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1. Introduction

Currently most operating vibronic lasers are based on 3d ions. such as Cr*,
Tit*. Co*. and NiZ*. Except for Ti**, all these ions are in their common
oxidation state. To increase the spectral range covered by tunable solid-state
lasers. we must search for doped crystal systems based on different 1ons or
ions in different ionization states. Recently. a new lasing ion was discovered
[ 1]. the Cr** ion. The oxidation state of chromium had not even been known
to luminesce when Petricevicetal [ 1] and Verddn et al [ 2] announced that they
had achieved laser action in forsterite (Mg,Si0;) using the Cr** jon.

Because of the novelty of Cr* as a luminescent ion and our interest in the
clectronic stiucture of higher oxidation states | 3], we decided to characterize
other 2 ions in tetrahedral sites. Recently. we reported the gain measure-
ments. emission spectra (at 77 K and room temperature). and the fluorescence
litetimes of Mn3* (3d2) in Ca>POCl and Sr4(PO,);C1 [4.5]. The Mn>* ion
is stabilized in tetraoxo coordination (MnQ3 ) by isomorphous substitution
of the POy~ 1on.

Crystal-field theory predicts that the energy-level sequence forad* ion in a
tetrahedral environment should be ‘A, < 'E < 14| <37, <*T(P) < 'T, < IT
< 3Tl(F). The order is the one that would be expected tfrom the Tanabe-
Sugano diagram with Dg/B = 3. The only allowed transition (electric dipole)
is the }Tl — 3A3 in an undisturbed T, symmetry. However. it tollows that
most of the features of the spectra observed by us [4.5] and other workers
[6-10] must be interpreted as resulting from a distortion of the MnO3~ from
T,y symmetry.

In the present work. we undertake a ¢ ystematic analysis of the optical spectra
(absorption and emission) of the Mn** ion in Sr5(PO,);ClL by using acrystal-
field Hamiltonian of € point symmetry. In the analysis. the energy-level
scheme for Mn *-doped Sr5(PO,);Cl s determined. and the crystal-field
parameters are obtained.
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2. Experiment

Figure 1. Emission
spectrum of

Srs(PO ) CLVMnOy™:
(a) 300 K,

(h) 77 K excited at
514.5 nm. Inset shows
vibrational details at
77 K.

6

Single crystals of MnOj3~ doped Sr5(PO,);Cl were grown trom flux with a
procedure modified from that of Borromei and Fiscaro [8.9]. The concentra-
tion of manganese in the Srs(PO,);Cl crystal was found to be 0.033 wt%
(4.145 x 10 jons/em?).

Emission spectra at 77 K and room temperature were made with the
514.5-nm green line of a Coherent CR-18 argon ion laser. The spectra were
recorded with a Jarrell-Ash 3/4m monochromator in second order. The
fluorescence signal was monitored with a Northcoast (model EO-817P)
liquid-nitrogen-cooled germanium detector and analyzed with a Stanford
SR510 lock-in amplifier. The absorption spectrum was obtained with a
Varian Cary 2400 spectrophotometer. The observed absorption and emission
peaks are presented in section 5. The emission spectra are shown in figure 1.
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3. Free-lon Hamiltonian

The free-ion Hamiltonian, Hy,. used in the analysis of the spectrum of
Mn3* (3d?) is

Hir=F P+ F¥% ol + D)+ 5 Y -5 ()
where
‘ EY
@=2, 2 Ciyd)Crglj) (2)
f>[ ¢/=—/\
and
Cogli) = VATI2k + 1) Y (81, @) 3)

Ciy= (=D)Ciy .

Inequation (1), {isthe spin-orbit parameter. the term involving atis the Trees
interaction [ 1 1], and the F**) are the Slater parameters. Frequently, the Racah
parameters B and C are used in place of the Slater parameters F*): the
relations

FO =7(7B +C) and
F =63C/5 (4)

can be used to convert from one set of parameters to the other. The different
sets of values of F'*), B, and C are given in table 1, calculated using Hartree-
Fock wavetunctions [12] and best fit. using equation (1), to the free-ion
experimental energy levels of Corliss and Sugar [13]. The fourth column
gives the values obtained by Kingsley et al [10] by fitting the experimental
dataon Mn’*in Cas(PO,);Cl(with a=0), which is isomorphic to the material
under consideration. In general. the Hartree-Fock values of the Slater param-
eters are larger than the free-ion values. and these parameters are further
reduced when the ion is embedded in a solid. In other words. the sequence of
reduction of the F*X in going from columns 2 through 4 is typical of both rare-
earth and transition-metal ions. A theory of the reduction of the Slater
parameters. FX)_ upon the ion entering a solid has been given by Morrison
[14] (pp 74.75). which is

Fh) = Frhy _ AFTh)




‘Table 1. Values of free-
ion parameters of Mn®*

with
A/:(A):<,.L>ZS(A) . (5)

/ . . ~ - . .
where the <> are the radial expectation values of 4, F'*) are the free-ion
Slater parameters, and S is a sum over the ligands of the solid. given in
section 4.

Parameter  Hartree-Fock?  Free ion”  Cag(PO;)Cle Sr(PO), 1, C1

JAN 108.746 Y1427 42,735 319925
[k 68.880 56.625 28413 33.861
B | .434 1.224 S50 431
¢ 5.467 4491 2.255 2,687
- 186.0 165.8 0 0
194 —- 106.4 0 Y

Frava et e [12]

PE to data of Corliss and Sugar [13].
“Kingslev eral {10].

ABest it 1o cubic obtained here.




4. Crystallographic Data and Crystal-Field Components

Table 2. Crystallo-
graphic data [15] on
Sre(PG ) Cl:
Hexagonal (2, (P6,/m),
176.7Z =2

Table 3. Monopole
{point-charge) crystal-
field components, A,
tem~Y/ A", for P site
(C, symmetry) in
Srs(PO )1

m

The detailed crystallographic analysis of Sr5(PO ) ;Cl has been performed by

Sudarsanan and Young [15] and the results are given in table 2, along with

data on polarizabilities trom Schmidt et al [ 16].

The polarizabilities. a. and the detailed x-ray data given in table 2 have been

used to calculate the sums. S%), to be used in equation (5). That is. we evaluate
(X,’Zj(/\' +1)

sh= 2 2
R;’,(+4

i I

(6)

where @; 1s the ligand polarizability (given in table 2) with the number of
ligands, Z,. at the distance R; from the P ion site. The values obtained are
§2 = 59.825 cm~!/A* and $* = 17.661 cm~1/A¥,

The point-charge crystal-field [9] components. A, . were computed using

Apm=—c¢ (7)

2 z g Cnm(R\i)
i .

n+
i R;

where ¢; is the charge (in units of electron charge) given in table 2 and the C
are defined in equation (3). These results are given in table 3.

i

lon  Site  Svmmetry X ¥ z q o (A
Ol 6h C, 0.3365  0.4821 1/4 2 1.349
02 oh C, 0.5861  0.3662 14 -2 1.349
03 12 C, 0.3549 02670 00768 -2 1.349
p 6h C, 0.4052  0.3720 1/4 5 00273
Sel 4 C, 1/3 23 0.0009 2 1.039
Sr2  6h C, 0.0104  0.2592 1/4 2 1.039
Cl 2h C, 0 0 12 -1 2.694

“Schmidr et al [16].

Note: xravdata: a = 9859 and ¢ = 7200 A [16].

Distance (A of nearest neighbors to P site: two O3 ions at 1. 5368, one O ion ut
15402 one O2 ion at 1. 5450 A Smallest P 1o P distance is 42577 A tdouble ).

“‘mn RC"‘mu Im"\nm A RL‘A””, hn"‘nm
A 116 3.084 Ay -16.869 29618
A 1.183 — Ay 12.647 12.900
.~\:2 4477 -2.956 Agy -740.1 -55.74
A 334779 SR472 Ay 6189 =310t
R 82251 6.065 Ags 53.07 [.3R81
Al 9151

CXrav data from table 3.
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In the calculations involving the crystal fields. it is assumed that the A, with
even n contribute to the crystal-field splitting. while the A, with odd »
contribute to the eleciric dipole transition probabilities. Owing to the rather
large values of the A, with n odd. we should expect the electric dipole
transitions to be strong for those levels where the transition is not spin

forbidden [17-19].

The crystal-field components of table 3 are correct for the P site. which has
C, symmetry and bears little resemblance to tetrahedral cubic symmetry
(A5, = 0. Ay, = 0. except Ay, and Ay, in cubic symmetry). To see the
resemblance to cubic symmetry, we rotate the A, through the Euler angles
(a. B. and ) by using [20]

nm

A;II'! = z Dr':n'm(as B‘}’)Amn'- (8)
nt’

’

sy With even n for a variety of values of o B. and ¥, and

.m Of table 2. we obtained (units ofA,’”” are cm- /A"

By evaluating the A
by using the A

Ay, = —494 - 380,

Ay = 801 —i3750,

Ay = —41974,

Ay = 613401631,

Al = —17+i2002,

Aly = 1512402876,

Aly = 25129 - 146, (9)

with o = 30°. f=45° and 7= 1.5°.

Further choices of a. B. and y might reduce A’y. A’}>. and A’j3. but these
values are adequate for our purposes. For perfect cubic symmetry. A5,
should be zero. and A’y = A43=0 with A%, =1 5/14 A’y,,. From equation (9).
we have Ay, = 0.5987A47, (1 5/14 = (0.5976). so that if we ignore A"y, A'}5.
and A’y relative to A’y we have cubic symmetry. Further. since Ay, < 0. we
have tetrahedral symmetry. The A5, which is ignored in the cubic approxi-
mation will contribute to the splitting of the cubic levels.




5. Analysis of Experimental Data

“ . . -~ “~ . b .

The crystal-tield Hamiltonian. H, -, tor the configuration d -. which we use
v CFEF &

in the analysis. can generally be written

n
Hepr = Z 2 B;m 2 Cumli) . (1)
! i

neven =g

B/vzhm = (-] )m Hn—"' .

where the B, are the crystal-tield parameters. The B, of equation (10) are
treated as parameters in fitting the energy levels of the 1onina crystal. in the
same manner as the F»*) are treated as parameters in fitting the free-ion data.

In the point-ion model. these parameters are related to the A, by

B . =</>A . (1)

nmn i

For the 1on in C symmetry (from equation (11) and table 3) (sce Morrison
[14]. pp 86. 87). we have eight B, (1 even) which can be reduced to seven
by a simple rotation about the z-axis (c-axis). With the free-ion parameters
F* and a. we have atotal of 10 parameters. This large number of parameters
requires an extensive number of energy levels, generally beyor. 1 the number
of levels available. Because of the Timited number of crystal-field levels
experimentally available, we decided to use C g symmietry in the final analysis
of the data. In €y symmetry. equation (10) becomes

H(G,i'.,_-: B Z Cao() + By Z Canli) + Byy Z Caa() + Cy 4 (12)
i j '

!

with all B, real. The cubic approximation to equation (12) is

J : - ~ . - .
I-lé,;,:BQn Z {Cw(l)+ \ 154 Caa() + Cagl) } (13)
P

with B3y = =21|Dyql. for tetrahedral symmetry.

We start the fitting of the experimental data by using the cubic approximation
given inequation ( 13). Using the results of the cubic fitting. we then proceed
to fit the data in C; symmetry using equation (12). In both of these analyses.,
we ignore the effects created by the spin-orbit coupling of equation (1).
Finally. we introduce all the experimental data with the spin-orbit coupling
included.




Figure 2. Tanabe-
Sugano plot for Mn®* in
tetrahedral sy mmetry
using Hartree-Fock
values for B. C, and .

NS S DB < 0
soleihine vamma 3
dashed  camma
dotted  gamma 3
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The absorption spectra taken at low temperature show two intense bands at
10.600 and 11.250 ¢cm~!: from a Tanabe-Sugano plot for tetrahedral
symmetry (fig. 2). we find that a rough estimate of absorption spectra tits the
plot with Dy/B = 2.0 (assuming that 10Dy = 11.000). Then we have By, =
=23.100 em NBy, = V5/14 By and B = 550 em o with C/B = 4 we have
C = 2200 em L Thus we have F99) = 42350, F = 27.720. and By, =
=23.100 cm- ' as starting values in equation (1) (<= 0) and equation (13) for
the tirst fitting of the expertmenial data. In the initial phase of the fitting. the
parameter o was arbitrarily set at 30 cm~!and not varied. The best fit to the

A TE T
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‘Fable 4. Mn~* energy

levels in Sr(PO 1, ClL

tetrahedral symmetry,
no spin orbit?

experimental data (averaged to cubic symmetry). starting with the above
parameters, is given in table 4. The last column in table S gives the mixture
of free-1on states: we see that since there is only one 3,-\3. ~"I'3. and ' in the
decomposition of the 3d2 electron configuration on the cubic group (no spin
orbit), these states remain pure. as they should. However. the 7 states
become strongly mixed. the 7 at 15400 em=! is S4-percent P and 46-
percent *F . while the 3'I‘l at 24.200 cm~! has the reversed composition of free-
ion states. This strong mixture is a consequence of both the reduced F'4?
values and the relatively strong crystal field. Even the 'A] at 45.760 cm 1
which is normally 100-percent 'S, has 15-percent ' free-ion state,

In order to proceed to the analysis of the energy levels in the assumed €
symmetry. we need an estimate of the parameter B, We can estimate By by
using equation (5) with the £'2 value from table 2 (frec-ion F'=) and £
from table 4 to obtain </ 2> = 0.93 A2, This value is then used with A s from
cquation (9) to give By = 457 cm~ ! With all the parameters the same as the
cubic case. the experimental data on the 'E and the 3'I'z were changed. and the
parameters were varied to obtain a best fit. The results are given intable 5. The
calculated splitting of the 'E cubic level by the lower symmetry is consider-
ably less than the experimental value. but the calculated sphitting of the "'I'J
level is quite close to the observed value. If all the experimental data are
removed (including the ground state) except the 'E levels (8550 and
8697 cmn My and if we then vary B, (with all other parameters fixed at the
vafues given in table 6). these fevels are fit exactly with B+, = 2607 e If
the ground state is included (I'; 4£ = 0) as well as the VE levels, varying F*2
and B, produces an exact fit with F©2) =42 456 and B4, = 2640 cm™ ! In both
these fitting procedures. the free-ion admixture of the 'E state remained the

No. IR/ Epyptem o E,,tem D Free-ion state!

1 ', 0 257 100

2 'E 8.619 8433 064D +0361¢
3 T, 11.000 11,095 100 YF

4 A, 14.960 14963 085'G +0.1518
N TPy 15400 15256 054 + 046 %1
6 T, 19.600 19662 0.71'D +0.29 1
7 T, 21.560 20949 100G

R Ty 24200 24368 0543 +046 P
9 ' 31.343 3910 064G +036 1D
10 T, 33010 32033 071G +029'D
M Ly, 45.76(0) 45913 08518 40056

“Parameters (em Ly used in this caleudation are F'=) = 39 925
FA = 33800 o= 38062 B,,= 23840 B,; = -14247.12

(B =41088,C =20874,. Dy = 1100).

Plrreducible representation of O group.

“Only levelswith miviure >0.01 are listed. and number is limired

to 3
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Table 5. Mn®™* energy
levels in Srz(PO ) CLL
€, symmetry. no spin
orbit?

same as that given in table 6: however, the splittings of the higher levels
become significantly different trom the experimental results given in table 6.
Also. in table 4 the lowest 3'I‘l splitting remains 7"I‘I(P) and 1s close to the
observed value. but the highest energy splitting has become predominantly
3F. The same is true of the higher 3'1'|(I") level, except that the lowest values
have become predominantly *P.

Finally. starting with the same parameters as were used in table 5. we fitted
the same experimental data except that the spin-orbit interaction was included
with =466 cm ! (free-ion value). Aftera few trials varying to obtain a best
fit. we decided to leave ¢ at the free-ion value. as it seems that more
experimental splittings are necessary to stabilize the best-fit value of . The
results of this caleulation are given in table 6. (The labeling of the levels
follows the convention introduced by Ballhausen and Liehr [21]. That is,
when the spin-orbit interaction is included in the calculation, the rreducible
representation labels are the I'; from Bethe: otherwise. the A, B, and £ from
Mulliken are used.)

No. LR/ Eoprem oK em D Free-ion composition'
l ', 0 ~118 10O 3F
2y, 8550/ 8543 065D +0341G
3 ', R.6874 8624 066D +0341G
4 A, 10.600 10,699 100
5 VA 11.250 11319 1003
6 ', 14.750 14653 055°P + 045
7 L1, 14.960 15529 084G + 015 'S+ 001D
8 i 16.275 16,136 0545 +0406°P
9 ', 19.600 19295 072D +028'G
1o 'E —- 19853 073'D + 027G
I e 21.560 21320 1.00 'G
12 ' — 23000 099G +0.01'D
13 E 24.200 24357 054°P +046°F
14 A, — 252700 055 +045°P
IS Ly, 3343 238 066G 033D +0.01 1
16 A — L8R 074G 402610
17 LA, A0 32879 066G +034'D
I8 L1, — 33025 0720 +0281D
19 I, 45.760 5812 084S +0.06 G

dParametersient Dinsed inthis calculation are F'=' = 41 505 F'3 = 37 460,
(x=57760.85,=1923 B, =-2425 and B, ;= -13.570(B = 491 38 und
C = 2497

Plrredncible representations of C, eromp.

COuly devels with mixiure >0.010 are listed. and number is limited
oy,

YObtained from emission spectrio.




Table 6. Mn>* energy
levels in Sr¢(PO,),Cl,
C, symmetry with spin
orbit included®

o. LR” [:'(,\I,(cm") £, tem h Free ion compositiont

R 0 -74 100 *F

RN I — -73 1.00*F

3T, 8.550 8.456 0.63'D +0321G +0.04F
4 T, 8.687 8.502 0.62'D +031'G +0.07%F
5 Ty 10.600 10.685 1.00 *F

6 T, — 10.714 097 +0.02'0 +0.01'G
7 T, — 11.207 0.99 *F

8 T, — 11.302 096 %F +0.03'D +0.01'G
I 11.250 11.351 0.99 3F

10 T, — 11.481 1.003F

I — 11.544 095 +0.03'D +001'G
12 T, 14.750 14.622 0.50%P +040%F +0.08'G
13 Ty - 14,673 0.55%P +045°%F

4 T, 14.960 15.403 049'G +022%F +0.20°%P
IS T, 16,275 16.088 0.57%F +043°P

t6 Ty, — 16.127 0533 +0467P

17 T, — 16.146 057 +042°P +001 G
18 T, — i6.161 0.50'F +0.503%P

19 T, — 16,534 0353%P +033%F +028'G
20 T, — 19.218 0.71'D +027'G +0.01°%F
2Ty, 19.600 19.802 0.73'D +025'G +0.01F
2T, 21.560 21.502 0.99'G +0.017%P

23 Ty — 23.209 0.96'G +0.02%P +0.01°%F
24 T, 24.200 24,295 0.57'P +0437%F

25T, — 24.351 0.51'P +049°%F

2% T, - 24.363 0.56P +042%F +001'G
27 Ty, — 24,387 0523P +045°%F +0.021G
28 T — 24.390 050 F +049°%P +001'G
29 T, — 25.254 056 F +0.44°P

30 Ty, — 25,307 0553 +043%P +002'G
31T, 31.343 31309 0.66'G +033'D +0011s
32 Ty — 31972 074'G +0.25'D

33 0T, 33.110 32.946 0.66'G +0.34'D

M T, — 33,104 0.72'G +0.28'D

s T, 45.760 45.751 0.83'S +0.16'G

aparameters (cml) used in this calculation are F©?) = 41,677 F1 = 31341,
a=71.§=466(not varied). B, = 1881. By, = -24.161 . and By = 13480
{B=49523.C =24874).
hlrreducible representations of Cy group (Bethe notation), 'y + Ty =T, 4.
Onlv levels with mixtures >0 01 are listed, and number is limited to 3.




Table 7. Parameters
(cm~!) that best fit

experimental data for
Mn®* in Srg(PO ),

16

The most important result of the spin-orbit interaction is the mixing of the
different spin states. For example, the 'E state in cubic symmetry which
becomes the 'A | T4, in Cy symnietry contains 4- to 7-percent *F . and the ' A,
(cubic) becomes 22-percent *F and 20-percent *P. This mixing of triplet
states into what are normally labeled singlets has the effect of allowing
transitions such as the 'A to be observed. The ground state splitting of
0.8 cm~t s in reasonable agreement with the value observed by Lachwa and
Reinen {22] using an electron spin resonance technique. The resulting
parameters in the various fittings reported above are summarized in table 7.
However. since the ground state is the doublet I'y + Iy in C; symmetry. which
splits further under a crystal field of C, symmetry, this agreement should be
viewed with skepticism.

Symmetry  F? Y« { By By By, Table No.
Cubic 39925 33861 386 0 0 23840 1424701 4

¢, 41565 31460 578 0 1923 24251  -13576 ]

o 41.677 31341 T 466 1881 24,161 13480 6




6. Conclusions

The computational procedure used here gives excellent agreement between
the experimental and calculated energy levels. Thus, we feel that the resulting
crystal-field parameters given in table 6 are a vahid representation of the
crystal-field interactions of Mn* in Sr5(PO,);Cl. The results indicate the
adequacy of using a crystal-field Hamiltonian of €, symmetry.
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