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JUNE 1,

In recent experiments Geschwind has observed transitions between the Zeeman components of the ex-
cited metastable state de® 2I's of trivalent chromium present as a dilute impurity in Al;Os. In first order the
transitions are forbidden. In third order a number of processes give rise to a transition probability and
predict g, =0.1, consistent with the experimental observations. The magnetic moment associated with the
transition is shown to rotate opposite to the usual sense.

N a recent letter! Geschwind, Collins, and Schawlow
describe the detection of microwave transitions be-
tween the Zeeman components of the metastable ex-
cited state de® 2I's of Cr®¥, present as a dilute impurity
in Al,Os. The state 2T's is two-fold spin degenerate and
two-fold orbitally degenerate, and we may designate
the four components as 2I'3(1,%), 2T'5(1, —3), Ts(—1, 3),
and 2I';(— 1, —3), where =+% is the spin quantum num-
ber and =1 is an orbital quantum number describing
the transformation properties of the wave functions
under rotation around the axis of quantization which is
taken to be the trigonal axis of the crystal. Under the
combined action of spin-orbit coupling and the trigonal
crystal field the state 2I's splits into two Kramer’s
doublets separated by about 30 cm™. The upper doublet
is comprised of the states 2I'3(1,%) and 2T'3(—1, —3),
while the lower doublet contains the states 2I';(1, —%)
and T'3(—1,%). In an applied magnetic field, these
latter states split and give rise to the microwave transi-
tions observed by Geschwind, Collins, and Schawlow.!
Since no matrix components of angular momentum L
exist in I', and since the spin S cannot affect the orbital
quantum number, it is clear that

[rs(1, =) | L+28)Ts(—1, )]

vanishes, and that the transitions are forbidden to first
order. It is of interest therefore to identify the proc-
esses that give rise to a nonzero transition probability.

The energy levels of the Cr** system of importance in
the following discussion are shown in Fig. 1 which is
similar to a diagram given by Sugano and Tanabe,? and
includes some additional levels. The levels are desig-
nated in the strong field representation, and the existing
matrix components are indicated by arrows. The ap-
proximate experimental position for each level above the
ground state de® *T'; is shown in wave numbers. The
numbers in brackets are calculated from the value of
the parameter B discussed below. V,, is the spin-orbit
interaction, V, the trigonal crystal field, V¢ the Cou-
lomb interaction, and L the orbital angular momentum.

A variety of processes give rise to a matrix component
of (L42S) in the third order. The most important of
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these involve the close-lying level de®’I'y and

tabulated below :
[2r3(1; _%) !L+[2P4(07 _%):]

X[4(0, —5) [ Veo|Ts(—1, %) ]
X[Ts(—1,3) | Vi|T3(—1, 5)]= 2Kk,

[Ts(1, =3[ L [*T4(0, —3) ]

X[T4(0, —3) [ Vio|T5(— 1, 3)]
XTs(—1, ) [ Veo|T's(—1, 3) 1= — 3%,

[Ts(1, —2) | L |*r4(0, —3)]

X[T4(0, =3 | Vio|2T5(0, —$)]
X0, =) | Vi Ta(—1, 5= 5%,

[Ts(1, —3) [ L+ |7T4(0, —3)]

X[Te(0, =) | Ve |4 (0, —3)]
X[2P4,(0; —%) ( V80[2r3(_ 1; %)]zég-Bk’

[2P3( ) _%) [L+‘2F4(0, _%)—J

X[T4(0, =) [ Vo T's' (=1, 3) ]
X[y (=1, 3) | Ve|Ts(—1, 3) ]=6; Bk,

d62(3r4)dq‘2r,’,’ (36 600)
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F1c. 1. Excited energy levels of Cr®* in a cubic crystal field.
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TasiE 1. Contributions to gy from processes 1 to 10.

Process Contribution

1 —0.0297%

2 —0.0020%

3 —0.0040%

4 +0.0655k

5 +0.0547%

6 —0.0048%

7 —0.0024%

8 +0.0011%

9 —0.0044%

10 +0.0109%
Total 0.0849%

[2F3(1) _%) ‘L+lzr4( ) —%)]
X[2F4(07 —-]5) l V8014F5(07 —%)]
X[Ts(0, —3) [ Veo| Ta(—1, 3) 1= — (4/9)8%, (6)

[rs(1, —3) | L+ [214(0, —3)]
X[2F4(O: -—%) ] VSOI4F5(_ 1: %)]
X[Ts(—1, ) | Veo Ts(—1, 3) 1=— (2/9)5%, (7)

[ra(1, —3) [ L [2T4(0, —3)]
><[2I‘4(0, —'%) I V50l2F4,(_ 1, %)]
X[2F4,(_1: %)l Vso[2r3(_1) %)]=%§‘2k1 (8)

[Ts(1, —3) | L+ ]T4(0, —3) ]
X[T4(0, =3) [ Vo | T4 (=1, 2)]
Xy (=1, 9) | VeTs(—1, 3) J=+¢Kk, (9)

Crs(1, =) | L4 [714(0, — %) ]
X[2P4(0’ —%) ] V¢l2P4/(O, '—%)]
X[ (0, =3) | Vo |Ts(— 1, 3) ]=—2¢Kk.  (10)

These matrix elements are obtained from the tables
prepared by Tanabe and Sugano® and Tanabe and
Kamimura.* Each process is supplemented by another,
of equal magnitude, in which L= (L.+4L,) appears
at the opposite end of the chain. In these expressions,
¢ is the effective spin-orbit coupling parameter for the
d electrons and has been found by Sugano and Tanabe?
to equal 140 cm™ from the splitting of 2I's. The quan-
tity K measures the strength of the trigonal field and
has been estimated by Sugano and Tanabe? to equal
—350 cm! from the splittings of “I's and “I'y. The pa-
rameter k£ measures the reduction of the orbital angular-
momentum matrix components in the de wave func-
tions, and has been estimated by Sugano and Tanabe?
to be equal to 0.6. B is the usual Racah parameter and
determines the Coulomb interaction between the levels
Ty, 2Ty and 2Ty, 2Ty, It may be estimated by fitting
the position of the levels ‘T's and “I's,* and an appropriate
value for the present case is 700 cm. The correspond-
ing matrix elements of L_= (L,—L,) are all zero.
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The interaction of the microwave field h with the
ion may be written ugh- (L+428S) where up is the Bohr
magneton. We set the matrix element of this inter-
action equal to guuph_ where g; is the matrix element
of L, between the components of the doublet, and
h_=hs—1ih,. If the transition were between the com-
ponents of an ordinary spin doublet, gi would be 2.
The contributions to gy listed in Egs. (1-10) are found
by dividing by the appropriate energy denominators in
each case and are listed in Table I. The processes
omitted from this table give much smaller contributions
to gi. For example, the two cases

[2F3(1) —‘%) | V5014F5(0)%)]
X[Ts(0,3) |25+ [4T'6(0, —3)]

X[Ts(0, —3) | Veo|Ta(— 1, 3) 1= — (4/9)s%, (1)
[2F3(1: '—%) l VEOI2I‘5(1: _%)]
X[2P5(1, —%) !L+|2P5(O, _%):I
XE2P5(0: —%)leoPFS(— 1: %):I:%fzk: (12)

give contributions of —0.00068 and 0.00015%, re-
spectively. The final total listed in Table I must be
doubled for the reason discussed above. Consequently
the theoretical value of gy is 0.170%k. If we adopt the
value £=0.6 estimated by Sugano and Tanabe? g
=0.102. It will be noticed that the largest contribution
to g arises from the configuration interaction between
levels of type de® and dé*dy.

Geschwind, Collins, and Schawlow have determined
g1 directly from the angular dependence of the field for
resonance to be less than 0.06.! A more recent analysis
of the limits of error, including the effects of crystal
twinning,® places gi less than 0.2. The theoretical value is
therefore consistent with the experimental observation.

We have determined above that a transition is made
from the state 2'3(—1, %) to the state 2I';(1, —%) by
way of the interaction 3uph_L;. If the states formed an
ordinary spin doublet, the transition would be caused
by the interaction uphiS_. Consequently the sense of
rotation of the transition is opposite to that of a transi-
tion between the states of a normal spin doublet. In
accordance with a recent discussion by Pryce,® the
parallel g value in the spin Hamiltonian for the excited
state must be taken to be negative. The reversed sense
of rotation has interesting implications concerning the
relaxation of the excited doublet by way of cross re-
laxation with ground-state transitions.
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