 14. This explains why the D-mode model
can be applied to our system.

B. Mixing of the |Ai) states with the 3P, j) states

Since the transition between the ground state
and the 3P, state is allowed through the electron-
lattice interaction, the mixing appears as a tem-
perature-dependent part in the dipole strength D
of the A band. In view of the preceding model, we
can now calculate thoroughly this contribution
and compare it to the experimental result. Treat-
ing the mixing between the |Ai) and |3P,j) states
as a perturbation, we find

)

Z P, |3, PP i)
[ EBA
2
= 5)(1 -1.75 Snc (h;ch) coth ﬁwNC) .

EZ, 2kT

o(1)=0(1-4°

Since we know all the parameters involved in
this formula we can calculate the ratio D(T)/D(0).
A good agreement is obtained with the experi-
mental values as reported in Fig. 4.

C. Position of the lowest vibronic eigenstates

The quantity which we called “total” Jahn-Teller
energy E;-is measured by the distance between the
zero-phonon line and the centroid of the A band.
Since we know now the characteristic parameters
that are related to the Jahn-Teller effect, we
should be able to recalculate E;. The noncubic
modes act in displacing the lowest vibronic level
through an effective (Sye)r Huang-Rhys factor
that is related to Sy via the vibronic model. We

can write
Iexp.error

L
200 KT(cm-)

D0/L0)

o = 0 %

FIG. 4. Temperature dependence of the dipole strength
of the A band: experimental data (x) and theoretical
curve (see text).
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Eyp =8 gliws + (Sno)eliwne -

Using the calculations of O’Brien,’” we find
(Snc)ese = 1.26 leading to E;; =455 cm™ which com-
pares favorably to the experimental value of
440 cm™.,

D. Lande factor g of the electronic |4i) states

It is worth noting the large value of 1.45 which
we obtained in our experiments for g. This result
is to be compared to the results of similar ex-
periments performed on other systems of the T1*
series where g was found to range between 0.1
and 0.8. Using a formula established by Honma,'®
we can calculate the orbital Landé factor'’ g, :

Eon= (g = 1)/ (V?+317).
Using p?/v?=14 (Ref. 12), we find g, =0.97 which

is remarkably close to that of the free ion (g ,=1).

This result proves that no significant reduction
effect exists in this system. This feature may
indicate that the electronic system is rather lo-
calized in its excited state inside a cluster of its
nearest neighbors. It is therefore interesting to
check the validity of the cluster model. We have
reported its discussion in the Appendix.

E. Absorption band shape

As has been first noted by Hughes,'® the case of
equal coupling of a triplet state to both E, and T,,
modes leads to a very particular absorption-band
shape which turns out to be rather “flat topped”
as in the case of CaO:F*. This argument seems
to disagree with our results since the band shape
of KCl:Au~ looks much more triangular than that
of CaO:F". As indicated by Hughes'® the relevant
parameter which needs to be calculated in order
to get an idea of the squareness of the absorption
curve is the ratio (E,)/(E,)>. Performing the
calculation, one obtains for the two limit cases of
a rectangular and Gaussian distribution, respec-
tively, 1.8 and 3. The case of CaO:F* (2.1) inter-
polates between these two cases much closer to
the rectangular band shape, whereas KCl:Au™
(2.8) appears to be much more Gaussian-like.
This feature may be understood quite easily by
considering the large preponderance of the elec-
tron-lattice coupling with the A;, modes in the
case of KCl:Au~. Then one expects an absorption
curve looking much like those calculated by
O’Brien’ in the case of p - s transitions, which
is effectively what is observed.

VI. CONCLUSION

The emerging result of this study consists of
a well-defined vibronic model for the KCl:Au~

system. On the one hand, the D-mode model im-
plies both the equality of the Huang-Rhys param-
eters for the E, and T,, modes and the equality

of the phonon frequencies. This double equality
could be looked upon as fortuitous if it had not
been already observed in the case of the CaO:F*
center and also perhaps for the F center in some
alkali-halides (Hughes'®). Such a striking result
has not received any physical explanation so far.
On the other hand, this D-mode model, confirmed
through a certain number of experimental fea-
tures, provides a reliable basis for future fluore-
scence experiments. Actually, the exact wave
functions of the lowest vibronic state may be cal-
culated exactly using the formulas given in Ref. 8.
This, in turn may be used for the calculation of
the selection rules governing the polarization
properties of the fluorescence light. In particular,
the “orbit memory,” corresponding to the linear
fluorescence polarization ratio under polarized
excitation may be predicted using this wave func-
tion. However, it should be noted that at very

low temperature (e.g., 1 K), polarization proper-
ties of the emitted light are greatly dependent on
the random internal stresses. Owing to the Boltz-
man factor, if the relaxation time is small com-
pared to the lifetime of the |Ai) relaxed excited
state [measured as 0.3 p sec (Ref. 19)], energy
splittings as small as 1 em™ should be efficient
in depopulating some of the Jahn-Teller wells

and thus change the selection rules governing the
polarization of the emitted light. From this point
of view an interesting feature of the KCl:Au~
system turns out to be the relatively small band-
width of the zero-phonon line compared to that

of other weakly-coupled color centers. Supposing
that the enlargement of the zero-phonon line is
mainly due to the internal strains, we can roughly
estimate the mean value of tetragonal and trigonal
stresses to be smaller than 0.7 and 0.4 kg/mm?2,
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APPENDIX: CLUSTER MODEL

The following relationships,
V,=3(C,,+2C))A; V,=%(C,, -C,,)3B; V,;=2C,,C
(A1)

connect the unquenched Kaplianskii’s'* stress co-

efficients A, 3B, and C to the corresponding
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strain coefficients V,. We try to compare the V,’s
to the dynamic parameters V. This is possible if
one assumes that the interaction with the lattice

is limited to one shell of neighbors, that is, if

the cluster model is valid. Indeed, when the six
K* nearest neighbors are at a distance R from

the center of the vacancy, the coefficients defined
by

Vi=V6 VR,
Vi=2(v? - 3p2)VeR/N3 (A2)
Vi=200"-3p3V,R

should be equal to the corresponding V,, V,, and
V, coefficients. The comparison of these two
sets of coefficients is made in Table III.

In spite of the crudeness of the model the V|
and V) thus calculated compare rather well with
the static parameters. The agreement between
V,.and V} is not as good. Following the argu-
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TABLE III. Strain coefficients: (a) measured, the
local stiffness constants [Eq. (A1)] being assumed to be
equal to the bulk ones; (b) calculated using Eqgs. (1), (2),
and (A2). The effective mass was taken to be equal to
the mass of the cation.

Strain coefficients/10° cm™

Strain symmetry (a) (b)
Ay, V;=13.9 vi|=12.2
E, Vy=-8.4 (vs]=9.7
T, Vi=-17.6 |V =14.6

ments developed by Schnatterly,® it can be seen
that the agreement would e better if one took
account of the interaction with both first and sec-
ond shells moving out of phase in an optical mode.
Another explanation for the difference of V,; and
V3 is that the “local” stiffness constant C,, would
be larger than that of the host matrix.
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