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The zero-field and magneto-optic studies of bismuth reported here cover a range of frequencies where
the plasma effects are large and rapidly changing. It is found that the data lend themselves to an interpreta-
tion in terms of classical magneto-plasma theory when anisotropy is taken into account. The contribution
of the free carriers to the optical properties can be isolated from the interband transitions and hence the
static value of the dielectric constant, e, the number of free electrons per cc, #, and the effective-mass
parameters for the electron band can be determined when used in conjunction with the results of cyclotron

resonance studies.

I. INTRODUCTION

N two previous communications we have reported
briefly some observations on the infrared magneto-
optic properties of bismuth single crystals.!? In this
paper we shall present new data which is more detailed
and a discussion which is an amplification of some of
the points discussed earlier.

At this time, a number of independent experiments
have been used to investigate the band structure of
bismuth.>=® It is generally agreed that the charge
carriers form highly anisotropic groups in momentum
space having small effective masses as the result of the
close approach of two bands. We shall review some of
the experimental results in detail later (Sec. 5) but at
present we merely mention that the number of free
carriers is of the order of 5107 cm™ and the effective
mass parameters range down to 0.008 m,, where m, is
the free electron mass. The small carrier concentration
places the plasma frequencies in the infrared, allows
transmission experiments to be performed on bulk
samples, and the small effective mass leads to large
magneto-optic effects at infrared frequencies with
modest magnetic fields.

The infrared data presented here does not enable one
to find all the parameters necessary for a complete
determination of the band structure. However, this is a
feature which is common to all the different experiments
used so far and so does not detract from the general
methods. What it does furnish is the most direct
determination of two effective mass parameters for the
electron band, the static dielectric constant of the
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crystal, and the number of free charge carriers. When
used in conjunction with the results of cyclotron
resonance, the present data allow a generally consistent
band model to be constructed.

II. THEORY

The problem of relating the experimental results
of reflection or transmission of the infrared signal from
the sample to the electron band structure can be
separated into two phases. First the propagation
constants for electromagnetic radiation of appropriate
polarization modes is deduced from an assumed model
of the band structure, and then the solution is completed
by applying the boundary conditions for the fields at
the sample interfaces. This last point warrants some
amplification because it should be emphasized that
the singularities in the optical properties at or near the
plasma frequencies are not a result of the excitation
of longitudinal plasma oscillations. In our experiments
and also in all optical experiments known to us, the
geometry is such that the radiation field does not
couple to the longitudinal plasma modes. In the optical
experiments one is dealing essentially with a plane
wave at normal incidence on an infinite medium, edge
effects can be neglected and VE=0 throughout. The
anisotropies complicate the calculations somewhat and
may lead to polarization conversion at the interfaces.
Furthermore, the addition of a magnetic field can
introduce nondiagonal components of the conductivity
tensor which for certain orientations can lead to an
induced current normal to the surface of the sample.
This is one situation in which VEs0 and the space
charge fields which build up on the surface can in this
case couple to the plasma modes. We believe this to be
a fruitful field of investigation but will not report any
experimental results for this geometry in this paper.

In analyzing the experimental data we shall use
classical magneto-ionic theory. The response of the
charge carriers is described within the framework of
effective mass theory, using the band model for the
electrons originally proposed by Shoenberg.? In the
region of magnetic fields and frequencies used in our
experiments the holes make only a small contribution
to the dielectric constant and are neglected in the
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subsequent analysis. The real part of the dielectric
constant arising from interband mixing, e, is treated as
independent of frequency, an assumption which we
show later to be consistent with the data.

The solution of the electromagnetic problem for the
model outlined above has already been given in detail.®
The details which are relevant to the present discussion
are briefly outlined in Appendix I. We shall be interested
in reflection from bismuth when radiation is incident
normal to the surface of the sample and parallel to
either the trigonal axis or a binary axis. Under these
conditions, in the absence of a magnetic field and
neglecting relaxation effects, the propagation constants
are simply related to the band structure parameters.
Labelling the principal crystallographic axes as follows:
binary axis, 1; bisectrix 2; trigonal axis 3; and denoting
E the vector amplitude of the electric field of frequency
w and wave vector k; for the geometry indicated, the
following relations are derived in Appendix I:

(OB IE
(@) E|3, mi*= eo—4mneass/mo?,
() El|2, m?=eo—4dmne (citaz)/2mo?,
(2) k||3:

(1a)
(1b)

n3*=1n12* independent of
polarization. (2)

Here # is the number of electrons per cc; ay, a2 are two
components of the reciprocal mass tensor, expressed in
units of m¢' (we use Shoenberg’s® notation for the
a’s) and n2= (ck/w)2.

From the relations (1) and (2) the frequencies at
which minimum reflection occurs can be deduced by
setting the appropriate n=1. In our previous paper we
called this singularity a dielectric anomaly. At a slightly
smaller frequency # becomes pure imaginary and within
our approximation of effectively infinite relaxation time
the sample exhibits perfect reflection and this appears
also as a low-frequency cutoff in the transmission of
the sample. It will be noted from Egs. (1) that with
radiation propagated along a binary axis and linearly
polarized parallel or perpendicular to the trigonal axis,
the corresponding cutoff frequencies w; or w,, are
related by

(w../w1)2= 2a3/(a1+a2). (3)

The application of a magnetic field influences the
kinematics of the charge carriers and, of course, thereby
changes the optical properties of the medium. This is
manifest in the motion of the dielectric anomalies with
applied magnetic field and frequency. In general, with
the band model we are using the functional dependence
of the positions of the anomalies upon magnetic field
and frequency is quite complicated. Moreover the
plane polarized electromagnetic modes we have used
cease to be independent and a certain amount of
polarization conversion occurs in reflection from the
sample. However, in two limiting cases, namely small
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magnetic fields or large magnetic fields and high
frequencies, it is possible to obtain simple relations
between experimentally determined quantities and the
band parameters without too much tedious algebra.
We have treated the latter case in our previous publica-
tion! and so will not discuss it further here. We now
turn to the behavior of the optical properties at small
magnetic fields and at frequencies near the appropriate
plasma frequency. ‘

In order to avoid inessential details, consider first
of all the motion of a group of charge carriers of isotropic
effective mass subject to circularly polarized radiation
of frequency . Neglecting relaxation effects the
conductivity of the group is'

o=ne%/im(w—w,), 4)

where w.=eB/mc is the cyclotron resonance frequency,
B the magnetic field strength, and # the effective mass.
It is evident from (4) that at magnetic fields such that
wLw the conductivity has approximately its zero-field
value. Moreover, if there are several groups of carriers
of differing effective mass, at low magnetic fields the
variation of the conductivity, and hence the optical
properties, is essentially determined by the group of
carriers with the smallest effective mass. This conclusion
is not affected by extending the analysis to include the
effects of linear polarization or anisotropic conductivity
and is very helpful in obtaining further information from
infrared experiments.

Returning to bismuth, the foregoing remarks are
most appropriate when the magnetic field is normal to
the surface of the sample and parallel to a binary axis.
With this geometry, the results of cyclotron resonance
and de Haas-van Alphen effect measurements shows
that there is a group of electrons with a cyclotron
mass at least ten times smaller than that of any other
group. Accordingly we have calculated the positions of
the dielectric anomalies for this geometry taking into
account the field dependence of the current arising
from the low mass group only. As indicated in Appendix
I, we find that the locus of each anomaly is

w2—w1|2 a3 wll2 wCZ
—g—(w) , (s)
00112 2 wu2"‘w1.2 w?
and
Wr—w? a1 £ 3w —win\ w
S e G
0)2 4 (d“z"wlZ 0)2

Here w,=eB/mqc. At the small fields we are considering
the anisotropy causes only a slight amount of polariza-
tion conversion and this does not affect the positions of
singularities in the reflection coefficient as determined
by these equations. It will be noted from (5) and (6)
that when 1 <w;;/w,<V3 [see Sec. IV(A)] the difference
between the two cutoff frequencies increases with

1P, W. Anderson, Phys. Rev. 100, 749 (1955).
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increasing magnetic field strength. Also, it is possible by
either of these relations to obtain a value of aja3 from
the experimental data. Fortuitously, this parameter
may also be obtained directly from a cyclotron mass
with the field along a bisectrix direction. In view of
the approximations made in this part of the analysis
the latter value may be more preferable but in any
case the value we obtain from our data may be used in
comparison to check our interpretation of the transmis-
sion cutoffs as dielectric anomalies and our neglect of
the hole band. Moreover, since all other experiments
indicate that ay<Kai, (@2~0.01a;), we may, using (5)
and (6) and (3) obtain a; and a3 at once.

In Sec. IV(B) we shall have occasion to refer to the
theory of cyclotron resonance. This is adequately
covered in the literature and we shall merely indicate
the physical basis of the results. Referring to Egs. (A2)
and (4), the propagation constant for an isotropic
group of carriers is

n=[eo—4mne?/mw(w—w,) ] (7)

At frequencies well below the plasma frequency, e is
negligible compared with the contribution of the charge
carriers. Since the power transmitted into the sample
is proportional to 47! and 7% w(w.— w) ]}, the reflection
falls off sharply with increasing field at the cyclotron
resonance field, B,=wmc/e, the decrease in reflection
being proportional to (B—B.)*% Again, sufficiently
close to the resonance of a particular group of carriers,
these conclusions are not affected by the presence of
other carriers or the anisotropy of the band structure
(providing of course that effective mass theory is
adequate).

III. EXPERIMENTAL DETAILS

The optical system has been described in detail
elsewhere! with the minor modifications noted below.
Briefly it consists of a Perkin Elmer Model 112 spec-
trometer modified in some cases by replacing the prism
and mirror with suitable diffraction gratings. With a
CsBr prism and two gratings blazed at 45 and 120
microns the spectrum from 15 to 130 microns was
spanned continuously. Suitable filters, scattering plates,
residual ray mirrors and choppers kept stray radiation
below 59, over the whole spectrum. All experiments
were performed at 2°K. For the transmission measure-
ments a double detector system was used, with one
carbon bolometer mounted behind the sample and a
second detector in the cryostat was located to intercept
a small fraction of the beam to provide a normalizing
signal. In the case of the reflection experiments a beam
was multiply reflected at nearly normal incidence from
the sample surface before reaching the detector. The
magnetic field was always applied normal to the sample
surface.

In some cases the samples were obtained by cutting

11'W. S. Boyle and K. F. Rodgers, J. Opt. Soc. Am. 49, 66 (1959).
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F1c. 1. Transmission spectrum of Bi No. 2 for propagation
along a binary axis.

with an acid string saw, small sections from oriented
boules supplied by J. Wernick. These were then polished
with a final treatment in which at least 0.002 in. was
etched from the surface. Other samples in particular
those used in transmission, where obtained by melting
sheets of the metal held between flat glass plates. A thin
layer of rock salt was evaporated onto the glass surfaces
to prevent adherence of the bismuth films. Either by
slow cooling or by passing a molten zone through the
film large single crystal areas could be obtained. No
attempt was made to seed the growth and fortunately
well oriented crystals with either a threefold or binary
axis normal to the plane occurred during the normal
growth of the crystals. The films obtained in this way
were particularly useful in determining the refractive
index from the well-defined interference fringes.

Thickness,
Designation microns Orientation Preparation
Bi No. 1 14.7 Trigonal Grown
Bi No. 2 24.2 Binary Cut, etch
Bi No. 3 Bulk Binary Cut, etch
Bi No. 4 43.2 Binary Grown

IV. EXPERIMENTAL RESULTS
A. Zero-Field Data

At long wavelengths, in the region of 60 microns, we
have reported two singularities in the reflection coeffi-
cient, at normal incidence, for a crystal face normal to
a binary axis and a single minimum for the trigonal
orientation.! These we ascribed to dielectric anomalies.

The data obtained from transmission experiments are
shown in Fig. 1. The solid curve is for zero magnetic
field and propagation along a binary axis; as in the case
of the reflection data, two low-frequency cutoffs are
observed. The other two dashed curves in Fig. 1 show
the motion of the cutoffs with magnetic field, we note
in particular that they move apart with increasing
magnetic field. We note also that the low-frequency
cutoff, at zero field, for propagation along a binary
axis agrees quite well with the corresponding frequency,
156 cm™, in a trigonal sample, as shown in Fig. 2. All
these facts confirm the theoretical analysis of Sec. IT.

In Table I we give the frequencies obtained from
plots such as Fig. 1 for two different samples and
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Fic. 2. Interference fringes obtained in Bi No. 1. The regions
covered by the points A and 0 are from grating and prism measure-
ments, respectively.

compare these with the minima in the reflection
coefficient described in reference 1. From this data we
obtain the mean value,

2013/ (a1+a2) = 137

We have obtained well-defined interference in
crystals of both binary and trigonal symmetry. The
data for the trigonal case is shown in Fig. 2 and similar
results were obtained for the binary sample. In the
binary case however it was not possible to isolate the
interference from the two polarizations and we have
not been able to extract any reliable results.

Because of the rapid variation of the refractive index
with frequency it is not possible to determine the order
of the interference fringes from the usual plot of the
fringe number versus frequency. We were fortunate
however in being able to obtain samples sufficiently thin
so that the last fringe before the cutoff was a number of
order one. The proper and unambiguous order could
then be obtained by choosing a value which gave an
extrapolated value of the refractive index which was
reasonably consistent with the reflection or transmission
determination of the points at which the refractive
index was zero or one. Sample thickness was determined
by weighing and the refractive index calculated from
the expression NA,=2ud for the wavelengths of the
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F16. 3. The lower curve is the value of the dielectric constant
derived from Fig. 2 and fitted by the expression given below the
curve. A two point fit was made at 175 and 240 cm™ and then the
remainder of the curve used to derive the value of ¢ plotted in
the upper part of the diagram.
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maxima. Here d is the thickness of the sample and u
the refractive index. The frequency dependence for u?
is shown in Fig. 3. Since n=pu, we see from Egs. (1b)
and (2) that u? should satisfy a relation of the type

u2= ep— wet/w?, & )

where we®=4mne®(a;+as)/2mo, and € is a constant. For
frequencies <400 cm™, Eq. (7) describes the data
extremely well with €=99.6 and we=162.2 cm™.
Alternatively, we may assume this value of wy and
Eq. (7) to determine € as a function of frequency.
The derived value of ¢ at higher frequencies is shown in
Fig. 3, and is seen to be essentially constant over the
whole range of measurements apart from a slight
increase at the highest frequencies.

In going to higher frequencies there is a strong
absorption which sets in strongly in the neighborhood
of 20 microns. The position of this edge is independent
of sample orientation and is independent of the polariza-
tion of the radiation. We have not made absolute
measurements on the transmission coefficient with any
precision, but the large increase in the absorption

TaBLE I. Cutoff frequencies for propagation along a binary axis.

Sample wy (em™)  op (cm™)  2a3/a1ta2
Transmission Bi No. 2 161 188 1.36
Transmission Bi No. 4 159.5 186 1.36
Reflection Bi No. 3 158 186 1.38

coefficient that we see in Fig. 2 is typical of all samples
that we have studied.

B. Magneto-Optic Data

In discussing Fig. 1 we have already mentioned the
motion of the cutoff frequencies with magnetic field.
Figure 4 shows in more detail the variation of the high
frequency dielectric anomaly when the field and
propagation vector are along a binary axis. According
to Eq. (5), a plot of (w/wi)? vs (we/w)? should be
linear. The reflection data is presented in this form in
Fig. 5, where we have used the minimum in the reflec-
tion to determine the frequency w. There is clearly a
deviation from the linear relationship at the largest
field where the approximations we made in deriving (5)
begin to break down. From the slope at the smallest
fields we find

1/2{0‘10‘3/[1 - (C'-’_L/wn)2:|} =1.5X104,

and using our previous result for (wi/wy)?=1.37, we
calculate a;a3=8.1X10% As mentioned earlier, we
may use this value of a;as to calculate a cyclotron mass
for the field along a bisectrix. This is

Mog™ = =0.011m,,

(res)?
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F16. 4. The motion of the higher frequency dielectric anomaly
with magnetic field along a binary axis as observed in reflection
from a surface normal to the binary axis.

whereas by direct measurements from cyclotron res-
onance® the value obtained is mep*=0.009m,. The
agreement is quite good and adds support to our
interpretation of the data.

Finally we report one direct observation of cyclotron
resonance at infrared frequencies. Figure 6 shows
data taken at 87 microns with the field and direction of
propagation along a binary axis. The curve has the
form expected apart from the slow decrease in reflection
prior to the sharp break. This is doubtless due to finite
relaxation time effects which we neglected in our earlier
discussion. We extract a cyclotron resonance field by
extrapolation as shown in the figure to obtain B,
=12 800 gauss. At 87 microns this sets the effective
cyclotron mass at m,,*=1.04X10"2 mo. This is in
excellent agreement with other reported values for
this orientation.5$

This completes the description and analysis of the
infrared data.

V. DISCUSSION

The infrared data, when used in conjunction with
the results of cyclotron resonance (with the magnetic
field both perpendicular® and parallel® to the sample
surface) give a consistent picture of the band structure
of bismuth.

TasLE II. Cyclotron masses for electrons.®

mig=mo/[ (cz03—ad) ]t 0.11 moP or 0.13 m,°

mlb=2m1a7n2a/[ (3mh;2+7ﬂza2)]* 0.01 M()b’ cd

m2a=mo/ (a1a3) 0009 mo°

m2b=2m1amu/[(mm’+3m2,,2)]5 0018 moc
my=mo/[ (crcx2) 0.08 mq°

a The notation m: denotes a cyclotron mass when the magnetic field is
along axis 7 (¢=1,2,3).

b See reference 5.

¢ See reference 6.

d Present work.
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Fic. 5. The frequency of the dielectric anomaly, w, from Fig. 4

plotted as a dimensionless ratio (w/wir)? versus a reduced magnetic
field w./w, as suggested by Eq. (5).

In Table IT we have listed the cyclotron masses for
the electrons, their dependence upon the o’s, and the
numerical values obtained from the data. The independ-
ent determinations are in good agreement, in the one
case where there is a difference (m1,) we use the average
value. It will be noted that there are only three
independent masses and four o’s, so that additional
information is required. This is the source of most
of the apparent discrepancy between the different
published values of these parameters. However, with
our independent determination of as/a;, we can now
obtain a set of values derived from optical properties
only. These are:

a1= 133, = 12,

a3=91, as=6.1.

With the above a; and a3 we may then calculate the
density of electrons from the value wo=162.2 cm™,
which gives #=4.4X10" cm™3. The Fermi energy
for the electrons E. is related to the carrier density

REFLECTION =—>

o 5 10 15 20 25
H IN KILOGAUSS

F1c. 6. The reflection in arbitrary units as a function of magnetic
field for the field and incident radiation both along a binary axis.
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TasLe III. Comparison of electron band parameters with
those obtained from anomalous skin effect. The units of a;/F,
are 103/ev.»

ai/E, as/E. as/Ee as/LE,
Calculated 8.87 0.080 6.06 0.41
AS.E. (specular)® 9.1 0.088 4.7 0.38
A.S.E. (diffuse)® 6.4 0.062 3.3 0.27

through the relation
8T (2moE,)?

n=p—

3n [:011(0(;6(3—0142)]%
where 7 is the number of ellipsoids in the electron band.
Following Smith,® we assume =6 and find E,=0.015
ev. We now compare the values of a;/E. we obtain
with those derived from an analysis of the anomalous
skin effect (A.S.E.).? in Table III. The quoted error
in the latter work is 209, whereas the data in Table
II is stated to be within 109}. The agreement between
the different sets is therefore very good.

We may repeat the same analysis for the hole band
assuming two ellipsoids of revolution about the trigonal
axis. From the cyclotron masses®

M *¥=0.068 my and M*=0.25 iy,

with the magnetic field along and perpendicular to the
trigonal axis, we find for the reciprocal mass parameters
in the hole band,

B:1=14.7 and B;=1.07.

Assuming that the number of holes and the number of
electrons are equal we use the relations

87!' (27’)’ZOEh)%
3 (B7Bs)t

to determine the Fermi energy for the holes, E;. We
obtain E;=0.0082 ev. We then calculate 8,/E; and
compare with the results of A.S.E. in Table IV. There
is again quite good agreement well within experimental
error.

We may also calculate the periods to be expected
from de Haas-van Alphen type experiments (all
magneto-oscillatory phenomena are included in this
general category). According to the simplest form of

n=2

TaBrLe IV. Comparison of hole band parameters with those
obtained from anomalous skin effect. Units are 103/ev.

81/Eh 83/En
Calculated 1.8 0.13
A.S.E. (specular)® 1.52 0.118
A.S.E. (diffuse)® 1.07 0.083
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the theory,' the period of oscillations, P, of the observed
physical quantity is P=umo/Em* where u is the
double Bohr magneton, m* the cyclotron effective mass
and E; the Fermi energy of the group of carriers. In
Table V we summarize the correlation which gives the
best possible agreement. The calculated values of the
periods we ascribe to electrons are all slightly larger
than the observed periods, with the exception of the
period of 1.57X10% gauss™, listed in parentheses.
However, since these deviations are less than 109}, we
cannot regard this as significant. Another point worthy
of note is the absence of any observed period of approx-
imately 0.6X1075 gauss™ with the field along a
binary axis. The period of 0.3 10~% gauss™ with this
orientation is certainly not due to electrons as can be
seen from a cursory inspection of the values of the
cyclotron masses and the long period, both sets being
obtained by independent observers.

TasLE V. Comparison of calculated and observed periods in
de Haas—van Alphen effect experiments.?

Direction of
magnetic field

(1) Electrons
1

Calculated period

Observed period
X105, in gauss™!

X105, in gauss™!

0.64
7.7 7.1be
2 8.6 8.24
43 4.0°
3 0.96 (1.57b42)
(11) Holes
1 0.57 0.3¢
2 0.57
3 2.00 (1.570t8)

a The first column gives the crystal axis to which the field is parallel.

b M., C. Steele and J. Babiskin, Phys. Rev. 98, 359 (1955).

¢ J. Babiskin, Phys. Rev. 104, 981 (1957).

d See reference 4.

e See reference 5.

fW. C. Overton, Jr., and T. A. Berlincourt, Phys. Rev. 99, 1165 (1955).
g R. A, Connell and J. A. Marcus, Phys. Rev. 107, 940 (1957).

The argument in the case of the holes is much poorer
and probably beyond experimental error. A one-ellipsoid
model for the hole band would bring the oscillatory
experiments into better agreement with the cyclotron
resonance data, giving periods of 0.36 and 1.31 compared
to the observed periods of 0.3 and 1.57, all in units of
10-% gauss™. However, no direct comparison is possible
with the A.S.E. experiments for this case and we leave
the matter as an open question.
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APPENDIX I

The plane wave solutions, E(r,t)=E expi(wi—k-r)
satisfy the equations

[9*— eo+ (47i/w)o JE=0, (A1)

a See reference 8.

2 L. D. Landau, See Appendix to reference 3.
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where n=ck/w. Suppose that the propagation is along
the z axis and ¢ is of the form

gz Ozy O
o=|oy oy O] (A2)
0 0 o,

Substitution of (A2) into (A1) leads to two homo-
geneous equations for the components E, and E,.
The resulting secular equation has the solution
= ep— (27"'5/‘*’) {Uxx+0yy

+[(0es—0y)*+402y04. 11} (A3)
The relations used in Sec. IT are special cases of (A3) as
they apply to bismuth.’® In zero magnetic field, with

13 B. Lax, K. J. Button, J. J. Zeiger, and L. M. Roth, Phys. Rev.
102, 715 (1956). ’
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k|3,

Ogpe= Oyy=— 022

Oay=0y2=0,
and
(A4)
Similarly, with the propagation along a binary axis
Tay=0y,=0 and

11122= € (4:7”./(0)0"22,

7]32 =€p— (41ri/w)o'22.

(AS)
1)1322 €0 (41”./(1))0‘33. (A6)

Equations (1a), (1b), and (2) are obtained from (A6),
(A5), and (A4) by substituting the expressions for oy
given in reference 13. Equations (5) and (6) were
obtained by expanding the radicand in (A3) treating
04y as small.
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Ferroelectric Properties of BaLi,,Al; 5. F,04_4;

T. G. Dun~ne anp N. R. STEMPLE
International Business Machines Research Laboratory, Poughkeepsie, New York

(Received August 10, 1960)

Single crystals of BaLiszAls-2:Fz04—4z, where x=0.15 to 0.30, have been found to be ferroelectric with a
Curie temperature in the range 127-153°C and a room-temperature spontaneous polarization along the
hexagonal ¢ axis of approximately 0.1 ucoul/cm?. The structure of these mixed crystals is unrelated to that
of any previously known ferroelectric, but appears to be very similar to that of BaAl,Os.

URING an investigation of the chemical and

dielectric properties of fluoride perovskites,

a new type of room-temperature ferroelectric,

BaLis;Aly 2,F4,04 45, has been discovered. Crystals

have been prepared in a composition range x=0.15 to
0.30 and ferroelectric properties investigated.

The crystals were prepared from an equimolar
mixture of LiF and BaF,, where the BaF, was contami-
nated with 0.25 wt 9, Al. Crystals of BaLiz,Aly 9,F 4,
Os—4, may also be prepared from an equimolar mixture
of LiF and pure BaF, doped with about 0.11 wt %,
AlF;-H,0 with respect to BaF,. All mixtures were
heated at 1300°C in a Pt crucible and cooled at a rate
of 40°C per hour to well below the reported 850°C
melting point of LiBaF;! before the furnace was shut
off. The resulting product consists mainly of small cubes
of LiBaF; interspersed with a much smaller amount of
BaLis Al 9,F4,04 4, in the form of hexagonal platelets
1 to 4 mm? in area and about 0.1 mm thick. They were
collected and analyzed for fluoride and aluminum by
standard techniques. In every case the value of ®
calculated from aluminum analysis agreed to within
109, with that calculated from fluoride analysis. x had
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a value of 0.30 when Al contaminated BaF, was used
and #=0.20 and 0.15 for crystals grown using pure
BaF, doped with 0.113 wt 9, and 0.103 wt 9, Al
respectively.

The crystal structure of BaLis,Alo 9, 4,044, 1s very
similar to that found by powder pattern data for
BaAl,042 The Weissenberg single-crystal data for the
hexagonal unit cell of BaligeAl;.4F1.20:5 gave
a=10.44 A and ¢=8.77 A compared with ¢=35.209 A
and ¢=8.761 A reported for BaAl,04. We are attempting
to grow crystals of BaAl;O, in order to determine
whether the a axis is also doubled in length in the pure
compound as well as to investigate the dielectric
properties.

Since the polar sixfold axis is perpendicular to the
plane of the platelet, the dielectric properties of
BaLizAly 9,F4,04 4, were only investigated in this
direction.

The 1 kc/sec™! dielectric constant, €, and the 60-cps
spontaneous polarization, P, were determined by
standard techniques.?*

The experimental error for e is about 1009, and the
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