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Influence of Covalence Effect on the Optical Spectra of d**®
Electron Systems
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Abstract In the investigation of optical and magnetic properties of semimagnetic semi-conductors containing
transition-metal ions, one electronic d-orbital should not be treated as a pure d-orbit, instead of a mixed orbit ¢,, or
e, because of strong covalence. In consequently. two covalent factors N, and N, should be introduced according to it.
The energy matrix constructed on the mixed wave functions and including the covalent factors is called generalized
energy matrix. We constructed the generalized energy matrices (45 X 45) for the d?/d® electron systems. In the
generalized forms, Racah electrostatic parameter A is no longer an additive constant. and d® electron system is not
identical to d* hole system because their energy matrices are different. Furthermore, though N, and N. are the two
different covalent factors belonging to different wave functions, their difference in numerical values should be small,
because Racah electrostatic parameter A plays a great role in the calculation of energy levels when the covalence
effect is considered. It means that the conventional BCA scheme is a good approximation. These conclusions are then
extended to the application of the d-d transitions of ZnS : Ni*", the calculated results agree well with the
experimental values.

key words optical spectroscopy; covalence; crystal field; optical and magnetic properties; Racah parameter

1 5 E

Jar S B E (A0 A 3 BEOE FRC A2 S BT )
18 2y b P T A B o W e g 1 S R AR AR 1Y
SR PE R . LR (Racah) Bl A T =4 2
i AB.CORERE H B & T I6IE, )5k g1 A

Wi BEE: 2007-05-11; K EfEFHmEHE: 2007-10-01

Yoy 3¢ AR — 75 36 I B 5 o D 4 R R T Y 1
HOLREE WIS 2 . 9 B TERER T LR
w2 i A HUH B RE A M A 0 A o0 9 X BT A
T TUAR AR [] . LRI 0T BE 40 22 B A TTBk . X — O SR 1
JEH AN BCA %,

ESTE : W4 HH TR G 4R 5T H (2006B036) BF B PR .
EERE T WA A974—) . 5 BIZUR L 15 o A= 328 DA 050 2R 25 ) Joi0 940 00 2 A = P B 55 O T O R 5

E-mail: xielh1974@163. com
* WMEBE R A . Email: sfzhu@scu. edu. cn



24 AR

d”* L TR R S AR X D B R R 393

i s N e R A TR NS i N B o ]
. BASESRE TG &EH.0 d B FHRIEAN
FRgli d BB 2R L& RS T d E 5 R
BRI BC AR B 1 i LB IR G U8 0, 50 e, o B
R e, B A mJ‘HT”iiﬁﬁﬁ%%l/\W’Pi’é
B F N FI N SRR X R AN
F B IR G PUE S I A B e e

PG s B 5 e ) e F R LR R AR S . A B
TG HUE S I m PR 7 A RE R REFR A ) L RE
A, T SCRE A R A 2l J B0 BE A R
KM ASCE ) CRE R UL AR

XAEmA T PR S w A RHEAMNE &,
Him KR FHA S &, WA T & 2R Lk, N
N FERUE BN REA KBy 22 51, 168 Elﬁj‘ﬁl%ﬂ
BRI BCA J5 Z02 ik ol an R 2 5% &

AP B4 d° 1R FR AN i A7 S Dy AR Y

d* R R VBT RE A R A . DLk
5N AT ZnS:Ni*" 1 d-d BRI A 45 R 5 58
AR A . BERE ZnS: N R H 2 ZnS AR B
24 2 S AARE BL TR R BT L RIS L £1 A0 R R R R
T SEBR R T 4B 2R ZnS SR TE G 2R TE &
6 AR RO S B 5T A Y E R AN .

2 H#HE /dP TS MR
7 SCRE H A R
e T (O, 3 T S il d B - 3
R BRI o EM T E R I e, $1iE., 4 H
TR R E % R 4% Sugano-Tanabe J7 & H 1,
BB N e, B R B 1

R SR N I A A LR N S N o
PEIERB DT 5 R R T 20 o Y038 D pR B0 ST Y
RE T R PR R A3 T o, B e, BLE X0 IT
KRN
| t,,0)= N, (| d>+A L),
le,)= N.(|d)+ A L.
Horbrd FIL 43502 o0 o I 4 8 B d BB PR AR
BB FHE N f N 2H—EE .4 fA 2
HUBTR A RE T bR ORI e 43 KR 37 M FREE I £,
e, NuJ 2R N, il N, 3 i 5 & B FELE TR
HREBOTE SEN S B HTEE BT NA N K
BT AN L A B RR O A R
B SR o — EX R
a= (&,8) = N!(A, +4B, +3C,),
b= (&.,9) = N; (A, —2B, +Cp),
c= (k.&) = N’N?2./3B,,
d = (¢,8) = N*N*(A, — 2B, +C,),
e = (¢".¢") = NI(A, +4B, +3C)).

@Y

f= (6e.6)= NLUB, +C)), (2)
g = (6.06) = NINI(B, +Cy) s

h = (ep.0p) = NIN: V3B, ,

i = (¢.06) = N.Ni /3By,

j= Ggs) = NIGB, +Co).

Ose s Cop FIE RMBGPE S IELIT YT 0.6 1
BRI e, BUIE T &y C AR = F R0 10,
U iR TSR MR 0 R AN T .

d""(n=2,3,4,5) HHAE d AR ITH
[F] o 1717 X5F 1 TCAS [F]

(5" (ST (S, I) STM M,

’)

<fz (S Fl)(’ (S?FZ)SFMgMF

12

(3—m)a+43—m)b+ (24 — 4m — 60) (L

z? m(SlFl e' l(SzF2>SFM5MF> o

to(SFl)e(SF7)SFMM>*

+d _
N )+<6 3D)e+

(51— 10) f+ (2m 4+ 31— 12) g+ (2m + 31 — 12) %—2(3 — ;. (3)

HopBEBE m MIWBRERXEm Fl=ndm+[=
10—n, U ERR AT " PR RIT X
L AR BT .

TESLTT b X F 4l d ]l Sl AL U
FEFE TR

(. |V]d,> =—4Dgq,
W |vlid., = o, )
(d.|V|d.» = 6Dq,.
HrhV 2R 8RR FEMF. Dy, RS 5 B
Yyrh 5075 T 2 i R UV« 3X — RO 15 S B Y



394 it 2%

¥ i 28 %

% i Dy L Dy, /Do, il e, HUE LM PR
f-1°7 . BRI 26 P -7 5 S T B
(t, |V ]ty) = N (d, |V |d,),

(t,|V]e) = NN.(d, |V|d.), %)
(e|V]ey = N*d. |V|d..
MEH TR AGH v ARG HANS e W2
MFRR:
(3 |V]tye'y = (—4mN? + 6IN?)Dq,

(g met | Vet !ty = (6)

(— 24N? + 24N?)Dg, — (23 |V |tye').
(6) 2 5 38 T 38 18 B Rb A 1Y BB S A9 [ T I
SHEIERAFR . ALY N AN, FHEER, (6) X
A BB A O

LS/ O i3 iy 7 N I =RV AT A N N 1 )
A5 X AR T SCRE BB

T UL SCRE B A R 500 X T RE R Y
W LA R 3 3 2R BIR AT o0 . SEOT Ty XK
T AE 4 BT RGE T DL 3 B AR P 1% A Y A
HiE=ES:

Ty (1,°¢) VP A (1,5¢") T (1,0 e) P T (1,7 %)
LA A e

T () S A () VAL (e ) S E )

E( e, Ty (8 e, Ty (2,7 e).
BN T (e RN T, (1) H5°A, (15e)
Z AR REZR 25

T HAMNY & BT RG4S RN RO

WP T, 55° A, 45 L R AR 32 1 BE B HE BT

YA, (ef):  A—8B-+12Dq,
T, (te): A—8B+2Dq. e
X d® LRGN
A, (t5e"): 28A —50B+21C—12Dq, 8

‘Ty(t5¢°): 28A—50B+21C— 2Dq.
d' BT REMBERF S d° BT R GERE B
B3 XF o0 A 25 — A A 51 E BE 928 R AL /Y R R
(27TA —42B+210) 4p, g &2 — 105  Jlm
d* W RGEHANA & ERXAGAH,

EE L WERE T AONG . X & T RE
EE)

PA (")
STy (tze)
A d® WL R 580 )2
YA, (15e°)
ST, (5e)

e—3f+12Dq;,
—1/3c+d—g—+3h—4Dq, + 6Dg.

9

3a+12b+43c+12d+e—3f—6g—23h—6j — 24Dq, +12Dq ,
2a+8h+ (13/3/3)c+ 15d + 3¢ — 51 — 8g — (104/3/3)h — 4j — 20Dq, + 18Dq.

(10

AL BT MOV G A RERT BRI & T RGN & EIRXRGE

M 10) AT 73 RN K

A=a+4b— (J3/3)c—3d —2e+2f+2g+ (43/3)h — 2j —4Dq, — 6Dqg. (1)
;FIJFH(Z) itiﬁ:l(5) ﬁ?TELﬁﬁH Nl’Ne9A()’B()7C()77FH qu %‘%%tﬂﬂé’ﬁ
A =GN —3NEN? —2NDA, + (— 10N 10NN B, + (5N — N:N2 — 4NHC, +

(—4N? — 6N2) Dyg,.

(12)

X B ARANGSMES A K. 05 NN,
MRS EAL., 2 No=N. &, (12) 2R [ 258
WL A=10]Dq| .
2.4 N AN, B ik #m s e A,,

B, ,C, %5 & Dq, X5y 2400 5Tk 5 B oA

Ay = (5N! —3N!N? —2NHA,,

Ap = (—10N! + 10NN B, ,

Ac = (5N! — N?N? —4NHC,,

Ap, = (—4AN? —6N?) Dy, .
R 1IABHE TR A KA A AcsAp, BN /N,

13

A8k PEBEI R T SEPR W ZnS: Ni*T (1) & &
A,=196002 em ', B, =1208 em ™', C, = 4459 cm ',
Dg,=—694. 8 ecm ™' & N,=0. 8274, N,/N. {74z
fLTE B 0. 995 ~1. 005, ME 1 0 LLEH, 4
N =N i}, 57§ B S 50 i 55> 24 %A stk
A=Ap=Ac=0,A= Ap,. 4 N, k&4 %L i},
Ap 28, A LN Ap, ZRILT- K- AR ABAR /N S 1T A T
BAETMRMAM, XRBT N5 NS,
An 3% 2 B R L 2 X A 3 00 SRR TURR . TR T
RN AR PR SR A RS



24 AR

d” TR R IL

A 250N X6 6 1% 1Y) 52 i) 395

TER. e mmthiem 5 WG 2. R 2
Ao E‘Jﬁﬁl@jﬁﬂ: B, ,C, ﬂ:ﬂ D([() °

E /(10° cm™)

0.995 0997 0999 1001 1003 1.005

B 1 ZnS:Nit' @374 2406 N./N, 197251k
Fig.1 Variation of crystal-field splitting with N./N,
EE 2 g5 T HE=ESRE N/N. B4 4k, LA
N, =N.=0. 8274 BT, (1, ") W BEH M fE &
T ZaERSE 1 BEAAHEE. MWE 2 70, N,
5 N, AWM A R A2, X
THESHAXMNBRWE RKFE W, X4 N. =N, &,
REZR AT A9 BIAR & b fift B . 24 No 5 N, 0 125 5%

R REZLAS R 52 BIWIR . 40 N/ N.=1. 005 i},
RER B AR RS T AR B A (1,°€®) S T AN 72 Ji R 1) Ak
4 ——
) ,
3r e T8 ) ]
....... !Az(l/ﬁ ) L

T (65 %)

E /(10* cm™)
(=]

0.995 0.997  0.999 1.001  1.003 1.005

NN,

Bl 2 ZnS:Ni*" [ = HAREHPE N./N, 14514k

Fig. 2 Variation of the energy levels of the spin
triplets of ZnS:Ni*" with N./N,

A, MY N /N.=0.995 i}, A, (,° ") REF N 75 F
TAL (" )RR G IR A AR . R G R R 4
P A5 3] I ff i A R L i HLRB R N 5 N, B, 5K
B H AT L N, = N. =N {E R 51 .

3 ZnS:Ni*"BEHITE
AL R 3 I LR 5 ) I A

H=H.,+H;+H,. (14)
Hrp
ht ,  Ze*
= B[ g7 e 09
Hy = >)B,C¥ (D). (16)
kqi

H, = D¢l « s(). (17
PLER i CF BBkl eSS 5l E 4w
—3.

XA H N BT R Zhao (192 H 6 3 K
By
Riy (r) =0.73947 fsr0(5.511) +
0. 5000 fsr0 (1. 5746) , (18)
K fsro T W€ (Slater) JFFHUIE , i 1t AT 15
A, = 196002 cm™', B, = 1208 cm ',
C, = 4459 em ™', ¢ = 636 cm ',

‘ . (19
(r*y, = 1.89044s , (r'y, = 13.4043a5,
(r), = 6.7608a,".
i AT~ A A
4 6([(7"1>() éﬁ
= [—\ 2 "%/ y
Dq, ( 9 ) R < Jqu) 20)
A - N/IAoy B - N/IB()v C - Nicoq
QD

o= NGis () = N* ('),
XF S g =— 2, K HUE UK R = 0. 2341 nm, Jf
I N = 0.8274,p =—0. 1593¢ nm, 1] 15 ZnS = Ni*" [
d-d BRIk, W3 1.

%1 ZnS:Ni*" 1y d-d BRiT 3%
Table 1 The d-d transitions of ZnS: Ni*"

.. . Experimental
Transition Calculated value ,
valuel?

Experimental Experimental Experimental

valuel? valuel?! valuel?

ST (25e") 0
279.5
790.1
888. 9
ST, (25¢°) 4682.
4742.
4753.
4974.

~4635

w

[S2 0 WG]

4386




396 B F # il 28 %
(230
) Experimental Experimental Experimental Experimental
Transition Calculated value . )
value? value™ value™! valuet
", (1, e 8483. 3 8760
"E(z,'e') 8801.5 9180
SA, (1,%e") 9610. 1 9611.6+242.3 9750 9127 8723
ST (1,7 e*) 12439. 1 12438.6+£16.2 12436 12406 12382
12479.5 12484
12812.1 12779
12938. 6 12933
Ty (536%) 14313.9 14377.14242.3 15320 15354
YA, (t3e) 15327. 1 15346.3+161.5
'Ti (5" 15744.5
'E(e®) 18679.0
YA, (#5e") 32336.4

e 1T L. BG5S 0 0 A (FE JE T AR R
BB RSP SR N RO, KUY N, —
N, T BLE B R B ZnS: NI By d—d BRI,

4 4 e

PGSRBS B TR MR L d HiE
AP d Bl TR A . H e RE R IT
Hh, IO AR A BT O SR S ) SCRE A

FETT LRE R PR, d° HL A R AS R TRT SR A
REAMNY & 2 7R R BN E TR RE R FEE U
E

PR S m A AT &, IF B et 5
L ONILEA TP

IS RE LS WA B A B M. N N
FEBUE LAREA KA 2200 . 3 M 45 7830 5 1 61
LA TR F i BCA 5% B 451 E L.

KT Zhao ¥ [ ¥ R . IR A B
e oR B, 0 SCEk H o 9 Clementi 3 BB Ry, =
Fsr0( o WA B N 17 345 (Slater) 5 50 ¢(ND =
41765 . AT LA AN R S R A=
227567 ecm ' ,B=1625 cm ' ,C=6465 cm ', BEYLIE
H5m =356 cm ', AR SE A BEHFF
H10° em L im KT HAM SR, FILLL RS e R
FAHAB RO T 2 o . X FHE M 3d B
Fh k28 A W7 F AR B %, Lohr,
Curie!™ fl Bird” 251 7 H i Mn™" & FIHHL K A
MIBE 2 178400 em ' (Watson [ V45 % ok 5kt 1
SEAEZ 177666 cm™ ), Al Com B FHL K A
BAEZ) 199100 ecm ', F 5L b, 6T 107 3 5 3 0
B, R4 U A (Watson) 98U & Clementi [

BRI, T AR 1 IE B R R S i 1 L (E R W R
A/B~140,A/C~35, WL, —~BHE TN TG,
PR S A X BRI A gk A HUE — AN I, T
IR T HA S 552,

s BORRAOCEHIL T

& X X
1]. S. Griffith. The Theory of Transition-Metal ITons [ M.
London: Cambridge University Press, 1961

S

Satoru Sugano, Yu Kito Tanabe, Hiroshi Kamimura. Multiplets
of Transition-Metal ions in crystals [M]. New York, London:
Academic Press, 1970

Andizej Mycielski. Fe-based semimagnetic semiconductors[J]. J.
Appl. Phys., 1988, 63(8): 3279~3284

Li Fuzhen, Zhou Yiyang. A study of anisotropy of the fine-

w

e

structure splittings of the ground state in ZnSe: Fe?" [J]. Acta
Physica Sinica, 1998, 47(3) . 472~ 477

ZARL L JH— M. ZnSe:Fe ' [y H 245K 4 43 24 FE 04 25 1) 53 7 3
WHFsEL)]. HE R, 1998, 47(3): 472~477

Yiying Zhou. Dynamic Jahn-Teller effect in the near-infrared
spectra of Fe?™ ions in ZnS[J]. J. Appl. Phys., 2004, 95(11) .
6870~6872

A. Fazzio, M. ]J. Caldas, Alex Zunger. Many-electron multiplet

(&2}

>

effects in the spectra of 3d impurities in heteropolar
semiconductors[J]. Phys. Rev. B, 1984, 30(6); 3430~3455
M. J. Caldas, S. K. Figueiredo, A. Fazzio.
investigation of the electrical and optical activity of vanadium in
GaAs[]J]. Phys. Rev. B, 1986, 33(10);: 7102~7109

8 Wang Mingzhou, Du Maolu, Wu Xiaoxuan. Theoritical study of

-

Theoretical

optical spectrum of GaAs: Co?" [J]. Chinese Science Bulletin,
1996, 41(12): 1075~1078

E K ARG R BERF. GaAs: Cot BIIIMIEITE[1]. 4%
@R, 1996, 41(12): 1075~1078

Du Maolu, Tae Ho Yeom. Energy levels of the d* % electron and
d*? hole system[J]. Phys. Rev. B, 1999, 59(7). 4881~4887
10 Lin-Hua Xie, Ping Hu, Min-Guang Zhao. Study on the covalence

©

effect of the transition-metal in solids and its application for the
electron states of ZnS: Co?" crystal[J]. Mater. Sci. Eng. B,
2004, 111(2~3) . 182~188

11 Li Yangping, Liu Zhengtang, Zhao Hailong et al.. Preparation

—_



2 AR

d”* L TR R S AR X D B R R 397

and IR properties of GeC/GaP antireflective and protective thin
films on ZnS substrates[ ] ]. Acta Optica Sinica, 2006, 26(10) ;
1589~1593
ZEAF L R E & RGeS, ZnS R | GeC/GaP 1§ 3% (47 5 & 1
il £ M LLAM PR LD, b3 4 4R, 2006, 26(10): 1589~1593

12 Wang Sumei, He Hongbo, Shao Jianda e al.. ZnS birefringent
sculptured thin film prepared by glancing angle deposition technique
[J1. Gnin. J. Lasers, 2005, 32(12): 1699~1702
T RME L B BRIk L URHA DURR B AR A5 ZnS XU 4
WWMELT].  B#k. 2005, 32(12): 1699~1702

13 Lin Li, Lianhe Dong, Liangzhao Huang. Antireflective films
optimization of ZnS ceramics infrared windows[J]. Chin. Opt.
Lett. , 2003, 1(10): 619~620

14 Yu Tianyan, Zhu Furong, Liu Dingquan et al.. Design and
deposition of broadband IR antireflection coatings on ZnS Lenses
[J]. Acta Optica Sinica , 2005, 25(2); 270~273
TRFEARABIR X BB SF. B AL BF I B Uk 4 A T 1Y i R
RIFRICT]. 4 4R, 2005, 25(2) . 270~273

15 R. R. Sharma, M. H. Viccaro, S. Sundaram. Generalized d-
electron interaction matrices-their derivation and impact on
existing results[J]. Phys. Rev. B, 1981, 23(2): 738~751

16 J. W. Richardson, G. J. M. Janssen. Theoretical analysis of
orbital and correlation effects on the electronic absorption
spectrum of the MnS; center in zinc-blende crystals[J]. Phys.
Rev. B, 1989, 39(8) . 4958~4977

17 C. J. Ballhausen, H. B. Gray. The electronic structure of the
vanadyl ion[J]. Inorg. Chem., 1962, 1(1); 111~122

18 Daniel Curie, Carlos Barthou, Bernard Canny. Covalent bonding
of Mn%" ions in octahedral and tetrahedral coordination[J7]. J.
Chem. Phys. . 1974, 61(8). 3048~3062

19 S. Koide, M. L. Pryce. Intensity calculation of some optical

absorption lines in hydrated manganous salts[J]. Philos. Mag. .
1958, 3. 607~623

20 M. G. Zhao, L.
electronic levels of Cr?" ion in [[-VI compound of ZnS[]].
Mater. Sci. Eng. B, 2000, 75(1). 72~77

21 Zhao Min-Guang, Du Mao-Lu, Sen Guo-Yin. A ;rk-a correlation
ligand-field model for the Ni?™ —6X~ cluster[]J]. J. Phys. C:
Solid State Phys. , 1987, 20(33): 5557~5571

22 G. F. Schotz, W. Sedlmeier, M. Lindner et al.. The pressure
dependence of the intraimpurity absorption and the charge
transfer process of ZnS:Ni and ZnSe:Ni[]J]. J. Phys. : Condens.
Matter , 1995, 7(4) . 795~802

23 Herbert A. Weakliem. Optical spectra of Ni?*, Co?", and Cu®"
in tetrahedral sites in crystals[[J]. J. Chem. Phys.., 1962,
36(8): 2117~2140

24 G. Roussos, H. J. Schultz. A new infrared luminescence of

H. Xie. Ligand field treatment for the

nickel-doped ZnS and its interpretation by means of absorption
spectroscopy with Ni** ions[J]. Phys. Stat. Solid (B), 1980,
100(2) . 577~587

25 Wasik D, Liro Z, Baj M. Optical investigation of ZnS: Ni under
hydrostatic pressure[ C]. Proc. 19th. Int. Conf. On Physics of
Semiconductors, Warsaw, 1988, ed. W. Zawadzki, Prace IF
PAN 1989. 1107

26 E. Clementi, D. L. Raimondi. Atomic screening constants from
SCF functions[J]. J. Chem. Phys., 1963, 38(11): 2686~2689

27 B. D. Bird. Elspeth A. Cooke, P. Daye al.. Derivation and testing
of a molecular orbital description of ligand field spectral J]. Philos.
Trans. R. Soc. London, Ser. A, 1974, 276. 277~339

28 R. E. Watson. Hartree-Fock Calculation for Mn™" in cubic
fields[J]. Phys. Rev., 1960, 117(3): 742~747



