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Studies of the dependence of the optical Shubnikov—de Haas effect on magnetic field, photon
energy, and crystalline orientation have been carried out to determine the basic physical
mechanisms involved in the observation of this effect in the reflectivity. For magnetic fields
near 100 kG, fractional changes in the reflectivity, [R(H) —R(0)]/R(0), as large as 100% have
been observed, which can be associated with the passage of a Landau level through the Fermi
surface. Furthermore, these large reflectivity oscillations are observed in the energy range
0.0670 =%w=0.3655 eV, not just in the vicinity of the plasma edge (~0.117 eV) as previously
reported, and the amplitudes of these reflectivity oscillations are found to be roughly inde-
pendent of the photon energy. These observations appear to be inconsistent with the model
used by Dresselhaus and Mavroides to interpret the reflectivity oscillations which they ob-
served near the plasma edge. The identification of the present reflectivity oscillations with
the optical Shubnikov—de Haas effect is based on the frequency independence of the resonant
magnetic fields and on the excellent agreement with the periods measured in other de~-Haas—
van-Alphen—type experiments for the corresponding crystallographic orientations. To explain
the large magnitudes of the reflectivity oscillations, a magnetic-field-dependent and oscilla-
tory relaxation time is required. Furthermore, to explain the persistence of these oscilla-
tions for photon energies far above the plasma edge, it seems necessary to explicitly include
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the effects of interband transitions.

1. INTRODUCTION

The magnetic -energy-level structure of antimony
has been studied extensively by experimental tech-
niques which detect the passage of Landau levels
through the Fermi surface. These include the
de Haas-van Alphen (dHvA), 1-3 Shubnikov-de Haas
(SdH),*Cultrasonic attenuation,” magnetothermal, ®°
and optical Shubnikov-de Haas'® experiments. In
the latter experiments, Dresselhaus and Mavroides
(DM) observed a series of frequency-independent
oscillations in the optical reflectivity which were
found to be periodic in the inverse magnetic field,
with periods which were in good agreement with the
periods measured in other dHvA-like experiments
for the corresponding crystallographic orientations.
Their data were interpreted in terms of magnetic-
field-dependent carrier-density oscillations in the
high-frequency conductivity and this model was
adequate for the explanation of most of their ob-
servations.

In this paper we will be concerned with optical

" SdH measurements made using a laser source, over
a wide range of photon energies, at temperatures
near the A point of liquid He. Initially, these mea-
surements were expected to constitute a detailed
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confirmation of the predictions of the model used by DM
to interpret their experiments, especially with regard
to the dependence of the line shape on magnetic field
and photon energy and the dependence of the ampli-
tudes of the reflectivity oscillations on temperature.
However, as our experiments progressed, it seemed
increasingly unlikely that our data could be inter-
preted in terms of carrier-density oscillations or,
indeed, in terms of an inf{vaband contribution to the
dielectric constant. To understand the difficulties
encountered in the interpretation of our experimen-
tal data in terms of the simple model of DM, this
model, which has not been published previously, is
presented in Sec, II. After discussing certain ex-
perimental details in Sec. III, the results of the
laser magnetoreflection experiments are presented
in Sec. IV. DPossible interpretations of these results
are discussed in Sec. V.

II. SIMPLE THEORY"

In this section we will consider a simple theory
of the optical SdH effect in which the reflectivity
oscillations are caused by magnetic-field-dependent
carrier-density oscillations. Starting with a very
general expression for the optical conductivity, the
intraband conductivity will be calculated for a sim-
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5 STUDY OF THE OPTICAL SHUBNIKOV —DE HAAS EFFECT

ple model. This result will be used to evaluate the
reflectivity as a function of the magnetic field and
photon energy.

If the energy eigenvalues and eigenstates of an
electron in a crystal are represented by E; and |7),
respectively, then the high-frequency conductivity
0,s(w) can be expressed as a sum over states,

25 f(E) -f(E))

v ny Ei-E

(iloyli) (ilwgli) ¢))
~iw+1/7+@/R)(E;-E,) ’

where the summation indices ¢ and j represent all
the quantum numbers necessary to describe the ini-
tial and final states.!! In Eq. (1), f(E) is the Fermi
function, ¥V is the velocity operator, and 7 is a re-
laxation time which is taken to be independent of the
temperature, energy, and all external fields. In
carrying out the sum over states, the expression
[f(E)~-F(E))/(E,~E,) is to be replaced by (df/
dE)| BB, when ¢=3j. Since the velocity operator may
be written to include the effects of an external mag-
netic field and the effects of electron spin, *? the
above expression for the high-frequency conductivity
should provide a suitable basis for the interpreta-
tion of high-field magnetoreflection experiments.!®*

To evaluate most simply the portion of Eq. (1)
which is associated with the intraband conductivity,
the carriers are assumed to be located in simple
parabolic energy bands and the effects of electron
spin are neglected. Although these assumptions
are not valid for the carriers in antimony, 15 the re-
sults which are obtained here will allow us to ex-
amine the essential features of the dependence of the
intraband conductivity on the magnetic field and
photon energy.

To evaluate the intraband portion of Eq. (1) in the
presence of a magnetic field, it is necessary to
solve the Schrddinger equation in the effective-mass
approximation:

(1/2m)7-a.7¥,=E,¥, . (2)

In Eq. (2), @ is the dimensionless inverse-effective-
mass tensor, E, are the energy cigenvalues mea-
sured from the bottom of the band in question, and

7 is related to the velocity operator v by

B+< Ao), 3)
where p is the electron momentum, m is the free-
electron mass, and A, is the vector potential of the
external magnetic field.

Since the Fermi surface for the carriers in an-
timony is, for the purpose of this discussion, el-
lipsoidal and since the ellipsoids are tilted with re-
spect to the crystallographic axes, the solution of
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Eq. (2) is greatly simplified by making a transfor-
mation in momentum space to a coordinate system
in which the Fermi surface is spherical. We there-
fore introduce three real vectors VV(I), W(Z), and
W(3) which are defined by the relation, 13

3
izl Wy(l) WB(Z) = Oy - (4)

For electrons in a magnetic field, we impose the
additional restrictions

W(1)xW(3)-H=0, (5a)
W(e)xW(3)- H=0, (5b)
W)xWw@)-H<o0, (5¢)

where W(3) is taken to be parallel to the magnetic
field. For holes, the opposite inequality holds in
Eq. (5¢c).

Using the W(z), it may be readily shown that the
intraband conductivity for an arbitrary field direc-
tion is given by

076(0))

ne? 1 (1 —iwt)
m[(1 —iwT)%+ (w, 7]

= [Ww(l) WB(I) + W,(Z) WB(z)]

nelTw,T
(1 - iwr)*+ (w,7)°]

+[W,(2) Wa(1) = W, (1) W,(2)] ml

nez'r

+ W,(3) Wg(3) o

, (8)
where the cyclotron frequency w, is defined by

__e_H___fzﬁ_(?r?l-f))”z .
We= X e “me \ detm ’ ()
in which E= (‘51’)'1 is the dimensionless effective-
mass tensor, j{ is a unit vector along the magnetic
field, and detm is the determinant of the effective-
mass tensor. In Eq. (6), the carrier density » is
a function of the magnetic field H and the tempera-
ture T and is given by the expression'®

@, 1) CEERYE (my “2(1_3w7 RT(w ) ®
T T g \m 4 EY®

x }:1 p"%sinh(27%p kT /1w,

2
= (=1tcos[(2mp Ep/liw,) + % n]e™ ‘”‘TD/"“’C>

(8)
where T, is the Dingle temperature and where the
effective-mass projection along the magnetic field
m¥ is given by

mE=(b m-b)m . (9)

In the absence of a magnetic field, Eq. (6) reduces
to the usual zero-field result!’

[827X) ea'r

m(l -iwt) ’ (10

oyp(w) =
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where ng is the zero-field carrier density, obtained
by setting H=0 in Eq. (8).

When we calculate the reflectivity as a function
of the magnetic field and photon energy, we will,
for simplicity, consider the case where the mag-
netic field is parallel to the trigonal axis of the
crystal and we will consider intraband effects due
to both electrons and holes. Since the crystal has
threefold symmetry about the trigonal axis, all of
the electron and hole pockets will have the same
cyclotron masses, though the electron masses will
be about three times heavier than the hole masses®;
thus, the oscillatory effects will be due primarily
to holes. With the radiation normally incident on
the crystal and parallel to the magnetic field, the
intraband contribution to the dielectric constant
becomes simply

ami @)
€intra™ " " Oes(E

47
= 5(011 + 022) £ {[5 (013 = 025)] + 012 021}/ ?]

4mi & (3";: (o) +ab) 7, (1 —dwT,)
w m (1 =0T, + (7,7

+

$ng(afi+ag) T, (1 —iw're)> 1)
(1 —dwr, P+ (weT,)? ’

where the subscripts 1 and 2 refer to the binary and
bisectrix axes, respectively, and where the super-
scripts (or subscripts) e and % refer to electrons
and holes, respectively. The normal-incidence
reflectivity R can then be calculated using

(N-1P+K?
R IFKT 12

where N and K are the real and imaginary parts of
the index of refraction.

At this point we wish to consider the relationship
between the temperature dependence of the reflec-
tivity oscillations and the effective masses of the
carriers. If the changes in the reflectivity with
magnetic field are small (as our calculations for
this simple model of the optical SdH effect suggest),
we can make a Taylor expansion of the reflectivity
in the quantity I', defined as

nt (1 —iwT)

F=P(H,T)=mw s (13)

about its zero-field value

K

To=T(0, T)=7%— .

(19)
The reflectivity at a given magnetic field and tem-
perature R(H, T) is then given by

R(H, T)=R(0, T>+<§-§)r (C=Tg)+e+-. (15)
0
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At the plasma edge, w7~100 and (w,/w)*~1k5 for
H=100 kG, so that I" is almost purely imaginary,

ImI' - ImI'y= wT(Rel' - Rel'y)

. T(wT) n(w T)z>
:m ((n—no)+m . (16)
Then we can write
AR=R(H, T) - R(0, T):<%>r (ImT' - ImT,)
0

o

()
= 0w [y w

Experimentally, we measure [R(H, T) - R(0, T)]/
R(0, T) so that the fractional change in the reflec-
tivity is proportional to the oscillatory terms of
Eq. (8) and to a nonoscillatory field-dependent term
of comparable magnitude. Therefore, a study of
the temperature dependence of the oscillatory-re-
flectivity amplitudes should yield the effective
masses of the carriers associated with the oscilla-
tions. ! Note that in Eq. (17) the coefficient of the
term in large round brackets is multiplied by (3R/
9w)y.0, implying that structure in the zero-field
reflectivity enhances the magnetic field dependence
of the reflectivity. Hence the largest effects might
be expected near the plasma edge.

Using parameters appropriate to antimony for the
trigonal orientation, we have plotted in Fig. 1 the
calculated fractional change in the reflectivity as a
function of the magnetic field, assuming 7T=0°K,
for three photon energies near the plasma edge
(ﬁw,~0. 117 eV). In each case, we see a series of
oscillations, periodic in the inverse magnetic field,
superimposed upon a field-dependent background
which is rising or falling, depending upon the photon
energy. For the upper two plots (fw=0. 1033,

0. 1127 eV), the passage of a Landau level through
the Fermi surface is associated with the reflectivity
minima, while for the lowest plot (Zw=0.1181 eV)
it is associated with the reflectivity maxima. Note
that the magnetic field values associated with the
passage of a Landau level through the Fermi surface
(hereafter referred to as dHvVA resonant-field val-
ues) are independent of the photon energy. This
frequency -independent feature of their experimental
data led DM to associate the periodic reflectivity
oscillations with the optical SdH effect. 1°

The cusps in the carrier density [and, from Eq.
(17), in the reflectivity| occur, for our model, when
a Landau level [ passes through the Fermi surface:

[0 = ng) + nolw/w)?] . (A7)

wi

Ep=hiw,(1+%) . (18)

More generally, Onsager19 has shown that the pas-
sage of a Landau level through the Fermi surface
occurs when
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hw=0.1033 ev
0.5%
hw=0.1127ev
— FIG. 1. Calculated reflectivity spec-
o trum for antimony at the photon energies
x 2% 0.1033, 0.1127, and 0.1181 eV, assuming
—_ T =0°K, for the magnetic field parallel
o to the trigonal axis. For the top two
? traces, the passage of a Landau level
T through the Fermi surface is associated
- with the reflectivity minima, while for
nEa the bottom trace, the reflectivity maxima
correspond to the passage of a Landau
level through the Fermi surface.
hw=0.1181ev
10.5 %
| | | | ] | | |

50 60 70 80
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— _-_CAr _
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where P is the dHvVA period, Ay is the area of a
stationary section of the Fermi surface taken nor-
mal to the magnetic field, and y is the phase of the
carriers.

The fine structure on the main oscillations of Fig.
1 is associated with the electrons. The effects due
to electrons are small, since for this magnetic field
orientation, the cyclotron mass for the electrons
is much larger than that for the holes.

In Fig. 2, the amplitudes of the reflectivity oscil-
lations which occur near 87 kG (see Fig. 1) are
plotted as a function of photon energy. The positive
and negative reflectivity amplitudes indicate that
the passage of a Landau level through the Fermi
surface is associated with reflectivity minima and
maxima, respectively. We notice that the ampli-
tudes of the reflectivity oscillations are only size-
able in the vicinity of the plasma edge. For our
simple model, this can be understood from Eq.

(17). More generally, the real part of the dielec-

100

tric constant vanishes near the plasma edge when
the core dielectric constant cancels the real part

of the zero-field intraband dielectric constant (or
the imaginary part of the intraband conductivity).
When this occurs, the small conductivity oscilla-
tions (about 1% for magnetic fields near 100 kG) give
rise to observable reflectivity oscillations.

For comparison with our simple theory, we pre-
sent, in Fig. 3, an experimental trace obtained by
DM, using a globar source. The magnetic field is
along the binary axis, the sample temperature is
about 25 °K and the photon energy is 0. 1086 eV,
which is very close to the plasma edge. We see the
small SdH oscillations superimposed on a large
field-dependent background. Since this trace is so
noisy, the asymmetry in the line shape associated
with the passage of a Landau level through the Fermi
surface cannot be observed. However, using the
fact that the field-dependent background is rising,
the dHvA resonant fields are identified with reflec-
tivity minima (see Fig. 1). The period obtained by
fitting the dHvA resonant fields to an expression
like Eq. (19) agrees well with the electron period
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measured by Windmiller for this orientation. 3

As we mentioned previously, DM found that the
magnetic field values associated with the reflectiv-
ity extrema were independent of the photon energy.
They also found indirect evidence that the dHVA
resonant fields were associated with reflectivity
minima below the plasma frequency and reflectivity
maxima above the plasma frequency. Furthermore,
the range of photon energies over which they ob-
served the SAH reflectivity oscillations corresponds
to the range predicted by the simple theory outlined
above. However, in spite of the agreement between
theory and experiment on the line-shape reversal at
the plasma frequency, the general shape of the fre-
quency dependence of the oscillatory amplitudes and
the range of frequencies for which the SdH oscilla-
tions are observed, there is some disagreement
about the magnitudes of the oscillatory amplitudes.
The magnitudes of the oscillatory reflectivity am-
plitudes, as computed using Eqgs. (8) and (17) for
T=25°K, are about two orders of magnitude small-
er than those observed by DM.

The present experiments were undertaken to
check this agreement in a more quantitative sense.
If the asymmetry in the line shape could be ob-
served, then a more precise determination of the
dHvVA periods would be possible. Furthermore,
from a study of the temperature dependence of the
oscillatory amplitudes, the effective masses of the
carriers associated with the oscillations could be
determined, as one usually does in dHVA experi-
mentsl; such a study could provide excellent proof
that the reflectivity oscillations observed by DM are
associated with dHvA-like oscillations in the optical
conductivity. Finally, the apparent problem with
the magnitude of the reflectivity oscillations indi-
cated the need for further investigation.

III. EXPERIMENTAL APPARATUS AND SAMPLE
PREPARATION

The experimental apparatus employed in the pres-

200—
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140 fiw =0.1086 eV
120
100
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[RH1-R(0)] /R(O) (percent)
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g i A U N o T [ S S N
o 20 40 60 80 100
H (kG)
FIG. 3., Experimental trace of Dresselhaus and Mav-

roides (Ref. 10) showing the fractional change in the

reflectivity plotted as a function of the magnetic field for
the magnetic field along the binary axis. Photon energy
is 0.1086 eV and the sample temperature is about 25 °K.
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FIG. 4. Experimental apparatus used in the laser magnetoreflection experiments.

ent experiments contains two substantial improve-
ments over that used by DM. 10 These are (i) the use
of an amplitude-stabilized laser instead of a globar
source and (ii) the use of a sample Dewar which al-
lows the immersion of the sample in liquid helium.
The focusable laser beam permits the use of smaller
samples and thereby leads to a reduction in magnetic
field inhomogeneities over the sample and a subse-
quent increase in the magnitudes of the oscillatory -
reflectivity amplitudes. The higher resolution,
furthermore, makes possible experimental line-
shape studies. The second experimental modifica-
tion, which made possible measurements on samples
at low temperatures (~2 °K), turned out to be most
significant and is discussed in Sec. IV.

A block diagram of the experimental setup is
shown in Fig. 4. The laser uses Ne, He-Ne, and
He-Xe gas mixtures to produce a number of lines
with wavelengths between 3.5 and 18.5 u. The beam
is coupled out of the laser by means of a Brewster-
angle plate and is, therefore, linearly polarized.
One laser line is selected by means of a low-resolu-
tion monochromator and this line passes through an
image rotator which allows one to vary the polariza-
tion of the optical electric field with respect to the
crystallographic axes of the sample. The beam then
passes through an iris diaphragm whose aperture
is controlled by an error signal from the Ge: Cu
reference detector. This serves to control the long-
time-constant laser drift. The beam is chopped at
720 Hz, with half of the beam being reflected from

the chopper blade and passing to a reference de-
tector. The other half of the beam passes through
the chopper blade, is reflected from the sample
which is immersed in liquid He, and is detected by
another Ge: Cu detector. The signals from the two
detectors are subtracted in a difference amplifier
and the result is sent to a lock-in amplifier whose
output is recorded on a chart recorder. The laser
output is regulated by controlling the laser current
with an error signal generated by the feedback am-
plifier. ** Using both the iris diaphragm and the
feedback-current regulator, the laser output can
be stabilized to better than 1% over a period of 3 h.
The most formidable experimental problems en-
countered in the course of this work were those
related to sample preparation. It was found that
the experimental results depended critically on the
surface quality as well as upon the previous history
of the sample. When a “good” sample surface was
prepared, the magnetoreflection traces obtained
at sample temperatures near 2K resembled those
shown in Fig. 9 of Sec. IV where the large SdH
oscillations are the dominant features in the reflec-
tivity. When a “bad” surface was prepared, the
traces obtained at low temperatures resembled the
trace of DM shown in Fig. 3, where the small SdH
oscillations are observed in the reflectivity only
for frequencies in the vicinity of the plasma edge.
The standard method of checking a sample surface
by examining the spots in a Laue x-ray backreflec -
tion picture proved to be insensitive to the differ-
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ences between the sample surfaces which yielded
good results and those which did not.

The most important consideration in obtaining
good results is the use of material which has not
been temperature cycled, since the quality of a
sample deteriorates rapidly with thermal cycling.
After yielding good optical SdH results at liquid-
helium temperatures, a sample which is warmed
to room temperature and then recooled to liquid-
helium temperatures yields nothing. Subsequent
attempts to resurface material which has been
cycled have proven fruitless, indicating that the
entire crystal is strained. When a good sample
was found, it was kept at liquid-nitrogen tempera-
tures until the next magnet run, after which it was
again preserved at liquid-nitrogen temperatures.
Even with these precautions, samples deteriorated
rapidly and the SdH amplitudes decreased signifi-
‘cantly from one day to the next.2® Of course, ex-
treme caution was exercised in mounting the sam-
ples. A small beryllium-copper spring was used
to hold the samples in place, after which a small
quantity of vacuum grease was applied to keep the
samples from moving about.

All experiments were performed on samples with
surfaces perpendicular to one of the principal crys-
tallographic axes. Trigonal faces were prepared
by cleaving the material in liquid nitrogen and im-
mediately etching the surface for about 30 sec in a
bath consisting of six parts glacial-acetic acid, five
parts fuming-nitric acid, and two parts hydrofluoric
acid. The preparation of sample surfaces perpendicu-
lar tothe binary and bisectrix axes presented more of
aproblem. The most effective method involved hand-
lapping the surfaces, using SiC grits of various sizes
withwater onaglass plate. After beinglapped withthe
finest grit, the samples were treated with the above-
mentioned etch. The sample was then lapped again
for a shorter time, using the finer grits, and etched
again. This process was repeated four or five
times, each time reducing the lapping time and the
size of the grit. Samples prepared in this manner
possessed a fine optical surface and had a reason-
ably good chance of yielding interesting optical SdH
results, 2°

IV. EXPERIMENTAL RESULTS

In this section the results of the laser magneto-
reflection studies of the optical SdH effect will be
presented and discussed. We will find that, at low
temperatures, with good samples, our results dif-
fer in two major respects from the predictions of
the simple model of Sec. II. First of all, for mag-
netic fields near 100 kG, fractional changes in the
reflectivity as large as 100% are observed when a
Landau level passes through the Fermi surface.
We remarked at the end of Sec. II that the SdH os-
cillatory amplitudes observed by DM were much
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larger than one would expect to find at the tempera-
ture of their experiments. At low temperatures,
the magnitudes of these oscillations become very
strikingly large. The second major discrepancy
between our simple model and our experimental
observations is in the weak dependence of the oscil-
latory -reflectivity amplitudes on photon energy.

We observe large fractional changes in the reflec-
tivity over the entire range of photon energies avail-
able from our laser (0. 0670<7w<0. 3655 eV). In
particular, we find the amplitudes to be roughly in-
dependent of energy throughout the entire energy
range, although, on the best samples, the SdH am-
plitudes increase slightly with increasing energy.

In addition, we observe a number of other new
phenomena, usually on those samples which exhibit
the largest SdH oscillations.

A. Binary Orientation

We first wish to consider the orientation for which
the binary axis is parallel to the magnetic field. For
this orientation, the various hole and electron el-
lipsoids will not be equivalent and the intraband
contribution to the dielectric constant will no longer
have the simple form of Eq. (11). For the binary
orientation, the largest dHvVA periods are associated
with the nonprincipal hole and electron ellipsoids®!
and have the values 1. 16x 10 and 1. 27x10°¢ G,
respectively.® The effective conductivity for this
orientation is'’

Oore(£) =3 (020 + 0g5) £{[3(022 — 033)° + 025 032}1/2 ’
(20)

where the subscripts 2 and 3 refer to the bisectrix
and trigonal axes, respectively, and where, in the
absence of a magnetic field, the + sign is chosen to
give the conductivity for the optical electric field
parallel to the bisectrix axis and the - sign to give
the conductivity for the electric field parallel to the
trigonal axis.

Evaluating the W vectors for the nonprincipal el-
lipsoids, the intraband-conductivity components
appearing in Eq. (20) may be found using Eq. (6).
They are for electronic conduction

020/00=1 (3041 + azp) , (21a)
033/00= 033, (21b)
— 023/ 00=+ 032/ 00 = 3 [53(B0tyy + 0zp) — 35]'/2
x[w /(1 =iwT)], (21c)
where
qne®t (1 —jwT) (22)

0= [ —iwr R+ (woT )]

and where ¢ is the number of nonprincipal carrier
ellipsoids for each kind of carrier and has the value
2 for electrons and 4 for holes. [Note that for holes,
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FIG. 5. Experimental magnetoreflection trace obtained

at #w=0,1129 eV and T=1.89°K, with f parallel to the
binary axis and polarization E parallel to the bisectrix
axis.

the opposite signs are taken in Eq. (21c).] Using
appropriate values for the inverse-effective-mass-
tensor components!® and assuming the electron and
hole relaxation times to be comparable, the contri-
bution to the effective conductivity from the non-
principal hole and electron ellipsoids can be eval-
uated. It is found that the contribution from the
hole ellipsoids is comparable to, though slightly
larger than, the contribution from the electron el-
lipsoids. Thus, if the hole and electron relaxation
times are comparable, we should observe two series
of SdH oscillations in the reflectivity, with the ampli-
tudes of the oscillations associated with the holes
being slightly larger than those associated with the
electrons.

The experimental trace for H parallel to the bina-
ry axis shown in Fig. 5 was obtained for a wave-
length of 10. 978 u (=0. 1129 eV) which is very close
to the plasma edge; the sample temperature was
1.89°K and electric field polarization was E paral-
lel to the bisectrix axis. In sharp contrast to the
trace of Fig. 3, the trace of Fig. 5 shows a single
series of extremely large reflectivity oscillations
which completely wash out the magnetic-field-de-
pendent background. Near 90 kG, the amplitude
of these reflectivity oscillations reaches nearly 70%,
which is more than an order of magnitude larger
than the predictions of the simple theory of Sec. II

Using the fact that the passage of a Landau level
through the Fermi surface is associated with the
narrow sharp portion of oscillatory line shape (see
the discussion following Fig. 2), we can identify the-
dHvA resonant magnetic fields with the reflectivity
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maxima and make a quantum assignment as shown
Using this quantum assignment and the
dHvA resonant-field values, a least-squares fit was
made to Eq. (19) to determine the period P and the
phase y associated with the oscillations labeled
8-16 in Fig. 5. We obtain P=1,24x10°® G, which
agrees well with the period measured by Windmill-
er? for electrons.

Using standard expressions, 2 we computed the
standard deviation in magnetic field, Ay, and the
fractional standard deviation in the period, AP/P,
due to differences between the data points and the
For the trace of Fig. 5 we obtain &,
=305 G and AP/P=0.83%. Since the experimental
traces can be read to 0. 1% of full scale, or about
100 G, we see that the deviation of the data points
from the fitted line is rather large compared with
the accuracy to which we can read the experimental
However, this is to be expected since the
reflectivity maxima of Fig. 5 are rather broad.
Note that the absolute accuracy of our magnetic
field values is not greater than 1%. Furthermore,
the magnet calibration tends to change slightly with
time because of shifts in the copper plates which
make up the Bitter solenoid. Nevertheless, it is
interesting and useful to calculate Ay in order to
check the internal consistency of our least-squares
fit with regard to the quantum assignment and to
the identification of the dHvA resonant fields with
either reflectivity minima or maxima. Thus, the
value we have calculated for AP/P is not to be taken
as the absolute error in the period measurement.
Instead, this value is useful for checking the peri-
odicity of the reflectivity oscillations in inverse
magnetic field. The fits to the experimental traces
which are presented below yield even smaller val-
ues for AP/P than the fit to the trace of Fig. 5, in-
dicating that the periodicity of the reflectivity os-
cillations in inverse magnetic field is quite exact,
even for these low quantum numbers. Since we
expect the departures from periodicity to be minor
as long as the Fermi level does not depend strongly
upon the magnetic field, the small values we obtain
for AP/P indicate that it is a good assumption to
take the Fermi level to be independent of the mag-
netic field for H <100 kG.

The exact periodicity of the reflectivity oscilla~
tions in inverse magnetic field also supports the
observation that the reflectivity oscillations are
associated with a single set of conductivity oscil-
lations, due to electrons. When we examine traces
for the bisectrix orientation below, we will see
that the presence of two series of conductivity os-
cillations will give rise to reflectivity oscillations
which exhibit sizeable departures from periodicity
as evidenced by large values for AP/P. From our
previous discussion, it is difficult to understand the
absence of reflectivity oscillations associated with
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holes on the trace of Fig. 5. The zero-field reflec-
tivity calculations, 23 which gave the electron and
hole relaxation times used to obtain the plots of
Figs. 1 and 2, indicate that the relaxation times for
electrons and holes are roughly equal. Althoughwe
would expect to observe reflectivity oscillations due
to both electrons and holes, we find no evidence for
oscillations due to holes on the trace of Fig. 5 or on
any other experimental trace obtained from the same
sample at other photon energies. A solution to this
dilemma will be proposed when we examine data for
the bisectrix orientation below.

As we remarked previously, the amplitudes of
the SdH reflectivity oscillations in the trace of Fig.
5 are more than an order of magnitude larger than
the reflectivity oscillations which are to be expected
from carrier-density oscillations in the intraband
conductivity. For the carriers in antimony, the
carrier-density oscillations have amplitudes of
about 1% at T=0°K for magnetic fields near 100 kG
and it is the plasma-edge enhancement of the oscil-
latory component of €; which leads to SdH oscilla-
tions in the reflectivity of 5% near the plasma edge.
The large amplitudes of the observed reflectivity
oscillations lead us to believe that the oscillations
are probably associated with some mechanism other
than carrier -density oscillations. In this regard,
the dc SdH experiments of Rao et al.® and Long
et al.® are very suggestive. Rao et al.® observed
SdH oscillations in antimony due to both electrons
and holes and they noticed that the amplitudes of
these oscillations were nearly two orders of mag-
nitude larger than one would expect on the basis of
a theory which only considered magnetic -field-de-
pendent variations in the carrier density and the
Fermi level, such as that of Lifshitz and Kose-
vitch. 2 Their experimental results were also com-
pared with the predictions of a theory due to Zil’ber-
man, 2° who considered the effects of Landau quan-
tization on the relaxation times of the carriers. The
predictions of the Zil’berman theory were somewhat
larger than the observed amplitudes, but were of the
correct order of magnitude. Long et al. ® reached
similar conclusions in regard to their SdH experi-
ments. We note that an energy-dependent relaxa-
tion time would lead to a different functional form
for the intraband conductivity. However, we will
defer further consideration of this problem until
more experimental data have been presented.

Finally, it is interesting to note that in Fig. 5
there are no signs of the large field-dependent back-
ground which appears in the trace of Fig. 3. Al-
though the amplitude of this background in Fig. 3
reaches 20% at magnetic fields near 100 kG, it is
not visible in the trace of Fig. 5. It is also impor-
tant to note that the resonant line shapes in Fig. 5
indicate that the passage of Landau levels through
the Fermi surface is associated with reflectivity
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maxima, even though the photon energy at which the
trace of Fig. 5 was obtained is below the plasma
energy (~0.117 eV). Furthermore, the dHvA reso-
nant magnetic fields are associated with reflectivity
maxima on all experimental traces (that is, at all
photon energies) obtained from this particular sam-
ple, as the line shape and the values obtained for
Ay and AP/P indicate.

It is not always the case that the resonances are
identified with reflectivity maxima, as can be seen
in the traces of Fig. 6. The top trace of Fig. 6 was
obtained at a wavelength of 18.500 u (= 0. 0670 eV),
while the bottom trace was obtained for a wave-
length of 5. 5739 u (=0.2224 eV). In both cases, the
sample temperature was around 1.96 °K with the op-
tical electric field E parallel to the bisectrix axis.
Although the photon energies at which both of these
traces were obtained are far from the plasma ener-
gy, we nevertheless observe SdH reflectivity oscil-
lations with extremely large amplitudes. In each
trace, there is a single series of oscillations, al-
though it is the reflectivity minima that are now as-
sociated with the passage of a Landau level through
the Fermi surface.

Using the quantum assignment shown in Fig. 6, a
fit was made to the reflectivity minima to obtain the
period and phase. For the bottom trace, we ob-
tain P=1,28X10"® G with A, =380 G and AP/P
=0.97%, while, for the top trace, P=1,28x10" G
with A, =330 G and AP/P=0. 83%. In both cases,

a fit was made to the reflectivity minima labeled
8-17. Although the fit is rather good, we notice,
in the bottom trace, that the reflectivity minima
labeled 15-17 are less clearly defined than the
others and contribute most significantly to A, We
confirm this by making a fit to the minima of the
lower trace corresponding to I=8-14; we obtain
Ay=176 G and AP/P=0.55%. This value for Ay is
close to the accuracy with which we can read the
experimental traces, and the small value for AP/P
indicates the exactness of the periodicity of the
reflectivity oscillations in inverse magnetic field,
leaving little doubt that the reflectivity oscillations
in the bottom trace of Fig. 6 are associated with
electrons only. Similar conclusions apply to the
top trace of Fig. 6.

The traces of Fig. 6 disclose, in a clear and ob-
vious manner, the second major discrepancy be-
tween our experimental data and the predictions of
the simple theory of Sec. II. In the bottom trace,
for example, the amplitudes of the reflectivity os-
cillations near 75 kG are around 40%, whereas the
simple theory suggests that they should be on the
order of 0.1%. Similarly, in the upper trace of
Fig. 6, the amplitudes of the reflectivity oscillations
are nearly two orders of magnitude larger than the
predictions of the simple theory. Considering the
traces of Fig. 6 along with other traces obtained
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FIG. 6. Experimental mag-
netoreflection traces obtained
at Zw=0,0670 and 0.2224 eV
for T=1.96°K, i parallel to
the binary axis and polariza-
tion E parallel to the bisectrix
axis.,

H (kG)

from the same sample, we find that the amplitudes
of the reflectivity oscillations are roughly indepen-
dent of the photon energy (to within a factor of 2) and
they are observed over a very wide range of photon
energies, not just in the vicinity of the plasma edge
as previously reported10 and predicted by the simple
theory. Furthermore, the strong photon energy de-
pendence of €, ~1/w? for intraband processes implies
that this contribution to €; must become extremely
small at photon energies much greater than the '
plasma energy, so that smaller reflectivity oscilla-
tions are expected at high photon energies than at
low energies. However, we find this not to be the
case and, in Fig. 6, the reflectivity oscillations ob-
served at 0. 2224 eV are, in fact, larger than those
obtained at 0. 0670 eV.

The presence of large-amplitude reflectivity os-
cillations at photon energies well above (and below)
the plasma energy is a feature which is common to
all samples of reasonably high quality. For the
sample of Fig. 6 we observe that there is no line-

shape reversal associated with the plasma energy
and the resonances are associated with reflectivity
minima for photon energies both above and below
the plasma energy. We remarked in connection
with the sample which yielded the trace of Fig. 5
that the dHVA resonant fields were associated with
reflectivity maxima for all photon energies (both
above and below the plasma energy). In general,

it has been found for high-quality samples that the
passage of a Landau level through the Fermi surface
is associated with either reflectivity minima or
maxima, depending upon the sample, and that no
line-shape reversal occurs at the plasma energy.
None of these phenomena can be understood in terms
of the simple theory of Sec. II.

We note briefly that the envelope on the SdH os-
cillations in the traces of Fig. 6 is probably due to
a beating between contributions from the two elec-
tron ellipsoids. A 3° misalignment of the binary
axis and the magnetic field would give rise to a 5%
difference between the dHvA periods of the two
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FIG. 7. Frequency independence of
8 the dHVA resonant fields is seen in this
plot of the dHvVA resonant magnetic field
values as a function of photon enérgy.
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electron ellipsoids, ? and this would be enough to
explain the envelope. Such a misalignment is pos-
sible because of the surface preparation and sample
alignment procedures.

On the upper trace of Fig. 6 (iw=0.0670 eV), we
have marked some additional structure on the high-
field side of the reflectivity minima labeled 8-11.
This series of shoulders is periodic in inverse
magnetic field with a period equal to that of the main
reflectivity minima 8-14. If these shoulders are
associated with the spin splitting of the Landau
levels, and the cyclotron-mass data of Datars and
Vanderkooy!® are used to compute the g factors as-
sociated with this splitting, reasonable agreement
is obtained with the g factors determined by Wind-
miller? and McCombe and Seidel.® Because of the
crystal misalignment in the results of Fig. 6, it
would be unwise to place great emphasis of these
values for the g factors. This point will be con-
sidered again when data for the trigonal orientation
are presented. Finally, for the traces of Fig. 6,
it is important to note that the magnetic field value
at which a given Landau level passes through the
Fermi surface is independent of the photon energy.
It was this frequency independence of the dHvA
resonant fields which led DM to identify the reflec-
tivity oscillations with the optical SdH effect. To
emphasize this point, the dHvA resonant-field val-
ues from experimental traces, obtained from the
sample which gave the traces of Fig. 6, are plotted
in Fig. 7. The quantum assignment for the reso-
nant-field values is given above the vertical lines.
The frequency independence of the resonant-field
values, over a very large photon-energy range,
leaves little doubt that the reflectivity oscillations
are associated with a dHvA-like mechanism in the
optical conductivity. Of course, similar plots can

be made for data obtained from other binary sam-
ples as well as from samples for other crystal-
lographic orientations and the frequency indepen-
dence of the resonant fields is observed for these
data as well.

The oscillatory -reflectivity amplitudes were
found to be independent of temperature below 2.1
°K, although they were observed to increase in
magnitude as the temperature was lowered from
4.2 to 2.1°K. However, because of the noise on
the experimental traces from the He bubbles in the
sample Dewar for temperatures above the X point
of He, no quantitative information was obtained. It
is also interesting that for measurements at higher
temperatures (~20°K) or on samples of lower qual-
ity, a line-shape reversal in accordance with the
simple theory is observed. 2

B. Bisectrix Orientation

We will now consider the orientation where the
magnetic field is parallel to the bisectrix axis. For
this orientation, the principal-carrier ellipsoids
for both electrons and holes will have the smallest
cyclotron masses and, therefore, the largest dHvA
periods. Windmiller® finds the dHvA periods as-
sociated with the principal hole and electron el-
lipsoids to be 1. 32x 107® and 1. 47x 10" G}, respec-
tively. For the bisectrix orientation, none of the
off-diagonal components of the conductivity tensor
vanish by symmetry alone, 2® so that the character-
istic modes for the propagation of an electromag-
netic wave into the crystal are not entirely trans-
verse.?? Thus, the expression for the effective con-
ductivity will no longer have the simple form of
Eg. (20). Evaluating the W vectors for the princi-
pal ellipsoids, we obtain, for the bisectrix orienta-
tion,
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FIG. 8. Experimental
magnetoreflection trace ob-
tained at Zw=0,1610 eV,
T=1,95°K, fi parallel to the
bisectrix axis and the polari-
zation E parallel to the
binary axis. Reflectivity
maxima are associated with
electrons and the minima
with holes.
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011/00= @y , (23a)

033/00= g3, (23b)

- 013/00= + 031/ 00 = (g3 g2 w7 /(1 —iwT) ,

(23c)
~012/00= + 031/09= (011/ @39 % @p3 0, 7/(1 —iwwT) ,
(723/0'0:0'32/0'0:0 N (23d)

where o, is given by Eq. (22) and where ¢ is now the
number of principal carrier ellipsoids for each kind
of carrier, so that ¢g=1 for holes and ¢=2 for elec-
trons. The subscripts 1, 2, and 3 refer to the
binary, bisectrix, and trigonal axes, respectively.
The signs given in Eqs. (23¢) and (23d) are correct
for electrons and the opposite signs apply to holes.
Evaluating the above combinations of inverse-effec -
tive-mass-tensor components, it is found that the
coupling between the transverse and longitudinal
directions, which is governed by o0y, is not entirely
negligible at the highest fields at which useful data
were obtained (H=100kG). However, since (w,/w)?
~ 1ty at the plasma edge for H=100 kG, the conduc-
tivity can be approximated for this discussion by v

otz (£)Z 3(011+ 035) £ {[3(011 — 033) P+ 01505012,
(24)
where the + sign is taken for E parallel to the binary

axis and the - sign is taken for E parallel to the
trigonal axis.

Using Eq. (24), it can be shown that the major
contributions to the effective conductivity from the
electron and hole principal-carrier ellipsoids will
be comparable if the electron and hole relaxation
times are comparable. This is essentially the same
result that was predicted by the simple model for
the binary orientation. In fact, in the absence of
a magnetic field, the reflectivity of a bisectrix face
is identical to that of a binary face.?® However, in
the presence of a magnetic field, we should expect
differences between the binary and bisectrix orien-
tations, since, for example, the cyclotron masses
associated with the ellipsoids giving rise to the larg-
est dHvA periods are lighter for the bisectrix orien-
tation than for the binary orientation.

We now wish to consider an experimental trace
for the bisectrix orientation. In Fig. 8, we present
a trace which was obtained for a laser wavelength
of 7.6994 u (=0.1610 eV) and a sample temperature
of 1. 95°K, with E parallel to the binary axis. We
notice two series of reflectivity oscillations, one
associated with reflectivity minima and the other
with reflectivity maxima. Since the presence of
two sets of conductivity oscillations will give rise
to reflectivity oscillations which are not exactly
periodic in inverse magnetic field, we first con-
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sider the magnetic field region below 60 kG, where
the data show only one set of reflectivity oscilla-
tions. Making a quantum assignment for these
maxima, we determine the period, using the maxi-
ma labeled 12-18. We obtain P=1.47x10° G,
which compares well with Windmiller’s results for
electrons. For these resonances, we also obtain
Ay=145 G and AP/P=0.69%, which compare fa-
vorably with the values obtained for the same quanti-
ties for the binary traces. If we now make a fit to
the reflectivity minima labeled 7-11, we find P
=1.34x10® G which is in good agreement with
Windmiller’s results for holes. However, for these
reflectivity minima, there are sizeable departures
from periodicity since A, =815 G and AP/P=2.35%.
Our identification of the reflectivity maxima with
electrons and the reflectivity minima with holes is
corroborated by an experimental trace of McCombe
and Seidel® of magnetothermal oscillations for the
bisectrix orientation.

Having identified these two sets of reflectivity
oscillations, it is interesting to consider some
other features of the trace of Fig. 8. The most
striking feature, in light of our previous discussion,
is that the electron oscillations are associated with
reflectivity maxima while the hole oscillations are
associated with reflectivity minima. This was found
to be true for E parallel to the binary axis, regard-
less of photon energy, for all experimental traces
obtained from this sample. This phenomenon con-
tradicts the predictions of our simple model, which
says that the dHvA resonant fields associated with
both electrons and holes should correspond to either
minima or maxima in the reflectivity, depending
only upon the photon energy.

Another interesting feature of this trace is to be
seen in the magnetic field dependence of the oscilla-
tory amplitudes for the two carriers. The oscilla-
tions associated with electrons are observed at
magnetic fields as low as 30 kG. However, the os-
cillations associated with holes disappear entirely
below 60kG, although the amplitude of the 7=7 mini-
mum near 95 kG is almost 90%. This means that
the relaxation time for holes must possess a very
strong dependence upon the magnetic field, whereas
the gradual decrease of the electron amplitudes with
decreasing field indicates a much weaker field de-
pendence for the electron relaxation time. This
strong dependence upon the magnetic field is ob-
served at all photon energies for the reflectivity
oscillations associated with holes.

Keeping in mind the similarities between the bi-
nary data and the bisectrix data for magnetic fields
below about 60 kG, we can offer an explanation for
the absence of hole oscillations in the reflectivity
for the binary orientation. If the dependence of the
hole relaxation time upon the magnetic field is
roughly the same for the two orientations, then we
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would expect to see hole oscillations for the binary
orientation at higher magnetic fields than for the
bisectrix orientation, since the condition o, 7> 1
would be satisfied at lower field values for the bi-
sectrix orientation. Furthermore, for the bisectrix
orientation, larger fractional changes occur in the
population of the magnetic subbands at a given val-

‘ue of the magnetic field, because of the lower cyclo-

tron masses for the bisectrix orientations. An ex-
tension of the present experiments on the binary
face to higher magnetic fields would provide a sim-
ple test of this hypothesis.

We can summarize our results with H parallel to
the bisectrix axis as follows: (i) Reflectivity oscil-
lations with the periodicities of both electrons and
holes have been observed over the entire range of
photon energies available from our laser. Further-
more, the amplitudes of these reflectivity oscilla-
tions are roughly independent of the photon energy.
The hole oscillations have always been observed in
connection with reflectivity minima, while the elec-
tron oscillations are associated either with minima
or maxima, depending primarily upon the sample,
but also upon the photon energy. The line-shape
reversals which occur bear no relation to the
plasma energy. The dHVA resonant fields are found
to be independent of the photon energy. (ii) The am-
plitudes of the reflectivity oscillations associated
with electrons are found to decrease gradually with
the magnetic field, whereas those associated with
holes exhibit a much stronger dependence upon the
magnetic field. The strong decrease of the hole-
reflectivity amplitudes with decreasing magnetic
field suggests an explanation for the absence of hole
oscillations for the binary orientation. The cyclo-
tron effective mass for holes is heavier for the bi-
nary orientation than for the bisectrix orientation
so that the condition w,7>>1 is satisfied at lower
magnetic fields for the bisectrix orientation.

C. Trigonal Orientation

The orientation for which the trigonal axis is
parallel to the magnetic field is familiar from the
calculations of Sec. II. At that point we remarked
that, for the trigonal orientation, all of the hole
ellipsoids and all of the electron ellipsoids are
equivalent, so that the effective conductivity takes
a particularly simple form, as we see in Eq. (11).
For the trigonal orientation, Windmiller? finds the
hole period to be 1.00x 10" G and the electron
period to be about one-fourth as large. As we men-
tioned previously, we expect a single series of re-
flectivity oscillations with a period corresponding
to that for holes.

In discussing the magnetoreflection data for the
trigonal orientation, we wish to consider the three
experimental traces of Fig. 9. From top to bottom,
the traces were obtained at wavelengths of 12,913 u
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FIG. 9. Experimental magnetoreflec-
tion traces obtained at Zw=0.0960,
0.1695, and 0.3535 eV. Sample tempera-
ture is T=2.1°K and His parallel to the
trigonal axis.

(=0.0960 eV), 7.3147 u (=0.1695eV), and 3.5070 u
(=0.3535 eV); the sample temperature was about
2.1°K in each case. The three traces of Fig. 9 il-

lustrate nicely the two major discrepancies between
the simple model and our experimental data, name-
ly, the enormous amplitudes of the reflectivity os-
cillations and the weak dependence of the oscillatory
amplitudes on photon energy. In the middle trace,
for example, the amplitudes of the SdH oscilla-
tions grow from about 1% at 20 kG near where the
1=50 Landau level passes through the Fermi sur-
face to about 90% at 95 kG near where the /=10
Landau level passes through. We also find, for
example, that the amplitude of the reflectivity os-
cillation associated with the passage of the [=10
Landau level through the Fermi surface is roughly
independent of the photon energy. In addition, these
traces possess a number of features which are
peculiar to the trigonal orientation. In order to
study these features, it proves convenient to con-
sider the traces individually.

In the middle trace (Zw=0.1695 eV), we use the
fact that the passage of a Landau level through the
Fermi surface is associated with the narrow sharp
portion of the oscillatory line shape, thereby iden-

tifying the reflectivity maxima labeled 10, 11, 12
with the dHvA resonant magnetic fields. From the
magnetic field values for these maxima, we can
make a quantum assignment. At slightly lower
fields, the line shape indicates that the reflectivity
minima are to be identified with the dHvA resonant
fields and for these, also, we can make a quantum
assignment. Using the period and phase obtained
from a fit to the high-field data, we can make a
quantum assignment for the reflectivity oscillations
at lower magnetic fields. Then, using the reflec-
tivity extrema labeled 10-25, we find P=0. 993
%x10® G, which is in excellent agreement with
Windmiller’s result. > We also obtain A,=124 G
and AP/P=0,23%, which supports both the quantum
assignment and the contention that the Fermi level
can be regarded as independent of the magnetic field
in these experiments.

In a similar fashion, a quantum assignment can
be made for the lowest trace of Fig. 9 (Fw=0.3535
eV) and, from the reflectivity extrema labeled 10—
25, we obtain P=0.996x 10" G with A,=139G
and AP/P=0.23%. For the lower two traces of
Fig. 9, the dHVA resonant fields associated with the
passage of a particular Landau level through the
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Fermi surface are the same as for the top trace to
within the above-quoted values of Ay, indicating
that the reflectivity oscillations are truly of SdH
origin.

We also note that the line-shape reversals occur
at the same magnetic fields for the two lower traces
which were obtained at widely separated photon en-
ergies. This seems to rule out an explanation of
the reversals in terms of a beating due to the su-
perposition of SdH oscillations and interband Landau-
level transitions. From experimental considera-
tions, we can rule out beating effects due to crystal
misalignment or the presence of two small crys-
tallites. However, the relationship of the modulat-
ing envelope to the large reflectivity oscillations
is illuminated by data obtained several days later
from the sample which gave the traces of Fig. 9.%°
Although the sample had been maintained near the
temperature of liquid nitrogen between the magnet
runs, there was evidence of sample deterioration
in the data obtained during the second magnet run.
It was found that the amplitudes of the reflectivity
oscillations fell off rapidly and the line-shape re-
versals at a single photon energy were absent.

We notice several important differences between
the two lower traces of Fig. 9. The oscillatory-
reflectivity amplitudes are larger in the lowest
trace than in the middle trace, so that, in the low-
est trace, they are nearly three orders of magni-
tude larger than the predictions of the simple the-
ory of Sec. II. Furthermore, in the lowest trace,
the high-field maxima have narrowed, while the
side structures labeled 10’, 11’, 12’ in the middle
trace have decreased in size. The noticeable de-
pendence on photon energy of the amplitudes of the
structures labeled 10’, 11’, 12’ in the middle trace
is confirmed by our attempts to make a quantum
assignment for the top trace of Fig. 9. If we were
to make a fit to the reflectivity minima, we find
that A, and AP/P are several times larger than the
corresponding values we obtain for the two lower
traces and the value for the period differs by nearly
10% from the values of P obtained from the lower
traces. These results suggest that a quantum as-
signment based on the reflectivity minima of the
top trace is incorrect. Using, instead, the well-
established frequency independence of the dHvA
resonant fields to generate a quantum assignment,
we obtain the assignment indicated in the top trace
of Fig. 9. Making a fit to the reflectivity extrema
labeled 10-23 we obtain P=0.998x10°® G and val-
ues for Ay and AP/P which agree well with those
obtained for the two lower traces. This quantum
assignment involves several line-shape reversals
in the top trace and suggests that the amplitudes
of the structures labeled 10’'-12" depend strongly
upon the photon energy. Although the line-shape
reversals are not the most obvious feature of the
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upper trace, this quantum assignment preserves
the frequency independence of the dHvA resonant
fields and gives a value for the period which is
consistent with the lower traces.

The doublet structure of the high-field maxima
of the upper trace suggests the spin splitting of the
Landau levels. Using the cyclotron-mass data of
Datars and Vanderkooy!® to compute the g factors
associated with this splitting, reasonable agree-
ment is reached with the g factor determined by
Datars?® for holes for the trigonal orientation.
Thus, we have a situation similar to that which we
encountered in connection with the traces of Fig. 6
for the binary orientation; there is a doublet struc-
ture in the high-field reflectivity extrema which may
be associated with the spin splitting of the Landau
levels. Furthermore, the amplitude of one member
of the doublet exhibits a strong dependence upon
photon energy, while the amplitude of the other
member is relatively independent of the photon en-
ergy. However, other experimental traces from
samples of poorer quality failed to exhibit the
doublet structure at high fields.?® An extension of
the present experiments to still higher magnetic
fields should permit a more accurate determination
of these splittings to be made and should allow ob-
servations of this structure on samples of poorer
quality.

In addition to several line-shape reversals on a
single experimental trace (magnetic-field-depen-
dent reversals), we have also observed the passage
of a Landau level through the Fermi surface to be
associated with either minima or maxima in the
reflectivity, depending upon the photon energy. This
occurs at low temperatures (~2°K), on poorer
samples, where there are no magnetic-field-de-
pendent line-shape reversals, and the reversals
occur at a photon energy which bears no relation
to the plasma energy. Furthermore, at slightly
higher temperatures (~4°K), the dHvA resonant
fields are all found to be associated with either re-
flectivity minima or maxima, independent of the
photon energy.

Finally, we mention that the amplitudes of the
reflectivity oscillations were found to be indepen-
dent of the temperature below 2.1°K. A notice-
able change in the amplitudes was observed when
the temperature was lowered from 4.2 to 2.1°K
and, in some cases, this change amounted to an in-
crease in the amplitudes by more than a factor of
2. The experimental difficulties involved in work-
ing in this temperature region make our measure-
ments uncertain and prevented a more quantitative
study of the temperature dependence of the SdH
amplitudes from being made.

V. DISCUSSION

We have found that the results of the laser mag-
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netoreflection experiments differ in two major re-
spects from the predictions of the simple theory
of Sec. II. First, for magnetic fields near 100 kG,
fractional changes in the reflectivity approaching
100% are observed when a Landau level passes
through the Fermi surface. Second, the large frac-
tional changes in the reflectivity are observed over
the entire range of photon energies available from
our laser, and the reflectivity amplitudes are found
to be roughly independent of the photon energy. On
the other hand, we find that the periods associated
with the large reflectivity oscillations agree very
well with the periods measured in dHVA experi-
ments? for the corresponding orientations of the
magnetic field with respect to the crystallographic
axes. Furthermore, the dHvVA resonant fields as-
sociated with the reflectivity extrema are found to
be independent of the photon energy, indicating that
the reflectivity oscillations are connected with a
dHvA-like mechanism in the optical conductivity.

The analysis of the dc SdH experiments of Rao
et al.® and Long et al. % indicates that we might be-
gin to extend our simple theory by considering the
effect of the magnetic field on the scattering pro-
cesses. To obtain a physical feeling for how the
scattering might be affected by the magnetic field,
we may think of a magnetic-energy-level diagram
where the energy levels associated with the carrier
pockets are plotted as a function of momentum along
the magnetic field. The Landau level spacing is
7w, and conduction is due to the carriers in a small
band of width 27 about the Fermi energy. As the
magnetic field increases, the carriers in the Lan-
dau level closest to the Fermi surface have smaller

-and smaller momenta along the magnetic field.
Therefore, when a carrier in this level is scat-
tered, it will not have enough momentum to carry
it away from the scatterer, but it will be scattered
repeatedly, becoming, in effect, bound to the scat-
terer. Thus, it will contribute little to conduction
and there will be a decrease in the conductivity. 2°
If we think in terms of the magnetic field depen-
dence of the relaxation time, this physical picture
suggests that the relaxation time should exhibit os-
cillations which are periodic in the inverse mag-
netic field. This effect should become very im-
portant as the number of Landau levels below the
Fermi surface becomes small.

If we consider the magnetic field dependence of
the scattering, the problem of calculating the in-
traband conductivity becomes considerably more
difficult since terms like (w — w,+i/7)™ can no
longer be removed from the summation of Eq. (1).
Further complications arise because the effects of
the electric field on the scattering must be included
in a correct quantum-mechanical calculation of the
conductivity, as recent calculations of the dc con-
ductivity have shown. 3°-% Furthermore, the sim-
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plifications which occur in the calculation of the dc
conductivity would not obtain for electric fields of
finite frequencies. 3** Recently an approach to the
problem of determining the magnetoconductivity

‘for electric fields of arbitrary frequency has been

given by Argyres, 3 for scattering by acoustic pho-
nons, and by Argyres and Kirkpatrick, * for scat-
tering by ionized impurities. These authors
recognize that the usual assumptions, whereby the
system relaxes to a state of thermal equilibrium
appropriate to the instantaneous value of the total
Hamiltonian, * cannot be correct for optical fre-
quencies. Thus, they find that the interference be-
tween the electric field and the scattering interac-
tions is frequency dependent and retains a rather
complicated form. In both of these papers, solu-
tions to the kinetic equations for the one-electron
density operator are found. However, these solu-
tions are non-Markovian in form and are, there-
fore, not easily applicable to an experimental situ-
ation.

There has, however, been one attempt to apply
the results of more rigorous calculations of the
conductivity to practical situations. This is the
attempt of Mase® to extend the results of a cal-
culation by Argyres® to high frequencies. Con-
sidering the effects of both the magnetic and the
static electric fields on scattering, Argyres® finds
that, for isotropic scattering mechanisms, the so-
lution of the transport equation may be found for
arbitrary values of w,7. Furthermore, treating
scattering only in the first Born approximation,
Argyres finds that the scattering frequency is pro-

‘'portional to the density of states in the magnetic

field. This is the kind of result we might expect
from the simple physical picture which we dis-
cussed above, Mase® extended the results of
Argyres by making a slight modification in the form
of the time development of the density matrix. Us-
ing the frequency-independent relaxation time of
Argyres, Mase obtains an expression for the intra-
band contribution to the dielectric constant which
leads to large reflectivity oscillations near the
plasma edge. However, Mase’s results indicate
that the amplitudes of the reflectivity oscillations
should decrease rapidly with photon energy, which
is in disagreement with our experimental results.
Furthermore, Mase’s results also predict a line-
shape reversal at the plasma edge, which we do
not observe. These discrepancies between our ex-
perimental results and the predictions of Mase’s
more rigorous formulation of the intraband conduc-
tivity indicate that intraband effects will not be suf-
ficient to explain our data, unless the frequency
dependence of the scattering leads to drastic
changes in the form of the optical conductivity.
However, we do not expect this to be the case be-
cause Eq. (1) has been used to interpret other mag-
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Since intraband contributions to the dielectric
constant cannot be important at high photon ener-
gies, it is then most obvious to consider the inter-
band conductivity, which can make a substantial
contribution to the dielectric constant for photon
energies exceeding a band gap. If we consider our
experimental data, together with our previous dis-
cussions of the intraband contribution to the di-
electric constant, we can get an idea of what form
this interband contribution must take. We know that
the oscillatory reflectivity line shape associated
with an intraband contribution must undergo a re-
versal at the plasma edge, as the real part of the
dielectric constant changes sign. Thus, we re-
quire a substantial dHvA-like interband contribution
slightly above the plasma edge so that the dHvA
resonant fields are always associated with either
maxima or minima in the reflectivity depending upon
the sample, for photon energies above and below
fiw, Furthermore, we require a large dHvA-like
contribution at high photon energies, well above the
plasma edge, to give the large dHvA-like oscilla-
tions in the reflectivity at those photon energies.

In fact, we know that in antimony there are im-
portant interband contributions to the dielectric
constant for photon energies near the plasma edge
as well as for energies above the plasma edge.
Interband transitions associated with a gap of 0. 10
eV have been observed, % which have been identi-
fied with a band gap at the @ point. 3® This @-point
band gap has been found to be very important for
determining the optical properties in the neighbor-
hood of and above the plasma edge. In addition,
there is another series of interband transitions, as-
sociated with a band gap of 0. 14 eV, which has been
observed in the magnetoreflection spectrum of
antimony. 3 Furthermore, from Nanney’s optical
data at zero magnetic field, 2® we know that there is
a broad strong contribution to the reflectivity from
an absorption edge around 2.9 u (0. 43 eV). This
band edge is probably associated with interband
transitions at the carrier pockets and the breadth
of the absorption minimum??® indicates that the con-
tributions to the dielectric constant from this band
edge are substantial at photon energies below 0. 43
eV.

We must now consider how a dHvA-like interband
contribution may arise. For energies below the
energy for which interband transitions are allowed,
the interband contribution is primarily dispersive,
that is, the primary contribution is to €;. This
contribution extends below the energy gap, as the
Kramers-Kronig relations require, and the width
and amplitude of the dispersive contribution depend
critically upon the interband relaxation time. Now
the interband relaxation time is a measure of the
time necessary for an electron which has been ex-
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cited to a conduction-band state to return to ther-
mal equilibrium at the Fermi level and this may be
accomplished either through radiative or nonradia-
tive processes. Therefore, since the dispersive
contribution to the dielectric constant may depend
strongly upon the scattering of the carriers, this
contribution may also exhibit the same kind of mag-
netic field dependence as the scattering time. The
dependence of the interband relaxation time on the
magnetic field and photon energy has not been
studied in any detail, in contrast to the situation for
the intraband relaxation time. *® However, since
these interband effects may give us a mechanism
for extending the frequency response of the relaxa-
tion effects we have mentioned, these interband ef-
fects should be given further consideration.

However, the quantitative application to antimony
of the results of a theoretical study of the magnetic
field and photon-energy dependence of the inter-
band relaxation time would encounter an additional
difficulty, namely, the lack of an adequate band
model for the energy range 0. 10<7%w< 0.50 eV,
There are several closely related reasons for this.
Not only does the pseudopotential band model of
Falicov and Lin'® not include the spin-orbit interac-
tion, which is essential for this energy range, but
also the results of the interband-magnetoreflection
experiments® have not yet been incorporated into
the band model. Furthermore, the only experi-
mental information on the band gap giving rise to
the absorption minimum at 2.9 4 comes from the
zero-field experiments of Nanney. 2

This lack of information is sorely felt because
there is another mechanism which may be applica-
ble to our experimental data for a considerably
smaller theoretical effort than those mentioned
above. Looking at the Faraday rotation of n-type
PbS, Mitchell et al. * observed extremely large
dHvA-like oscillations in the interband contribu-
tion. The amplitudes of these oscillations were
several orders of magnitude larger than those which
could be expected from carrier-density oscilla-
tions. # Furthermore, for photon energies below
the Burstein-Moss energy, the periods of the os-
cillations were found to be independent of the photon
energy but dependent upon the carrier concentra-
tion. The oscillations were periodic in the inverse
magnetic field and, from the periods, the carrier
concentrations were determined and found to agree
with the results of Hall measurements to within
20%. Mitchell et al. ** interpreted their experi-
ments in terms of a contribution to the off-diagonal
elements of the interband conductivity due to a dif-
ference in population of the two Kramers’s states
of the populated band. For energies below the
Burstein-Moss energy, this mechanism gives rise
to the large dHvA-like oscillations in the Faraday
rotation whose amplitudes are relatively indepen-
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dent of the photon energy. * There are many inter-
esting similarities between the experimental re-
sults of Mitchell ef al. and the results of our laser-
magnetoreflection experiments. It is extremely
suggestive of a connection between the two that the
most probable locations for the band gap associated
with the absorption edge at 2. 9 u are the locations
of the carrier pockets. However, an application of
this mechanism to our data requires information
about the matrix elements, g factors, and effective
masses associated with this band gap and this in-
formation is not presently available. A pseudo-
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potential calculation which includes the effects of
the spin-orbit interaction and which is being con-
structed to fit the interband-magnetoreflection data
is currently in progress.
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The contribution of dragging of point defects attached to dislocation lines, to dislocation
damping, to elastic modulus, and to logarithmic decrement, is developed. It is shown that the
dragging leads to an initial increase in decrement in a suitable frequency range, determined
by other related parameters: dislocation loop length, line tension, and damping constants.
The theory predicts a dependence on frequency of w!, in contrast to the Koehler-Granato-Liicke
(KGL) frequency dependence of w, explaining the failure of previous experiments to confirm
the KGL theory. In a similar manner, the generally accepted dependences on point-defect
density are shown to be incorrect at lower frequencies, below a few kHz in copper. For ex-
ample, it is shown that the dislocation decrement should be proportional to the two-thirds
power of the modulus defect, rather than proportional to the square of the modulus defect as
previously expected, at large point-defect densities on dislocation lines.

I. GENERAL INTRODUCTION

Some thirty years have passed since Read sug-
gested that dislocations contribute notably to the
internal friction of metals.® Since then, several
mechanisms for this contribution have been pro-
posed and developed. #® The most successful of
these, the one most commonly used for interpre-
tations of experimental observations, was initiated
by Koehler in 1950. * The model was shortly there-
after developed in more detail by Granato and
Liicke.® Henceforth we shall refer to this as the
KGL theory of internal friction.

The KGL model is a string model for a dislo-
cation. In this model the dislocation is endowed
with all the attributes of a string so that the math-
ematical formalism begins with a string equation

82 ) 82 i
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In Eq. (1), A is the effective mass per unit
length of dislocation, B is a viscous damping con-
stant, C is the effective line tension of the dislo-
cation, assumed constant, b is the magnitude of
the Burger’s vector of the dislocation, oy is the
amplitude of the applied harmonic stress of angular
frequency w, v is the displacement of an elemental
portion of the string at a distance x from one end
of the string, and ¢ is time. A=7pb% where p is
the mass density of the material. Each term in
Eq. (1) is a force per unit length of dislocation.

The problem is formulated for a dislocation of
length / at zero stress so that the boundary con-

ditions on Eq. (1) are
y(0,8)=y(L,£)=0. (2)

In all of this article we shall be concerned with
frequencies sufficiently low (lower than about 10
kHz), so that the inertial term (the first term in
the string equation) may be neglected. This may
be verified by inserting generally accepted values
of B, greater than 5x1075 dyneseccm™?, and dis-
location velocities, limited by (and well below) the
speed of sound, in the first two terms of Eq. (1).

Having disposed of the first term in Eq. (1), one
may still question the appropriateness of each of
the remaining terms: (i) B8y/df. This term rep-
resents the viscous damping of dislocation motion,
under stress. Since actual dislocation motion in-
volves the creation and motion of kinks, the mount-
ing of Peierl’s barriers, etc., the concept of simple
viscous motion is an idealization, but the work of
Trott and Birnbaum shows that these complexities
are reasonably well averaged over in a string
model. ® Furthermore, Leibfried has calculated
B in a model of phonon scattering at dislocations,
lending further credence to this term.” We shall
continue to adopt a viscous-force term but with res-
ervations. As developed later, we believe that
impurity effects have been underestimated and,
concomitantly, the actual dislocation-line damping,
overestimated. Also, the possible validity of
other frictional terms should be considered. The
classical case of constant sliding friction may be
important, for example. (ii) C 8%/38x2 This



