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Optical studies of CrP* in KMgF 5. Time-resolved site-selective spectroscopy
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Three different sites of the € ions in the fluoride perovskite KMgfhave been identified by absorption,
selective optical excitation, and time-resolved emission spectroscopy ofTthes4A, transition. High-
pressure measurements showing the crossover from low-crystal field to high-crystal field, allows us to situate
the Dg/B values of the different chromium sites clearly below 2.3. The different spin-orbit components
associated with the zero-phonon lines of fifg— %A, transition of each type of site are clearly shown on the
optical spectra and identified by group-theory analysis. The decay profiles &T3Hevel are exponential and
the lifetimes at 15 K are 903, 919, and 4#8 for the cubic, quadratic, and trigonal sites, respectively. The
trigonal center which presents the lowest energy levels was peculiarly studied. Emission and excitation spectra
are compared; their evolution versus temperature is followed and explained by the thermal population of the
different spin-orbit sublevels. The phonon sideband of the trigonal site is compared with our previous lattice
dynamic studies of the pure compound. The different peaks of the emission broadband are described in terms
of phonons of the matrix and normal modes of feF;]>~ complex.[S0163-18207)03430-9

I. INTRODUCTION nisms required for electrical neutrality lead to different
crystal-field sites for the substituted Crions. The first and
In the 3d transition-metal ions, most of the visible and most probable case is a hondistorted site, the charge compen-
near-infrared electronic transitions are strongly coupled withsation being farther in the crystal. The second most probable
phonons. Then, the emission and excitation associated spetase is an axially distorted site alond Hl1] axis due to a
tra present vibronically broadened bands. This coupling is oK™ vacancy in (&) of the same cell, resulting in €5,
a great practical interest for the manufacture of tunable solidsymmetry site. The least probable site is distorted along the
state lasers operating at room temperature. However, the ekt00] axis due to a M§" vacancy in the neighboring cell
tent of the phonon spectrum of a material is also a strongC,, symmetry.}? Another quadratic site is cited but not
promoter of nonradiative transitions which are strongly negaclearly interpreted and never optically observed in KgZnF
tive for laser efficiency. In such a case, it is advisable tocrystals®
choose compounds with a low cutoff frequency of phonons With excitation and high-pressure emission measurements
with regard to the energy gap between the electronic levelat RT, we show that the chromium ions in KMgpresent a
of the active ion. In this framework, the fluoride compounds,low-crystal-field behavior, clearly below théTz-zE level
which present a cutoff frequency of phonons lower thancrossing situated d@q/B=2.3, even for distorted sites. Af-
600 cm ', are good candidates. ter, the usual spectroscopic parameters of the chromium ions
Since the work of Brauch and Dutin 1984, which has  will be deduced.
shown laser operation in KZgFCr**, many spectroscopic  Up to now, many optical studies have been devoted to
studies have been done on the fluoride perovskites. In paGr*-doped KMgk (Ref. 10 and Kznk.1*"2To our
ticular, the cubic and stable perovskites KMgihd KZnF;  knowledge, there is no unambiguous identification of the
have been well investigated by electron paramagnetic res@hree different C¥" crystal-field sites in KMgF through
nance(EPR for Cr**.>"" The different studies have con- their emission and excitation spectra. To clarify this situa-
cluded the existence of four unequivalent sites for trivalention, we present a site-selective experiment which allows us
chromium impurities. to separate the response of the three differerit Gites.
KMgF; has the standard perovskite structure belonging teeurthermore, the corresponding spin-orbit components of the
the (Oﬁ— Pm3m) space group witla=3.973 A. Its struc- three sites are very well observed on emission and excitation
ture is scheduled stable by many criteribhand in fact no  spectra and identified through a group-theory study. Previ-
phase transition has been observed in this compound. Thausly, they had been wrongly attributed Rolines by Lee,
Mg?" ion has a ionic radius of 0.86 A and is replaced sub-Han, and Henderso!.
stitutionally by the C¥" ion (r=0.76 A) in a (1b) octahe- Then, we propose an opposite point of view to the inter-
dral site. Because of the charge difference between thpretations of Lee, Han, and Henderson about the optical
Mg?" ion and CF" ion, several charge compensation mecha-properties of Ni* and CP* codoped KMgk crystal. Indeed,
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in their paper, they assume that the*Cions substituting been pretended before being drilled. The cylindrical chamber
without local charge compensation on the octahedraf™g is 100um high and has a 10@m diameter. The sample was
site give rise, at 300 K, to a broadbafifi,—*A, emission, immersed with a ruby in an hydrostatic pressure medium
which results from the thermal occupancy of an excitedCOﬂSiSting of a 4:1 methanol-ethanol solution. Pressure cali-
4T, state just above théE level which, at lower tempera- bration was carried out through the pressure shift of Rhe
ture, gives rise to emission iR line. We show that these lines of ruby. The fluorescence was analyzed with a Dilor-
observed sharp lines are in fact due to spin-orbit splitting 024 triple-monochromator Raman microspectrometer after
the axially perturbed'T, level. They assume that both octa- €xcitation at 514.5 nm. The mean resolution was 5tm
hedral and trigonal centers occupy crystal-field sites near de- The high-resolution emission measurements were done,
generacy of théE-*T, levels and that the tetragonal site lies after excitation by the 457.9 nm line of a 80 mw CW argon
in low crystal field. Their misinterpretations were probably laser used in the light regulation mode, with a Dilor Z24
due to crystal codoping and the resulting band overlap betriple monochromator equipped with a R928 Hamamatsu
tween Nf* and CP* ions. In contrast, during our present cooled photomultiplier and a photon counting chain. A He

and previous work$! we have studied crystals doped either close-cycle Leybold cryogenerator was used to obtain tem-
with Ni2* or CP*. We can then assume the absence of anyeratures between 300 and 10 K. The mean resolution width

ambiguity in our attributions. was about 1.5 cAt. The absorption spectrum was re-

We particularly study the trigonally distorted site becausecorded at 8.5 K with an average resolution of 0.1 nm on a
its levels are lying clearly below the levels of the other sites Cary 5E from Varian.
Then, we can be sure to obtain its own emission. We follow The high-resolution excitation spectra were recorded at
the evolution of the emission spectrum with temperature. Af8-5 K using a dye lasegiBlue Nile) excited by 8 ns pulses of
ter time-resolved site-selective spectroscopy, we measure ttfe frequency doubled Nd:YAG laser. The detector was an
fluorescence lifetime of each site. Finally, the low- Hamamatsu R929S photomultiplier placed at the exit slit of a
temperature emission spectrum is interpreted in terms dfoderg double monochromator spectrometer. The mean
phonons of the pure compound and normal modes of théesolution was 4 cm'.
octahedral entityCri|>~.

Ill. RESULTS AND DISCUSSION
Il. EXPERIMENTAL A. Optical excitation at room temperature

KMgF; being a congruent melting compound, the raw At RT, the excitation, or absorption, spectrum exhibits
material before doping has been synthesized by thehree main bands corresponding to the spin-allowed elec-
Bridgman-Stockbarger method from a stoichiometric melttronic transitions from the*A, to the *T,, *T,(*F) and
KF+MgF; in a cylindrical graphite crucible of 30 mm diam- 4T, (*P) levels. The absorption or excitation spectra appear
eter. This first crystallization was done to obtain a higheras broadbands which reflect electronic transitions accompa-
purity sample using segregation mechanism. The startingied by the simultaneous creation or annihilation of one or
materials used were KF Merck=99%) and Mgk Merck  several phonons. Table | summarizes the data and selection
Patinal powder. The crucible inclusi@ 4 mmdiameter tip in  rules concerning the purely electronic transitions in a perfect
order to select a spontaneous seed. The crucible was placedtahedral site. We indicate the electronic configuration of
in a thermal gradient with the tip in the low-temperaturethe different levels involved in the transitions and the posi-
range. The crystal was grown with a temperature rate ofion of the associated broadband maxima. The axial distor-
3 °C/h from 1120 °Q50 °C higher than the fusion tempera- tions and lattice vibrations can then be considered as pertur-
ture) down to the end of the growth. A pure single crystal of bations.
good optical quality was obtained. The sample had easy In spite of the dipole magneti®M) forbidden character
cleavage planes alod00. of their zero-phonon lingZPL), the *A,—*T,(*F) and

The crystal growth of the Ct-doped KMgh has also  “A,—*T,(*P) absorption bands are easily observed because
been made using the Bridgman Stockbarger method in gmany CF* ions occupy some sites of lowest symmetry, ei-
sealed platinum crucible. The starting material was the purener from a static point of view or from a dynamic one, due
KMgF; previously crystallized and reduced in small crystal-to lattice vibrations. ThéA,—*T,(*F) band exhibits singu-
lites. The melt was doped with 1% moléErF;+KF) mix-  larities (dips due to Fano antiresonanégswith the
ture. After classical growth, the resulting crystal was clear?e(2G) and 2T,(%G) levels.
and of green homogeneous color. A sample of high optical
and crystalline quality was cut from this block and eau
oriented (2<2X4 mm).

Excitation spectrum at room temperature was obtained by
exciting the samples with light from a 150 W Xe lamp In order to verify the exact position of th&E level with
passed through a 0.22 m monochromator. A R928espect to the*T, level and then the crystal-field situation,
Hamamatsu photomultiplier, placed at the exit slit of 0.34 mwe recorded RT emission spectrum of KMgEr" versus
monochromator, was used to measure the luminescendwgydrostatic pressurérig. 1). We can easily observe that a
which was analyzed at 753.2 nm. The mean resolution of theharp line appears around 15 100 ¢nat a pressure higher
excitation spectrum was 5 nm. than 6 GPa. When increasing the pressure from 8 up to 16

For the high-pressure emission measurements, the pre&Pa, the intensity of the emission broadband decreases and
sure was generated with an anvil cell whose inox gasket hathe intensity of the sharp line increases. This sharp line, due

B. Emission spectrum at room temperature
under hydrostatic pressure



3024 MORTIER, WANG, BUZARE ROUSSEAU, AND PIRIOU 56

TABLE |. Data and selection rules concerning the purely electronic transitions in perfect octahedral site
with position of the absorption band’s maxima.

Absorption

Transition *Agg— T AT Agg—Tag “Agg—7Egq Agg—Tig
Ground level *Ay(*F) L=3, S=3/2 t3
Excited level “Tog(*F) “Tig(*F) “T14(*P) ’Eq4(?G) T14(?G)

L=3, S=3/2 L=3,S=3/2 L=1,S=32 L=4,S=1/2 L=4, S=1/2
Configuration t54€5 t54€5 t34€5 t3y t3y
AS 0 0 0 1 1
DM+DE Allowed Forbidden Forbidden Forbidden Forbidden
Position(nm) 660 458 297

to the 2E level, is accompanied with strong Stokes and anti-gible with 2E level. But, in order to give comparable data
Stokes phonon replicas noted S and AS, respectively. At RTwith others works, we still use the maxima and in a second
the width of theR line is greater than the gap between thetime we will estimate the error so produced. From the ex-
R,—R, spin-orbit components of théE electronic level pression of the energy levels given by Leddn the case of
with the result thaR lines are not separated. These observaoctahedral sites, we obtain the values of the different absorp-
tions are typical of a crossover from low-field to high-field tions:

behavior due to a progressive enhancement of the crystal-

field strength with increasing pressure. In low-crystal-field, Ei[*A,—*T,(*F)]=10Dq, (1)

Cr*" ions exhibit a broadband*T,—*A,) fluorescence in-

stead of a narrow bandE—“A,) emission of high crystal-  E[*A;—*T1(*F)]=7.58+ 15Dq— 0.522582+ 100D ¢*

field sites, such as ruby. The broadband emission persists up —18mDqgB)Y2 2)

to higher pressures with diminishing intensity, as a conse-

quence of thermal population of tHer, state from the’E Ea[%A,—4T,(*P)]=7.5B+ 15D q+ 0.5 22582+ 100D g2

state. A mixing between the wave functions of these two 12

states can be also consider8&o, opposite to Le& we can —180DgB)™ 3

conclude thaDq/B<2 for the C?" ions in KMgFs. With the overestimated dat&, =15 150, E,=21 930, and
From the position of the absorption bands and of tie E,=33 650 cm'Y), there is no unique solution for the three

and 2T, levels, we can eyaluate the usual spectroscopic Pdelationships(1), (2) and (3). Nevertheless, by using the
rameters: theDq crystal-field parameter and the covalencygraphica| method!* the best fit values areDq

quenched free-ion Racah parametBrand C. In fact, de-  — 1450 cm, B=760 cmi'l, andDg/B=1.9. Then, theC
spite common use, it is not correct to take the maximum Ofarameter value can be evaluated using the expression of the
the absorption bands to determine the crystal-field situatiog |eyel emission:
in Tanabe-Sugano diagrartisbecause they relate only to
pure electronic transition'$:'® As a result, a large error is 5082
made on the position of vibronically coupled levels, due to E(’E—%A,)=9B+3C— 1D
Stokes shift(more than 1000 cit), the error being negli- .q
(high-pressure valye (4)

=15100 cm?

E We can also use the expression of #ig level, because this
level has been observed at 16 188 ¢ras the Fano antireso-
nance in low-temperature excitation spectrum:

2

10Dqg"°

E(*A,—%T,;)=9B+3C— (5

We obtain a mean value oC=3426cm?. Finally,
B=760cm ! and C=3426 cm! are the free-ion valué$

9?12 L (B=918 cm', C=4133 cm?) reduced by a factor of 0.83
& , i "Iil‘fflllli}‘!i“t]' “ reflecting covalency effect in this compound. These values
] 8 , ,; un.,.m,',,.'m’ﬁ’.'.'!.’!!!.’!!.‘.‘!!!!!ﬁ!ﬂ seem to be consistent because@i8 ratio of the free ion is
. ’ , , L /!ﬂllﬂll/fmﬂmmlu kept in the crystal. In KZngCr**, the covalency correction
12000  13000° 14000 15000 16000 factor was 0.79" '
Energy (em™) From the maximum of the absorption band of thE,

level and the position of the barycenter of its ZP&ec.
FIG. 1. “T, emission broadband arfE sharp line in the emis- 1lID), we can evaluate the Stokes shift to about
sion spectrum of KMgkversus hydrostatic pressure at 300 K. The 1200 cni. Using this value and the maximum of the ab-
anti-Stokes and Stokes phonon replicas are noted AS and S. sorption bands, we can then estimate the position of the other
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FIG. 3. Absorption spectrum recorded at 8.5 K with a resolution
of 0.1 nm. Time-resolved excitation spectra of the trigongl (
150K quadratic ¢), and cubic ¢) sites of CF* at 8.5 K observed at
13954, 14 168, and 14 240 ¢ respectively. Slit width 4 crmt.
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12000 12500 13000 13500 14000 4T,. In order to verify this assertion, we have carried out
Energy (cm™) low-temperature absorption and excitation measurements.

FIG. 2. High-resolution emission spectrum versus temperature  p_ |ow-temperature absorption and excitation spectra
recorded after excitation at 457.9 nm (21839¢nin the of the *T,, level
41 (4 o =1 2
T,(*F) band. Slit width 1.5 cm-. .
Now, we try to interpret the structure of the levels de-
phonon coupled electronic leveldT,(“F): 20630 cm®  scended fronfA, and *T, by analyzing the low-temperature
and “T,(*P): 32 470 cmi™. Then, with the same calculation €MiSsion and excitation spectra. We just report the absorp-
method”* we obtainDq=1410 cni’l, B=718 cnt, and tion spectrum, between 13 9(_)O_and 14 600 ¢mcorre-
finally Dg/B=2 giving an error of 5%. The relative error is spondmg to the purely electronic lines range. In the spectrum
larger for low crystal-field compounds such 2Nidoped of Fig. 3, we can see_two groups of four sharp lines around
compound® for which Dqg/B is smaller than 1. 14 000 and 14 300 Crﬁ.‘ Th_e attribution .Of the groups Of.
lines to the different sites is proposed in accordance with
previous work in similar families of crystdtd?! even if
some of them have not evidenced spin-orbit coupling. These
We report the *T,—*A, emission spectrum recorded groups can be attributed to the most probable sites, i.e., trigo-
from 150 to 10 K(Fig. 2). The spectra between 300 and 150nal and cubic sites, respectively. Indeed, according to the
K do not show any noticeable variation in shape or intensitystabilization energies of transition-metal ions in distorted
When decreasing the temperature, sharp lines appear. Undstes, the energy levels of the axially distorted sites are lower
80 K, very strong and sharp lines, probably purely electronichan those of the cubic sifé.So, the lowest levels are attrib-
lines, appear. At 10 K, the intensity of the ZPL at arounduted to the trigonal site.
13 950 cm* become very high. This line is truncated on the We can observe that the integrated intensity below the
figure. Many other sharp lines exist on this spectrum, everour sharp lines of these two sites is greater for the trigonal
though only one ZPL is expected for each site of the chro-one. In fact, the integrated intensity results of the product of
mium ion. In KZnk:Cr¥*, many studies had presented only the number of ions by the cross section is related to the
one ZPL for each site on the emission spetttahese spec- selection rules. For the cubic sites, the electric dipole transi-
tra will be discussed in the next section. tion is forbidden by the Laporte rule when it is allowed for
In this case, théE level lies just above théT, level and  the axially distorted sites. Knowing that electric dipOiD)
is drained by nonradiative transitions toward the lower leveltransitions are of very high intensity in comparison with the

C. High-resolution emission spectrum versus temperature
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FIG. 4. (a) Crystal-field and spin-orbit splitting of the useful electronic levels in undistorted octahedral @i)eand(c) crystal-field and
spin-orbit splitting in axially distorted sites: trigonal and quadratic.

magnetic dipolgMD) transition, it is obvious that the cubic For the free ion, the representation of the generic state
sites (MD) are probably more numerous than the trigonal>>*1L, (2S+1)(2L+1) degenerated, is given by,
ones. The absence of line ascribed to quadratic $E€s  ®Dg. Placed in the crystal, the representations of the ion are
allowed indicates their low content in the crystal. Neverthe-reduced in terms of irreducible representations of the sym-
less, other weak sharp lines were revealed on emission spemetry group of the siteG.): D, ==,c;T’; (only D, is re-
tra at low temperature. These new lines and the previouduced giving the statesI';,® D251, e.g., *F state in
ones were used to separate the proper response of each shie O,, group: D3®Dgp— (Ay+ To+T1)@Dgp— A +4T,
by excitation spectroscopy. These spectra are also reportegT; . Obviously, the spin multiplicity in each component is
on the same figure. The quadratic site is now observed bukept. These states are of even parity becausedhaetrons
only three of the four sites observed by EPR are evidencethave an orbital quantum number equal to 2. So, we would
The emission was fixed at the position of the lowest zerobetter write *Ayy+*T,4+T 4.
phonon line of each site. Using time-resolved spectroscopy, Then the spin-orbit interaction results in the generic rep-
we were able to record the emission spectrum even on thesentationd”;® D5 becoming reduced in terms of irreduc-
excitation line without any perturbation. ible representations of the symmetry grou.):I';®Ds
The existence of many lines in each group associated with- 3, T", . Moreover, the spin being half-integer, we must use
one CF' site could be due to the existence of spin-orbitthe double groupG.)* associated with the grouiis(); e.g.,
coupling on the*T, level. But, in no case can these lines bethe representation of the spih in the double group®}') is
associated  with “E—*A, emission expected at thenT for Dy, andT'g for Dyy. The five electronic levels
15100 cm?! after high-pressure experiments. Indeed, thecorresponding to the A;,A,,T;,T,,E symmetries
energy difference between th&E and *T, levels (ZPL (1, T, I';,I',,I's), respectively, become coupled spin-

around 14 000 cm' in Fig. 1) is about 1100 cm™. This  opit levels described by thBg, I';, andl's symmetries.
difference between the two electronic levels confirms that The successive splittings of the five orbital electronic lev-

DqlB<2 unlike the conclusion of Le]é).We can affirm that els Corresponding to th@llA21ElT1!T2 symmetries are

all the CP" sites are low-crystal field. ‘Moreover, the EPR presented in Fig. @) for the O}, group(cubic site. Figure 4

studie$ have not shown such strong intensity of the axialsymmarizes the group-theory analysis for the electronic lev-

distortion. . _ _ els useful for our interpretations and the lines are only guides
In the case of the @&" ions, the crystal-field term in the for the eyes. The peaks of the excitation spectrum are labeled

Hamiltonian is much greater than the spin-orbit couplingaccording to thed;, double-group irreducible representations
term. Nevertheless, this latter interaction can be observed ggaple I)).

a splitting of ZPL at low temperatures. The effective spin- | the case of distorted sites, it is convenient to correlate

orbit Hamiltonian iSHgo=AL - S+ u(L-S)? wherel is the  the symmetry distortions to th@, symmetry group. In
effective angular momentunL& 1) for aT, state andS is (C4,)*, the double point group associated with,, the

the total spin. D, representation is reduced as follofsD 3/,=D 1/o(I'¢)
TABLE II. Assignment of the observed spin-orbit ZPL of the TABLE Ill. Assignment of the observed spin-orbit ZPL of the
cubic site with their positions. trigonal site with their positions.
Cubic site Oy):4T, Trigonal site Cg,):*E
L-S sublevels | I'g Iy I's L- S sublevels I, I's+Tg r, |4

o (cm™Y 14 240 14 261 14 288.5 14309.5 o (cm?Y 13954 13971 13 996 140115
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TABLE IV. Assignment of the observed spin-orbit ZPL of the quadratic site with their positions.

Quadratic site C4,):*B,,*E

482 4E
L-S sublevels I Is Iy rs I's I'g
label on Fig. 3 1 2 3 4 5 6
w (Cm_l) 14168 14 204 14 277 14 322.5 14 346.5 14 380

®I';. Similarly, in the C}, point group: D3,=D,;(I'y)  additional splitting of the sharp lines. In fact, some
@5l in whichT's andT' are Kramers conjugate states. studies™?* have shown that the spin-orbit splitting of the
The representations of t@,, group are reduced in terms of ground level is less than 0.5 crhfor d* ions in octahedral
representations of th€s, or C,, group before taking into trigonally distorted symmetry and is consequently not re-
account spin-orbit splitting. The splittings corresponding tosolved within our experimental configuration.
the trigonal and quadratic sites are presented in Figs. 4  All the spin-orbit sublevels have been observed through
and 4c). their emission or excitation lines. For the trigonal site, we
We have used some numeric calculations of the spin-orbiean remark that the barycenter of the four spin-orbit sublev-
levels of the octahedral &F ion versus the intensity of axial els associated with théE level (lowest component of the
distortions presented by De Vif},in order to obtain a cor-  trigonally split “T, level) lies 300 cn* below the cubic one.
rect attribution of each_-S component. In the cubic sites In such a case, the two spin-orbit sublevels of tig trigo-
(without any distortioly we can observe four lines when nal one(other component of théT, level) are predicted to
only three are expected with first-order spin-orbit coupling.be 500 cni* higher than the cubic levels. They have not
Consequently, th&€g andI's L-S components are separated, been observed. For the tetragonal site, thelsi® sublevels
which proves a second-order spin-orbit interaction. In accorof *B, and *E (from “T,) have the same barycenter as the
dance with De Viry calculations, we propose the attributioncubic components but with an additional splitting. The posi-
of the different lines of the excitation spectra given in Tablestion of the ZPL of *T, level lies clearly below the’E level
I, 1lI, and IV. For the quadratic site, the different lines are (15 100 cm't) even for the most distorted site.
labeled from 1 to 6 in Fig. 3, as in Table 1V, in order to make
the interpretation easier. The splittings between the lines are o o
consistent with the previous results concerning the cubic sitE+ TeMPerature dependence of emission and excitation spectra
in KZnF,:Cr**,1112and the order of magnitude of splittings of the T, level
in NagLisln,Fyp:Crt. 2t We now compare detailed emission and excitation spectra
With trigonal or quadratic distortions, th&A, ground of a selected sitéFig. 5) in order to verify the exact nature of
level is split into two components but we do not observe anythe lines. The trigonal site was chosen since it is easy to

e A ' ' |
@ ] (b) £
{i ¢ B =0
T=85K i T=50K £
| IR =

Intensity (arb. units)
Intensity (arb. units)

emission

emission

_.+" excitation

13900 14000 14100 13900 14000 14100
Energy (cm™) Energy (cm™)

FIG. 5. (a) Emission spectrum of the trigonal site at 8.5 K after 13 954 texcitation with a resolution of 4 cit. The dotted line
indicates the excitation spectrum of the trigonal site at 8.5 K with emission fixed at 13 955 ciip) Same spectra recorded at 50 K but

with a resolution of 6 cm? for the emission spectrum. Inset: integrated intensity of the spin-orbit lines reported versus their relative position

to the lowest ond™,: Aw;=w(I';)— w(I'4). The continuous line corresponds to the law at 41.5 K described in the text, the dotted line is
the law at 8.5 K.
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discriminate because its spin-orbit levels are the lowest irare in fine agreement with the modatset in Fig. §b)] but

energy of the three sites. The excitation spectrum in K@. 5 indicates a real temperature of 41.5 K instead of the 50 K

is part of the spectrum on Fig. 3. The emission spectrum hagiven by the thermal regulator.

been achieved after selective excitation in the line For 8.5 K, we have not measured the integrated intensity,

(13954 cm?) at 8.5 K. The mean resolution was 4t  the ZPL being of very high intensity and probably truncated

The same lines appear on the excitation and emission speduring experiment. We can just evaludtd s+ 1g)/1(I")

tra, so they are ZPL. But the only clearly observed lines in~10%, I'; nearly equal to zero but observed ah{§ not

emission at 8.5 K are those of lowest energy. Even whembserved. In the meantime, the order of magnitude is correct,

trying to obtain emission from the highest levels after reso-compared with the thermal populating ldwurve in the dot-

nant excitation of each one, we never get any emission ariged line in the inset of Fig. ®)].

ing from thel, sublevel. Emission spectrum is independent We can then conclude that the observed spectra result of

of the excited component. It presents a very small intensitghe emission from the*T, level split by axial distortion

from theT';, a noticeable intensity from the Kramers dou- (*E and *A,) and spin-orbit interaction with a thermal equi-

blet ('s+1I'g) and, of course, a very strong intensity of the librium between the different sublevelBy, (I's+T¢), T',

I', (lowes) sublevel. andT',. This equilibrium is confirmed by the lifetimes as
In order to verify the idea of thermal populating of the seen in the next section.

different sublevels, we present in Figbh the same emis-

sion and excitation spectra recorded at 50 K. This time, we F. Low-temperature time-resolved emission fr0m4T2

can observe the four lines on the emission spectrum. On the _ _ .

contrary, when observed by excitation, the relative intensitie In F'?‘ 6, we present the time-resolved emission .spectrum

of the four lines are constant with temperature and only ar °™ T2_1 f_ecorfjed 4at 8'? K,, after_ _excitation  at

homogenous broadening of the lines is observed when thi? 322 M=, just in the "A,—7"E(1'7) transition of the te-

temperature increases. The simulation of the experimentdiagonal site. This selective excitation enhances its emission

emission spectrum with Gaussian shapes allows us to calc®ut the majority of cubic and trigonal sites still remain ex-

late the integrated intensities of these lines. They are reportédt€d. Delay and time gatésee the captignhave been cho-
versus their relative position to the lowestS level T',: sen in order to separate the sites of different lifetimes. Thus,

Aw;=(T,)— (T,) [inset in Fig. %b)]. We can compare the curve in the bold solid line represents the emission of the
thelmeasulred values to a thermal populating law of the sugrigonal site of the short lifetime essentially and the other one

levels corrected by the oscillator strendth as follows: those of t_he _quadratic and cub_ic sites of Fhe _Iong lifetime. In
' fact, the lifetime of the quadratic and cubic sites are so close
f.g,e Hhei/kT that, de;pite many attempts, we have_ never succeeded in the
I(Aw;)= 4' (6) separation of their two spectra by t!me-resolveq spectros-
2 hAe KT copy. This seems to be associated with the magnitude of the
“ gie ' distortions. The trigonal site corresponds to & ¥acancy in

the same cell. Thé - S sublevels are 300 cit below those
with g; the degeneracy of the stdfe (g;=2 for the consid- of the cubic site. Using numerical calculaticttsye could
ered subleve)s The oscillator strengths are measured on theevaluate an intensity of distortion of about 600¢mThe
excitation spectrum and normalized by. In fact, for com-  quadratic distortion is smaller because the?Mgacancy is
modity reasons, the measured integrated intensities are rex the neighboring cell when it is in the same cell for the
ported divided by the oscillator strength and then the conirigonal case. The associated spin-orbit sublevels are near
tinuous line corresponds t¢A a)i)/fri. The measured values those of the cubic site. We could thus evaluate the inteftsity
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of the quadratic distortion to about 100 ¢l The selection TABLE V. Assignment of the peaks of the trigonal site vibronic
rules are then probably more affected by the trigonal distorémission band, with their energies and frequencies.
tion resulting in a lifetime quite different from those of the

two other sites. Energy Frequency ,

In Fig. 6, we have attributed several replica of the second €ak(cm)  (cm™) Assignment Reference
curve to the cubic€) or quadratic ) sites using their en- 1 13996 T, ZPL This work
ergy difference compared to the ZPL of each site. This was o 13971 Cs+Tg) ZPL This work
done with respect to the energy differences measured on thez 13954 0 I, ZPL This work
trigonal site spectrum. 4 13829 125 R,s— M3 flat branch 32

5 13804 150 Mj;—Rys— M flat branches 32

G. Low-temperature luminescence decays 6 13788 166 T@QLR mode 33

. . ) 7 13759 195 L®@ IR mode 33

In the inset of Fig. 6, we have plotted the decay profiles of @ 3

: . o 8 13741 213 to,[ Crie] 3,34

the three sites after selective excitation. The decay of the 9 13654 300 TOIR mode 33
trigonal site has been recorded on a vibronic replica 10 13644 310 ) QC F15- 3 34

(13381 cm?) after “E(I",) excitation at 13 954 cm. It 1ul CTF] '

11 13589 365 L@ IR mode 33

appears purely exponential, with no sign of transfer, giving a

37
lifetime of 473 us. The very high intensity of thE, ZPL of 13497 457 e[ CrR]°" and TG IR mode 3, 33, 34

. ; . . LY : 3-
the trigonal site and its relatively short lifetime agree with an 13 13392 562 31gl CrFe] ™ 3, 34
allowed electric dipole transition due to strongly distorted 14 13372 582 t1,[Cre] 3,34
site.

The decays of the cubicc] and quadratic ) sites are
quite similar, i.e., 903 and 918s, respectively, after their center of the first Brillouin zone. But, such considerations
selective excitation. The profiles of decay are perturbed byead to a discontinuous optical spectrum with a discrete dis-
the exciting line for the short times<(0.1 ms) because they tribution of replicas. It is easy to see that the vibronically
are obtained with resonant excitation. The decays have bedioadened transitions are continuous, at least with an inter-
also measured on the different spin-orbit lines of each sitenediate or strong electron-phonon coupling. The problem of
No difference of lifetime between the-S sublevels of a the energy-momentum conservation rule is easily resolved
given site has been observed, which confirms the thermdly the defect itself. Indeed, due to the presence of a defect,
equilibrium previously demonstrated. the translation symmetry is lost and the whole Brillouin zone
For higher temperatures, it is not possible to separate thié folded at thel' point. Consequently, all the vibration
different sites and only a mean value has been measured. Aodes of the matrix can interact with the defktt.
77 K, the lifetime of the emission broadband was of 475 and Moreover, when the electronic states of an impurity in a
370 us at 300 K; this decrease being due to the thermafrystal are coupled to the vibrations of the lattice, this cou-
enhancement of nonradiative processes. The different lumpling is commonly represented as arising from a cluster of
nescence lifetimes are relatively long for@, level, but  ions next to the impurity>” Then, the Ct* ion and its
previously observed in different fluoride crystéfs:?|n-  surrounding octahedron may be considered as a molecular
deed, we must consider the effects of electron-lattice intercomplex. This effect is more efficient for the chromium ion
action and spin-orbit coupling of the doublet and quartethan other 8 ions, like NF*, because of its stronger
state<> They introduce an electronic wave-function mixing covalency”** The normal modes of theCrFs]®~ complex
of the *T, state with the?E long-lived state. Moreover, the come from the reducible representatidi;,=a; 4+ ey+1tag
phonon cutoff frequency of the fluoride compounds being+ 2t1,+1t,,(Op). Moreover, these modes can be decom-
lower than that of the oxide ones, the probability of nonra-posed by the symmetry lowering of the octahedra due to the
diative transitions is weaker in fluorides. So, a long decay ofharge compensations caused by the substitution &f Ny
the *T, level in KMgF; is not surprising. Cr** ions. So, we can interpret the emission spectrum in
terms of phonons of the pure compound and normal modes
S . of the octahedral entityCris]3~.
H. Vibronic emission of the trigonal center In Table V, we propose an attribution of the 14 peaks
After the study of the localized electronic levels of the labeled in Fig. 7. The first three are the three spin-orbit sub-
Cr*" impurities, it is advisable to take into account the dy-levels observed at low temperature; they are purely elec-
namical properties of the matrix. We have peculiarly studiedronic lines. The first phonon replic# and 3, lying at low
the emission of the trigonal site because its electronic level§equency, i.e., up to about 160 crhof theT', line, are due
lie clearly below the other ones. After excitation in tHg ~ to flat branches of the phonon-dispersion curves of
ZPL, the spectrum was recorded at 8.5 K. The emis@fiam ~ KMgF3.? They correspond to thRys— M3, Ris—M{ and
7) is mainly due to the phonon replica of the lowest energyR,;s— M branches giving sharp peaks in the phonon density
spin-orbit lineT",, the only level which is thermally popu- of states. The peaks labeled 6, 7, 9, and 11 correspond to the
lated, of the*E(*T,) level (Fig. 4). This spectrum results frequency of infrared modes of the KMgfnatrix2° They
from both vibronic couplings with the phonons of the matrix also give sharp peaks in the density of states. The peaks
and with the normal modes of tH€rF;]3~ complex. labeled 8, 10, 12, 13, and 14 may be attributefl@oF;]>~
Many works take into account only the modes whosenormal modes. Their frequencies belong to the classical val-
wave vector is equal to zero, i.e., the modes situated at thees generally found for such compleX&%in different crys-
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' ' ! ' tion on the normal modes of tH&rF]3~ complex. In fact,
| KMgF:Cr™ s | thet,q irreducible representation of th@, group is reduced
T=8.5K in a;+e, irreducible representations of tkii, group, in the

i same wayt,;,=a,+e andt,,=a;te.

4 IV. CONCLUSION

After description of the crystal growth, we have briefly
recalled the structure and doping condition of the perovskite
KMgF;. With excitation measurements and emission spec-
trum under high pressure, we have estimated the usual spec-
1 troscopic parameters of the chromium ions in the compound.

A crossover from low crystal field to high crystal field has
P = been obtained with high-pressure measurements. The low-
12000 12500 13000 13500 14000 crystal-field situation is now clearly established for the
Ccr*t with Dg/B=1.9 (<2.3), resulting in the*T,—*A,
emission, opposite to the results of Lee, Han, and
FIG. 7. Emission spectrum of the selected trigonal site at 8.5 KHendersot® The crystal-field parameter is Dq

Intensity (arbitrary units)

Energy (cm™)

after excitation in thel', ZPL (labeled 3 with a resolution of =1450cm! and the Racah parametB=760 cm’. The
4 cm ! (line 3 is truncatefd The assignment of the labeled peaks is C parameter has been evaluated to 3426%rithese values
in Table V. are the free-ion parameters covalency quenched with a re-

ducing factor of 0.83. Using the position of the maximum of

tals. The dips between the different peaks correspond to dipgie absorption bands instead of ZPL introduces an error of
in the phonon density of states. Especially, the dips betweeB% on the exact value ddq/B.
the 8th and 9th peaks and just before the 11th peak corre- With low-temperature spectra, we present the evolution of
spond, respectively, to a hole and a pseudogap in the densityie vibronically broadenefiT,— *A, transition. The absorp-
of states. tion spectrum at low temperature shows clearly the trigonal

Thet,, ande; modes off Cris]3~, respectively, situated and cubic sites. We have observed, by excitation, the spectra
at 213 and 457 cm' are resonant modés,because their of three sites and clearly evidenced a spin-orbit coupling
frequencies lie in the middle of the optic band of KMgF through the splittings of the purely electronic transitions. An
Thet,;, mode situated at 310 cm, lies clearly in the vicin-  assignment of the different- S lines has been done from a
ity of the pseudogap, between J@nd LO, modes, in the group-theory analysis. We have compared the excitation and
phonon density of states. It is consequently a gap nibde. emission spectra in order to evidence the ZPL. We have
The a4 andt,, modes at 562 and 582 crthare true local- shown the evolution of the emission spectrum with tempera-
ized modes because their frequencies are higher than the frewre results of a thermal equilibrium between the different
guency cutoff, corresponding to the LOmode at L-S sublevels.
551 cm .28 The frequency of a gap mode does not belongto We have measured the fluorescence lifetime of each site:
the frequencies of the normal modes of the crystal, but liegl73 us for the trigonal site, 903 and 918 for the cubic and
below the cutoff frequency of the crystal. Therefore, the gapjuadratic sites. The strong difference of lifetime and energy
mode is less well localized than the high-frequency localposition of the electronic levels of the trigonal site indicates
mode. We can observe that the two localized modes giva strong axial distortion.
very sharp and strong replicéE3, 14, when the resonant or Finally, the low-temperature emission spectrum has been
gap mode gives rise to broader replicas. interpreted in terms of phonons of the pure compound. The

Beyond 600 cm? below thel', ZPL, i.e., the 14th peak, positions of the replicas of the ZPL were compared with the
the replicas are due to the combination of several phonongpeaks of the density of states associated with the flat
The attribution is then more difficult and may be question-branches of the phonon-dispersion curves measured at 300 K
able. and with the frequencies of the infrared modes. The usual

In our assignment of the different lines in the emissionfrequencies of the normal modes of the octahedral entity
spectrum, we have neglected the effect of the trigonal distor-CrF;]®~ were also considered.
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