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The de Haas-van Alphen (deA) effect has been studied

in single crystals of calcium using the modulation method
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CHAPTER I

INTRODUCTION

Calcium is an alkalinexearth metal of atomic number
20 with an electron configuration 152, 252, 2p6, 352, 3p6,
452 thus having two valence electrons. It has a face
centred cubic structure with a = 10;5 au.1 On exposure to -
air it forms a white powdery, non-conducting coating of
the hydroxide. Occasionally, a black coating of unknown
chemical cémposition forms. This is also an insulator.

The only experimental measurements of the Fermi
surface of calcium have been by Berlincourt2 and Condon
and Marcus>. Both used the de Haas-van Alphen (dHVA) effect
to obtain extremal cross-sectional areas of the Fermi surface.
Berlincourt, using a pulsed-field technique, found only one
- frequency of (l£7i0.15) x 107g. From the temperature
dependence of the dHVA signal he obtained an effective mass
of 0.61@6110%.

- Condon and Marcus, using a torsion method and a
maximum fjeld of 33 kOe, measured three dHVA frequencies.
However their assignment of crystal orientation to their
data appears incorrect, since their results do not have the
expected symmetry of a cubic structure. Also, they found

their samples were polycrystaline; this made their results

inconclusive when trying to fit them to a Fermi surface model.
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Following these experiments there have been a
series of théoretical calculations of the Fermi surface
of calcium, with widely differing results. The main
difference between the various calculatiqns is whether
the hole surface consists of several separate pieces, and
if so, where they are situated in the Brillouin zone;
or if it is a connected hole surface.

The purpose of this work was to again use the
dHVA effect in calcium, using a superconducting magnet
and computer analysis of the results, to clarify the
experimental measurements of the Fermi surface and to see

which theoretical model has the best agreement with experiment.



CHAPTER II

THEORY

1. Fermi Surface

Calcium, with a &alence of two, is a compensated
metal with an equal number of electrons and holes. Its
Fermi surface consists of a hole surface in the first
Brillouin zone and an electron surface in the second zone.

In the single-OPW model; where the ionic potential
is assumed uniform throughout the crystal, the Fermi
surface is obtained by the method due to Harrison4, where
spheres of radius kf are constructed around the reciprocal
~lattice points. The resulting Fermi surface is shown in
Fig. 1. The hole surface is multi-connected, while the
electron surface consists of four lenses each centred at
L in the Brillouin zone. Although this model involves the
rather drastic approximation of neglecting thé ionic potential,
it often gives a good first approximation to the real Fermi
surface in simple metals. The explanation of this comes
from pseudo-potential theory which shows that fhe effective
potential is much smaller than the ionic potential. .

The major inaccuracies of the single-OPW Fermi
surface occur where the surface is close to, or intersects
a Bragg reflection plane. In these regions multiple OPW
techniques can be used to give more accurate results. From
the single-OPW model one sees these modifications should
appear near the [200] and [111] faces of calcium. Using

Harrison's value of 0.039 Ry and 0.003 Ry respectively



Figure 1
The single-OPW Fermi Surface.
a) The first zone hole surface.

b) The second zone electron surface.
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for the effective potential, a two-OPW calculation was
carried out. Tbe resulting Fermi surface is shown in
Fig.. 2. The hole surfacé in the [100] direction is

open in the céntre, although the surface remains connected
by arms. The effect of the [111l] faces on the electron
pieces was found to be negligble in the two-OPW calculation.

Chartérjee and Chakrabortis, using a multiple-OPW
method and their own calculated values of effective
potential, obtained a dismembered hole surface with
pockets of holes around the points K and U in first zone
and the electron surface consisting of four lenses centred
at L. Latérs, they used a quantum defect method and again
obtained a disconnected hole surface, bqt with pockets of
holes at W in the zone; The same electron surface was
obtained.

Vasvéri7 used the full non-local pseudo-potential
and obtained a Fermi surface that consists of pockets of
holes around the point W, with four lenses centred at
L for the electron surface. However, this result is
strdngly dependent on the choice of 0.33 Ry " for the Fermi
energy, a smaller value of 0,32 Ry results in a hole
surface to that shown in Fig. 2.

In 1971 Altmann et al.8 calculated the bénd structure
of calcium by a celluler method using a Slater t?pe potential.
With a Fermi energy of 0.31 Ry, they obtained a connected
hole surface‘of similér shape to that of Fig. 2. Driesen

and Pyenson9 used a first principles, non-relativistic



Figure‘2
The two-OPW Fermi Surface.
a) The first zone hole surface.

b) The second zone electron surface.
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Green's function method to compute self-consistent energy
bands of calcium. They calculated the Fermi energy to be
0.2918 Ry and obtained first-zone pockets of holes
around the point W. Their second zone surface consists of
electron lenses centred at L. They concluded that their

results are very similar to those of Vasvari.

2. de Haas-van Alphen Effect

This effect is one of the main methods of measuring
the Fermi surface of metals, and is an oscillatory component
of the magnetic susceptibility of a crystal'as a function
of magnetic field. Good quality crystals at very low
temperatures in fairly high magnetic fields are needed
to observe the effect.

In a constant magnetic field, the allowed energy
states of the conduction electrons coalesce into a set of
discrete energy levels called Landau levels,bécause of flux
quantization. Up to the Fermi energy the Landau levels are
occupied but above this energy they are empty. As the
magnetic field increases the Landau levels expand, and as
a particular level passes through the Fermi surface it
becomes de-populated and the total electronic free energy
is reduced. As another level rises towards the Fermi
surface the energy increases until it passes through the
surface and then the free energy is again reduced. Thus,
as the magnetic field ,changes there is a periodic emptying

of Landau levels resulting in a periodic change in the free
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: energy of the conduction electrons, with a period determined
by the interval between coincidences of a quantised orbit
with the Fermi level. This energy change is observed in
sevéral physiqal properties 6f metals; the change in magnetic
susceptibility is one of the most pronounced and easiest to
observe experimentally. | |

The full matheﬁatical treatment of the effect has

been rigorously calculated by Lifshitz and Kosevichlo, and

by Gold'l. The final result is that the oscillatory part

of the magnetization M is given by

- —eht omen. 1/2 |93, -1/2r% -1 3F & = 1 9F ¢
M= 2 ( ) Iw‘l F 30 Fsinb 3¢
47T m + “H
c
© X . K
x I I r sin (2nr(£ -y) % LS
r=1 51nhxr r3/2 H 4 .

{ﬁ, @-and a}is a set of orthogonal unit vectors when the
field is expressed in spherical polar co-ordinates.
m, is the cyclotron mass.

- 1/2
is a factor related to the curvature of the

Fermi surface in the region of the orbit.

r is an index indicating harmonic number.

X

Efﬁﬁf is the term containing the temperature dependence of the
r 2
: _ 21 r mckoT .
signal where Xr = S

Kr includes the effect of scattering of the electrons and

—ZﬂrmckoTD
is expressed by K = exp( =FE )

where T, is the Dingle temperature.
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' Aé is an extremal area of the Fermi surface in the plane

normal to the magnetic field direction.

ha
F is the d@HvA frequency equal to fﬁg .

Thus the frequency of.a dHVA oscillation in 1/H
is directly proportional to an extremal cross-sectional
area of the Fermi surface normal to the magnetic field
direction. In this way measurements of the Fermi surface
are maae. By measuring the variation of the guva signal
amplitude with temperature at a fixed value of magnetic
field one can calculate the cyclotron mass of the electrons;
similarly, by measuring the dependence of the gHvA. signal
amplitude with the magnetic field strength at constant

temperature one can calculate the Dingle temperature.
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CHAPTER III

EXPERIMENTAL METHOD

Thé célcium samples, obtained from J. McCrearylz,

- were grown by a fractional distillation process.v They |
were typically 2 cm long and up to 1 cm in diameter with
numerous growth faces. Since calcium reacts rapidly in
air to form a_sﬁrface layer of oxide or hydroxide, which
eventuélly transférms a sample into a white powder, samples
were handled with minimum‘exposure to air. The surface
layer made X-ray analysis very difficult. However, some
results were obtained using Laue back reflection and pre-
cession techniques which indicated that the samples were
not single crystals, but rather a large number of crystals
joined together. A soclution of one part hydrochloric acid
and three parts methanol removed the surface layer and
etched the crystals. Attempts to encapsulate the crystals
in wax after etbhing were ﬁnsuccessful because the coating
did not completely stop tbe oxidation process. To obtain

a poséible single crystal of suitable size for experimental
use, a small part of the crystal, typicélly 3 x 2 x 2 nms.,
was cut from the larger piece by the acid-saw method.
Cotton thread was used to transport the cutting solution

of hydrochloric acid and methanol across the crystal. This
technique was found to work well and produce a narrow, strain
free cut. The sample was then glued into a Kel-F holder with

a small amount of Glyptal cement.

10
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 Because of the difficulties encountered using

X-rays to exémine the crystals, instead of the conventional
method of X-ray orientation of the‘sample prior to mounting,
or uéiﬁg the morphology of the crystal as used by Condon and
Marcus, crystais were ﬁounted with no preconceived concept
of orientation and the determination of orientaticn was
attempted from the symmetry of the guya data. Out of ten
samples examined four appeared to be predominantly single
crystals and it was possible to orient three. The sample,
glued in the holder, was inserted into a modulation and
pick-up coil assembly, with a turning mechanism allowing the
crystal'to be rotated through 360°.

13 was used to detect the

The modulation method
dHyA‘signals. Since the magnetization of the crystal
is a non-linear function of the magnetic field, harmonics
of the modulation frequency are generated inductively in
the pick-up coil placea around the sample. The dHvA signal
at any desired harmonic frequency is selectively amplified
and synchronously detected. A schematic diagram of the
apparatus is shown in Fig. 3. The magnetic field was
provided by a Westinghouse 55 kOe'superconducting magnet
that could be swept in 1/H. A modulation frequency of 517 Hz
was used Qith a typical modulation field of:80 Oe. The pick-up
coils were impedence matched to a twin-T filter which was
used to remove the fundamental frequency. A PAR ﬁR—8

lock-in amplifier was ‘used to detect the second harmonic

signal. A data acquisition system was used to record digitally



Figure 3

-Block diagram of apparatus
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the dHvA. signal together with maghetic field values on
magnetic tape for subsequent computer analysis. Typically
ten pairs of field and signal readings were recorded per
dHVA oscillation, over approximately 500 oscillations. The
field was swept from 30 to 50 kOe which resulted in an error
in the measured frequency of #4 Tesla. A fast Fournier transférm
programme was used to determine the dHvA frequencies at each
magnetic field direction. All measurements, except the
temperature dependence of the signal, were done at 1.2°K with
the sample immersed in liquid helium kept at a low vapour
pressure by pumping. For the temperature dependence.of the
signal,‘a Téxas Insfrument precision pressure gauge was

used to measure the pressure of the helium gas above the
sample. The signal amplitude was measured at a fixed
magnetic field value in temperature range 1.2 to 3°K at

approximately 0.2°K intervals.



CHAPTER IV

'RESULTS

The results obtained from sample 1 are shown in

Fig. 4. Discussion of the assignment of the crystallo-
Agfaphic directions is given in the next section. Three
~distinct dHVA frequency ranges are clearly seen. The
low-frequency range consists of three branches Al’ A,

and A3 each with an angular range of approximately 60°

and a minimum frequency of 340 Tesla. A fourth branch,

Ay, extending over 40° has a minimum frequency of 420 Tesla.
The mid-frequency range extends from 1270 Tesla to 1400 Tesla.
Again there are four branches, although 32 ié split and has a much
weaker angular dependence than the other' three. Finally there
are four high;frequency branches, each with a minimum
frequency of 1720 Tesla. Two branches Cl and C2 are not
continuousband can be followed in frequency up to about

2,500 Tesla. The dHvA signal decreases in amplitude as the
field direction moves away from the minimﬁm frequency orien-
tation. The other two branches are continuous through 180°,
C3 having a maximum frequency of 2085 Tesla, and C4 a

maximum frequency of 2,310 Tesla. Second and higher harmonics
of most of the AHVA frequencies were detected but these are
omitted from Fig. 4. Sums of (B4 + Cl)and(B; +C2)were also
observed. Several other frequéﬁéy points, especially in

the 1720 to 1800 Tesla range, were detected which did not

fall on any well defined line, and were of smaller amplitude

14



Figure 4

dHvA frequency spectrum of sample 1.
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than those shown in Fig. 4. These points are assigned to
smaller crystals present in the sample.

The results obtained from sample 2 are shown in
Fig. 5. Again three frequency regions are seen. There
are three low-frequency branches each with minimum
frequency of 325 Tesla, the minima each being separated
by 60°. The extent of eéch branch is approximately 70°
so that this low-frequency is observed in éll field
directions. In the mid-frequency fange there are four
branches, although B3 was not a strong signal and has a
'smaller angular dependence than the other three. The high

1
frequency of 1724 Tesla, while the other three branches have

frequency branches are interesting. C., is isotropic with a
minimum frequencies of 1722 Tesla and show three-fold
symmetry. The cross-over frequency of these three branches
is 1950220 Tesla. Again there was evidence of other smaller
crystals in the sample, giving rise to weaker, random
signals not shown in Fig. 5.

' Fig. 6 shows the results obtained from sample 3.
This sample was much smaller than the others used, being
approximétely 2 mms by 1 mm by 1 mm; the results indicated
this was a single crystal. There are three main branches
in the low-frequency region, eaéh with a minimum frequency
of 345 Tesla, while two branches A, and AS from weaker
signals are present from 40° to 70° and 130° to 175°

respectively. The minimum frequency of these two branches

is 450 Tesla. No low-frequency signal was observed between



Figure 5

dHvA frequency spectrum of sample 2.
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Figure-G

dHvA frequency spectrum of sampel 3.
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5° and 25°. In the mid-frequency range a strong branch
B4'was found between 0° and 33°, with a minimum frequency

of 1278 Tesla. Two, much weaker, branches B, and B

2 3
were also present in this mid-frequency range; they both
have a minimum frequency of 1270 Tesla. In the high-
frequency range there are two open branches Cl and Cy
again as the frequency increases the signal was found to
decrease in strength, preventing these branches from being
followéd to higher frequencies. The other two branches can
be followed through the 180° rotation. Both have the same
maximum frequency of 2180 Tesla, while all four have the
same minimum frequency of 1720 Tesla. At 15° all four
branches have the same frequency of 2060'Tesla, this is also
the orientation of the minimum of the strong branch B4.
The cyclotron mass at the minimum of the branch B4
was détermined from the temperature dependence of the
amplitude of the signal,; this gave a value of 0.52%5% m -
Using this value of the mass, the Dingle temperature was
calculated from the field dependence of the signal. A
value of 1.1°K*10% was obtained. |

Finally the results from sample 4 are shown in Fig. 7.
Again three freqﬁency ranges were observed. The cyclotron

mass at the minimum of one of the high 'frequency branches

was measured and found to be 0.60 nzis%.



Figure 7

dHvA frequency spectrum of sample 4.
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CHAPTER V

DISCUSSION OF RESULTS

I shall use the two-OPW Fermi surface model to
interpret the results, and at the end of this section
compare the fit of this model with the results, with the
various other Fermi surfaces proposed for calcium.

In the two-OPW Ferﬁi surface the principle orbits
likely to be detected experimentally are, following
Harrison;4

a An orbit around the intersection of the four first

zone arms, seen when the magnetic field is along a
[100] crystal axis. It has a predicted minimum
frequency of 1316 Tesla.

B An orbit around the second band lens. The minimum

area is seen with the magnetic field along a [110]
~-direction, and has a frequency of 2000 Tesla.
¢ Another orbit around the junction of the four first
band arms, but with the field ih a [110] direction.
The predicted minimum frequency is 1410T.

Y The minimum section of a first band arm, corresponding
to orbits with the field in a [110] direction, and
a predicted minimum frequency of 233 Tesla.

T A nearly circular orbit around the inside of the four
arms. It should be seen with the field in a [100]

direction, while its predicted minimum frequency is

3,330 Tesla.

21
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n An approximately square orbit around the outside
of the four arms, its predicted minimum frequency
is 11,760 Tesla with the magnetic field in the [100]
direction.
In all four samples four high frequency branches
were observed, each branch having a minimum frequency of
1720 Tesla. In all cases these branches were either
continuous throughout the 186° rotation, or gradually decreased
in strength as the frequency increased, until the signal
was undetectable. These results indicate that these frequencies
-come from four separate closed pieces of the Fermi surface.
Thus it is concluded these branches originate from the four
lenses of the electron surface in the second Bfillouin zone:
the 2-OPW calculation predicts a minimum frequency of 2,000
Tesla which is in reasonable agreement with the experimental
valué. |
The sample orientation was found by using the
symmetry of the data, together with a computer simulation of
the electron Fermi surface. The computer model consisted of
four ellipsoids of revolution about the [111] direction,
centred at L in the Brillouin zone. The dimensions of the
lenses were obtained from the experimentally observed
minimum frequency of 1720 Tesla‘and a maximum frequency of
12,000 Tesla obtained from the two-OPW calculation.
Fig. 8 shows the high-frequency branches together

with the comﬁhted high-frequency branches for an orientation



Figure 8
Comparison of experimental and theoretical
high~-frequency branches of sample 1. The
dots are the experimental points while the

-continuous line is the computer fit.
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that is 20° from the [110] direction in a [001] plane and
5° from the [010] direction in a [100] plane. It is seen
there is good agreement, and by calculating the frequency
spectrum for planes close to the one plotted, it appears
‘that the plane of rotation of the sample is that specified
above, to within #2° in each direction. Using this, the
orientations are marked on Fig. 4 where the letter P
indicates a principle crystal direction projected onto
the plane of rotation.
all

The three low-frequency branches Al' A, and A

2 3
~have their lowest frequencies on projected [110] directions.
These cofrespond to orbits of type y around one arm of the
hole}surface. The fourth low frequency branch is also
from an orbit of type Yy, the higher frequency indicating
that the oriehtation for its minimum area to be observed
is well off the axis of rotation. No low fregquency dHVA
signal occurs in the vicinity of the projection of the
[100]‘direction on the élane of rotation.

" The branch B, has its minimum frequency of 1280
Tesla on the projection of the [100] direction and is
assigned to be from an orbit of type a. The other mid-
frequency branches Bl' B, and B3 are all close to projections
of [110] directions and are dueAto orbits of type §.

The two open-ended high frequency branches Cl and.C2

both have their minimum frequency in P[211] directions

and are degenérate in the P[100] direction as expected

from two of the electron lenses.
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The results of sample 2 shown in Fig. 5 have three-
fold symmetry which immediately indicates that the plane
of rotation is a [111] plane.  With this orientation
one of the lenses has its smallest area perpendicular to
the magnetic field direction for all directions in this
plane; this results in the brach Cl which has a constant
frequency of 1724*4 Tesla. The other three branches C2'
Cy and C, have their minima in [110] directions and
-cross each other in the [112] direction.

The mid—frequehcy branches Bl’ B, and B3 are due
- to orbits of type §. The origin of B, is not obvious, but
it is prbbably from an orbit of type a, since the plane of
rotation is about 40° from the [100] girection at the orientation
of B4.'

The three low frequency branches, due to orbits
of type Y, have their minima in the [110] direction and
are degenerate in the [211] directions.

Fig. 9 shows the high frequency branches obtained
from sample 3, together with the computer simulation of
a [210) axis of rotation. There is good agreement between
the two, the presence of a mirror plane in the data, and
the four-fold degeneracy of the high frequency branches
~at 15° verifies that the axis of rotation of the crystal
is a [210] direction. The four high-frequency bfanches_

are degenerate with a frequency of 2060 Tesla with the field

in the [100]‘directidn. The minimum of branch B4 is also



Figure 9

| Comparison of experimental and theoretical
high-frequency branches of sample 3; The
dots are the experimental points while the

continuous line is the computer fit.
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in this orientation, thus B4 is due to an orbit of
type a. The weaker branches B, and B, are on projected
[110] directions and are due to orbits of type §. The
low-frequency branches Al, A, and A3 ;1so.have their
minima in the vicinity of the projeétion of [110] directions
onto. the plane of rotation.and are due to orbits of type Y.
Branches Ry, and AS are also‘due to the same type or orbit,
but the orientation for their minimum area to be observed
is well off the axis of rotation, hence their higher
frequencies. Again,no low freqﬁency signals were observed
near the [100] direction. An attempt was made to detect
higher frequencies in the region around the [100] direction,
but with no success.
In the case of sample 4, althougﬁ the same types
of frequency_branches were present, the axis of rotation
Aappears to be well away from any major symmetry direction
of the crystal and no satisféctory orientation could be
found. L
- Thus using a 2-OPW model of the Fermi suéface I
have been able to explain the origin of all the frequency
branches measured experimentally. Four distinct orbits
have been detected as summarized in table 1.
| I was unable to measure the masses corresponding to
orbits § or y because neither frequency dominated the 4HvA
signal in any orientation.

Thus the simplé 2-OPW model is in good agreement
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with the experimental results for all the frequencies
measured. However, in the 2-OPW model two higher
frequencies should exist in the [100] direction, but
neither of these were experimentally observed. Wwhen the
nature of these orbits is considered this is not really
surprising. Orbit f, the nearly circular orbit around
the inside of the four arms should have a frequency of

approximately 3,000 Tesla, but with a very limited
\ 3A_ |-1/2

H

expression for the dHvA amplitudé will be dominant for

angular range. The curvature factor in the

this orbit, making the orbit difficult to detect experi-
mentally.

The other orbit n, around £he outside of the four
arms hés a predicted frequency of about 12,000 Tesla. The
sample was brobably not pure enough for this orbit to be
observed.

In no case was there any indication of any.of the
low-frequency branches being connected to each other,
similarly the mid-frequency branches were completely isolated
from each other. In both frequency ranges, there was often
a sharp cut-off of the dHvVA signal as the crystal was rotated
through a few degrees. Thus it appears extremely unlikely
that these frequency branches originate from closed pieces
of the Fermi surface. Very few of the theoretical papers

quote expected extremal areas; the results of Vasvari, whose

- -

model seems typical of the unconnected hole surface type, do



TABLE 1
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Orbit Field Direction Expt.Frequency(T)

2-0PW Frequency (T) mc/mO

a - [100]
B [110]
5 © [110]

Y 11107

1275
1720
1270

325

1310 0.52
2000 0.60
1408' ‘

233
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not agree with our measured frequencies.

- In his model there are three extremal areas which give

dHvA frequencies of 2210, 2941 and 1450 Tesla. The first
frequency is from the electron surface, while the other two are
from the hole surface. These values do not agree with the ones
found, and in his model there is no orbit corresponding to the
low frequency branch of 325 Tesla. |

Altménn, in his third Fermi surface model for calcium, ob-
tained a first band surface similar to the 2-OPW model. His
mihimum frequency. for orbits of type vy is 263 Tesla compared with
325 Tesla obtained experimenta%ly, and for the orbit B 1470 Tesla
compa:ed with the experimental value of 1720 Tesla. He has
ignored the orbits o and § although they exisﬁlin his model, and
has calculated frequencies of some rather obscure orbits on his
Fermi surface, none of which match with the present data.

- BExperiments were also done to look %or open orbits in
calcium (Appendix 1). The results indicated that there are open
orbits, which is further evidence tha£ calcium has a connected

‘Fermi surface.
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CONCLUSIONS

Orientations of single crystals of calcium have
been determined using symmetry of dHVA déta. Four distinct
6rbits have been detecte‘d with minimum areas in [110] or
[1001] directions. The gHvA data is consistent with the
topology of a two-OPW model of the Fermi surface in which
the first-band hole surface is connected and there are
pockets of electrons about L in the second zone. The
‘measured frequencies agree to within 20% of those predicted

by this simple model, using Harrison's OPW form factors.



APPENDIX 1

With é multiply connected Fermi surface there is
the possibility that for some magnetic field directions
the path of an electron will not be a closed orbit. It
is easiest to visualize the mechanism for this in the
repeated zone scheme. The electron passes into an
adjacent zone where the Fermi surface contacts a zone
-boundary. An example of such an "open orbit" would be
the [100] direction in the single—OPW model of calcium.

The existenée of an 'open orbit has a significant
effect on the conductivity tensor 0.15 In the high field
limit, the transverse components of ¢ have a 1/H dependence
for closed orbits, but for open orbits they aré independent
of H. |

This results16

in the induced torque saturating in the
~high field 1limit for closed orbits, but in an open orbit
direction, the induced torque increases as H2 without limit.
The induced torque magnetometer used consists of an
electrically nulling galvénometer as described by Vanderkooy
and Datarsl7. The sample was mounted in a Kel~F holder and
suspended from the moving coil of the galvanometer by a
quartz rod. The induced torque was generated by rotating a
constant magnetic field about a.vertical axis through the
sample. The magnet used was a twelve inch electromagnet which
provided a maximum field of 22 kOe. The sample could be

K

rotated'about a fixed horizontal axis while still in the

32
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apparatus, allowing solid angle data to be taken during
one experiment. Several samples, mounted.with random
orientation were used. In one of these open orbit peaks
were observad, although they were small because the field
required to produce saturation ﬁas ohly slightly lower
than the maximum field available. Three separate sets of
open orbits were observed, but it is thought they did not
all originate from the same crystal. Because of this,
the direction of the open orbit could not be determined,'
although from the 2-OPW model it appears that an open orbit

in the [110] direction is possible.
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