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We report detection of the low-field~high-field transition in KZnF3:Cr®*, induced by external
pressure, through photoluminescence measurements at both room temperature and 7' = 90 K.
Direct measurement of the lowest electronic level separation A was accomplished through lower-
temperature experiments. Pressure coefficients of A and values of the crystal-field and covalence

quenched free-ion parameters are given.

The success of the crystal-field approximation in pre-
dicting the electronic level diagrams of ions of octahe-
dral sites in a variety of host crystals is well known.! Of
present interest are the lowest-lying levels of Cr3* ions,
which can be either T, or 2E depending on the crystal-
field strength. The signature of the 4T emission energy
is its high sensitivity to the crystal field while the 2E
emission energy, on the other hand, is constant. This en-
ergy sensitivity is a consequence of the symmetries: both
the 2E state and the ground state *A, arise from the
(t2g)® electronic configuration, while the *T, state de-
rives from the (t24)%eq configuration.? The application of
Cr3*-doped crystals to wide-band, tunable, high-power
lasers®* motivated recent investigations.5™1° The elec-
tronic levels acting as laser levels produce a broad ab-
sorption band, due to phonon-assisted T, —* A, tran-
sitions. The corresponding emission, in the near-infrared
spectral region, can be shifted toward the visible region
by application of external pressure. The limit is estab-
lished by the crossing of *T; and 2E levels and therefore,
it is important to study the behavior of these levels with
pressure. The separation of the zero-vibration states of
these levels is usually labeled A (in the absence of lower
symmetry fields and spin-orbit coupling). The few exper-
imental results in this area are restricted to small-A crys-
tals and room-temperature (RT) measurements.?” Since
the zero-phonon line merges into the broad 4T, emission
band at RT, these studies do not directly measure A. It is
worthwhile to note that transitions between 4T, and 2E
are nonradiative; otherwise detection would be straight-
forward or could be improved by new developments.!!

Here, we report on the crossing of the electronic lev-
els by measurements of luminescence at both low tem-
perature and RT. An intermediate crystal-field material,
KZnF3:Cr3t, served this purpose. This material exhibits
pure 4Ty behavior at low pressures (for either tempera-
ture value), but the crossing is within the working range
of available cells. The room-temperature results allowed
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observation of the crossing through the behavior of broad
emission bands. At low-temperature zero-phonon lines
(ZPLs) were used. As a result, the pressure that reduces
the separation A to zero, P., was determined at both
temperatures. We also discuss the determination of the
crystal-field parameter Dq and the covalence quenched
free-ion parameters B, C, and (.

Single crystals of KZnF3:Cr3* were grown by using
Bridgman’s method, from a stoichiometric proportion of
KF and ZnF?*, and doping with CrClz (3%). The crys-
tals thus prepared have perovskite structure with three
different centers of Cr3*. Previous electronic paramag-
netic resonance (EPR) results on this material® indicate
dominant contribution of cubic symmetry (about 90%
of the centers), and a considerable amount of trigonally
distorted centers (~ 10%). Tetragonal symmetry centers
occur with much lower abundance. A thin, (001) ori-
ented slice was cut, and polished to 70 pm slabs from
which the samples were selected. A Membrane Diamond
Anvil Cell?? (MDAC) loaded with Ar was employed to
produce hydrostatic pressure. The shift of the R line of
MgO:V?* served the purpose of calibrating the pressure.
These shifts were measured using the line 877.67 nm of
a Kr lamp as reference and the rate of 5.45 A GPa~1.2
Correction for low-temperature shifts were based on re-
sults of Ref. 13. The excitation was achieved with the
514.5 nm line of an Ar ion laser, the 632.8 nm line of
a He-Ne laser or the 628.0 nm line of a cw tunable dye
laser operating with DCM dye. Analysis was made with
a Spex Triplemate 1877 linked to a Hamamatsu R943-02
photomultiplier and photon counting detection.

The distinction between low-field and high-field octa-
hedral chromium complexes is the sign of the separa-
tion A. For weak crystal fields, the 4T, excited state
lies below the 2E state and A is negative. For stronger
crystal fields, the minimum energy state is 2E and A is
positive. The characteristic of 4T, —*A, transitions
is the high sensitivity of the emission energy to crystal-
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field variation. The 2E —*A, transition energies, on
the other hand, hardly change with crystal field. As a
consequence, the shifts of the 7% emission are respon-
sible for the A dependence on crystal field within a few
percent. The crystal-field parameter is a strongly vary-
ing function of pressure, but a slowly varying function
of temperature, over the region currently investigated
(0-300 K).® To analyze the effect of pressure on A, two
values of temperature were selected, room temperature
and T = 90 K. Figure 1 shows photoluminescence spec-
tra of KZnF3:Cr3t taken at atmospheric pressure (lower
curve) and at P = 12.5 GPa (higher curve), both at
room temperature. Since the magnitude of A at ambient
conditions is much larger than the spin-orbit interaction
energy, the emission labelled 0.0 GPa in Fig. 1 can be
assumed to be due to pure spin allowed *T, —* A,
transitions. On increasing pressure, the broadband was
observed to shift to higher energies at a constant rate
up to pressures of about 8 GPa. The line shape of this
band is the well-known Pekarian curve and remains un-
altered on compression, although its integrated intensity
decreases considerably. On increasing further the pres-
sure, the emission spectrum changes qualitatively. Above
9 GPa it consists of a highly structured region superim-
posed on a broadband emission of symmetrical line shape.
Figure 1, upper curve, illustrates such a spectrum, for the
pressure value of 12.5 GPa. Three narrow lines are dom-
inant in the sharp emission region peaked at (15090 +
2) cm™!, (14850 + 5) cm™!, and (14735 + 2) cm™!.
These lines are attributed to the zero-phonon R line due
to 2E —* A, transition (the highest energy line) fol-
lowed by its phonon sidebands (lower energies). Even if
Cr3t centers in cubic, trigonal and tetragonal sites con-
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FIG. 1. Photoluminescence spectra in low-field and

high-field regimes, taken with Aex = 514.5 nm. The inset
illustrate the transition between these regimes.
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tribute to the total emission of Fig. 1, in the spectrum
at 12.5 GPa the R line does not resolve into fine struc-
tures, its width at half maximum being about 30 cm~*.
In addition to the sharp peaks a broadband contribution
is observed peaking about 1100 cm™! from the R line.
At this temperature we are not able to measure directly
A since the *T3-ZPL is not observed being merged into
the broadband. Nevertheless, we can estimate A assum-
ing for the 4T3-ZPL a displacement with pressure equal
to the one measured for the emission maximum. This
assumption turns out to be strictly true at T = 90 K,
as can be checked through the following discussion. The
2FE-7ZPL shift on pressure, on the other hand, is negligi-
ble in the scale of interest. Therefore, this shift should
be represented as a straight line parallel to the abscissa
in an energy vs pressure plot. Considering the ZPL po-
sitions relative to the broadband maxima as the same
regardless of the pressure value, the broadband positions
can be used to define the crossing (in the lack of abso-
lute values for ZPLs). Pursuing this idea, the broadband
maxima, were plotted vs pressure in the inset of Fig. 1
(full circles). The open symbols represent sharp line po-
sitions plotted here to show the behavior of R line emis-
sion. The solid line is a least-squares fitting of the data
in range (0-8) GPa to the function:

E(4T2 —)4A2) = Eo + aP. (1)

The fitting numerical results are listed in Table I. The
dotted line in the inset of Fig. 1 was drawn through the
experimental points as a guide to the eyes. These lines
cross at (8.0 + 0.2) GPa, which we take as the crossing
pressure P.. The uncertainty in the value of P, was taken
as the total increase in linewidth of the MgO:V2* R line,
assumed to be due to nonhydrostaticity only. At the
value P., A = 0 and this, in turn, gives the dependence
of A with pressure as

A =Ag+ aP, (2)

where the value Ag = —(14.3 £ 0.9) x 102 cm™! gives
the estimated separation between 2E and “T; levels at
ambient pressure and room temperature.
Low-temperature and simultaneous compression were
observed to reduce the integrated intensity of the broad-
band emission drastically. At T = 90 K, for instance,
there was hardly any broadband emission for pressure
values in the high-field region. To find the level crossing
in this case, we analyzed the sharp line spectra. Ob-
servation of line spectra was accomplished using as ex-
citation a red line nearly coinciding with the maxima in
the absorption spectrum of the Cr3* levels. Lumines-

TABLE 1. Pressure coefficients from least-squares fittings
of experimental data on *T, —* A, emission to Eq. (1).
The error of a is the standard deviation of the fitting.

Feature T (K) Ep (cm™?) o (cm™! GPa™)
Broadband 300 12560 + 60 179 £ 7
Broadband 90 12869 + 60 167 £+ 2

C line 90 14089 =1 167+ 9
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TABLE II. Line spectra assignments corresponding to
KZnF 3;Cr3+ ‘T, —* A; electronic transitions of Cr®* level, at atmo-
spheric pressure.
90K = =
E (cm™1)* E (cm™)® E (cm™Y)°
a Type T =90 K T=42K T=10K
= £ A 13765 + 2 13766 13765
£ ¢ <L
= 2z o X 13880 + 4 13878 13891
g | ¢
© - 1700 2200 O 14016 =+ 1 14016 14016
; Energy (cm™) 14052 + 1
g C(T7) 14089 + 1 14089 14091
s (T's) 14110 £ 1 14110
- (T'8) 14136 £ 1 14138
(Ts) 14159
®Present results.
PReference 5.
“Reference 6.
1 1
12000 14000

Energy (cm™)

FIG. 2. Photoluminescence spectrum (Aex = 628.0 nm) at
atmospheric pressure. The inset shows the assignments of the
sharp line spectrum.

cence measurements performed at atmospheric pressure
and T = 90 K with Aex = 628.0 nm resulted in the spec-
trum displayed in Fig. 2. Sharp lines are clearly seen
on the higher-energy side of the broadband emission. To
identify the several lines, we compare their energy with
previous published data.5*® The inset in Fig. 2, shows the
labeling adopted here for the most prominent structures.
According to Ref. 6 the symbols A and O, are for the
lower symmetry crystal fields of trigonal and tetragonal
centers, respectively. C stands for cubic ZPL and X, for
its one-phonon sideband. The energy positions of these
lines are listed in Table II. Also listed are their values ac-
cording to Refs. 5 and 6. The first reports the spin-orbit
splittings of the cubic *T3-ZPL by using the irreducible
representations of the group Oj, to denote the compo-
nents of the quartet. These notations are in parentheses
in the first column of Table II.

Figure 3 illustrates the evolution of luminescence spec-
tra with pressure at low temperature for which Ay =
632.8 nm was used. The spectrum taken at atmospheric
pressure, labeled 0.0 GPa in this figure, allows for the
observation of both trigonal and cubic ZPLs, besides the
broadband, from 4T, emission. As pressure increases
there is a marked decrease in the integrated intensity
of the whole structure, but the narrow C lines are al-
ways present in the spectra. Both features, broadband
and C line shift linearly with pressure, at the same rate
within experimental errors, up to ~ 5 GPa. Also no-
ticeable is the fact that the spectra remain qualitatively
the same in the pressure range (0-5) GPa. A qualita-
tive change happens to occur at a higher pressure value
with the broadband disappearing, and a sharp line spec-
trum arising. This behavior is shown in Fig. 3, where
the spectra taken at atmospheric pressure and P = 10.0

GPa are compared. The highest energy peak, labeled C
in the upper curve of Fig. 3 is assumed to correspond
to 2E —* A, cubic symmetry ZPL. This is consistent
with the fact that higher symmetry centers emit at higher
energies. The several narrow lines at lower energies have
contributions from other symmetry centers. The detailed
assignments of these lines are going to be reported else-
where. The peak positions are plotted vs pressure in the
inset of Fig. 3. In this plot, the symbol and line notation
is the same as that for the RT results. The open circles
at the lower pressure region are the emission energies of
cubic 4T,-ZPL. At 90 K, it is well located, allowing for
the direct determination of the pressure of crossing P,.
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FIG. 3. Low-temperature evolution of luminescence spec-
tra with pressure. The inset shows the energy dependence on
pressure. The arrow indicates the crossing of electronic levels.



This value, indicated in the inset of Fig. 3 by an arrow,
is P. = (6.2 £ 0.2) GPa. The pressure coefficients result-
ing from the fittings (solid lines in the inset), are given
in Table I. The same linear coefficient was obtained for
both features, broadband and C line, at T = 90 K. From
the plot we also extracted the value Ag = —(10.3 + 0.9)
x10% cm™1, which together with Eq. (2) and a value of
Table I describe the behavior of 2E —* A, separation
energy at T = 90 K.

Comparing results of low temperature and RT im-
proves understanding of the subject. The mechanism
of decreasing emission intensity on compression, for in-
stance, can be explained in terms of spin-orbit coupling
effects. The zero-phonon 2E —* A, transition, is mag-
netic dipole allowed and electric dipole forbidden in the
cubic symmetry representation. Intensity of the transi-
tion is gained through admixture of states T, and 2E
by spin-orbit interaction. The 2E —* A, transition
probability is then given by'4

1 2 1
=4 T ®)

with

d= @(1 — A/V/4|Vsol|? + AZ)Y/2, (4)

These kind of relations can be used to estimate the de-
pendence of total decay rate as a fraction of a pure
4T, —* A, transition rate (1/79) on temperature. This
was done before in the case of a small positive A crys-
tal by Healy et al,® and their results are going to be
used here in our qualitative analysis. The decay time
calculated at low temperature increases by an amount of
~100% on changing from A ~ —1000 to A = 0 (see Fig.
4 of Ref. 9). Conversely, the radiative decay rate can be
assumed to decrease by the same amount. At room tem-
perature, on the other hand, the increase in time decay
is ~ 0.3379, which, in turn, leads to a decrease of only
~33% on the decay rate on going from A = —1000 cm™!
to A = 0. Therefore, the radiative decay decrease at low
temperature is about three times larger than at RT. This
comparison explains why the transition from low field to
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high field is much better defined at low temperature.

Crystal-field theory parameters can be improved when
evaluated from pressure experiments. The crystal-field
strength Dq and one of Racah’s coefficients, B, are ob-
tained straightforwardly from absorption spectra.!® The
difficulty arises in determining the parameter C for low
crystal-field materials. Usually this value is roughly es-
timated in intermediate field systems by the position of
2E Fano resonances.'® Pressure, disclosing the 2F emis-
sion, yield a direct observation of its energy. Since 2E
emission is a sharp line the accuracy in its position is
larger, and also in B, C and (, in accordance. Our re-
sult for the 2E —* A, energy (15113 + 2) cm™! yields
B = (713+1) cm™!, C = (3211 £ 5) cm™!, and ¢ =
(213.7 &+ 0.4) cm™!. These values are reduced compared
to previous published data,® on the same system.

High pressure luminescence measurements performed
at RT and 90 K, yield the determination of the cross-
ing of the lowest lying levels of Cr3* in the host crystal
KZnF3. The crossing pressure at room temperature P,
= (8.0 = 0.2) GPa was determined on the basis of the
behavior of the broadband *T; emission. The 90 K data,
on the other hand, allowed observation of the cubic ZPL
in the whole pressure range. Hence, these results give
the direct measurement of the separation between 2E
and “T, zero-vibration states. The value of the crossing
pressure at this temperature was found to be (6.2 £ 0.2)
GPa. To our knowledge, no experimental data accom-
plished a direct observation of A before. Our results also
yielded the value of Racah’s parameters from crystal-field
theory, with improved accuracy. These results are impor-
tant to the knowledge of lasing properties of solid state
laser materials.
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