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has been done for the direct interband transitions
above the energy gap. For more accurate analy-
sis of the Faraday rotation in p-type Ge, it is
also necessary to take statistics into account
since the dispersion must be weighted by the num-
ber of empty states. In spite of these assump-
tions, however, the above approximate results
seem to be reasonable because they can explain
the major features of the experimental observa-
tions, whereas the classical theory for bound
electrons cannot. Lastly, in order to account
for the proper sign of the interband Faraday ro-
tation, it is necessary to consider in detail the
individual magnetic levels of the two sets of the
bands involved in transition, including spin, par-
ticularly in the presence or absence of spin-orbit
splitting. The analysis would pr esumably account
for the apparent difference between the observa-
tion in GaAs as contrasted to InSb and InAs. '
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The hyperfine Zeeman splittings in the recoil-
free absorption spectrum' of the 26-kev y rays
from Dy'"~ (v~, -3x10 ' sec)' in Dy'" situated
in dysprosium iron garnet (DIG) have been ob-
served. This is possible since in the rare earth
iron garnets (5Fe~O, 3M,O,) the sublattice of
rare earth ions below the Curie temperature
shows a temperature- dependent spontaneous
magnetization. ' Nearly all the rare earth el-
ements can be incorporated in iron garnets and
since an appreciable recoil-free efficiency is
expected at liquid air temperature for the y
transition from the first excited state of many
rare earth nuclei, the method is of general ap-
plication. Values for the effective magnetic
field at the nucleous (Heff) and the magnetic and
quadrupole moments of the ground state and

first excited state of Dy"' are derived. At 85'K
a large nuclear quadrupole interaction has been
observed, but at 300'K the quadrupole inter-
action is much smaller. This strongly tempera-
ture-dependent interaction is interpreted as
being largely due to the average electric field
gradient produced by the partially aligned or-
bitals of the 4f electron shell and correlated
with the spontaneous magnetization (andHeff)
within each domain. This gradient will have an
axis of symmetry parallel to jeff.

The recoil-free absorption spectrum of poly-
crystalline DIG, isotopically enriched in Dy'",
was measured using a source of Dy'"m which
showed an unsplit emission line of relatively
narrow width. This was prepared as follows:
6.7-day Tb'" was separated by ion exchange
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from neutron- irradiated Gd 0, enriched in Gd"0,
electroplated on copper from a solution of the
chloride in pyridine, covered with evaporated
copper, and the "sandwich" heated in hydrogen
at about 900'C. With this source the linewidth
of the unsplit recoil-free absorption spectrum
in a dysprosium a'luminum alloy at room tem-
perature was about 4 mm/sec, which is, there-
fore, an upper limit to the source linewidth. The
source (in all measurements at 800'K) was vi-
brated on a loud-speaker membrane at 65
cycles/sec and the absorption of the 26-kev
radiation recorded automatically as a function
of relative velocity as described elsewhere. ~

Figure 1 shows the absorption spectrum ob-
tained in DIG at 85'K. Well-resolved lines ex-
tending to velocities of about 10 cm/sec in each

direction are seen. The positions of the peaks
were confirmed in separate runs extending to
smaller velocities. The Dy'" ground state is
known to be 5/2- and the first excited state has
been thought to be 5/2+. ' The analysis of the
results shown in Fig. 1(A) in terms of transitions
between the Zeeman levels of the two nuclear
states demands that both levels have a spin 5/2
and that the magnetic moments have opposite
sign. The measurements of Park6 indicate a
negative magnetic moment for the ground state.
It was assumed that each level was split accord-
ing to the expression, '

+ ,'eqq f-S~' Z(1+ -1)]/[i(21 1)].-

Table I shows the identification of the transi-
tions between the Zeeman levels. There are a
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FIG. 1. (A) The absorption by dysprosium iron garnet at liquid air temperature of the 26-kev y
ray emitted at room temperature in the decay of Tb, diffused into copper, as a function of rel-
ative velocity between source and absorber. The statistical error on each point is about 0.3%.
(8) Reconstructed spectrum assuming the results of the least-square analysis of the experimental
peak energies, the theoretical relative transition probabilities, and a Gaussian line shape.
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Table I. Identification of observed transitions between nuclear Zeeman levels at liquid air temperature.

Peaks observed
Transitions between

Zeeman substates Peaks observed
Transitions between

Zeeman substates

-5/2 -5/2

-3/2 —-5/2

-5/2- -2/2

-2/2--2/2

-2/2 —-1/2

-1/2 —-2/2

{
-1/2 +1/2

+1/2 -1/2

+1/2-+3/2

+2/2 -+1/2
+2/2 -+2/2
+2/2-+5/2

+5/2 +2/2

+5/2 +5/2

total of 16 possible electric dipole transitions.
The calculated %'igner coefficients determining
the transition probabilities for two of the transi-
tions (+ 1/2-+1/2, and -1/2- -1/2) are very
small and they cannot be observed. The re-
maining transitions are all observed but at two
positions in the spectrum two transitions over-
lap [e and g in Fig. 1(A)].

Table II shows the results of a least-. squares
analysis of the experimental peak energies giving
gp&Heff and eqQ/4 for both nuclear levels, and~, the chemical shift between source and ab-
sorber. ' Figure 1(B) shows the reconstructed
spectrum obtained from these values, using the
appropriate theoretical relative transition prob-
abilities, and assuming a Gaussian line shape.
The agreement between Figs. 1(A) and 1(B) is
seen to be very satisfactory. Measurements in
DIG at 300'K shows a similar but much narrower
sPectrum corresPonding to a smaller Heff', the
analysis of the results at 300'K is also given in
Table ILQ

Using the value of (-0.37+ 0.05) nm for the
Dy'" ground- state magnetic moment obtained
by Park, ' we get (+ 0.42+0.08) nm for the

magnetic moment of the first excited state,
H eff(85'K) = (3.5 + 0.55) x 10' oe, and H eff(300'K)
= (7.5+ 1.5) x10' oe. Hef f(85'K)/Heff(300'K) is
then (4.6+ 1), which is close to the value 4 for
the ratio of the partial spontaneous magnetiza-
tions of the dysprosium sublattice at the two
temperatures deduced by Pauthenet from mag-
netization measurements using the Weel model. '
This illustrates again the proportionality between
Heff and spontaneous magnetization. ' ~~ The ex-
perimental values for the magnetic moment and
their signs for the two nuclear states are in agree-
ment with the predictions of ¹ilsson's unified
model. '

The results show a remarkably large quadrupole
interaction (eqQ, /4 =+120 Mc/sec) at 85'K and a
relatively much smaller interaction at 300'K
(eqQ, /4& 20 Mc/sec). This is interpreted as due
largely to the average field gradient produced by
the 4f electrons which should be partially aligned
below the Curie temperatures. Assuming that
J of the rare earth ion (the ground state of the
Dy'+ is SH», ) in the garnet is a good quantum
number and neglecting crystalline field effects
on the 4f shell, "then the electric field gradient

Table II. Summary of results for the hyperfine interactions and chemical shifts observed in dysprosium iron
garnet at 300'K. Q& and g& correspond to the ground state of Dy 8; Q2 and g2 correspond to the 26-kev level of
Dyie i

Temperature
( K) {Mc/sec)

eqQ&/4
(Mc/sec)

eqQ&/4
(Mc/sec)

g1~g&eff
(Mc/sec)

g2u~&eff
(Mc/sec)

85
300

8 +10
12 +10

120 +30
&20

90 +30
&20

%00 +40
-84+20

+455 +40
+97 +20
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produced by this mechanism will be equal to the Boltzmann average of the electric field gradient pro-
duced by the ion in the various Jz states. In the Weiss field approximation, eqQ will then be given by

eqQ=e Q(1/ys) a

J =+J
z

[SJ '-J(J+1)] exp(-J AH/kT)
J

J =+J
z

J(2J-1) Q exp(- J gP8/k T), (1)
zJ =-J

where a is the matrix element (Q, (3cos'e~ -1)) for the ion in the state J' = J, "and H is the temperature-
dependent Weiss field. " The expression in brackets can be regarded as a modified Brillouin function
giving the average of [3Jz' - J(J+ 1)] instead of the average of J'z appearing in the usual Brillouin function

M/M
S

J =+J
z

J exp(- J gee/kT)
J J Z Z

J =+J
z

J Q exp(-J' gal/kT, ',
J =-J

z

(2)

which should describe the dependence of the
spontaneous magnetization of the dysprosium
sublattice on temperature. The functions of the
argument x =gpH/k T have been computed for
J= 15/2, and using Pauthenet's values for the
spontaneous magnetization to fix x from Eq. (2)
at 85 K and 300'K, Eq. (1) shows that eqQ(85 K)/
eqQ(300 K) should equal about 8, consistent
with experiment. Moreover, taking (1/r')
=74x10+'4 cm', '4 a=2/3 (assuming LS coupling), ~
we obtain from the experimental value of eqQ, /4
at 85'K, a value of about 2 x10 ~ cm' for Q, .
This lies between the value 3 x10 '~ cm' obtained
for Q, from measurements of Bg2) in Coulomb
excitation" and the value 1.1x10-"obtained by
Park from spin resonance experiments. We con-
sider that further investigations leading to a
knowledge of the necessary corrections to the
simple treatment outlined above will permit ac-
curate estimate of the electric field gradients
and nuclear quadrupole moments.
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