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the Hall voltage can come from the depletion lay-
er, since any carriers in that layer will have
drift velocities comparable with those in the in-
version layer and can be treated classically. At
very low temperatures the number of such elec-
trons is extremely small, and the considerations
of Gurvich' may apply. The characteristic time
for establishing a steady-state Hall voltage across
the depletion layer is the dielectric relaxation
time for the layer, which can be long enough to
make possible an experimental separation of the
slow depletion-layer contribution and the fast
inversion-layer contribution.

At temperatures or inversion-layer concentra-
tions high enough that more than one electronic
subband is appreciably populated, ' transfer of
carriers between the subbands becomes impor-
tant, and the simple considerations of this paper
are no longer sufficient. Work is underway to
extend the present results beyond the electric
quantum limit, and to more general current,
magnetic field, and surface orientations. When
many subbands are occupied, the conventional
theory'~' should be applicable.
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The magnon density of states of ferromagnetic GdCl3 in an external magnetic field has
been observed by means of high-resolution optical spectroscopy. The relevant transi-
tions arise from a single-ion transition mechanism, hut the initial (magnon) and in
some cases the final (exciton) states of the transitions are shown to have measurable
dispersion, contrary to the usual description of rare-earth salts.

We have observed in the optical absorption
spectrum of ferromagnetic GdC13, in an external
magnetic field, transitions originating from a
singly excited magnon whose line shapes are suf-
ficiently resolved to yield information about the
magnon density of states. To our knowledge, this
is the first spectroscopic observation of the mag-
non dispersion of either a ferromagnet or a rare-
earth salt. As a result, it is evident that high-
resolution optical spectroscopy when used in con-
junction with external magnetic fields can be use-
ful in studying the magnon structure of materials
with weak magnetic interactions.

In recent years magnons have been observed in

the optical spectra of several antiferromagnetic
transition-metal compounds' for which the mag-
netic interactions are one to two orders of magni-
tude stronger than that of the rare earths. These
transitions always involve an exchange-coupled
mechanism in which the magnon and exciton are
created or destroyed simultaneously on different
sites of the crystal. They therefore appear as
spin-assisted sidebands to the pure electronic
transitions of the metallic ion. On the contrary,
the transitions originating from a magnon state
of GdCl, arise from a single-ion transition mech-
anism. However, the excited states of the system
can not always be classified simply as single-ion
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Table 1. Properties of transitions from S7/2, ~~ = 2 magnon state

Excited
state Polarization

DOIQlnallt

dipole
character a

fobs fcalc
(x] 0 ) (x10") cQ,MJ, ML, Ms =2)

Energy of observed
density-of-state peaks

6PV2 2
6PV2 ~
6PV2 2
6PY]2 a
6
P5/2 &

6
P5/2 2

6
P5/2

Magnetic
Magnetic
Magnetic
Electric
Magnetic
Magnetic
Electric

7.0
4.9

3.2
5.6

3.94
7.03
6.75

1.87
4.67

1
2/7
1/21

0
5/7
2/7

0

0.6, 1.8
0.7, 2.0

0.4, 1.9
1.0, 2.0

~ most cases we have only shown that the transition is predominantly of this dipole character.
fobs = 1.09 x 10 f [o.'( v)/ (n~- g)]d v = observed oscillator strength.

fcalc= (Sm mc/he )v~(—e/2mc) (P(L+ 2S(g')~2=calculated oscillator strength.

excitations as is usually done in the analysis of
the optical spectrum of rare-earth salts since
dispersion of both the magnetic excitation of the
ground electronic state and of some of the excited
electronic states appears evident.

We have obtained high-resolution (0.1 cm ')
polarized absorption spectra of the transitions
S„~-'I'„~,'P„~ at 33000 cm '. The spectra

were studied photographically at 1.45'K as a func-
tion of external magnetic field oriented along the
hexagonal axis of the crystal and photoelectrically
at 1.12 and 1.70'K at a field of 28.36 kG. The
photographs were made. on a 5-m vacuum Ebert-
Fastie spectrograph, ' whereas the photoelectric
traces were obtained on a 1.8-m spectrograph of
the Ebert-Fastie design. 3 The axial spectrum
was also obtained photoelectrically.

With no external magnetic field the transitions
are broad and unresolved (half-width 5-10 cm ').
As the magnetic field is increased, the broad
lines split into many transitions which become
progressively sharper as the field is increased.
At the maximum field of our experiments, 36.5
kG, only transitions from the MJ =

~s (ground) and

M~ =
2 (magnon) components of the 'S„s state are

sufficiently populated for observation. All transi-
tions from the ground state which were not over-
absorbed in our thinnest crystals (0.1 mm) have
half-widths of less than 0.2 cm ', whereas the
half-widths of all transitions from the magnon
state were at least 1 cm '. The spectra appear
to obey the selection rules of the C3I, site group
of the hexagonal GdCl, crystals, i.e., magnetic
dipole, ~g=0(o), +1(m); electric dipole, BMOC

=+2 or +4(o), +3(m). The observed strengths of
the magnetic dipole transitions are nearly identi-

cal to the calculated values as shown in Table I.
That we observe single-ion selection rules and
absorption strengths indicates that these are
purely electronic single-ion tr".nsitions. The
electric dipole strengths cannot be calculated a
priori.

It should be noted that use of an external mag-
netic field in the study of the magnon state is
advantageous and perhaps necessary for materi-
als such as the rare-earth salts in which the
magnetic effects are small. Firstly, the field
separat. .s in energy transitions from the ground
and magnon states, making their observation eas-
ier. Secondly, the resulting depopulation of the
magnon state causes a sharpening of the transi-
tions as the magnetic field is increased.

At 28.36 kG we observe transitions which orig-
inate almost exclusively from the ground and
single-magnon states. For the latter we find five
magnetic dipole and two electric dipole transi-
tions. These are listed in Table I. Only the mag-
netic dipole transitions are sufficiently separated
from other transitions to give useful line shapes.
Four of the five have almost identical shapes and
energy separations from the equivalent transi-
tions originating on the ground state. The line
shape of a typical transition, 'S7(2 MJ— to
'P„„MJ=—,', is shown by the heavy solid curve
in Fig. 1. The line shape of the exception, the
transition 'S»„MJ= —, to 'P„2, MJ= -', , is indicat-
ed by the long-short dashed curve.

The transitions originating from a magnon in-
volve the destruction of the magnon and creation
of an exciton. Since the pseudomomentum of the
light wave is nearly zero, the wave vector of the
exeiton and magnon must be of the same magni-
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tude but of opposite sign. The resulting line
shape expression has the form

where a(v) is the absorption coefficient, Mij is
the single-ion transition moment between states
i and j, (nl mag) is the magnon occupation num-

ber, vk agand vk
x are the magnon and exciton

dispersion energies, respectively, and v is the
photon energy. Unlike the corresponding expres-
sion for magnon sidebands, all points in k space
are equally weighted since the transition moment
is independent of k.

If the exciton has no dispersion, then the spec-
troscopically observed energy difference 4v be-
tween a transition from the ground state and a
corresponding transition from the magnon state
is just the magnon dispersion. Under this cir-
cumstance, QI mag) is a function only of 4v and

I'IG. 1. Observed absorption coefficient and magnon
density of states for the transitions SY&2, ~J—g to

MJ= 2 and PY(2, MJ= ~2 ~ The scale on the left-
hand side applies tc the absorption coefficient a( v),
that on the right-hand side to the magnon density of
states c.'(v}j (n& mag) The.se spectra were obtained
at 1.12'K with external magnetic field of 28.36 kG along
the hexagonal axis. The upper scale of the abscissa
measures the energy separation from the correspond-
ing transition from the ground state, whereas the lower
scale is this energy difference less the contribution to
this splitting due to the external magnetic field.

can be removed from the summation of Eq. (l).
We may then write

which is simply the density of states for the mag-
non as a function of energy above the ground
state.

We believe that the four transitions with similar
line shapes involve excited states with small
(less than 0.5 cm ') exciton dispersion, whereas
the transition to the 'I', &» Mg= -', state shows
measureable (more than 0.5 cm ') exciton dis-
persion. The exchange matrix elements respon-
sible for the exciton dispersion involve the ex-
change of two electrons with the resulting ex-
change of the excitation between two neighboring
ions. A two-electron exchange (spin-independent
operator) cannot result in the exchange of more
than one unit of spin projection between the two
ions. Since the. ground state is Mg =

&2, the ex-
cited state must contain some Ms=-,' character
if dispersion is to occur; i.e. , we must deter-
mine the coupling coefficients C(J; M~, ML, M~
=-', ) of the expansion

The square of the coefficients which appear in
the relevant exchange matrix elements are listed
in Table I. Other things being equal, the 'I',

/Q,

M~= ~ exciton should have the largest dispersion,
the dispersion decreasing for lower values of MJ;

Furthermore, if one assumes no exciton dis-
persion for these four excited states, one can
correlate the energy features of the resulting
density-of-states curve a(v)/n~vmag with the en-
ergy of those points of the first Brillouin zone
with a high density of states, as calculated for
GdC13 by Marquard and Stinchcombe. ' These
calculations, based upon the exchange param-
eters obtained from thermodynamic data, ' indi-
cate two possible pairs of nearest- and next-
nearest-neighbor exchange parameters. The re-
sulting magnon dispersions have two branches,
an optical and an acoustical mode. Transitions
from both occur in the optical spectrum. The
first Brillouin zone of GdC13, with its points of
high symmetry labeled, is shown in Fig. 2.
Peaks in the density of states are likely near the
A and M points of the zone. The magnon energies
for points A and M calculated for the exchange
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FIG. 2. First Brillouin zone for GdC13.

parameters of set A (J, =0.051 cm ', Z, =0.005
cm ') are 1.92 and 0.96 cm ', respectively, for
the optical modes, and 1.92 and 0.68 cm ' for
the acoustic modes. For set B (Z, = -0.016 cm
J', =0.029 cm ') the energies are 0.97, 2.22, and
0.97, 1.38 cm ', in the same order. The spectro-
scopically observed density-of-states curve ob-
tained from Eq. (2) for the transition to the 'P»„
MJ =

2 state is shown by the dashed curve in Fig.
1. It has two peaks as do the curves from all
four of the nearly identical line shapes. The
energies of these peaks relative to the corre-
sponding transitions from the ground state, less
the contribution to the splitting of the ground and
magnon state from the external magnetic field,
are, listed in the last column of Table I.~ These
values are very close to those calculated for the
A and M points.

It the above analysis is correct, the overall
breadths of the line shapes favor the parameters
of set B as the total spread of the magnon dis-
persion for set A is only 1.65 cm ', whereas for
set B it is 2.72 cm . In addition, the calculated
magnon dispersions for both set A and set B sug-
gest that the greatest density of states lies at the
top surface of the zone over which the dispersion
is nearly flat. We observe the greatest density
of states at an energy of about 0.8 cm '. This is
almost identical to the energy of the A point for
set B (0.97 cm '), but not that of set A (1.92

cm '). A complete calculation of the density of
states based upon these two sets of parameters
is necessary to settle this question, but it should
be noted that the parameters of set B are sup-
ported by an analysis of the EPR spectrum of
Gd ' pairs in LaC13 and EuC13.'

We are presently studying the line shapes as a
function of temperature, both in absorption and
emission, in order to examine the exciton dis-
persion in the several states more carefully. We
are also examining some weak absorption lines,
not identifiable with single-ion transitions, whose
position and magnetic field splitting suggest a
transition in which both an exciton and magnon
are simultaneously created. The results of this
work and a more comprehensive discussion of
the spectrum will be presented elsewhere.
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must therefore be remembered that the density of
states may depend somewhat on the external magnetic
field.

R. J. Birgeneau, M. T. Hutchings, and W. P. Wolf,
J. Appl. Phys. 38, 957 (1967).

1693


