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Pressure-induced shifts of energy levels af-Al,05:V3* and a complete ligand-field calculation
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An improvement of ligand-field theory has been developed. Based on our theory of pressure-induced shifts
and the diagonalization of the complete energy matrix, the unified calculation of the whole energy spectrum
andg factors of the ground state at normal pressure and their pressure-induced shifts has been carried out. All
the calculated results fae-Al,05:V3* are in very good agreement with a great number of experimental data.
Itis found that the distinct differences in magnitude and/or sign for pressure-induced shifts of various levels are
immediately determined by characteristic dependencies of levels on the parameters of interactions, and the
pressure-induced shifts of levels can provide definite or crucial criteria for the correctness of assignments and
calculations of them[.S0163-182¢07)00528-9

I. INTRODUCTION states in detail for the precise calculation of the optical spec-
tra and properties of the ground state.

As is well known, the ligand-field theory has been suc- For a-Al,03:V3*, especially the properties of its ground
cessful in explaining the optical and magnetic properties obtate [zero-field splitting (ZFS) and g factord, much
transition-metal or rare-earth ions in crystals. However, thgesearch has been undertaken both theoretically and
traditional theory only fit the experimental data of optical experimentally.”?® Among them, Ref. 9 was the most de-
spectra, while it calculated the electron paramagnetic resdailed theoretical work. However, in Ref. 9, the spin-orbit
nance(EPR) spectra by using the spin Hamiltonigar ef-  matrix elements were incomplete and there were some mis-
fective Hamiltonian, isolating the information available takes inthem; moreover, the effective Hamiltonian appropri-
from the optical measurement of excited states and introducte to theT; manifold was used to calculate the values of
ing further parameters. Moreover, because the amount of exgy andg, , which was not a good approximation; and some
perimental data of optical spectra is limited and their line-results for ZFS were incorrect.
widths are usually large for transition-metal ions in crystals, In order to overcome the above-mentioned shortcomings
the values of parameters and the results obtained by fittingf traditional theory, therefore, the unified calculation of the
these experimental data have rather large uncertaintiewhole energy spectrurtincluding ZFS andg factors of the
Hence, it is quite necessary to overcome the aboveground state at normal pressure and their PS for

mentioned shortcomings. a-Al,05:V3" will be carried out in the present work.
In order to improve the traditional theory, firstly, we need

introduce physical quantities that can provide distinct criteria  1l. CALCULATION OF THE ENERGY SPECTRUM

for assignments and calculations of energy spectra or spectral AND g FACTORS AND THEIR PS

lines, and we apply the theory of pressure-induced shifts
(PS developed by u$-® It will be shown that PS of various
levels or spectral lines are distinctly different usually in mag-  As is well known, the V' ions in vanadium corundum
nitude and sometimes even in sign. These differences arfer-Al,O5:V3") are surrounded by the trigonally distorted
immediately determined by the characteristic dependenciesctahedra of six oxygen ions. The site symmetry of the
of levels or spectral lines on parameters of interactions, an¥>* ions isC5. However, the ligand-field calculation can be
PS can provide definittsometimes even cruciatriteria for ~ analyzed in terms o3, .”~® We have calculated all the
the correctness of assignments and calculations of levels onatrix elements of trigonal-field and spin-orbit interactions.
spectral lines. Secondly, the unified calculation of the wholdn Ref. 9, the spin-orbit matrix elements were incomplete,
energy spectrum ang factors of the ground state and their and we have found that the signs of all the spin-orbit matrix
PS will be carried out on the basis of the theory of PS andlements for the,e®T, strong-field term in Table A.2b of
the diagonalization of the complete energy matibCEM); Ref. 9 are opposite to the correct ones. With these matrix
especially, the wave functions obtained by DCEM will be elements and those of cubic-field and electrostatic interac-
employed to calculatg factors. This is because a correct tions given by Ref. 21, we have constructed and checked the
microscopic-theoretical calculation should yield eigenfunc-45x 45 complete energy matrix af? electronic configura-
tions that can be used to calculate other physical observabl¢i®n in the strong-field scheme.

with a necessary precision; moreover, as we have stdtvn, The whole energy spectrum is calculated by means of
is very important to take into account the effects of excitedDCEM to fit the experimental data of the optical and micro-

A. Calculation of the whole energy spectrum
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wave spectra of-Al,05:V3* with six adjustable param- TABLE I. Energy spectrum of-Al,O3:V*" at normal pressure.
eters, whereB and C are Racah parameters, 1§ is the — -
cubic-field parametet; is the spin-orbit coupling parameter, Energy (cm”) Splitting (cm™)

v andv’ are the trigonal-field parameters. We employ the,2st1p2s+1p 1 cajculated Observed —Calculat@dObserved
same observed data as those of Table 4 in Ref. 9, except four

values(29 300, 30 150, and 34 500 crhand the ZFSD). 35T, 3A2Al 0 0

This is because Macfarlaﬁpointed out that the data about 3AE 8.296 8.298  8.296 8.296
30 000 cmt are doubtfulthey are not employed by jysand 3EE(a) 906.26 850

the new and more accurate experimental datuniofvas SEE(b) 102035 968 114.09 110
given by Refs. 18 and 1@t is adopted by us 3EA, 1112.05

According to Refs. 7, 9, 18, and 19, among the experi- o

mental data, the sharp lines 8770, 9748, and 21025 cthe 3EA1 1131.10
ZFS 8.296 cm?, and the separation between sharp I|ne§2 T AEAE 912879 8779
978 cm't (see Table)I are more accurate. So, in the least-t5 ‘E 'EE 10106.8  974¥ 978.0 o8
squares fit, larger weights should be given to them. 31T, lAlAl 10 255.6
The iterative computations of DCEM are important andt2e3T2 A1A2 16 956.8
necessary. According to the eigenfunctions obtained by sa g 16 964.0
DCEM, the assignment of all the levels is carried out. SEA, 17347.4 1742%
. 3EA, 17 352.4
B. Calculation of g factors 3I§I§(a) 17 391.9 81.2 90
For a-Al,04:V3", the ground strong-field term i$ °T, 3EE(b) 17428.6 17519

(see Fig. 1 Taking into accounV (cubic field, H (elec- 21, lAlAl 20649.7 2102%
trostatic mteractloh andVyig (trlgonal field, thet2 3T, term t2e3T1 3A2A1 250005 2493H

is split into t2 3T, 3E and t 3T, 3A,. Throughout the 3A,E 25014.4 322.4 380
present paper, the irreducible representationS gfare dis- 3EA, 253229 25319
tinguished by the use of carets. It should be emphasized that 527 25347.9

N .

both the combined action &f;, and H30 (33p|n -orbit interac- SEE(a) 253937
tion) and the interaction betweerg T, °A, and excited SEE(b 25439 6
states are absolutely necessary to give rise to ZFS of - A(A) 971 61- 9
t3 3T, 3A,. The detailed calculations have shown that due g2 T2 aat '
. . . . 3 3" N EE 27 557.7

the interaction with excited states botEI T, *AA; and CelT. TAA 29389.4
t5°T; °A,E  shift down, and the downshift of "t 22 Do
t5 3T, 3A,A, is larger than that oft5 3T, 3A,E, which 2 SAA 35 125'77
causes ZFS of3 T, %A, (see Fig. 1 However, in all the 32A E2 Y 10586
. . 2 3 3" ~ . ,\2,\ .
flzgl;resaglven py Refs. 7-9, °T, °A,E was higher than o2 IE1EE 451999
t5 °T, AZ,_wh|ch is wrong. _ _ 1A TAA, 57 456.7

For clarity, we introduce the detailed notations labeling
states Ct’28+ 1F25+ lF,FT, where « labels the strong—field 80btained by using the parameter set of Etﬁ)
configuration, (&+1) is the spin degeneracl/,is the irre-  PReference 18.
ducible representation of th® group,I'’ andI'; are the cReference 11.
irreducible representations @f;,, andI'; is the one taking 9Reference 12.
into account the spin-orbit coupAIinAg. For example, the®Rreference 8.
ground state is labeled bg 3T, A,A; (see Fig. 1 and 'Reference 9.
Table ). 9Reference 13.

By means of DCEM, we get the eigenfunction of
5 °T1 3AoA,

[t23T—1a,)' = S% (aSTMM[t2 3T, —1a,)’

@ sM
t2 °T,0a,) = SI'MM|t3 3T, 0a,)’
|2 1 aO> as%s (a s | 2 aO> ><|aSF|V|S|V|>, 3
X|aSI'MM), (1) where the prime indicates that the mixture of all wave func-

tions has been taken into account; the trigonal bases in Ref.
21 are employed.
Using these eigenfunctiong, andg, are calculated by

and the eigenfunctions af 3T, 3A,E,

23T 1)’ = > (aSTMM|t2 3T 1a0)’|aSTMM)
aS'MM _ el c '
@ 0,=(t% *Tilag (L +9S)IEf °*Tilag)  (4)

and and
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=(t3 °T10ag| (LU + 98|13 °*Talag)',  (5) o =[HAM))ox @ *(x)
wheregs=2.0023. Qe
All the matrix elements relevant to Eqgl) and(5) have +EB(B(M)ox > *(x)] Qoo 9
been calculated, where the orbital-angular-momentum reduc- eft/0
tion factorsk and k’ are used. With these results and the ' 1 -3F,—2
) ) . ; =v2[—3(A ()
eigenfunctions obtained by DCEMN, andg, can readily be v [=7(AN)ox )
calculated by using a computer.

+ & (B(N)ox S0 4(x)] —

: (10)
(Geft)o
C. Calculation of PS for the energy spectrum andg factors
The physical essentials of PS of the ligand-field energy (A(r))o=—2v2vo+vo, (1)
spectrum can be microscopically attributed to the expansion ”7 0
of the radial electron wave functions when the interionic dis- (B(r))o=1v2vq+ 500, (12
tance is reduced under compression. The computational
method of PS has been described previotishand a great {Lo=D(x), 13
number of spectral PS have been successfully calculated and
explained. et/ (de)o=eXp{ —t[ @~ (x) — 1] —u[P~*(x)—1]°
The expansion functio®(y) has been introduced to rep- o (14)
resent the expansion behavior of the electron wave functions, '

where y=(V/Vo)**=RIRy, Vo andR, are the crystal vol- whereq. is the effective charge of a ligand ion under com-
ume and the interionic distance at normal pressure,\and pression; we use a subscript 0 to indicate the quantities at
andR are the corresponding quantities under compressiorhormal pressure, and the quantities without the subscript 0
We have derived that are those under compressid®; D, D,, t, andu are the
parameters for PS, and they depend on the crystal properties.
®(x)=x%exd —3D1(1-x)*—35D(1—x)%~---]. (6) The P-y dependence of-Al,05:V3" is calculated from

the three-parameter Birch equation
On the basis of the expansion of the electron wave func-

tions, we have microscopically derived the expressions for 3K0 o
th; 5parameterﬁ, C, Dg, v, v, and{ as functions ofy .E b ( (15
ad-

where Ky=2504.1 kbar, b;=1.0000, b,=0, and b;=

B/Bo=C/Co=®(x), (7)  —0.40201° The P-y dependence is shown in Table IV.
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TABLE II. The contributions to levels or separations between levels from various parartiaterst cm 1),

AE/A (10Dg)  AE/AB AE/AC AE/AL AE/Av  AE/Av’  The sum
[<(10Dq)] (XB) (XC) (X9) (Xv) (Xv')
D 0.018759 052269 —0.24004  14.13819 —5.47140 —0.66972 8.298
[t2 3T, 3EA,—t2 3T, EE(a)]  —21.68 24.76 -1.33 209.02 ~0.99 ~3.98 205.80
[t2 3T, 3EE(b)—t2 3T, 3A,E]  —70.83 70.92 -0.14 45.84 847.67 118.61 1012.07
(t3 'EEE 13 'T,'EE) —95.00 151.83 1.20 2.86 861.78 55.33 978.00
t2 3T, *EE(a) ~57.86 57.35 050  —67.08 852.34 122.02 906.27
t2 IEEE ~304.95 4424.15 5000.00 40.37 850.92 96.35 10 106.8
t,63T, 3A.E 17 376.76 ~813.80 1.43 42.68 273.95 82.96 16 964.0
t2 1A, 1A.A, 1933.41 8677.67 9255.15 33.96 678.04 71.33 20 649.6
t,63T; 3EA, 17 008.61 7524.73 ~0.34 ~14.41 761.63 42.64 25 322.9
t,61T, 1AA, 17 123.06 4659.56 4985.74 53.58 290.50 49.50 27161.9
€2 3A, 3ALA, 35215.23 —809.22 1.21 57.62 563.26 96.94 35125.0
With the values of the parameteB;, Cy, Dqq, vg, S=0.500, D,;=-20.0 t=5.80. (16)

vy, and{, at normal pressure, the-y dependence and the
theoretical formulas forP(y), B, C, Dq, v, v’, and{, by  Using these values, all the levels @fAl,O5:V3" at normal
means of a least-squares fit to the experimental data of spepressure and their PS have been evaluated and shown in
tral PS fora-Al,0;:V3" (Ref. 22 using DCEM, the values Tables I, III, and IV, respectively.
of the parameters for PS can be determined. We found that it Furthermore, by using the eigenfunctions of
is sufficient to keep the first term of the series in E).and 2 3T, 3ALA, andt3 3T, 3A,E obtained by DCEM at nor-
the first term of the series |n_Eq}.4); i.e., we need only three mga| pressure, the values of andg, have been evaluated
parameterss, Dy, andt. Using these results, the values of ang shown in Table V, wherle=k’ =0.96 have been taken
B, C, Dq, v, v’, and{ at various pressures can be calcu-in order to simplify and reduce the number of parameters.
lated. Then, at each pressure, the PS of the whole energy From Tables I, Ill, IV, and V it can be seen that the
spectrum(including ZFSD) for a-Al,05:V* can be theo- calculated results are in very good agreement with all the
retically evaluated uniformly and simultaneously by DCEM. phserved data and much better than the previous fdtike
Furthermore, by using the eigenfunctions obtained bycalculated results of optical spectra are obviously better than
DCEM at various pressures, the valueggplandg, at each those of the previous wofk® (for example, if the values
pressure can readily be evaluated. 29300, 30150, and 34 500 cthcited by Ref. 9 are in-
cluded, o' =3B, (EF°~E®Y%/13=260cm for the
present work andr’ =357 cm ! for Ref. 9; especially, the
The main feature of the present work is the unified calcu<c@lculated results aj;, g, , D, and the separation of sharp
lation of the whole energy spectrufincluding ZFSD) and  lines (i.e., t3 *E'EE—t5 'T, 'EE=978 cm") are in excel-
g factors of the ground state at normal pressure and their PNt agreement with the observed data; furthermore, the
on the basis of above-mentioned theory of PS and DCEMpresent work has simultaneously calculated the PS of the
For this purpose, on the basis of the calculation of the wholgvhole energy spectrum, which are in excellent agreement
energy spectrum af-Al,03:V3" at normal pressure, we cal- With the extensive experimental data of PS for optical spec-
culate the PS of the whole energy spectrum and compare tHga. All of this indicates that the theory and method of the
results of PS for optical spectra with corresponding experifresent work are very successful.
mental data to judge the correctness of the assignment of By DCEM, with small changes in parameters at normal
optical spectra and the accuracy of the calculation. Furtheressure about the parameter set of Ef), the rates of
more, we carry out the unified least-squares fit to both th&hange of levels with respect to various parameters have
experimental data of the optical and microwave spectra d¢een calculated. From these the contributions to typical lev-
normal pressuf?1-1318and those of PS for the optical €ls or separations between levels from various parameters
spectra” i.e., the overall standard deviatigin which we  and their sum have been approximately evaluated by
give them different weights according to different accuracies

Ill. UNIFIED CALCULATIONS AND RESULTS

of various experimental datés minimized. In this way, we 5 AE
have finally determined the values of the parameters at nor- E(xl,xz...,xe)EE — X, 17)
mal pressure and the parameters for PS as follows: =1 Ax
10Dq,=17854.0 cm?, By=618.2 cm?, wherexy,X,,... Xg represent 10qq, By, Co, o, vg, and
vy, respectively. The results are shown in Table Il. The
Co=2502.0 cm?, comparison between the energies in Table | and the sums of

the contributions in Table Il indicates that the approximation
vo=879.8 cm!, ©v;=188.5 cml, (,=164.0 cm?, is very good.
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TABLE lII. Pressure-induced shifts of the whole energy spectrura-afl,0;:V3".

Shift (cm™t
( ) Average rate of
eve . ar . ar . ar . ar . ar sni cm- ar
Level 10.00 kb 20.00 kb 30.00 kb 40.00 kb 50.00 kb hift (cm™ kb
t2 3T, 3AA, 0.000 0.000 0.000 0.000 0.000 0.000
3A,E —0.067 ~0.131 -0.192 ~0.250 ~0.307 —0.006
SEE(a) 4784 9.562 14.342 19.114 23.888 0.478
SEE(Db) 4.303 8.625 12.974 17.340 21.728 0.432
SEA, 4.066 8.168 12.311 16.483 20.692 0.410
SEA, 3.856 7.757 11.707 15.694 19.726 0.390
t2 17, 'EE ~6.792 ~13.168 ~19.156 —24.764 ~30.017 ~0.639
t2 1E 1EE -3.136 ~5.825 —8.092 —9.952 —11.427 -0.270
t2 17, 1AA, —1.476 —2.527 —-3.174 —3.433 —-3.324 —0.106
1,63T, 3A.A, 97.503 194.999 292.660 390.277 488.030 9.755
SA,E 97.396 194.792 292.356 389.880 487.545 9.744
SEA, 99.105 198.217 297.507 396.764 496.170 9.916
SEA, 99.108 198.222 297.514 396.772 496.179 9.916
SEE(a) 99.026 198.065 297.289 396.487 495.839 9.909
SEE(D) 99.003 198.024 297.234 396.422 495.769 9.907
t2 1A, 1A.A, 2.548 5.776 9.658 14.154 19.243 0.321
t,63T; 2A,A, 90.500 181.375 272.764 364.459 456.612 9.091
SALE 90.409 181.195 272.498 364.107 456.177 9.082
SEA, 91.813 184.032 276.798 369.898 463.486 9.225
SEA, 91.489 183.395 275.861 368.670 461.978 9.194
SEE(a) 91.433 183.288 275.706 368.473 461.743 9.189
SEE(b) 91.291 183.012 275.304 367.952 461.108 9.176
1,617, 1A.A 88.971 178.434 268.525 359.030 450.094 8.949
IEE 90.683 181.853 273.647 365.847 458.604 9.120
t,61T; 1A,A, 89.431 179.415 270.083 361.218 452.964 9.001
IEE 91.941 184.454 277.676 371.382 465.722 9.254
€2 3A, 3AA, 196.154 392.328 588.863 785.339 982.117 19.627
3A,E 196.150 392.321 588.853 785.327 982.101 19.627
e? 'EIEE 188.932 378.348 568.554 759.125 950.391 18.950
e? 1A, TALA, 167.492 336.259 506.538 677.913 850.648 16.882

The results of Table Il have clearly and quantitatively from v is second, the contributions fron1 andB are third
shown the physical origing.e., the dependencies on the pa- and fourth, and those from, v’, andC are negative. The
rameters of interaction®f various levels or separations be- contribution tot,eT; *EA, from 10Dq is the largest one,
tween levels on the basis of DCEM. For example, the conthe contribution fronB is second, and the contribution from
tribution to ZFSD from ¢ is the largest one, the contribution v is third.

TABLE IV. P-yx dependence and pressure-induced shiftst@fT, 3A,E and t,e%T, 3EA, of

a-AlL,05: V3,
Shift (102 cm™)
1,637, 3A,E t,63T, 3EA,

P (kban X Calc. Obd Calc. Obd
10.00 0.998680 0.97 0.96 0.92 0.92
20.00 0.997383 1.95 1.96 1.84 1.87
30.00 0.996106 2.92 2.88 2.77 2.83
40.00 0.994851 3.90 3.87 3.70 3.77
50.00 0.993615 4.88 4.81 4.63 4.68

8Reference 22.
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TABLE V. Magnetic resonance and infrared spectroscopy re- From the above-mentioned arguments we have obtained

sults of a-Al,03:V3". the very important conclusion that the distinct differences in
- magnitude and/or sign for PS of various levéts spectral
9 9 D (cm™) lines) are immediately determined by their characteristic de-
Observed 1.9150.00% pendencies on the parameters of interactions, and PS of lev-
1.92+0.02 1.74+ 0.0  8206+-0.01€ els (or spectral lines can provide definite criteria for the
Calculated 1.9% 1.738 8.29d correctness of assignments and calculations of them. Some-
1.926 1.749 8.29% times, PS of levels (for example, t3'T, ‘EE,
1.944 1.626 8.16" t2 1T, 'AA,, andt? 1A, *A,A,) can provide crucial crite-
*Reference 17. na.
bReference 14.
‘Reference 15.
dReference 16. IV. DISCUSSION AND CONCLUSIONS
°Reference 18.
"The present work. The unified calculation of the whole energy spectr(im
9Reference 6. cluding ZFSD) andg factors of the ground state at normal
PReference 9. pressure and their PS has been carried out on the basis of our

theory of PS and DCEM. Firstly, because PS of levels pro-
vide distinct or crucial criteria for the correctness of assign-
thents and calculations of levels, it is highly important to
include PS in the unified calculation. Secondly, for the pre-
cise calculation of the optical spectra and properties of the
ground state, it is quite necessary to take into account all the
effects of excited states by means of DCEM. Hence, the use
f DCEM is very important. Thirdly, a correct microscopic-
theoretical calculation should yield eigenfunctions that can
{237, 3EE q q | their PS 4- be used to calculate other physical observables with a neces
2 1 (a)] epgns m3a|n y org, 503 e3|r are re sary precisiorf: Thus, it is also very important to apply the
shifts.  Because [t3 °T, *EE(b)—t3 °T, AE]  and wave functions obtained by DCEM to calculajefactors.
(3 *E'EE—t3 T, EE) depend mainly ow andv’, their The overall calculated results are in very good agreement
PS are blueshifts. For levelg 3T, 3EE(a) depends mainly with a great amount of experimental data. Especially, the
onv andv’, so its PS is a blueshift. The PSBf'EEE is  calculated results of,, 9., D, (t3 IElIEE— t2 17, 1EE)
a redshift because it depends primarily Bnand C. The  and PS are in excellent agreement with all the experimental
t,e3T, 3A,E depends mainly on Tq, hence its PS is a data. All these have clearly demonstrated that the theory,
large blueshift. Although3 *A; *A;A; depends mainly on method, and results of the present work are very successful
B andC, it also depends considerably on1§ andv, and and in very good agreement with the physical reality, and
the effects of 10q andv on its PS are larger than those of this is an important development.
B andC [compare Eq(7) with Egs.(8) and(9)], so its PS is By using the same approach, we have also carried out
a small blueshift. Bott,e3T, 3EA, andt,e'T, *A,A, de-  similar calculations for several crystals, and obtained very
pend mainly on 1Dg; the former also depends considerably good results. The detailed reports for these calculations will
on B, while the latter also depends considerably®mand  be given later.
C. Consequently, they have large blue PS. The contribution
to €2 3A, 3A,A, from 10Dq is extraordinarily large, there-
fore, its blue PS is very large.

Furthermore, a very important fact is that the characteris;
tic dependencies of levels on the parameters immediatel
determine the PS of levels. From E¢8)—(14) it can be seen
that B, C, and ¢ give rise to red P$i.e., the energies of
levels decrease, noticind(x)<1], while Dg gives rise to
blue PS[because the effect gf >® ~*(x) is dominani and
v andv’ are similar toDq. According to Tables Il and lll,
PS of some typical examples can be analyzed as follows. F

separations between levelsD and [t2 3T, 3EA,
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