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We have calculated numerically the magnetic dipole absorption cross sections for the exci-
ted-state transitions 3 2E— ¢} 2T, and ) >Ty— ¢} 2T, in centrosymmetric MgO:Cr®* and MgAl,0,:
Cr®. This was done by using a parametrized ligand-field model in which the parameters are
determined by the zero-field energies. The dominant contribution to the g 2T2 absorption
comes from Coulomb admixture of ¢ e and # terms, whereas the spin-orbit interaction con~
tributes substantially to the 7~ 2T2 cross section. The values obtained provide a reliable
guide to the assignment of recent E—~ 2T2 excited-state absorption measturements in MgO:Cr®*,

I. INTRODUCTION

The measurement of absorption from excited
metastable states in solids is becoming an impor-
tant spectroscopic technique. One of the main
reasons for this is that it enables the observation
of excited states which may be forbidden or only
weakly allowed in transitions from the ground state.
For example, transitions from the #3 %A, ground
state of d® impurity ions (e.g., Cr®*) toother nomi-
nally # levels (%E, T, and ®T,) are essentially spin
forbidden and derive their intensity from spin-orbit
admixture of e *T,. On the other hand, transitions
within the doublet terms are spin allowed and have
much higher cross sections than those from the
ground state. When the impurity-ion site lacks a
center of symmetry, the absorption will, almost
always, be electric dipole (ED) due to the admixture
of odd-parity states into the d-like states. On the
other hand, for ions in centrosymmetric sites where
ED transitions are forbidden, the zero-phonon lines
will be much weaker and magnetic dipole (MD) in
nature. A number of experimental studies of ex-
cited-state absorption have been made, almost all
on ruby (Al,0;: Cr?®*), !~ where the Cr®* site is not
centrosymmetric. In this case, the zero-phonon
lines are electric dipole and have been definitely
identified only for the f32E, T, ~ *T, transitions, =3
which have an integrated absorption coefficient per
ion of about 107" cm (oscillator strength f=5x10%),
Tentative assignments of the zero-phonon transitions
’E~ %A, and 24, have also been made.?

A theoretical calculation of ED absorption cross
sections is difficult because of a lack of knowledge

of the detailed nature of the odd-parity states in-
volved and of the odd-parity crystal field. Thus

in the perturbation treatment by Shinada et al., ®
the excited-state absorption coefficients in ruby

are obtained in terms of a number of unknown
parameters, which are the reduced matrix elements
of the odd-parity crystal field (which produces the
mixing leading to the ED transitions). This means
that the relative absorption strengths cannot be cal-
culated uniquely, and the absolute strengths can
only be roughly estimated.

The complications outlined above for ED calcula-
tions do not arise for MD absorption which is parity
allowed within the d° configuration. We reporthere
the first numerical calculation of MD excited-state
absorption coefficients. By transforming the MD
operator to the basis of the eigenvectors of the im-
purity Hamiltonian [Eq. (1)], we have obtained ab-
solute absorption coefficients for the 3 E,~ #3 2T,
and #3 2Ty, - t32T,, transitions for two centrosym-
metric 3d® systems, viz., Cr®* in the cubic sites of
MgO, and Cr® in the trigonal sites of spinel
(MgAl, 0, or ZnAl,0,). The only parameters in-
volved are those determining the zero-field energies
and g values, and these canbe overdetermined
without reference to experimental intensity mea-
surements. We find that the integrated absorption
coefficient per ion for the ¢§2E,~ 2T,, transition is
~10" cm (f= 5% 10°%). Reliable analytical per-
turbation expressions for the MD intensities cannot
be obtained. In Sec. II the dependence of the MD
line strengths on the zero-field parameters is ex-
plored, and it is found that the £} %E — 2T, strength
is almost independent of trigonal and spin-orbit
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parameters, but this is not: true of the 327, ~ 2T,
line strength.

II. CALCULATION OF MD TRANSITION
PROBABILITIES

The transition probabilities for excited-state
absorption were calculated following a method
recently described by the author.® Matrix elements
of a ligand-field Hamiltonian for the Cr* impurity
ion were calculated in a weak-field trigonal basis
| «SLJ L7 7r) within the 120 states of the d° configura-
tion.!® Ty and 7, label the representations and
components of any of the five trigonal double groups
D%, C¥;, D¥, C%, and C¥. The Hamiltonian, which
can be written schematically to show the parameter
dependence as

J=3C,(a) +3C5 (B, C) +3C4(v, v") +3€4(2), 1

included cubic crystal field, single-ion Coulomb,
trigonal crystal field, and spin-orbit terms. In
trigonal symmetry, ¥C factorizes into three blocks
E,, E, and 2A of order 39, 39, and 42, respec-
tively. For Cr®*in the cubic sites of MgO, v=0v'
=0. Under these conditions, some E doublets be-
come Ty, some become Iy, and pairs of E, 24 be-
come degenerate as I'.

The parameters of Eq. (1) were overdetermined
by analysis of the optical and microwave energies
and g values. %! Apart from » and o', they were

(wf‘T?Tl Hxl wf‘{"?’z">= 2
aSLJ;a'S'L'J!

x(a's'L'J'T

This yields 8§, for any magnetic dipole transition
within the manifold of d-like states. For high-
energy transitions (> 30000 em™ above 2E) thefinal
states will have an appreciable admixture of charge-
transfer states, and transition probabilities cal-
culated from Eq. (3) are expected tobe less reliable.
We are interested in the cases where the initial
states ['jare ¢} 2E, E, 24; t} °T, E,, E,, 24 and the
final states 'y are #} *T, E,, E,, 24, these transi-
tions occurring around 5000-10000 cm™. The #3
labels are approximate, but useful for identifying
the cubic terms. The £3%E~ £3%T, transitions have
not been observed since they lie in a region of the
spectrum (400 — 600 cm™) where detectors are less
sensitive and there is competitive absorption from
one-phonon processes. Line strengths involving
cubic I'y levels are obtained by summing over the
doublet line strengths of Eq. (2). For example,

we have
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found to vary little over a number of Cr®* impurity
systems. The energies and g values agreed with
available experimental data to within about 10%,
so the zero-field eigenvectors of € have a similar
reliability. These eigenvectors were obtained by

‘numerical d1agonal1zat10n and will be denoted

(aSLJI"TYT | wl;% ), where aSL runs over the
terms of d°. These define an intermediate coupling
numerical basis which will serve as the zero-order
basis for a perturbation calculation of the transi-
tion probabilities. The line strength for transitions
between two Kramers’s doublets Ty and 4, re-
sulting in absorption of incident radiation whose

H field is in the direction of the unit vector e,‘, is
defined as

S,(wl'p; w'T})

@Y [(olpip | &l wTeip|®. (@

x !

Yo't

The magnet1c dipole operator u is equal to

(kL +g.S), where % is the orbital reduction factor
which, for fairly ionic solids such as we are dis-
cussing here, is about 0.7. The 8, are independent
of level populations. Matrix elements of I were
calculated in an | aSLJT';¥ ) basis, and a numerical
calculation of the 8, was made by transforming m

to the basis of the eigenvectors of 3¢. Thus, we have

(WTp ¥y | @SLIT 95 ) ( @SLIT 17 1 | 1 | &/S'LT TP

5‘77'} ‘ wf‘};;.) Osse Op g« ®)

r

8 (wlg: w'T}) =

and, of course,

In general, only the matrix of u, is diagonal in
the quantum numbers f‘Tf/T For u, ,, there are
matrix elements connecting E,, E, and 24. The
integrated absorption coefficient per ion for transi-
tions from 2E and 27, (which are in thermal equilib-
rium) depends on the thermal populations of the
sublevels, so that for absorption from each of the
initial states I'p ’

w2 ([ hoaw) (B 1) - 2500 2L
A he

Ng 8 (PT’ 9‘)}

(5)
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FIG. 1. Energy-level diagram and unweighted integra-
ted absorption coefficients per ion (in units of 102 cm)
for transitions within the nominally # levels of MgO:Cr®,
For absorption at finite temperatures the numbers given
must be weighted by the statistical fraction of ions in a
given initial state., For temperatures below ~ 150 °K,
less than 1% of the ions will be in the %7} state and the
weighting factor for 2E T'y is unity. The parameters used
in the calculation are the same as in Ref. 9, viz.,
A=16600, B=650, C=3200, =225 cm™!, Calculated
energies (not to scale) are shown, with experimental
values, where known, in parentheses.

where o is the transition energy in cm™, £, is the
absorption coefficient at energy o, 7 is the re-
fractive index, g’ is the degeneracy of I'};, and
N'/N is the Boltzmann factor expressing the frac-
tion of ions in the initial states f"T . In cubic sym-
metry it is necessary to sum over I',, I'z in a way
analogous to Eq. (4), remembering that g’ is 4

for a I’y initial state.

Figures 1 and 2 show the energy levels and un-
weighted (i.e., omitting the temperature-dependent
factor N’/N) integrated absorption coefficients
per ion calculated for MgO: Cr®* and MgAl,0,: Cr®
(or ZnAl,0,:Cr®"), respectively, In Fig. 1 ab-
sorption strengths for transitions from the ground
state are also shown for comparison. These re-
sults show that the 2E - 27, transition is expected
to be about 60 times stronger than the ground-state
transition “A,~ 2T,. This means that with the typi-
cal excited-state populations which can be achieved,
it should be easier to observe transitions to 27,
from the excited 2E level than it is from the ground
state. '

Klauminzer'? has recently obtained preliminary
measurements of excited-state absorption in the
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region of t32E - 2T, in MgO: Cr®. While a definite
assignment of the lowest observed transition has
not yet been made, its strength (N [k,do=~10"18
cm,cf. our calculated value of 8xX1072° cm) suggests
that it is not the MD zero-phonon line. It is worth-
while to comment here on the reliability of our
calculations and what can be hoped for by way of
agreement with experimental data. The model we
use assumes that the Cr®* orbitals in the crystal
transform like d orbitals under the site group, and
does not include explicit admixture of charge-trans-
fer states. These assumptions should be good in
ionic solids for energies in the visible region and
lower. By diagonalizing 3¢ within the 120 d-like
states of d°® we calculate the consequences of the
model in some detail. For Cr® in the cubic sites
of MgO, the four parameters A, B, C, and ¢ of

3¢ (with B, C, and ¢ constrained to be ~25% below
their free-ion values) give the energies of the #3

2E, 3 ®T,, t3e *T,, and Ze T, terms and g(*4,),
gCE) to better than 10%. Using the eigenvectors

of € determined by these parameters, we calcu-
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FIG. 2.Energy-level diagram and unweighted integrated
absorption coefficients per ion (in units of 10-% cm)
for excited-state transitions in MgAl,0,:Cr* (or ZnAl,0,:
Cr*). The values given are averaged over all polariza-
tions, as required by the cubic symmetry of the spinal
lattice. Because of the larger number of transitions, we
have omitted the ground-state absorption strengths. These
may be found in Ref. 9. The parameter values determined
by zero-field energies (Refs. 9 and 11) are A=18 250,
B=700, C=3200, v=—200, v’ =—1700, and { =250 cm"1,
The population weighting factor (N’/N) at T=0°K is
unity for 2E 24 and zero for all others. For T>100°K
but low enough to depopulate *T, N’/Nis % for both 2E
2Aand 2E E.
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lated® the *4,~ %E absorption cross section (which
goes like £%) within 20% of the experimental value,
In that case, the assignment to zero-phonon lines
of Cr®* in cubic sites was unambiguous as the lines
are sharp enough to allow polarized Zeeman mea-
surements to be made.® The transition probabil -~
ities are a quadratic function of small changes in
the model parameters and hence are more sensi-
tive tests of the parameters than are the energies.
For levels which do not couple strongly to phonons,
we expect the method used here to give absorption
strengths to better than a factor of 2 or 3 after
taking account of the difficulty in measuring the
absolute number of excited impurity ions and the
Condon factor, which reduces the intensity of the
zero-phonon lines. Failure to achieve this would
indicate that the levels have substantial amounts

of non-d-character.

Experimental measurements on the spinel sys-
tem have not yet been made, but measurements
of the R-line excitation spectrum®! indicate that the
2E 2T, transition lies at about 7450 cm™, The
spinel structure has cubic symmetry (0D, but the
Cr® sites are trigonal. Therefore, we have averaged
the absorption coefficients over the three polariza-
-tion directions.

The numerical calculation we have described has
the disadvantage of not leading to analytical expres-
sions for the absorption strengths in terms of the
model parameters. Such expressions can, in prin-
ciple, be obtained by a perturbation calculation
using strong cubic field zero-order states, i.e.,
those which diagonalize 3C,(A), the largest term in
the Hamiltonian. However, the ¢} 2T,~¢3 2T, ab-
sorption strengths vanish in first order and the con-
vergence of the perturbation expansion is too slow
to provide reliable expressions. This has also
been found to be the case for g values and zero-
field splittings.® Some insight into the mechanisms
giving intensity to the excited-state absorption can
be obtained by studying the parameter dependence
of the line strengths. Table I shows the line
strengths [which are related to the integral absorp-
tion coefficients per ion by Eq. (5)], including a
number of limiting cases in which the parameters
describing the strength of the trigonal field (v, v")
and spin-orbit coupling ({) are set equal to 0. Sev-
eral conclusions can be drawn from this. The °E
-~ 2T, absorption strength is essentially independent
of v, v/, and ¢ and hence is insenstive to distortion
of the local environment around the Cr3* impurity
ions. Instead, the absorption occurs because of
Coulomb admixture of higher E and 2T, terms into
the nominally #3 levels. It would, therefore, be
possible to obtain reliable values by a simpler
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TABLE I. Integrated line strengths $, =8-28,, tabulated
to show the parameter dependence of the 2E— 2T}, and
2Ty — T, intensity in MgO:Cr® and MgA1,0,:Cr®,

MgO:Cr® MgAl,0,:Cr®*
2E—’2T2

a 0.257

b 0.235 v=v'=0 0.233

£{=0 0,211 v=v'=§{=0 0.209
2T1_’2T2

a 0.078

b 0.030 v=v'=0 0.034

£=0 0.014 v=v'=f=0 0.014

2For the spinel parameters of Fig. 2.
bFor the MgO parameters of Fig. 1.

cubic calculation with £{=0. The intensity distribu-

tion among the components of £ and 2T, could then

be obtained by an application of the Wigner-Eckart

theorem

ET,
’

CEy | W(T ) [2Ta ") = V(

T -
vy _.)_/ 1) <2E“IJ- (Tlg)”2T2>,

(6)

with the components v, 7', y chosen to transform
irreducibly in the site group. This is not the case,
however, for the 27, —~2T, line strengths which are
rather sensitive to both the trigonal-field and spin-
orbit coupling.

III. CONCLUSION

Using a parametrized ligand -field modelin which
the parameter values are fixed by the zero-field
energies, we have calculated line strengths and
integrated absorption coefficients for excited-
state absorption within the nominally £} levels of
Cr* ions in MgO and spinel. This was done by
numerically transforming the MD operator to a
basis of the zero-field eigenstates and does not re-
quire the introduction of any additional parameters.
From previous experience with g values and ground-
state absorption strengths, ® we expect this to give
reliable results since the # levels couple only weak-
ly to phonons. Thus, the results presented here
should be of considerable assistance in interpreting
present'? and future measurements of excited-state
absorption,
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Electron-spin-resonance measurements of gadolinium-hydride and gadolinium-deuteride ion
pairs of tetragonal symmetry in crystals of calcium fluoride are reported. The parameters
of the spin Hamiltonian for the ground state of the Gd* ion are determined. Itis shown that
the main parts of the 3S;/, and ¢P, s State splittings can be correlated and are due to the second-
degree term in the crystal-field potential. The second-degree term is calculated using an
“jonic” model including dipole moments of ions, and it is found to be in a reasonable accord
with the experimentally derived value. Contributions to the isotope shift between the zero-
field splittings of GA* paired with hydride and with deuteride ions are calculated. The total
value of the isotope shift estimated by using the ionic model appears to be one-quarter the
magnitude of the observed shift and of opposite sign.

INTRODUCTION

An extensive study of rare-earth ions in hydro-
genated calcium fluoride was performed recently
by optical and infrared spectroscopy.! Trivalent
rare-earth ions substituted into the lattice sites of
divalent calcium ions may be charge compensated
by hydride ions in interstitial lattice sites. It was
found that some of these hydrogen ions are coupled
with the trivalent rare-earth ions, producing pairs
of tetragonal symmetry. It was shown that in such
pairs the rare-earth ion is accompanied by the
hydride ion in the nearest interstitial site of the
lattice.

Both absorption and fluorescence spectra caused
by transitions between the S, ,, ground state and
P, 5 excited states of the Gd**-H" pair have been
reported. Likewise, the infrared spectrum caused
by local modes of the H™ ion in this pair has been
identified.! Recently, electrostatic parameters
for the 4f" configuration of the Gd** ion in a CaF,
lattice were determined from the absorption spec-
trum down to 1350 A.2 In the light of this informa-
tion, a measurement of the Gd** ground state by

electron spin resonance (ESR) should be of interest,

Moreover, the isotope shift of the zero-field split-
ting for Gd®**-H- and Gd**-D" pairs could throw
some new light on the origin of the electron-phonon

interaction between localized electronic states and
vibrational states of the lattice. In fact, the very
light H™ ions have strongly localized vibrational
modes with frequencies higher than the vibrational
bands of the host crystal. They may be represented
by the simple model of a charged particle moving in
the constant electrostatic field of the lattice with a
very reasonable accuracy.

In this paper parameters of the spin Hamiltonian
for the ground state of the Gd*-H" pair and of the
Gd3*-D" pair are reported. We shall endeavor to
explain the zero-field splitting and its isotope shift
in the limits of the so-called “jonic” model.

EXPERIMENTAL TECHNIQUES AND RESULTS

Crystals of CaF, containing 0.05% (molar con-
centration) of GdF; were obtained from the Hebrew
University of Jerusalem. Hydrogen and deuterium
were introduced into the crystals by the Hall and
Schumacher method, as described by Jones et al.!
After the hydrogenation period at 800 °C, the crys-
tals were rapidly quenched to room temperature
in order to prevent formation of complex Gd**-H~
clusters which confuse the spectrum.

The ESR measurements were made at room tem-
perature using a @-band spectrometer equipped
with a rectangular cavity. The crystals were
mounted on the cylindrical sample holder with the



