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In this work, a theory for shifts of energy spectra due to electron-phonon intera@i®h has been
developed. Both the temperature-independent contributions and the temperature-dependent ones of acoustic
and optical branches have been derived. The former results from the interaction between the zero-point
vibration of the lattice and the localized electronic state. By means of both the theory for pressure-induced
shifts (PS’s of energy spectra and the theory for shifts of energy spectra due to EPI, the “pure electronic” PS’s
and the PS’s due to EPI of the, line, theR, line, and theU band of GSGG:CGr™ have been calculated,
respectively. The total calculated results are in good agreement with all the experimental data. The calculated
results of normal-pressure energy spedéR,) andg, (R,) for GSGG:CF* are also in good agreement with
experiments. Their physical origins have been explained. It is found that the mixing degtéé'ﬁf)e“U}
and|t3 ?E) base wave functions in the wave functionsRaflevel of GSGG:Ct" is remarkable under normal
pressure, and the mixing degree rapidly decreases with increasing pressure. The change of the mixing degree
with pressure plays a key role for not only the pure electronic PS’s oRt{Hae and theR, line, but also the
PS’s of theR; line and theR, line due to EPI. The pressure-dependent behavior of the pure electronic PS of
the R, line (or theR, line) is quite different from that of the PS of i, line (or the R, line) due to EPI. It
is the combined effect of them that gives rise to the total PS oRthéne (or theR, line). At 300 K and in
the range of about 15—-45 kbar, the mergence and/or order reversal baé@'@ﬂe“Tz levels andtg T,
levels takes place, which causes the fluctuation of the rate of P§(fr,)e*T, (or t3 2T,) with pressure. At
300 K, both the temperature-independent contribution taRhéne (or theR, line or theU band from EPI
and the temperature-dependent one are important, however, the temperature-independent contribution is much
larger than the temperature-dependent one at 70 K.
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[. INTRODUCTION to pronounced and unusual changes in luminescence proper-
ties, which is very important for controlling tunable lasér.

In recent years, solid tunable lasers become mordhus it is a key point to investigate the variation of their
and more important. Special attention is paid to awave-function mixing degree with pressure and its micro-
kind of new tunable-laser crystal with intermediate crystal-scopic mechanisms in detail.
field strength, such as G8,G&0;(GSGG):CF* and Since 1985, on the basis of the single configuration coor-
GhGa;0,(GGG):CP*.1* The typical feature of the opti- dinate(SCO model, much work has been devoted to eluci-
cal spectrum for theiveak crystal-fleld_ca(me average en- dating the nature of th@ 2E—t§(3T1) e*T, coupling mecha-
ergy separationA ={E[t3(°T;)e*T,]—E[t3 2E]}<0) is @  nisms. Several models have been developed to describe the
broad emission band from3(°T,)e*T,; for the strong emission line shape and lifetime of Trin intermediate
crystal-field case4>0), typical features are tt, line, the  crystal-field system$:2° For GSGG:Ct" and GGG:Ct',

R, line, and their phonon sidebands frag?E. Especiall, Hommerich and Bray observed a dramatic change of the
for the intermediate crystal-field strength, is small, and overall emission band shape upon increasing pressure, from
accordinglytg 2E and t§(3T1)e4T2 states strongly couple a nearly structureless broad band [the transition of
through spin-orbit interaction and electron-phonon interact3(3T,)e*T,—t3 A,] to a highly structured narrow band
tion (EEI). Thuzs ghe ezmssmn spectrum has char_acterlstlcs the transition ot3 2E—t3 4A,, which includes theR, line,
botht;"E andt3(*T1) €Ty, which will be quantitatively rep-  the R, line, and their phonon sidebandsvioreover, they
resented by the degree of the mixing ¢f5°E) and  measured the pressure-induced shiRS'S of the R, line,
t5(°T1)€eT,) base wave functions for the emission state inthe R, line, and theU band at room temperature as well as
this paper. the PS of theR, line at 70 K for GSGG:Ct", and calculated

Becausets 2E andt5(°T,)e*T, of the CP* ion possess only theR;-line-shift reversal with pressure for GSGG3Cr
quite different characteristics, small changes in their waveat 70 K12
function mixing degree induced by fluctuations in pressure, However, there were several shortcomings in the calcula-
temperature, external field, or chemical composition can leadons of Refs. 1 and 2i) The pressure effect was taken into
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account phenomenologically and roughly. Namely, the enq./(qex)o=exp{—t[® 1(x)—1]-u[® *(x)—1]2—--},
ergy difference between the unperturbatedi’E and (3)
t§(3T1)e4T2 levels was assumed to increase linearly with

. where is the effective charge of a ligand iohandu are
pressure according td,=Aq+ (X;—Xg)P, whereA, re- Get g g A

terred to th bi e X parameters dependent on crystal properties; we always use a
erred to the ambient pressure energy separalQrandXe g hqcript 0 to indicate the quantities at normal pressure, and

- - : 4

Werestrzle shift rates of the hypothetical unmixg(fT,)e T2 the quantities without the subscript O are those under pres-
andt; “E states, an® was the pressure. In fact, the PS's of gyrep. The functiond(y) is called the expansion function,
theR; line and theU band are obviously nonlinedii) SCC  which represents the expansion behaviod@flectron wave

model was adopted, and the effect of EPI on energy levelfunctions under pressure and plays a key role for PS’s of
was only taken into account in terms of the vibrational over-energy spectra. Its general form is

lap integral. We found that the model and the treatment are

not adequate to calculations of PS’s of levels due to HiP). O(y)= Sex;{ _ 1 D.(1—y)2— ED 1—y)3—
The t3 2E levels andt3(°T,)e*T, levels were treated as a (0=x 2 Pill=x07 = gDl
degenerate level, respectively. Moreover, all the other levels (4)

were not taken into account. In fact, by using the terminol-wheres D,, andD, are parameters dependent on crystal
ogy of ligand-field theoryt3 °E and t5(°T;)e*T, of the  properties. Moreover, we have

Cr** ion are two strong-field termg; 2E has two levels B

with Kramers degeneracy, arté(3T1)e4T2 has six levels. K=K +Ky, ®)
(iv) The calculated results of PS of thB; line for '=K/+K}, (6)
GSGG:CP" at 70 K were only in rough agreement with , ) )
experiment; especially, up to now, PS’s of Reline, theR, vyhereK, andK; are dominant. Thgy represent the trigonal-
line, and theU band for GSGG:G" at room temperature field parameters due to the variation in ragﬂal parts of wave
have not been calculated and explained yet. Hence it is quitsinctions with pressure, and their expressions are

necessary to solve these problems by developing different 1
microscopic theory. This is exactly the purpose of the present Kr:< - 7<A(f)>o)(73q)72()()
work.

This paper is organized as follows. In Sec. Il, a theory for 20 e 4 Jeft
PS’s of energy spectra is formulated, and a theory for shifts - @(B(Wox @ (X))(q—), (7)
of energy spectra due to EPI is developed. In Sec. lll, as the eff’0
foundations of calculations of PS’s of energy spectra, the at o
normal-pressure energy spectrgy(R;) and g, (R;) of Ke={7(AN)ox>®~(x)
GSGG:CPF" are calculated. The “pure electronic” PS’s and
the PS’s due to EPI of thR, line, theR, line, and theU 5 544 Oeff
band are calculated in Sec. IV, and their physical essentials - @<B(r)>0X ¢ (et ®
are revealed in Sec. V. Discussion and conclusions are given
in Sec. VI. (A(r))o=4Ky—3Ko, 9

27
Il. THEORY (B(r))o=—§(K(’)+ Ko). (10

The PS of theR; line (or the R, line or the U band , ) ]
consists of two parts, i.e., the pure electronic PS and the P$s @ndK; are small corrections. They represent the trigonal-

due to EPI. field parameters due to the variation in angular parts of wave
functions with pressure, and we have
A. Pure electronic PS Ke=A1(1-x), (11
When EPI is not taken into account, the pure electronic K)=Ax(1— ), (12)

PS is calculated by a theory of PS’s of energy spectra. Be-

cause the physical idea and computational method of theshereA; andA, are taken as adjustable parameters. Skice
theory were described in detail by the previous wéelg., and K’ are small for GSGG:Cr, in order to reduce the
see Refs. 11-17only the expressions d, C (Racah pa- number of parameter,=K; andA;=A, may be approxi-
rametery Dq (cubic-field parametgy K, K’ (trigonal-field  mately taken. We have found that it is sufficient to keep the
parametens ¢ and ¢’ (spin-orbit coupling parametersss first terms of the series in Eq$3) and (4), because these
functions of x (x=R/R,, whereR, and R are the local series are rapidly convergent. Thus we only need four param-
interionic distances around €r at normal pressure and eters for PS'SS Dy, t, andA,).

pressureP, respectively are given as follows. According to By taking into account the symmetry-restricted and

the theory of PS’s of energy spectra, we have central-field covalency mechanisms for the electron-wave-
B/By=C/Co=®(x), (1) function expansiomthe former plgys a majqr rol-e. for PS’s of
Zand{') and adopting a convenient and simplified form, we
Da/Ddo=x"°® ~*(X)Gert/ (et (2 have
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g/gozgf/gézq)f(x)_ (13 ergy spectra from EPI should include both the temperature-

) independent part and the temperature-dependent part, and the
According to Refs. 11-14, the value fobmay be taken as former is much more important than the latter at low tem-
0.6. ) perature. Imbusch, Yen, and Schawlow measured and calcu-

In order to calculate PS’s of energy spectra, obviously, thgated the isotope shifts oR lines of CA* in ruby and
relation between macroscopic quantyand microscopic  \go:CR*,2° which demonstrated the important effect of the
quantity y=R/R, is necessary. By means of the synchrotrontemperature-independent contribution of EPI. Further, its

x-ray diffraction, photoluminescence, and laser heating, thgery important effect on the PS's due to EPI will be clearly
experimentaP- x, dependence of GSGG was obtained overshown in this work. In order to calculate both the

the range of 0-500 kbaf, temperature-independent part and the temperature-dependent
3By(1— xp) part of contributions to energy spectra from EPI, relevant
p:[O—ZXh exd 7(1—xn1, (14)  theoretical formulas have to be derived as follows.
Xh Let us consider an interaction system of localized

) d-electronic states of a transition-metal ion and phonons of
7=15By—1), (19 the lattice vibration. Its Hamiltonian is

where Bg=2940 kbar, B{=2.15, and xp=R,/(Ro)n H=H aq+ Hiont Hine. (17)
=[V,/(Vo)n]*® for host. Since the ionic radius of &r _ , o

(0.755 A is smaller than that of substituted ¢ (0.885 ' "€ électron-phonon interaction Hamiltonian is

A),’® the size misfit causes the local compression around

CP* to be larger than the compression of the host. It is Hi=HM+H®+ ..., H®=> C(I'M)s(I'M),
found that in order to obtain the agreement between the cal- ™

culated and experimental results of PS’s of Beline, the

R, line, and theU band at 300 K as well as PS of tRg line HA=> > > D(I'M;I'M’,T"M")
at 70 K for GSGG:Ct', the ratio of the local relative vol- ™M T/m’ T7m”
ume compression around Lrto the bulk relative volume Xe(T'M")e(T"M"), (18)

compression should be 1.2. Namely, we have _ _ _
wherel', T'', andI'” are the irreducible representations of

1—x3= 1.2(1—Xﬁ). (16 the point group about the central metal ion, and their trigonal
components aré, M’, andM”, respectively,C(I'M) and
D(I'M;I'"M’",I'"M") are the orbital operators dfelectrons

of transition-metal ionsg(I'M), ¢(I''M'), ande(I'""M")
il ; ; are the phonon operators. IH®®), I'"XI'"=3T;, and
torted cubic field is constructed in termsB§, B, C, ¢, ¢, D(I'M:T'M’,T"M") transforms as thl base of thd rep-

K’ andK' (see Sec. I\ Fhew Yanauons with Pressureé give o qentation. Generally, it is sufficient to take the first-order
rise to the pure electronic PS’s of energy spectra, which em-

. - and second-order terms.
phasizes that EPI has not been taken into account yet. By taking H., as a perturbation, the zero-order approxi-

mate wave function of the state of the total system is

From Eqgs.(14)—(16), the P-y dependence has been obtained
and shown in Table II.
Since the completd® energy matrix in a trigonally dis-

B. PS due to EPI

The PS due to EPI is calculated by a theory for shifts of|'>:|¢iel;n1’n2’ s M .>=|¢$'>|n1>|n2) el
energy spectra due to EPI. In Refs. 20 and 21, we calculated (19)
the thermal shift of theR line. The theoretical improvement where|4¢) is the localizedd-electronic wave function of a
on Refs. 20 and 21 was made in Refs. 22 and 24. In Refsransition-metal ionn, is the occupation number of tHéh
20-24, we treated only the temperature-dependent contribyhonon state.

tion to a level from EPI. However, the contributions to en-  According to Refs. 24 and 26, we have

16
— k? A(longitudina)
15 for e(Tox,), e(Tox_),and &(T,Xq)

12 2 A
BT (transversg

[(nile(TM)|n+1)|2= , (20)

128 k? A(longitudi
157 (longitudina)
for e(Eu,), e(Eu_)

% k? At
57 (transverse)
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is the total mass of the crystaly, is the frequency; the SE()=2, —=——=—+(H@);. (21)

whereA=7%(n,+1)/(327M.w,); Kk is the wave vectorM |(H<1>)ij|2
i7i Ei—E;

average is made for all the directions of propagation and
polarization.|(n,|e(I'M)|n,—1)|? has a similar result. For

cubic or approximately cubic crystal, onyand T, phonons ] N ]
need to be considered. Obviously,[H™M];;=0. The terms of higher-order perturba-

According to the perturbation theory, the contribution of tilons may be neglected. _
Hy to the energy of the state of the total system can be For the contribution of EPI due to acoustic branches, by

written as using Eq.(20), we have
|
s HDUE_ o [Zeal@HCTMIGH [(Nale(CM) g + DI?
iz E—E &\ E?'—(Eje'+ﬁwkx)

) Srml (UMY [45)2- [(n e (TM) [y, — 1)[2
EF— (B~ fiwi)

Ny + 1
——a
EF E?_ﬁa)m

— h el el el el k2
_SOMCJE# { % IZ |C(T2M)|‘/’j>|2+8% () |C(EM)|¢J->|2}; o

N
+ el el
Ei _EJ +ﬁwk|

h
oV 2 { > [(urlemmlyhiP+8 |<¢?'|C<EM>|U/?'>|2}
cj#i M M

k2 |: nkt+1 Nyt

X +
> Ef—Ef~fog Ef—El+hog

kWt

] ) (22

; - _ (el el . s ;
where the summation over (the label of branchincludes — acoustic branches;; =(E"—Ej)/kg; P indicates the prin-
only acoustic brancheéwo branches are transverse; one, cipal value of an.|nte-gra(lwhe.n|Tij|<TD, there is a singu-
longitudina); | represents a longitudinal branch ancepre-  1ar point in the first integral; when @T;; <Tp, there is a
sents a transverse one. singular point in the second integralC is the velocity of

Introducing the approximation of Debye model, replacinglight in the vacuum;p is the crystal densityy, and »; are
the summation ovek with the integration and using cm longitudinal and transverse velocities of sound, respectively;

unit, for the acoustic branches we can obtain ' andE® denote thel-electronic wave function and energy,
respectively.
[(H®); |2 Similarly, we can derive out the contribution téi{?);;
~ "E_E. from EPI due to acoustic branches,
J#i i j
3 T4
To!T x3 @Y. — i@ — 4 [T0T_X _b
== 1oy Ty (H®)=(iH@i)=Fy| T dxr 21,
2 [D” g (@D (T, M7 " e 1T 8
(25
xd +1PJTD Y d” (23) K 1 3
X " y [ B
2 —Ti; U - S N el el
oY ] F|| 60773Cpﬁ4<1/|5+2v?)%: <¢| |D(T2M)|‘//|>'
3 (26)
— kB 3 el el\ |2 I I
Dij—6%30pﬁ4 V—|5+ﬁ % (4T 1C(TM) |47 It is found that=y(y&|D(EM)|4) is very much smaller
‘ than =\ (4¥|D(T,M)|4"). Thus we have neglected the
former.

+8§ [(wEICEM)|ye[?], (24)

From Egs.(23) and (25), we have finally obtained the
contribution toi-state energy of the total system from EPI
where kg is the Boltzmann constanti=h/27, h is the due to acoustic branchése., the acoustic-branch term bf
Planck constantTp=%wp /Kg is the Debye temperature of level in cm * unit),
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SE di)=0E 4o7(i)+ SE o di), (27) where the summation ovgincludes all the levels, except for
' ' i level.
) 5 For optical branches, the “single frequency model” ap-
OB acr(i)= _‘Z;&' D;T;T proximation may be madésee Ref. 22, where the effective
7 frequency isweg). Then, we can derive the contribution to
To/T X3 i-state energy of the total system from EPI due to optical
X Pjo (E—1)[x2— (T4 IT)?] dx ggancheeéi.e., the optical-branch term ofevel in cm * unit)
A [ToT x3
+FiT f . &1 dx, (28 SE (i) = 8Eqp1(i) + SEop di), (30)
3 SEgpr(1)=yr(i)- [ T3/ Topl- (€T T=1)"1, (3D
SE c(i)=—1 D---PfTDy—d i lgm (29
o 217 7" Jo ¥y yrghito: SEopd)="Yo(i) | TR/ o, (32)
|
y SleTanie e KtcEmin
: B M el el el el
= S_ESh+ ) :
’}/T(I) 1207T3prgﬁ4 jzl (E|e|_ Ejel)z_(hweﬁ)z (EI Ej ) % <¢I |D(T2M)|¢I > ’
(33
y [El<¢$‘|C<T2M>|¢f'>|2+8§ (yfICEM) )]
; B M el el
10 = 32673 poH3 | 2 EE (o) > (fIDTMuE) | (39

where To,=fiwer/kg, and vg is defined as 3£=2/1}

to Refs. 12 and 16, with all the matrix elements of the cubic

+1/y|3, Tp and vs in Egs. (31)—(34) come from the sum field (in terms ofDq), trigonal field (~K andK’), Coulomb

Ekk2=wa5/107r2v§ (k is the wave vector an¥l is the crys-  interaction between electrons (~B and C), and spin-orbit

tal volume.?? This is obtained by using acoustic branchesinteraction(~¢ and{’), we have constructed the 12020

and the Debye model, since the valuekaind their square complete energy matrix off® electronic configuration in a

sum are independent of whether using optical branches drigonally distorted cubic field.

acoustic ones. In order to determine the values of parameters at normal
It is noteworthy thatdE .. i) and 6E,, (i) are tempera- pressure, we adopt the observed results in Refs. 1-3 and

ture independentstrictly spe.aking, they do not inchde ex- 290-33 for low excited statessg 2E, t§(3T1)e 4T,, and

plicitly the temperature variable The sum of them is the 32T, of GSGG:CP* (see the latter text since they are

temperature-independent contribution itdevel from EPI,

which is similar to the Lamb shift due to the interaction of

the atomic systems with the “zero electromagnetic fiefd.”

In fact, it results from the interaction between the localized

electronic state and the zero-point vibration of the lattice.

At a constant temperature, the contributiori tevel from
EPI changes with pressure, which causes the PBl@fel
due to EPI.

IIl. CALCULATIONS OF NORMAL-PRESSURE ENERGY
SPECTRA AND g FACTORS

A. Normal-pressure energy spectra

As is well known, in GSGG:Cf", the CP* ion substi-
tutes for the St" ion and enters a site with trigonally dis-
torted octahedral symmetry. The open shell of thé"Gpn

more accurate. In Ref. 33, the values®fy, By, Cq, Vo
=—3Ky, Vo=—V2Ky, ¢, were determined by fitting a lot
of observed data of optical spectra of GSGG:Cfincluding
the one for higher excited stajesvhere the approximation

o= {o was made. According to Ref. 33¢(= ;) was 170
cm 1, which is adopted for 70 and 300 K in this work, be-
cause its dependence on temperature is insignificant. How-
ever, according to this work, the values Bfyy, By, Co,
Ko, andK/ given by Ref. 33 should be changéske the
latter tex). As was mentioned in Sec. Il A, the approximation
Ko=K{ can be made for GSGG:Er. Thus it is necessary
to determine the values of only four parametdéds),, By,
Cq, andK,.

By using aforementioned observed restitt and by

means of diagonalization of the complet? energy matrix
(DCEM), after taking into account the contributions to en-

§9—33

has a (81)® electronic configuration. For convenience, theergy spectra from EP(see the latter text we have deter-

strong-field scheme and trigonal bases are addftSinilar

mined the values of the four parameters at 300 K and normal
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pressure Dgo=1472cm?!, By=652.0cm?!, C,
=3251cm!, Ko=—87cmi !, and the whole energy spec-
trum and wave function$without EP) have also been ob-
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however, there are no these observed data for GSGG:Cr
Hence we have to take approximately the value¥ of Z,
P., Qc, Y4, andZ, of GSGG:CF" as corresponding values

tained. Similarly, the values of the four parameters at 70 Kof ruby (see Ref. 22 multiplying an adjustable facto€,,,

and normal
=1476 cm 1,

pressure have been determinddgg
Bo=652.7cm?!, Cy=3253cm?, K,=

which takes already into account the differences between
propertiegsuch as the strength of EPI, elastic properties and

—90 cm L. The corresponding whole energy spectrum anddensity of GSGG:CF* and ruby. So, in the calculation, the

wave functiongwithout EP) have also been obtained.

value of (1p)(1/v} + 3/2v?)for ruby is also adoptetf By

The differences between the values of parameters at 30§bmbining C, and C,, only an adjustable paramet€l,,

K and those at 70 K are mainly the increasesDaf, and

=C,XCy is necessary.

|Kol with decreasing temperature. Physically, this means the We fail to find the datum o, of GSGG:C#*. Accord-

increase of crystal-field strengfttorresponding to the de-
crease of interionic distangevith decreasing temperature.

ing to Ref. 34,Tp of Y3Al;0;5(YAG):Cr¥* is 700-750 K,
andTp of ruby is 935-1030 K. These results were obtained

So, in view of the thermal expansion, this is reasonable. Bepy fitting the specific heat and by taking into account all

causeE[t§(3Tl)e4T2] is almost equal to 10q,, while
E[tg 2E] depends only slightly oDqq, the average energy
separation A =E[t3(°T,)e *T,]—E[t3 2E] increases with
decreasing temperature. In previous work, howegewas
determined by neglecting the spin-orbit interactidg, and
trigonal fieldVq (i.e., {o=Ko=0). By using DCEM as well
as the values oDqg, By, andCy at 300 K and{y=K,
=0, we get the value oA to be 187.5 cm' at 300 K and
normal pressure; similarly, we get the valuefofo be 215.7
cm ! at 70 K and normal pressure. Therefore we hav
SA/6T=-0.12 cm Y/K, which is close to the value-0.15
cm YK given by Ref. 9.

In this work, we have found that it is essential to take into

In Ref. 8, a similar conclusion was

accountHg, and V,
Cﬁg there are four nonequivalent Cr

rig -
given. In GSGG:Ci*,

sites with different strengths of crystal fields, which causegmg1

the values of theirA to be very different®2 Besides, the
energy separations betweg(°T;)e T, (including six lev-

els andtg 2E (including two level$ are comparable to split-
tings of t5(3T;)e *T, for GSGG:CF*. Thus we can only

phonon branches. However, according to Ref. 23, of
acoustic branches of ruby is 780 K. Therefdig of acoustic
branches of YAG:CG¥" should approximately be
(750/1030)x 780 K=568 K. Because the distance between
Cr®* and ligand ions of GSGG:€T is larger than the one of
YAG:Cr®" and accordingly the crystal field and force con-
stants of GSGG:CGF are smaller than those of YAG:EF,

Tp of acoustic branches of GSGGXrshould be smaller
than Ty of acoustic branches of YAG:€t. As a reasonable
approximation, we can takelp~500K for acoustic

%ranches of GSGG:@F.

By using the aforementioned results as well as the elec-
tronic wave functions and energy spectra obtained by
DCEM, with fitting the observed results of optical spectra of
GSGG:CF' and their PS'$;3%°-33 we have determined
C=0.79(see the latter textNamely, from this and Ref. 22,
haveY.=2.36x10* cm !, Z.=-5.19x10* cm™ %, P,
=-2.08<10¢cm™!, Q.=2.65x10"cm !, Y4=255
X 10 cm !, andZy=6.61x10° cm ! for GSGG:CP™.

Then, by using Eqgs(24) and (26)—(29) as well as the
wave functions and energy spectra obtained by DCEM, the

speak of an effective or average energy separation betwentributions to various spectral lingsr band$ from EPI

t3(°T,)e *T, andt3 2E.93132

have been evaluated at 300 and 70 K. The calculation is

Now, we calculate the contributions to energy spectracarried out with theFORTRAN program worked out by us. We
from EPI. The detailed calculations show that at a constantompare the total calculated results with the observed ones
temperature, the ratio of the optical-branch term to theas follows.
acoustic-branch term is almost unchanged with pressure; (i). At 4.2 K and normal pressure, by taking the weight-
moreover, the contribution of the optical-branch term is ob-mean of observe®; lines of four nonequivalent €f sites

viously smaller than the one of the acoustic-branch termjn GSGG:CP+

(with  their intensity ratios as the

Thus, for the calculation at a constant temperature and undgyeightg,?°—*°the R;-line transition energy is-14 370 cm!
various pressures, we may approximately take the sum of thgx is in agreement with the observed value at 70 K in Refs. 1
acoustic-branch term and the optical-branch term as thand 2. Similarly, the weight mean of four observéi-R,

acoustic-branch term multiplying a fact@r, (C,>1, and it
is approximately considered as a constant

In calculation of(¢?'|C(T2M)|¢f'), <¢F'|C(EM)|¢]¢'),
and (¢¢|D(T,M)|¢2), all the reduced matrix elements of
C(T,), C(E), andD(T,) for three electrons are virtually

separations is-25.5 cm 1.2° The total calculated result is the
algebraic sum of pure electronic resditereafter, it is the
first term and EPI resulihereafter, it is the second teym
From above-mentioned calculations, we obtain Eeline
transiton energy to be 14405.6 ch-35.4cm?t

expressed in terms of six reduced matrix elements for a=14370.2cm?, which is in very good agreement with

single electronY (=(t|C(T2)[t2)), Zc(=(t2[C(T2)[e€)),
Po(=(t2 C(E)t2)), Qu(=(ellC(E)[e)), Ya(
=(t2l|D(T,)[t2)), andZ4(=(t2|D(T;)[€)). The values of
Yo, Zey P, Q¢ Yq, andZy may be determined from the

aforementioned observed value. Moreover, we obtain the cal-
culated R;-R, separation to be 21.3cm+4.7cm?t
=26.0 cm'%, which is also in good agreement with its ob-
served value.

observed data of the stress-induced changes in splittings and At 300 K and normal pressure, by taking into account the

the thermal shifts of optical spectfaAt the present time,

R;-line redshift from 70 to 300 Kit is approximately esti-
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mated on the basis of the observed data in Ref.tl3e  culated result oA/ ST is in accord with the value given by
R;-line transition energy of GSGG:€&F should be~14328  Ref. 9. Further, as will be seen, the reasonableness of the
cm™ %, which is considered as an “experimental” val(eo- ~ Vvalues of these parameters is supported by the agreement
ticing that no indication oR, line of GSGG:CH* was seen ~between the calculated and experimental resultg,oR,)

at 300 K and normal pressdjeThis is in very good agree- 2ndd.(Ri) as well as PS's of th&, line, theR; line, and
ment with the calculated result 14386.9ch-59.2 cm?  the U band at 300 and 70 K. As for the value Gf,, it is.
—14327.7 cm™. Moreover, by making an extrapolation on prellr_nln_anly determme_d by abo_ve-mentloned calcula’_uon,

. ! ; ) . and its improvement will be carried out by the calculations
the basis of observetﬂzl—R? separations at various high fitting to PS’s of theR, line, theR, line, and theU band at
pressured,the R;-R, separation at 300 K and normal pres- 300 and 70 K.
sure is~29 cm %, This is also in very good agreement with |t should be mentioned that the valuedél, was taken as
the calculated result 21.5 cth+7.6 cmm '=29.1 cni . Itis 1450 cm* in Ref. 33. As is well known, the average energy
noteworthy that the observed resultsRyfandR, sharp lines  of t5(°T,)e “T, is almost 1@q,. In Ref. 33, obviously, six
are the most accurate in all optical spectral data, and accordbserved lines from 14 420 to 14754 chwere assigned to
ingly they should principally considered in the fitting proce- t3(°T,)e T, (see Table Il of Ref. 38 The assignments and
dure. the value ofDqq are incorrect. In fact, according to observed

(ii). At low temperature and normal pressure, according tgbsorption spectra at 4.2 K given by Table Il of Ref. 33, the
Table Il of Ref. 33, the observed peak position of tHe Peak position of the strong absorption band with the lowest
absorption band was 15 719 cm'*, which is in good agree- €nergy and largest bandwidth as at 315 71?1_trrwh|ch
ment with the calculated result 14781 chr-189 cmt  Should beU absorption bandt; "A,—t5(*T;)e " T, transi-
+2290/2 cm1=15737 cm L. Here, the algebraic sum of tion]. Moreover, this is demonstrated by the observed value

: ; 625 cm * of the U absorption band at 300 Kbecause the
the first term and the second one is the zero-phonon ener ; -
of the U band (including the effect of EB| and the third dshift of theU absorption band from 4.2 to 300 K wa®94

_1 . . . .
term is half of the Stokes shifits value is taken from Ref, CM ~» Which is in agreement with Refs. 4, 31 and 37. The
3). As is well known, there is a large Stokes shift between theaforemenhoned six lineghey are just abovR lines) may be

. 9 . Tassigned to the phonon satellite lirés., phonon sidebangls
U absorption band and the emission band, due to lattice of R lines, since many authors pointed out that thereRire

vibration relaxation. Hence the transition energy of e ihaq anq their phonon sidebands in low-temperature optical

absorption band is equal to its zero-phonon energy plus ha pectra5~7303Thys, according to this work, we have ob-

O.f th(at)Stgkgs Sh'fti anq the tranﬁuon energy of t.hem'ﬁ' i [ained the important conclusion that traditional ligand-field

Sr|10n aE 1S ﬁgua to its zerc;—p onon enzergy minus Nalt Otheory should be improved by taking into account both the

the Stokes s |(e.g., see Re s._3, 31, 32, 35,_and).3 pure electronic contribution and the EPI ofiecluding the

should be_mentloned that there is no Stokes shiffpand  g;okes shift for theJ band. Only in this way can we obtain

R, sharp lines. . _good agreement between calculated and observed results of
At 300 K and _”Ofma' pressure, the observed peak positio 1, Ry, RS, andR; lines as well as absorption and emission

<>)<floahe ,Ul zemf.s'r?r.] 'band dwas ~740 ¢ m'Tt]h t(h~1'3‘? U bands for GSGG:Gr . Similarly, the normal-pressure op-

cm"),” which is in good agreement wi € cacl tical spectra of ruby and their PS’s have also been success-

lated  result 14745 cmt—191 cm *—2290/2 cnt . o
— 13409 cm ! within the observed error of the broad band. fully calculated and explained, which will be reported else

e : here.
Moreover, the observed peak position of theabsorption W
band was~15 625 cm*,® which is in good Etgreementy\{ith B. gy(Ry) and g, (Ry)
the calculated result 14745 ¢rh—191 cm _ _ ,
+2290/2 e *= 15699 cn L. As is well known, due to the combined effect of the trigo-

(iii). At low temperature and normal pressure, two shardﬁ'al field and spin-orbit interactiortg ’E is_split into two
lines were observed at 15074 and 15 298 &ii According ~ Kramers doublets3 2E+1/2u- [i.e., t3 2E(E)] and t3 °E
to the present work, they should be assigned toRhdine  +1/2u. [ie., t32E(2A)]. The transitions t3 2E(E)
(3 “A,—1t3 2T, = 1/2a, transition and theR;] line (t3 A, 13 4A, andt3 2E(2A)—t3 “A, correspond to th&, line
—13 2T, +1/2a transition, respectively. Their calculated 4nq theR, line, respectively.
results are 15102 cnt+29cm *=15131cm?® and According to Ref. 38, theg values of R, (t32E
15189 cm *+27 cm '=15216 cm ', respectively, which . 1/2u.) excited state can be calculated by using
are in good agreement with the observed results within ex-
perimental error. 392

In a word, the values of normal-pressure paramedayg, t2 "B §u+
By, Cy, andK, at 70 and 300 K are obtained by fitting to 9=
observed results oR;, R,, R, andR; lines as well as <
absorption and emissidd bands at low and room tempera-
tures. By making a comparison between the values of these 1 1 ’
parameters at 70 and 300 K, only a small adjustniexatinly = 2<t§’ 2E— §u+ tg 2E— §u+> ,
for Dgy andKy) occurs. As was mentioned, the reasonable-
ness of the adjustment is supported by the fact that the cal- (35

"(L,+9sS)
11 11
2'2/%322

1 !
tg ZE—§U+>

"(L,+9sS,)
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1 1 ’ 60 T T T T T T T T T
<t§ PESu- | (Lt gsS)| 63 2E—§u+>
9= 1 -1] |11
272 |¥22
1 1\ "
=2<t§ 2E§u, "(Ly+0sS) |t 2E—§u+> i
1 LY g 1\
— 32— | 221, FSe- 32 T
2<t2 ESu- 1/2+28 B2E-Su.) |,
(36) ol
whereg=2.0023 is the free-spifor spin-only g value. It is 0oEoR @R e e
more convenient to adopt the operat@s=S,—iS, and P(kbar)

1) . .
L(*i_ll‘fz('-x_”-{z)' In Refs. 38 and 39, all the matrix el- o ) 30 pg of the, line of GSGG:CH at 70 K. Curve(a)
ements oL, andl—_*l were calculated. They are gxpressed Nis the PS of theR, line without EPI(the pure electronic PRAE®!
terms of the orbital-angular-momentum reduction factors cyrye(b) is the PS of th&, line due to EPLE®P; curve(c) is the
andk’, andk’=(1-&)"% for octahedral fieldde is the  total PS of theR, line AE®. The experimental pointéO) are
covalency parameterin Egs.(35) and(36), the prime indi-  taken from Ref. 2.
cates that all the admixtures of base wave functions within
d? electronic configuration have been taken into account. many pressures and PS of theband at low-pressure range
In Ref. 40, it was pointed out that only the transition from are employed.Thus the values 08 D, t, A;, and the ratio
the componentg 2E—1/2u. was observed fotg 2E(E) at factor in Eq.(16) can be determined. Moreover, the value of
liquid-helium temperature. For the sake of simplification, theCm has further been determined, with smaller uncertainty. At
electronic wave functions df 2E—1/2u, andt3 2E1/2u_ 70 K, there were the observed data of PS's of Rydine at
states obtained by DCEM without EPI are adopted; the valmany pressures? It is found that only small adjustment be-
ues ofk ande are reasonably taken as the ones for ruby, i.e.fween the values & D, t, andA, at 300 K and those at 70
k=0.63 ande =0.201>% In this way, without fitting proce- K (mainly for t) is necessary. Thus this adjustment can
dure, we have theoretically evaluated @ﬁflc(RlF —2.62 readily be carried out. From 300 to 70 K, the decreasé of

cal _ 32 , gives rise to the increases ©fg, |K|, and|K'|, which is
and gi™(R;)=0.03 for theR, [t; “E(E)] excited state of . consistent with the results in Sec. Ill. Besides, in calculations

.~3+ ; ; :

giﬁg.gsdlt;v;‘:f”?é)rf: '; gfg%g%ﬁ;?g?é:gg?ﬁ I(ta)i(gen of PS’s of theR, line, theR, line, and theU bqnd at 300 and
70 K, the reasonableness of the valud gfestimated in Sec.

noteworthy that ngp(Rl)§4—224.3445f: 0.001 and g?™R) || has also been demonstrated.
=0.0515+0.0001 for ruby?***“which are close to the val-  Then, with the obtained values of parameters, from the
ues of gf(Ry) and g7Ry) for GSGG:CF*, respectively. p., dependence and expressionsDuf, B, C, ¢, ¢’, K, and
The agreement between the calculated and experimental re-
sults ofg;(R;) andg, (R;) have once more demonstrated ' ' ' - ' '
the reasonableness of the wave functions obtained by DCEM
and the values of parameters resulting in these wave func
tions.

IV. CALCULATIONS OF PS’'s OF R; LINE, R, LINE,
AND U BAND AT 300 AND 70 K

By using the values of parameters at normal pres®ye,
Co, Dao, Ko, Kg, o, and{;, theP-x dependence and the
expressions 0B, C, Dq, K, K’, £, and{’ as functions ofy,
and using a least-square fit to the experimental data of PS*
of theR; line, theR; line, and theJ band for GSGG:Ci" at . . . . . .
300 K by making calculations of both pure electronic PS and 0 20 40 60 80 100 120
EPI PS, the values of parameters for PS at 300 K have bee
determined a$=0.699,D,=—15.2,t=4.56, andA;=A,
=—6.69<10° cm . Similarly, by using a least-square fitto  FiG. 2. The PS of th&, line of GSGG:CF* at 300 K. Curve
the experimental data of PS of i line at 70 K, we have () is the PS of ther; line without EPI(the pure electronic PS
determinedS=0.756, D, =—15.8,t=1.54, andA;=A,=  AE®: curve(b) is the PS of th&, line due to EPIMNE®~P; curve(c)
—7.01x10° cm™* at 70 K. In fitting procedure, at 300 K, is the total PS of th&, line AES2S. The experimental point&D)
the observed data of PS’s of thy line and theR, line at  are taken from Ref. 2.

P(kbar)
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60 ' ' ' ' ' ' TABLE 1. Average rates of pressure-induced shifts of the
sol | band for GSGG:CGr" at 300 K and various pressure ranges.
aor Pressure Pure electronic  Contribution Total average
3ot range contribution from EPI rate of
= Ll (kban (cm™Ykban (cm Ykbap  PS(cm Ykban
£
g tof ~~a_ ] 0-20 8.67 2.58 11.25
<1 . R | 20-40 11.46 1.46 12.92
T~e 40-80 8.39 0.39 8.78
-1or T~ol @ 7 80-120 9.14 2.41 11.55
_20} S~ g
S @At 300 K, the observed value of the total average rate of PS of the
% 50 60 70 80 00 100 110 U band in the range of low pressute:25 kba) was 10(*2)

cm Ykbar (Ref. 2.
P(kbar)

part AES P and temperature-dependent on&E3 P.
Namely, we have

FIG. 3. The PS of th&, line of GSGG:C?* at 300 K. Curve
(a) is the PS of theR, line without EPI(the pure electronic PS
AE®: curve(b) is the PS of th&R, line due to EPINE®™P; curve(c)
is the total PS of th&, line AES2S. The experimental point€D)
are taken from Ref. 2.

AESP=AES P+ AES P, (37)

By taking into account both the PS of tig line (or the

K’ as functions ofy, the energy spectra and wave functionsR; line or theU band due to EPI and the pure electronic PS,
of GSGG:CF" at various pressures and temperatures can b&e get the total calculated result of PS of Reline (or the
finally obtained by DCEM. Therefore PS’s of energy spectraR; line or theU band,
without EPI at 300 and 70 K have been evaluated respec-
tively. They are pure electronic PSE®. The calculation is AESC=AE®+ AE® P, (38)
carried out with theeORTRAN program worked out by us. The
calculated results cAE® of the R, line for GSGG:Ct" at iotal
70 K are shown in Fig. 1. For PS’s of tli®, line and theU ~ for GSGG:C?" at 70 K are shown in Fig. 1, together with
band for GSGG:CGr', there are only the experimental data atthe experimental points? Similarly, the calculated and ex-
300 K2 The calculated results &fE® of the R, line and the  perimental results of thR; line and ther, line at 300 K are
R, line at 300 K are shown in Figs. 2 and 3, respectively.shown in Figs. 2 and 3, respectively. The average rate of PS
The calculated results afE® of the R; line at 300 K are  of the U band due to EPI, its pure electronic average rate of
also listed in Table II. At 300 K, the average rates of purePS, and its total average rate of PS are listed in Table I. In
electronic PS of th& band in various ranges of pressure are0—20 kbar, the total average rate of PS oftthband is 11.25
listed in Table I. The average PS of theband is the average cm Ykbar, which is in good agreement with its observed
of PS’s of six levels fort3(°T;)e*T,. value 10-2 cm /kbar in the range of low pressure25

Similarly to the calculation in Sec. Il A, at 300 or 70 K, kban.? Moreover, the calculated results #£°~ P andAESS
the contributions to th&®; line, theR, line, and theU band  of the R, line at 300 K as well as various contributions to
from EPI under various pressures and accordingly their PS'them are also listed in Table II.
have been calculated. In the calculation, the contribution to It is shown that the calculated results are in good agree-
theR; line is the one tdR; level minus the one to the ground ment with all the experimental data within experimental
level, and so on. The PS of iRy line (or theR, line or the  errors? Nevertheless, we should note the remarkable depar-
U band due to EPI consists of the temperature-independeriure of the calculated result of tH®, line PS at 20 kbar and

The calculated results &fE®~P and AESAS of theR, line

TABLE Il. P-y dependence and pressure-induced sliifsative to normal pressuref the R, line of
GSGG:C?* at 300 K and various contributions to them, in unit©m

P (kban X AESP AESP AE®P AE® AESS AES®R

20 0.997 300 2091  —4.76 16.15 17.46 33.61 49
30 0.995 966 25.64 4.28 29.92 18.33 48.25 50
40 0.994 643 28.49 9.27 37.76 16.14 53.90 52
60 0.992 026 31.28 13.31 44.59 6.14 50.73 49
80 0.989 448 32.30 14.68 46.98 —7.99 38.99 37

100 0.986 908 32.59 15.12 47.71  —24.19 23.52 22

120 0.984 404 32.53 15.17 47.70 —41.41 6.29 6

&The data are taken from Fig(i3) in Ref. 2.
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TABLE Ill. Ag _s7,, (A, _47,)/6P, { and admixtures oft 2E+ 3u;) and [t5(°T,)e*T,) in wave
functions of theR; (tg ’Ex %u;) level at 300 K and various pressur@githout EP).

P (kban Sum _of_ square  Sum _of_ square The_zir Ag 47, &Ag s1) £ (em™Y
mixing mixing ratio (cm™ P
coefficients of  coefficients of 1
BETeT) I8 %Ex du) (emkbay
1 bar 0.29221 0.68172 0.428 64 358.21 170.00
15 kbar 0.18026 0.78948 0.22833 456.66 6.56 169.86
30 kbar 0.11549 0.85128 0.13567 615.65 10.60 169.72
40 kbar 0.088477 0.876 68 0.10092 744.75 12.91 169.64
60 kbar 0.055 645 0.906 62 0.061 376 914.66 8.50 169.48
80 kbar 0.037 764 0.92163 0.040975 1104.62 9.50 169.33
100 kbar 0.027 158 0.92912 0.029 230 1302.26 9.88 169.20
120 kbar 0.020414 0.93239 0.021 894 1503.52 10.06 169.07

300 K from the observed on@ee Table Il and Fig.)2In  average ot3(°T;)e*T, levels. At 300 K, it is found that in
view of a Iar_ge experimental error at 20 kbar and 300 Kthe range of about 15—45 kbar, fi[§(3T1)e4T2 levels rap-
further work is necessary. idly rise with pressure and accordingly merge with?T,
levels, then the order of them reverses. The mergence and/or
V. PHYSICAL ORIGINS OF PS OF R; LINE, order reversion betweeB(°T,)e*T, andt3 2T, levels cause
R, LINE, AND U BAND the extra increases dfg 4y, and 6(Ag, —47,)/ 5P over the

For the sake of simplicity, only the physical origins of the aforementioned pressure rangeee Table ). Moreover,{
PS of theR, line at 300 K and its reversal are investigated in(=¢") decreases with increasing pressure. Both the increase

detail. of AR1_4T2 and the decrease af (=¢') give rise to the
rapid decrease of the mixing degree [6§(°T,)e*T,) and
A. Pure electronic contribution to PS of R, line |t3 2E+1/2u%) in the wave functions of th&, level with
In generally, a wave function obtained by diagonalizing!Ncréasing pressure.
the 120< 120 d® energy matrix of GSGG:Gf is a linear Now, without EPI, we investigate the dependences of

combination of 120 trigonal base wave functions, antbit ~ Various levels and their PS's on various parameters repre-
corresponding levélis labeled by the symbol of the basis senting microscopic interactions. By means of DCEM, the
with the largest mixing coefficient. At 300 K, the mixing contributions from various parameters to the energy values
degrees of|t3(3T,)e*T,) and |t 2E+1/2u.) base wave of two levels[t3 2E=+1/2u. andt5(®T,)e*T,+1/2x.] have
functions in the wave functions d®; (t3 2E+1/2u-) level ~ been calculated at two pressures. From Table IV, it is clearly
(represented by the ratios in Table)IHave been evaluated shown that at 120 kbatS(3T1)e4T2 depends principally on
under various pressures. From Table IIl, at normal pressur@q andt3 ?E+ 1/2u- depends mainly oB andC; however,

the degree of their admixture is remarkable, which quantitagt normal pressure, the dependenceé3atE = 1/2u- on Dq
tively indicates that th&, (3 2E+ L2uz) state has charac- s aiso remarkable. The latter is exactly caused by the re-
teristics of botht; “E+1/2u- andty(*T,)e"T,. The mixing  markable admixture oft3(3T,)e*T,) and |t3 2E+1/2u.),
degree rapidly decreases with increasing pressure. At 70 Kyhich js characteristic of GSGG:ET. Further, at two pres-
similar results have been also obtained. It is found that undef ;o5 the rates of PS’s of the two levels without EPI and the
the same pressure, the mixing degredtdf°T;)e*T,) and  contributions to them from various parameters are quantita-
|t E=1/2u=) in the wave functions oR, level at 300 Kis  tively calculated by DCEM. From Table V, we can see that
always larger than the one at 70 K. This is mainly becausgne R, (t3 2E+1/2u-) level has the rate of blue PQ.623

the separation betweeiR, level and the average of cmYkbay at 1 bar, which is also characteristic of

t5(°T1)e*T, levelsAg a7, at 300 K is always smaller than GSGG:C?*; however, at 120 kbar, it has the rate of red PS
the one at 70 Ksee Sec. Il A (—0.876 cm Ykban, which is close to the rate of red PS of
Here, for the sake of simplification and convenience, thepure|t3 2E+ 1/2u-). This is mainly because the mixing de-
|t3(°T,)e*T,) base wave functions mix into the wave func- gree of|t3(3T,)e*T,) and|t3 2E+ 1/2u- ) in the wave func-
tions of R, level through the spin-orbital interaction, and EPI tions of theR, level is remarkable and accordingly the con-
has not been considered. With increasing pressure, the inributions ofDq to the rate of PS of thR, level[through the
crease ofDq [making t5(°T,)e*T, levels risg and the de- factor 9E/9(Dq)-A(Dq)/AP in Table V] is large at 1 bar;
crease oB andC (making theR; level descendgive rise to  however, at 120 kbar, this mixing degree is small and accord-
the increase of the separation betweenRjdevel and the ingly dJE/d(Dq)-A(Dq)/AP of the R, level is also small.
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TABLE IV. Contributions from various parameters to two levels at 1 bar and 120 (kiidrout EP).

P Level JE/9(DQq) JEl 9B JEI9C JdEld¢ JEldL’ JEI K JEIIK' Sum
xXDq XB XC X X' XK XK’
1 t32E+Su- 4655.54 2921.07 702440 -10.03 —171.73  -27.44 -4.86 14 386.94
bar
23T e T+ 5x. 13586.24 347.50 782.62 —15.10 5.72 —-8.54 1.86 14700.29
120 t3 2E+ 3u- 823.19 4065.30  9649.53 —16.02  —50.93 —95.26 —-30.28 1434553
kbar
t2(3Ty)e*To+ 3xo 15606.12 82.09 149.43 —0.25 33.06 —-121.08 2.77 15752.14

As for t5(°T,)e*T,=1/2x. [it is a level in six levels of them, the off-diagonal contributions to tRg level from EPI
t%(3T1)e4T2], it always has a large rate of blue PS and re-include EPI of theR; level with all the levels other than the
sults mainly fromDg. R; level, which consists of contributions from the second
The pure electronic rate of PS of tRg line is exactly the ~ column to the fifth column in Table VI. The off-diagonal
slope of the curvea) in Fig. 2 (or Fig. 1). From the above contributions to the ground level from EPI have similar
argument, the following behavior can be derived. At 1 barmeaning. The diagonal contribution to ti, level (or
the slope is positive. With increasing pressure, the mixingground level from EPI is the sum of the terms depending on
degree of t3(°T,)€*T,) (it contributes a positive rate of PS  Fii for theR, level (or ground level, see Eqs(28) and(29).
and“; 2Ei1/2u1> (It contributes a negative rate of P& The total contribution from EPI to th&l level minus
the wave functions of th&, level and accordingly the rela- the one to the ground level gives rise to the EPI contri-
tive contribution of|t3(3T,)e*T,) decreases. As a result, the bution to theR; I|r_1e. From Table Vi, it can be seen that
slope first decreases gradually and approaches zero. Then!}¢ t€rms changing remarkably with pressure are only
becomes negative, moreover, its absolute value increasdd® contribution of EPI of theR, level with t5(°T,)e"T,
gradually and approaches to the one of the phEeZE levels and the contribution of EPI of thR; level with
+ i . . the R, (t32E+1/2u.) level. Namely, they make a dom-
+1/2u;) at very high pressure. This is exactly the behavior. 2 \tz2 B—= * ' v
of curve (a). It is noteworthy that there is a reversal E®  inant contribution to the PS of th&, line due to EPI.
with pressure. Their changes with pressure come from the factor
. _ _ _ | | | i
Obviously, the behavior of curvé) results mainly from  F1=2[(¢{|C(TM)|¢5)[>+ 8 |(¢f|IC(EM)[¢H]*  and
the decrease of the mixing degree |¢§(3T1)e4T2> and  the fg"ctor M
t3 2E+1/2u-) in the wave functions of th®, level with
3

pressure. Therefore it can be said that the variations of vari- To /T X

ous microscopic interactionghey are represented in terms FZET”T2~PJ X2 (T JT)2 dx
of Dqg, B, C, K, K’, £, and{’) with pressure lead to the o (e D= (T3 /T)7]
variation of the mixing degree dt3(°T;)e*T,) and|t3 °E 1 (To y3

*+1/2u<) in the wave functions of th&, level, which plays + EPJO y—T; dy.

a key role for the pure electronic PS of tRe line.

In the final analysis, the change®Bf results mainly from the
B. Contribution to PS of R, line from EPI changes of the admixtures m%(s-rl)e4-|-2> and |tg 2E) in
In order to reveal physical origins of PS of tRg line due  wave functions of th&r;, R,, andt§(3T1)e4T2 levels with
to EPI, we have calculated various contributions to fye  pressure, and the change 6§ results from the change of
line from EPI at various pressurgsee Table V). Among  energy gap E—E;j=KkgT;;) with pressure. Furthermore,

TABLE V. Contributions from various parameters to rates of pressure-induced Ghitit®ut EP) of two levels at 1 bar and 120 kbar
(in unit cm™ Ykba.

P Level JEl3(DQq) JEloB JEI9C JElaL JElaL JEI K JEI oK' Rate
-A(Dg)/AP  -AB/AP  -AC/AP  -A¢/AP  -Al'IAP  -AK/AP  -AK'/AP of PS
1 t32E+Ju. 2.919 —0.278 —0.668 0.001 0.009 —0.306 —0.054 1.623
bar
23T e T+ 3x. 8.519 —0.033 —0.075 0.001 ~0 —0.095 0.020 8.337
120 t32E+ 3u, 0.490 —0.239 —0.567 0.001 0.002 —0.428 —-0.135 —-0.876
kbar
t2(3T)e* T, 3x. 9.299 —0.005 —0.009 ~0 0.001 —0.544 0.012 8.754
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TABLE VI. Various contributions taR; line from EPI at various pressurés unit cm ).

P EPI of Ry EPI of EPI of EPI of Ry Diagonal Off- Diagonal EPI
level with R; level R; level level with EPI of diagonal EPI of contribution

t3(°T)e*T,  withR,  with t3 2T, all the R, level EPI of ground level  to R, line

levels level levels other levels ground level E®P
1 bar —45.71 —6.28 —-1.74 —3.66 —4.76 —2.80 —-0.14 —59.21
20 kbar —29.59 -1.69 —6.59 -3.34 -4.80 —2.78 -0.17 —43.06
40 kbar —8.29 —-0.51 —-7.22 —3.19 —5.19 —2.76 —0.19 —21.45
60 kbar —6.68 -0.20 -1.84 -3.12 -5.73 —2.73 -0.22 —14.62
80 kbar —-3.77 -0.11 —1.89 —3.08 —6.34 —-2.71 —0.25 —12.23
100 kbar -2.33 —-0.10 —2.00 —3.06 —6.98 —2.70 -0.27 —11.50
120 kbar —1.53 —-0.12 —2.15 —3.04 —7.63 —2.67 —0.29 —11.51

from detailed calculations, it is found that the change of thewres of|t5(°T;)e*T,) and|t3 2E) in wave functions oR;,
contribution of EPI of theR, level with t5(°T,)e*T, levels R,, andt5(°T;)e*T, levels with pressure play a key role for
results mainly fromF,, althoughF, also has considerable the behavior of curvéb).

effect; the change of the contribution of EPI of tRe level C. PS of U band at 300 K

with the R, level results almost fronk,. Thus we can con-

clude that the changes of the admixtures|tg{°T;)e*T5) For the PS’s of thdR, line at 300 K and thd&, line at 70
and|t3 ?E) in wave functions oR;, R,, andt3(*T1)e*T, K, its physical origins may be discussed similarly to the PS
levels with pressure play a key role for the PS of Byeline  of the R, line at 300 K.
due to EPI. Now, only the PS of th&J band at 300 K is briefly dis-
Besides, from the fourth colum@n the column we list cyssed. First, the average rate of blue PS of théand
the term, which is the contribution of EPI of tie, level  without EPI(i.e., pure electronic contributioris remarkably
with tg 2T1 levels in Table VI, in contrast to the small varia- larger than the one due to EPdee Table )l moreover, it is
tion of the absolute value of the term in range of 60—120also remarkably larger than the rate of blue PS ofRhdine
kbar, the absolute value of the term increases obviouslyt 1 bar(see Table V. This is because thg band depends
when pressure changes from 1 bar to 20 kiwar40 kbaj. mainly onDq and accordingly it has an obviously large value
This comes mainly from the mergence and/or order reversioaf gE/Jd(Dq) - A(Dq)/AP. Second, the average rate of PS of
betweert5(°T,)e*T, andt3 2T, levels in the range of about theU band due to EPI in two rangé20—40 kbar and 40—80
15-45 kbar. kban are especially small, in comparison with the other pres-
From the last column in Table VI, it is found that the sure ranges in Table I. This is mainly caused by the mergence
contribution to theR; line from EPIE® P is always nega- and/or order reversion betwee§(°T,)e*T, andt3 2T, lev-
tive, its absolute value decreases monotonously with presls over the range of about 15-45 kbar. In order to justify the
sure, and it is almost unchanged at very high pressure. Thigeoretically predicted fluctuation of the rate of PS of the
is mainly caused by the monotonous decreases of mixingand with pressure, further experimental work is necessary.
degrees oft5(°T;)e*T,) and |t3 2E) in wave functions of
R:, Ry, andt3(°T,)e*T, levels with pressure. The contribu-

tion to theR; line from EPI atP minus the one at normal V1. DISCUSSION AND CONCLUSIONS
pressure gives rise to its PS relative to normal pressure, i.e., ]
AE®P in Table II. The AE®"P is always positive, and it In this work, by means of the theory for PS’s of energy

increases monotonously with pressure. At very high pressuréPectra, at 300 and 70 K, the energy spectra of GSGG:Cr

it approaches saturation. without EPI and their PS’s have been calculated, respec-
We can see that the behavior of curagis quite different tively. Further, by means of the theory for shifts of energy

from th e of b). It is the combined effect of them SPectra due to EPI, the contribution_s to tRe line, theR,
rom the on curveb) Isca|c ombin line, theU band from EPI, and their PS’s have been also

that causes the behavior SE,y,) [curve(c)]. Namely, there calculated respectively by using the electronic wave func-

is a reversal in curvéa), curve (b) ascends monotonously iong ang energy spectra obtained at various pressures and
and approaches saturation, and accordingly there is a rever%éhperatures. The whole energy spectrum without EPI is ob-
of the PS of theR, line AEF with pressure in curvéc).  tained by diagonalizing the complet energy matrix in a
According to aforementioned arguments, the change of thgigonally distorted cubic field. In the calculations of the con-
mixing degree oft3(°T,)e*T,) and|t3 2E+1/2u-) in the  tributions due to EPI, the temperature-independent and
wave functions of th&, level with pressure plays a key role temperature-dependent terms, all levels, all admixtures of
for the behavior of curvéa), and the changes of the admix- electronic wave functions, all phonon branches, all irreduc-
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ible representations, and their components have been takeifi the rate of PS fot5(°T,)e*T, (or t3 2T;) with pressure.
into account. The total calculated results of Reline, the  There is a similar effect at 70 K.
R, line, theU band, and their PS’s at 300 and 70 K are in  With increasing pressure, the rapid change of

good agreement with all the experimental data within thet2(3T,)e*T,) base wave functions mixing int 2E states

experimental errors. The calculated results offjdine, the  anq the dramatic change of emission spectra for GSGG:Cr
R; line, g;(Ry), andg, (R,) are also in good agreement with take place. It is very important for controlling the tunable
experiment. The physical origins of two parts of PS’s haveager.

been explained. At normal pressure, it has also been found according to the orbital physics, an electron bound to or
that traditional ligand-field theory should be improved by neqry jocalized on the specific ionic site has three attributes:
taking into account both the pure electronic contribution andcharge spin, and orbital. Thel electrons of dopant

theFEPI C:;:]]_e(lnduglng tT]e StOKtiS.Sh);Ith followi | transition-metal ions in an ionic crystal possess nearly local-
sionrsom IS Work, we have obtained the following conciu-;, . 4 states, and thd orbital represents the shape of the
(i) Under normal pressure, for GSGGCrat 300 K (or d-electron wave funcyon. The orbital physics will be a key

70 K), the mixing degree oﬂt2(3T )etT,) and |t3 2F concept for the science qnd technology of c.orrelated
' 2y 1 2 2 electrons'* From the viewpoint of the orbital physics and

*+1/2u<) bases in the wave functions of tig level is re- , ,
markable. With increasing pressure, both the increase OI and-field theory, the crystal field represents the Coulomb

A, 41, and the decrease df(={') give rise to the rapid interaction of thed orbital of the central transition-metal ion

decrease of the mixing dearee |d)§(3T )e*T,) and |t3 2E with the other ions of the crystal and the core of the central
172 Under th g deg 1th 2/ ¢ d2 ion; 10Dq represents the splitting due to cubic crystal field,
o i>;1 nder e Same pressure, the mixing degree Ofvhich is the energy difference betweeg orbitals andt,

|_t2( T1)€'To) and|t; Ei1/2.u;> bases in the wave func- orbitals in octahedral crystal field and C represent the
tions of theR; level at 300 K is always larger than the one at Coulomb interaction betweesh orbitals; ¢ and ¢’ represent
0K the spin-orbit interaction of thd electron. From this work

(i) At 300 K, in the contribution from EPI to thR; line . . .
(or the R, line or the U band and its PS, both the thi)softac;]rtbltals and interactions relevant to them are very

. im
temperature-independent part and the temperature-dependen For ruby, MgO:C?* and MgO:\2*, there were observed

one are important. However, at 70 K, the temperature- . .
independent part is much larger than the temperature?ha;aisogtgheetf;ﬁgfga:);hl'ifif !:]ZS;;%:Q;J llt)ag?f:;;/v;!l g;l
dependent one. The former results from the interaction be- P ' gy

tween the zero-point vibration of the lattice and the localized"" solely be observete.g., see Refs. 20-25Unfortu-
electronic state. nately, at present, there were no observed data for

- 3 2 GSGG:CPF". The pure electronic contribution and the EPI
(”')3 l’he change of the. mixing degree hé( T1)€'T2) one to optical spectra or their PS’s cannot be solely observed.
and |t; “E+1/2u=) bases in the wave functions of thy 5 \vever, the two contributions to various spectral lities
level with pressure plays.a key role for the pure glectronlc P%ands) may have the same or opposite sigase Sec. Il A.
of the R; line (or the R/z line) due,to the interactions repre- Especially the two contributions to PS’s B andR, lines
sented byDg, Bé C3: ¢ K, andK3 ,2and the changes of the 5y quite different behaviorsee Sec. Y. In the lower
admixtures oft5(°T;)e"T,) and|t; “E) bases in wave func- pressure range, they strengthen each other, but in the higher
tions ofR;, R,, andt5(°T)e*T, levels with pressure play a pressure range, they cancel each other. At very high pres-
key role for the PS of th&, line (or theR; line) due to EPI.  sures, AE®~P approaches saturation, and accordingly the
(iv) The pressure-dependent behaviond® is quite dif-  variation of PS(i.e., the rate of PBresults from almost only
ferent from the one oAE® P. It is the combined effect of pure electronic contribution. Hence, by fitting to a lot of
them that causes the behavior of the total PS ofRhdine aforementioned observed daténcluding approximately
AEES with pressure, and a reversal of PS of Ryeline with  smooth experimental curves of PS'sRf andR, lines), the
pressure has been explained. uncertainties of the obtained values of parameters and the
(v) At 300 K, it is found that in the range of about 15—-45 division between the pure electronic part and the EPI one are
kbar, firstt§(3Tl)e4T2 levels merge withg 2T, levels, then  small. It can be said that the theory and results of the present
the order of them reverses, which may cause the fluctuatiowork are reasonable.
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