2 ELECTRICAL PROPERTIES OF HYDRIDES AND. ..

separately identified, and the appropriate hydrogen-
deuterium isotope shift was observed in the optical-
mode characteristic temperature. The Hall effect and
thermoelectric power data reveal majority hole conduc-
tion for the fcc hydride phase and majority electron
conduction for the fct phase.
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The de Haas-van Alphen effect has been used to study the extremal areas, cyclotron masses, and spin-
splitting zeros on all three sheets of the Fermi surface of platinum. For the I'-centered electron surface
and X-centered hole pocket, newly developed inversion techniques have been employed to obtain the
Fermi radius and Fermi velocity at all points on these surfaces. By performing the appropriate integrations
over these surfaces, we have been able to determine the number of carriers and the density of states for
these surfaces. Our observations on the open-hole surface, when combined with band-structure calculations,
confirm the shape and connectivity of this surface. By combining effective-mass data with spin-splitting
zero data, we have obtained information on the magnitude and anisotropy of the g factor on all surfaces.
In general, we find the g factor to be different from 2.0 and quite anisotropic. The effective-mass measure-
ments, when compared with band-structure calculations, indicate an enhancement of approximately 30%.

I. INTRODUCTION

The de Haas-van Alphen effect has proved to be a
powerful tool for the determination of the Fermi sur-
faces of metals. Traditional measurements yield the
cross-sectional areas of the Fermi surface in planes
normal to the magnetic field. Recently however, this
effect has been shown to be capable of yielding detailed
measurements of the cyclotron mass, Dingle-Robinson

temperature, and g factor of electrons on the Fermi
surface. With such information available, studies of the
de Haas-van Alphen (dHvA) effect in metals now
appear useful not only for determining the shape of the
Fermi surface, but also for determining the limitations
of the one-electron model calculations and estimating
the magnitude of the many-body interactions. Pt is a
metal especially suitable for such a program since it is
known from the heat capacity'? and the magnetic sus-
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ceptibility?? that the density of states at the Fermi level
is anomalously high, suggesting that the one-electron
bands may be considerably modified by the many-
body interactions.

The electronic configuration of the ground state of
Pt is 5d%6s!. Since the ground state of the atom contains
both an unfilled ¢ and s shell at nearly the same energy,
we may reasonably expect the solid to contain both
unfilled d-like and s-like bands. Such a situation makes
the band-structure calculations more difficult for the
following reason. In the atom the d-electron wave-
function is more localized than is the s-electron wave
function. Thus, while a representation of the s-electron
wave function in the solid in terms of a few plane waves
(or orthogonalized plane waves) might work reasonably

-well, such a representation for the d-electron wave
function would certainly be inadequate. The atomic d
wave function is not, however, so localized that we
would expect a tight-binding approach to be completely
satisfactory either. Thus, a quantitative treatment of
the energy bands in platinum (or any transition metal
for that matter) requires a more powerful technique
than the nearly-free-electron or tight-binding methods.
Powerful first-principles calculational techniques are
available in the augmented plane wave method (APW),
its relativistic generalization (RAPW), and the KKR
technique. Andersen and Mackintosh! have made
extensive RAPW calculations in Pt that are in remark-
ably good quantitative agreement with the experimental
data to be presented here. These calculations will be
discussed later in this paper. The KKR technique,
although quite powerful, has not until recently had
much application.

There is a second approach to the determination of
energy bands in solids. In this approach the philosophy
is to find some appropriate parametrization of the
energy bands. Then the band structure is generated by
a two-step procedure. First, an initial set of parameters
is obtained by fitting to the best available first-principles
calculation. The parameters are then varied in order to
produce a best fit to the experimentally determined
Fermi surface. The ‘interpolation scheme” is an
example of this approach and has recently been applied
to Pt with considerable success. The APW and KKR
techniques are amenable to parametrization and will
doubtless be applied to Pt in the future.

All the techniques described above calculate the
energy bands in the one-electron approximation. Thus,
electron correlation and the effects of a nonrigid lattice
(electron-phonon interaction) are not included ex-
plicitly. Theory shows that the shape of the Fermi
surface (Fermi momentum) is essentially unaffected
by these many-body interactions provided the properly
self-consistent one-electron potential is used to calculate
the energy bands.® The Fermi velocity, however, is
quite strongly modified by electronic (quasiparticle)
interactions and, as such, can only be properly treated
by including both one-body and two-body potentials.?
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Thus, while the experimental mapping of the Fermi
momentum allows us to estimate the accuracy of the
band-structure calculations, the experimental mapping
of the Fermi velocity is of great importance in going
beyond the one-electron approximation to determine
the effects of the many-body interactions.

In Sec. II, we review the mathematical machinery
used to determine the Fermi radius, Fermi velocity,
and g factor from the dHvA data. In Sec. IT1, we discuss
the technique needed to specify the orientation of the
dHvA samples. The band structure and Fermi surface
of Pt are treated in Sec. IV, while experimental tech-
niques and sample preparation are discussed in Secs.
V and VI, respectively. Finally the experimental results
are presented in Sec. VII.

II. dHvA AND INVERSION THEORY

The dHVA effect is the oscillatory field dependence
of the magnetization of single crystals of metals and
alloys. This effect is usually only observed in large
magnetic fields (greater than 10 kG) and at relatively
low temperatures (lower than 2°K). Information about
the Fermi surface follows from the Onsager relation®

Fiz (hc/Zwe)Ai, (la)

which connects the ith frequency component F; of the
oscillatory magnetization with the corresponding ex-
tremal cross sectional area A; (of the Fermi surface)
in planes normal to the field. A full quantitative theory
of the dHvA effect has been given by Lifshitz and
Kosevich,® who find that each extremal cross-sectional
area normal to the applied magnetic field contributes a
component to the oscillatory magnetization given
approximately by

. (e \V/2 ART
M = M.b -
(hc) wHY2(9%4 ;/dky*) 2
exp(—2n%ckT m*/hieH)
sinh (2w%ckTm:*/heH )
X sin[ 2w F;/H+B;] cos[wgim:*/2mo], (1b)

where the vector direction of the magnetization is
given by

M=H+A:(34:/30)8+ (A; sind)~(34:/d¢) ¢.

The amplitude of the magnetization oscillations
depends on the energy spacing of the Landau levels
fiws, where the cyclotron frequency is

we=eH /m*c ( 16)
and the effective cyclotron mass is given by
mi*=(2r)"1(9A;/0E). (1d)

The Dingle-Robinson temperature T results from a
broadening of the Landau levels due to collisions and is
related to the effective electron scattering time through
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T,=h/wkr. The g factor will be discussed later in this
section.

The extremal area A; of the Fermi surface follows
from the determination of the frequency of the dHvA
oscillations as the magnetic field is varied in magnitude.
Very accurate determinations of the change in extremal
area with field direction can then be obtained by chang-
ing the field direction while holding its magnitude con-
stant and observing the change in phase of the
dHvA oscillations. The effective cyclotron mass
(1/27) (04,/9E) follows from the temperature depend-
ence of the amplitude of the dHVA oscillations at fixed
field. Once the effective cyclotron mass is known, the
scattering time 7 follows from the magnetic field
dependence of the amplitude of the dHvA oscillations
at fixed temperature. The determination of the orbital
g factor (or spin mass m,/my=2/g) is, in general, much
more difficult than the above measurements. However,
if for some special field directions m*/m,=r+3% (where
7 is an integer) then the fundamental frequency com-
ponent of the dHVA oscillations will be identically zero,
independent of field strength [see Eq. (1)]. We can
then determine the spin mass for this angle from a
knowledge of the effective cyclotron mass at this angle.
If sample purity permitted, one could determine the g
factor at all angles by observing the oscillatory behavior
at very low temperatures and very high magnetic fields
where fiwo>kT and w.>1. In this limit the oscillatory
behavior is ‘“‘spikelike” rather than sinusoidal in charac-
ter and the spin splitting of the Landau levels is clearly
observable. Absolute amplitude measurements would
also, in principle, allow a determination of the g factor
but are quite difficult to carry out reliably in practice.
Thus the angular dependence of the following four
quantities of physical interest may be determined from
the dHvA effect: (1) 4.(6,¢), (2) [04:(0, ¢)/0E T,
or equivalently m;*(6, ¢), (3) 7:(8, ¢), and (4) g:(0, ¢)
or equivalently m,;(6, ¢), where again the subscript 4
refers to the ith extremal orbit on the Fermi surface.
All of the above are in some sense averages around an
orbit of more fundamental quantities. We will now
discuss methods of deriving these more fundamental
quantities.

We consider first the area A(6,¢). The question
naturally arises as to whether one can find the radius
vector p(0, ¢) from a knowledge of A (6, ¢). Lifshitz
and Pogorelov!® proved that the radius vector p(8, ¢)
could be uniquely determined from a complete knowl-
edge of the equatorial area A(8, ¢) provided certain
conditions were satisfied. The surface in question must
(a) have inversion symmetry, i.e., 4(6, ) is the
equatorial area, (b) have a single-valued radius vector
as measured from the center of symmetry. The Lifshitz-
Pogorelov expression for the radius vector (6, ¢) of
the surface involves integrations on the area 4 (8, ¢).
In practice the theorem is difficult to apply since the
area is known only along various great circles of the
unit sphere. Mueller* has developed a series-expansion
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version of the Lifshitz-Pogorelov theorem which over-
comes the difficulty. The identity of these two schemes
was recently demonstrated by Foldy.!? We expand the
square of the radius vector $%(8,¢) and the area
A (8, ¢) in the form

A (0, 50) = ?: al,mYlnn(0> W); (2&)
P2(g’ QO) = ZZ blymylym<6: Qo): (Zb)

where the a’s and &’s are expansion coefficients and the

Yin(8,¢) are (normalized) spherical harmonics.
Mueller’s theorem states that
al,m=bl.m7rPl(0); (ZC)

where P;(0) is the Legendre polynomial of order I.
Uniqueness demands that only even I be allowed since
P;(0)=0 for odd I; this is equivalent to requiring
inversion symmetry. The a;,» are determined by least-
squares fitting the experimental data to expression (2a)
to some order L, the corresponding radii following
immediately from (2b) and (2c). The magnitude of L
is determined by a number of factors. Firstly, the value
of L should be high enough to give an adequate repre-
sentation of the true surface. If the true surface has a
radius that varies considerably over relatively small
angular ranges, a relatively high value of L will be
required. Secondly, the question of how extensive a
given set of data must be in order to reliably determine
the higher-order coefficients is an important one.
dHvA data are only observed in planes in which the
magnetic field is rotated. Mueller and Priestley®
demonstrated that if (continuous) data are available
only in the (100) and (110) planes, as is usually the
case for surfaces having cubic symmetry, then the fit
must be limited to 11 terms (L=18). Since the anisot-
ropy of the surfaces observed in this investigation
required higher L values for a faithful representation,
additional data off of symmetry planes was clearly
required. The choice of optimal great circles on which to
take data is at present unclear. However, since the
samples used in these experiments were randomly
grown (but not oriented) the choice is already some-
what restricted. We adopted the rather severe restric-
tion that there be no point in the basic triangle (s of
the unit sphere for full cubic symmetry) that was more
than 3° away from a great circle on which data had
been taken. More will be said on this matter in Sec. IV.

We now discuss the effect of a symmetry higher than
that governed only by the inversion operator on the
expansions (2a) and (2b). The inclusion of additional
symmetry operations restricts the values of 7 that can
occur and also, in the case of cubic symmetry, results in
relationships among the expansion coefficients.

The cubic case (the group O,) has been considered in
detail (to order L=30) by Mueller and Priestley,
and (to order L=60) by Aurbach et al.* New harmonics
K (called Kubic harmonics) are defined which are
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related to the real spherical harmonics Ciu, by the
relation

Ka= 2 @¢imCim, (2d)
where the coefficients @, are given in Refs. 11 and 14.
The Cp, are related to the usual complex spherical
harmonics by Cp=1/V2(¥Yi,m+ ¥ _n) and Cp="Y,.
The area inversion theorem then takes the following

form:
A8, ¢) = Zl, BuKu(0, @), (3a)
126, ¢) = Zl) vaKa(8, o), (3b)
Ba=mP1(0)ya, (3c)

where 8;; and v, are the expansion coefficients of the
area and radius, respectively.

We now turn to the effective mass wm*=
1/2%(dA/9E)s,,. It is easy to show that by combining
effective-mass measurements with area measurements
one can determine the Fermi velocity.’® The Fermi
velocity is defined as’

V= VPE(P) = (aE/aP)0.¢ﬁ+P_l(aE/60)moé
+ (p sinb) " (3E/3¢) p 0¢

= v+ veb+ 0,0 (3d)
We make the expansion (for cubic symmetry)
(aA/aE 0= Z le il(oy ﬁo)’ (48‘)

where the B, are the expansion coefficients. From our
previous discussion we then have

(9/0E)[*(6, ¢) 1=2p(9p/0E) 0 o= Zl: vil' Ka(6, ¢),

(4b)

where B4/ =wP;(0)v./. Combining this with (3b) we
have immediately the p component of the Fermi
. velocity:

U= ZEZZ: vaKa(8, sﬂ)]m/zl: vi'Ka(8,¢). (5a)

The § and @ components of the velocity follow from
using the relations

(o), = Gah, / G,
Ge)o = o)/ Ga.s

with which we obtain

— 2 ava(8/30) K8, o)
Cavad Ka(0, o) T a vaKa(6, ¢) 112’
— 2 vi1(8/30) K (6, ¢)

N TS ol Kall, @ T vk o

and

(3b)

Vo=
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Complete knowledge of p (¢, 8) allows us to determine
the volume in momentum space occupied by electrons
(or unoccupied for holes) within a given sheet of the
Fermi surface. The number of states #(E) (electrons or
holes) is of course [2/(27%)3]X volume. Thus we have

n(E)=

2 2 T
3(21rh)3/ / P*(E, 8, ¢) sind dodgp. (6)
0 0

Complete knowledge of (8, ¢) and v(8, ¢) allows a
determination of the density of states, where N(E)=
dn(E)/9E. Differentiating Eq. (6) with respect to E
and using the definition of v, we obtain

N(E)=

/ ’ f PUE, = o) sind dode

(2m 7‘0)3 »(E, 0, ¢)
Knowledge of the number of carriers allows verification
of many-body theories relating to the conservation of
quasiparticle states, in particular, charge neutrality
for a metal of even valence such as Pt.1® If the density
of states is known for all sheets of the surface we may
compare it with the heat capacity. These two should
be in agreement according to the Landau quasiparticle
theory.” The average many-body enkancement follows
on comparison with the band-structure density of
states.

The above inversion techniques are suitable for the
I-centered surface of Pt (to be discussed later) since it
is a closed, single-valued surface of full cubic sym-
metry. The representation and inversion of surfaces
having lower symmetry has been treated by the
authors.”” The X-centered pocket in Pt has the point-
group symmetry Dy, and we choose the fourfold axis as
the z axis. The fact that the z axis is a fourfold axis

restricts the values of m (<I) t0 0,4, 8, +++,i.e., m=0
(mod 4). The expansion takes the form
) <P) Z Bl mclm, (88,)
P2(0J (,0) = Z "YlmClm(B, ﬂp)a (8b)
lm
8i1=7TP1(0)’YL'1, (8C)

where the Cy, were defined previously. A problem arises
in applying the inversion procedure to ellipsoids. The
expansions (8a) and (8b) do not in general terminate
after a finite number of terms and thus the accurate
specification of an ellipsoid requires a large number of
terms. On the other hand, we know that an ellipsoid of
revolution (appropriate to the X-centered holes)
requires only two terms for a complete specification.
By rescaling the principal axis one may map the ellip-
soid into a sphere and thus the expansions (8a) and
(8b) terminate after the first term. We define the
transformation p,’ = p., p,/=ps, p.=7vp. and refer to
this transformation as a spherical mapping. It has been
shown! that the behavior of the area and radii under
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this spherical mapping is given by
A'(T7, ¢) =[v*+ (1—9*) cos’9]"*A (6, ¢), (9a)
p"*(T0, ) =[1+(v*—1) cos’01p*(6,¢), (9D)
where the transformed angles 76 and 7716 are given by
T9= tan~'(tanf/vy), (10a)
T-9= tan~!(y tand). (10b)

Equations (9) and (10) apply only to the case of an
ellipsoid of revolution. The general case is slightly more
complicated (see Ref. 17). The fitting procedure is as
follows. The experimental areas are first transformed
into the primed system with the aid of Eq. (9a). The
primed areas are then least-squares fitted to (8a) to
some order (I=2-6 in our case). The radii in the primed
system are obtained using (8c) and then transformed to
the lab system using Eq. (9b). This completes the
inversion. This procedure is not essential in Pt, where
the surfaces are ellipsoidal to a high degree of accuracy,
but is of great importance in materials such as Sb and
As. Nonetheless the computer programs were available
and have been applied to Pt as will be discussed later
in this paper.

So far we have considered surfaces invariant under
various point-group operations, and spherical har-
monics are an appropriate representation for such
surfaces. The other major sheet of the Fermi surface of
Pt is multiply connected (open). The proper treatment
of an open surface requires a representation which is
invariant under the operations of the space group. A
three-dimensional Fourier series of the form

E(k)= 3 Crexp(tk-R) (11)
R

is a suitable representation which includes the full
space-group symmetry. This representation has been
used by Roaf®® and Halse® to invert the dHvA data in
the noble metals. Ketterson, Mueller, and Windmiller?
have recently shown that this representation can also
accurately represent the highly distorted constant-
energy surfaces of Pt. The procedure used was to least-
squares fit values of E(k) in the neighborhood of the
Fermi energy (determined by the band-structure cal-
culation of Mueller, Ketterson, Windmiller, and
Hornfeldt®) to Eq. (11). Using these coefficients the
anisotropy of the area for all the orbits in Pt was cal-
culated and shown to be in satisfactory agreement with
the data to be presented in this paper. A rapidly con-
verging inversion procedure was also developed but has
not yet been applied. The application of this new inver-
sion technique and its extension to include inversion of
effective mass and pressure-dependence data will be
the subject of a separate paper.?

We should also mention that one may use a param-
etrized band-structure program to convert dHvA areas
into Fermi-surface radii, thus getting a band structure
in the process. One varies the band-structure param-
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eters until a best fit is obtained between the experi-
mental areas and those calculated from the band struc-
ture. The pseudopotential approach does not presently
work well for transition metals. The potential used in a
KKR or APW approach, however, may be parametrized
via phase shifts, and this approach looks very promising.
The interpolation scheme has also been applied to
pt.b

The 7(6, ¢) measured in a dHvVA effect is an orbital
average of the point relaxation time. An inversion
theory for (8, ¢) has not been given to date but this
may be an important area for future investigation.

Recently we suggested that a geometrical inter-
pretation could be given to the electronic g factor in a
metal.? The magnetic moment associated with the
electronic spin angular momentum S causes each
Landau level to be split into two levels separated by an
energy AE=2p-H where p=g(0, ¢) (eh/2mc)S. If
there were no spin-orbit coupling (or many-body
effects) the g factor would have the free-electron value
of 2. We expand AE of a specific Landau level # in a
power series to first order:

AE=[(3E,/0H),~ (0Er/dH ), JH++ -,

where Ej is the energy of a state whose spin is largely
up and E, is the corresponding state whose spin is
largely down.

Through a band structure we have A=A4(E) and
from the Onsager relation we have A=A(n, H)=
(2wenH/c) (n+v). Using the chain rule (0E/0H),=
(dE/dA)(0A/0H),, the magnetic moment becomes

w=ehi/2ms(6, )¢
=[4mm*(6, ¢) I7'[A1(60, 0) —A,(0, ¢) /H].  (12)

Equation (12) gives us the desired geometrical inter-
pretation of the g factor (or equivalently the spin mass).
Under the assumption (probably unjustified) that each
point on the Fermi surface is displaced by the same
amount for a given external field regardless of the direc-
tion of the field, we could formally use the velocity-
inversion techniques to determine dp/9H. With this
information we could determine the change in volume
with field which is proportional to the magnetic sus-
ceptibility for that sheet-of the surface. The way in
which many-body effects enter the g factor is not under-
stood at present.

III. SAMPLE-ORIENTATION THEORY

In this section we describe the techniques used to
specify and orient the samples. As mentioned in Sec. II,
it is necessary to take data off of symmetry planes if
the coefficients of the higher spherical harmonics are
to be determined accurately. Now a harmonic of order
L changes sign as 6 changes by an amount A§=180°/L,
or 6° for L=230. It would be desirable to have the sample
orientation known to about 20 times this accuracy or
~0.3°. Using x-ray techniques it is difficult to orient a
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N
n2

Fic. 1. Plane of rotation of the sample as specified by the vector
71 and #n, (see text).

sample better than 2°. In order to achieve the necessary
orientation accuracy we have developed a technique
which makes use of the known crystal symmetry (cubic
in this case).®? As is well known, the specification of a
rigid body rotated about an arbitrary axis requires
knowledge of three angles. The three Euler angles are a
common example but were not the coordinates used
here. The coordinates used in this investigation were
dictated by the particular sample geometry and are
discussed below.

The sample has the shape of a long right-circular
cylinder approximately 1 mm in diameter by 5 mm
long. A sample rotator positions the sample relative
to the solenoid axis or equivalently relative to the
magnetic field direction. The sample axis is specified
by the unit vector 7; having polar angles 6; and ¢1
relative to the crystal axis measured in a right-handed
coordinate system as shown in Fig. 1. 6; is the polar
angle from the sample axis to the nearest [001] crystal
axis (called the z axis). ¢1 is the azimuthal angle of the
sample axis measured from one of the other two re-
maining [100] axes (called the x axis). This completes
the specification of the sample axis. To define a plane of
rotation of a sample we must specify another vector iy
not collinear with 7. The choice of the second vector is
somewhat arbitrary since any two (noncollinear)
vectors are sufficient to define the plane of rotation. We
chose the second vector 7, as the intersection of the
plane of rotation of the magnetic field with the xy
plane of the crystal, (the y axis being the third [010]
axis). 6, and ¢, are the polar coordinates of this vector,
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where 8, is obviously 90°. The angle ¢, is, however, non-
unique since the crystal xy plane and the plane of rota-
tion of the sample intersect at two values of ¢, one
being 180° greater than the other. The specification is
made unique in the following way. We denote the
experimental angle of the sample rotator as ¢. The
second vector (xy plane intersection vector) is chosen
in the direction of increasing values of ¢ as the sample
axis is turned away from the magnet axis. This then
defines gy. The determination of the zero of the experi-
mental angle ¥ is accomplished by observing the dis-
appearance of the inductive pickup when the pickup
coil (sample axis) is perpendicular to the vertical
modulation coil axis (magnet axis). The calibration
constant of the angle ¢ (number of experimental dial
divisions per degree) is found by observing the number
of dial divisions between the two null points at = 4-90°.

Now it was usually observed that the dHvA fre-
quency was not quite reproducible when the sample was
rotated by 180°, and the difference was well outside
experimental error. Crystal symmetry demands that
the frequency be invariant under such a rotation if we
are truly rotating the magnetic field in a plane (on a
great circle) relative to the crystal. The fact that the
frequency is not reproducible is clear evidence that the
sample rotator is not rotating the sample exactly in a
plane. The magnitude of the effect could be explained if
it was assumed that instead of rotating on a great circle
(plane) the sample was actually rotating (approxi-
mately) on a cone of half-angle a=90°+~3°. The
angle a is defined so that it is less than 90° in the hemi-
sphere intersecting the vector 7;X7s. A short calcula-
tion showed that this was not unreasonable since a
clearance of the order of a thousandth of an inch in the
rotor bearings of the sample rotator could account for
the effect. Also the magnet and sample rotator might
easily be tilted (in an arbitrary plane) with respect to
each other by this amount. It was clear that our
orientation procedure would have to include this effect.

The change of the dHVA frequency with angle ¢ is
determined from a field rotation. To determine the
absolute frequency it is necessary to make at least one
magnetic field sweep (although in practice this was
done at least every 10°). Whereas the change in fre-
quency with angle may be determined to about a part
in 105 for a frequency of ~10° G, the absolute frequency
from a field sweep can be determined to only about a
part in 10%. Thus in comparing equivalent points in
one plane of data with another the absolute frequencies
may be in error by about 0.1%. In doing accurate work
it is necessary to include an additive correction for the
data in one plane relative to another. This additive
constant A, was also determined from the data. We
thus have five parameters to determine: 4o, 61, ¢1, ¢,
and a. 81, ¢1, and ¢y can be approximately determined
(£2°) from x rays. We have developed a variation
procedure for improving the accuracy of 61, ¢1, and @2
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F16. 3. Brillouin zone for fcc
4 crystal structure.

and for determining «, all to order 0.2°, by using the
cubic symmetry of the data.” This procedure is outlined
below.

The solid line in Fig. 2(a) shows, on a sterogram,
one of the “planes” on which data were taken (the final
values of the four parameters 6y, ¢1, @2, and a were used
in this plot). Figure 2(b) shows the same data (on
mercator projection) where now we have confined the
angles 0, ¢ to be in the basic 1/48th of the unit sphere
by performing the required symmetry operations.
Observe that the contour on which the data were taken
intersects itself seven times. An intersection point cor-
responds to a pair of experimental angles y; and y.. The
experimental dHvA frequencies at these angles must
then necessarily be the same because of the cubic
symmetry. This suggests using these “intersections”
to orient the sample since there are in general seven
intersections and only four orientation parameters.
What one does is assume some initial orientation
parameters and then vary the parameters until the sum
of the squares of the differences between the experi-
mental areas at the intersection angles is a minimum.
In addition to the intersections of a given plane of data
with itself we may also consider the intersection of two
or more planes with each other. Two arbitrary planes
will in general intersect each other 22 times, so that we
get much more redundancy and thus greater accuracy
by considering more than one plane. A computer
program was developed which carried out the orientation
automatically. A value of 4, is also determined when
comparing the orientation of two planes. We refer the
reader to Ref. 23 for the details.

IV. BAND STRUCTURE AND FERMI
SURFACE OF Pt

Figure 3 shows the Brillouin zone for the fcc structure.
The band structure of Pt has been calculated, using
the RAPW technique, by Andersen and Mackintosh.*?
Their band structure is shown in Figs. 4(a) and 4(b).
Figure 4(a) shows the band structure along the prin-
cipal symmetry lines of the Brillouin zone. Note that
there are six levels which arise from the atomic s and 4
states. Figure 4(b) shows the A line (T to X) with and
without relativistic effects (such as spin-orbit coupling).
For a nonrelativistic band structure the level A; is
doubly degenerate. This degeneracy, if not lifted, leads
to an intersecting Fermi surface and thus magnetic
breakdown. The inclusion of relativistic effects lifts

KETTERSON AND L. R. WINDMILLER 2

this degeneracy, splitting the A; level into the two levels
Ag¢ and A7. The dashed line shows the position of the
Fermi energy placed from the requirement that the six
bands hold exactly five electrons per atom (10 with
spin). Three of the six levels cut the Fermi energy and
thus the Fermi surface has three distinct sheets (not
related by symmetry) containing a total of two elec-
trons per atom (four with spin). One of these surfaces is
closed and centered on the point T' of the Brillouin zone.
The extension of this surface in the [1007, [110], and
[111] directions is the intersections of the Fermi energy
with the lines 27, A7, A7 respectively. Were there no
hybridization (mixing of s levels with d levels) this
surface would have s symmetry, and it has become
customary to refer to this surface as the s-band surface.
The degree of hybridization is, however, considerable
so that this designation is inappropriate. We will refer
to this surface simply as the I'-centered surface. Since
the states within this surface are occupied, it is an
electron surface. A drawing of this surface (as deter-
mined from the calculation of Mueller ef al.?) is shown
in Fig. 5(a).

From Fig. 4(b) we see that the next-to-highest A
level cuts just above the Fermi energy near the point
X. This level, X, which lies above the Fermi energy
at X, drops below the Fermi level in moving away from
the point X in any direction. It is thus more convenient
to think in terms of the small number of unoccupied
or hole states when considering the surface associated
with this pocket. Since we are very near the band
extremum the band structure is nearly parabolic and
the surface is approximately an ellipsoid of revolution
about the T'-X line. The X-T' extension of this surface is
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structure along the A line with and without relativistic effects.
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approximately 13 times greater than the X-U or X-W
extension. This surface will be referred to as the pocket.

The third sheet of the Fermi surface of Pt is associated
with the level X7,. This surface is also most con-
veniently interpreted as a hole surface. Referral to Fig.
4(a) shows that this (hole) surface is open in the X-W
direction but closed in the X-T' and X-U directions
[the band structure in the X-U direction is the same as
the X-K or Z’ line shown in Fig. 4(a) by symmetry].

F16. 5. (a) Electron Fermi surface of Pt. (b) Open sheet of
the Fermi surface of Pt showing connectivity, viewed from ap-
proximately the (111) direction. (c) Cutaway of the open sheet
of the Fermi surface of Pt showing the «, 8, v, and & orbits (in a
magnetic field).

4821

The X-T' extension is given by the intersection of the
Fermi energy with the Ag line. Note that the I'-centered
electron and this open surface do not contact each other
as the intersecting of the levels Ag and A7 would seem to
indicate since this degeneracy is lifted as we move off
the A line. In the repeated zone scheme this surface has
the connectivity of cylinders extending in the [100]
directions and intersecting in pairs at the points X.
A drawing of this surface (as calculated by Mueller
et al.) is shown in Figs. 5(b) and 5(c). This surface will
be referred to as the open surface.

Since two of the sheets were interpreted as holes and
the volume of all three levels cutting the Fermi energy
must contain two electrons, it follows that the total
volume in the open surface and the three pockets must
equal the volume of the I'-centered electron surface.

Preliminary studies of the dHvA effect?% have
verified the existence of all three sheets of the Pt Fermi
surface. The topology and approximate dimensions were
shown to be in agreement with the band-structure
calculations.

V. EXPERIMENTAL TECHNIQUE

The details of the experimental techniques used in
this investigation have been treated elsewhere.?-:32 The
1..ge amplitude, low-frequency field modulation tech-
nique was employed. Almost all of the known tech-
niques for enhancing specific dHvA frequencies were
used at one time or another in this investigation. These
include (a) nulling an undesired frequency by angular
modulation, (b) enhancing higher-frequency dHvA
oscillations by detection at a high harmonic of the
modulation frequency, (c) nulling an undesired fre-
quency at a “Bessel function zero,” and (d) sweeping
the magnetic field proportional to 1/¢ while time filtering
to enhance a desired frequency.

Magnetic fields were produced by a 13-in.-bore 60-k G
Varian® superconducting solenoid. Since the insert
Dewar had a bore of §in. (at its lower extremity) this
left the remaining annulus for the modulation coils.
Both longitudinal and transverse modulation coils were
contained in this annulus. By controlling the current in
the longitudinal and transverse coils the modulation
angle could be adjusted. In later measurements it was
judged advantageous to give up the transverse modula-
tion capability in order to have greater magnetic field
capability. The transverse modulation coil was removed
and the considerable space thus made available was
filled by an insert superconducting solenoid made of
NbTi wire which was energized in series with the main
coil. The composite reached a maximum field of 72 kG.
Both the main magnet and the composite system
were calibrated with NMR.

Since the dHvA amplitude increases greatly on going
to lower temperature [see Eq. (1)], the system was
designed to allow evaporative cooling of the sample with
either He* or He?. The experimental Dewar contained
two separate regions: an annulus containing He? (in the
upper region of the Dewar above the magnet) and an
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inner tube which contained the sample rotator and
sample together with the He® or He* used to cool the
sample. This inner tube was in contact with the He!
annulus in the upper region of the Dewar (so that the
liquid could be condensed) and isolated from the
magnet helium bath by a vacuum space in the lower
portion of the Dewar. When He? was used, temperatures
as low as 0.35°K were achieved.

Superfluid He* was usually used in the inner tube
(because of its very high thermal conductivity) for
studies of the temperature (and field) dependence of
the dHvA amplitude in order to determine the effective
cyclotron mass (and Dingle temperature). In the super-
fluid regime, the temperature of both He# reservoirs will
be the same provided that the liquid level in the inner
tube does not extend up too high. The sample tempera-
ture could then be adjusted by pumping on the outer
annulus while accurate temperature determinations
were achieved by measuring the vapor pressure in the
inner tube with a Texas Instruments precision pressure
gauge.® In this way the temperature uncertainties due
to pressure drop in a pumped line were eliminated while
those due to thermomolecular pressure corrections were
kept negligible through the use of a sufficiently large
diameter inner tube. Less accurate cyclotron effective-
mass measurements are obtained when using He?
(because of the poorer thermal conductivity) in the
inner tube. For this case, the temperature is adjusted
by pumping on the He?®. Precautions are necessary to
ensure that the pressure is not reduced to the point
where uncertainties in the pressure drop through the
pumped line result in significant errors in the tempera-
ture determination.

The sample rotator® was precision machined from
Hysol low-temperature epoxy.** When making the
differential dHVA frequency measurements, the sample
was rotated continuously by an external motor drive
system. For certain field directions (near 110) the
T'-centered surface of Pt is sufficiently anisotropic that
80 oscillations per degree are observed for a field of
approximately 50 kG. The smoothness with which the
sample rotator turned was such that the oscillations
during such a field rotation could be easily resolved. He®
was used when measuring the frequency of the dHvA
oscillations in order to have the largest amplitude.

VI. SAMPLE PREPARATION

It is quite important that the samples be both pure
and strain free. If the sample is bent by as little as
0.01° it can greatly reduce the dHvA amplitude. Since
the process of shaping the sample can introduce strain
it was decided to use the sample cross section ‘“‘as
grown” and simply cut it to the right length. All samples
were formed from Sigmund Cohn® reference grade
1-mm-diam (0.040 in.) platinum wire of nominal
5-9 purity. Suitable samples were made by two different
techniques. In the first technique a short length of wire
(~22 in long) was heated in air to 1400°C (%20°C)
(the melting point of Pt is 1769°C) over a zone about

J. B. KETTERSON AND L. R. WINDMILLER 2

1in. in length. Heating was accomplished with a water-
cooled rf copper concentrator,”” the concentrator being
excited by a 10 kW rf generator. The heated zone was
then moved a distance of 1 in. along the wire over a
200-min time interval. Randomly oriented grains up to
1 in. in length resulted in many cases. The larger grains
were cut out of the wire with a “moving wire” spark
cutter. Grain boundaries were made visibleby electrolyt-
ically etching the sample.®® The etch was a 209, solu-
tion of HCl and saturated NaCl solution. A 2.0-A
ac current was passed between the sample wire and a
second Pt wire which served as the other electrode.
Samples were etched for approximately 3h. In the
second method of preparation a floating zone refiner
employing rf concentrator heating®# was used. The
process was carried out in a vacuum of 10~7 Torr. A
randomly oriented single crystal almost always resulted
from a single pass. The zone was passed at a rate of
1in./h over a length of 1-2 in. and the sample was then
parted to avoid straining the sample from thermal con-
traction on cooling. Samples 4-5 mm in length were cut
out with the spark cutter. The resistance ratio of such
samples was between two and three thousand. Resist-
ance ratio measurements were not performed on the
samples prepared by the first technique but they did
give somewhat larger dHvA amplitudes. Air annealing
techniques have yielded resistance ratios as high as
7610 in Pt.4! It was often observed that the dHvA am-
plitude diminished after the sample was cycled several
times between room and helium temperature indicating
that temperature cycling introduces some strain.
Additional information on the growth of Pt group
crystals can be found in Ref. 39.

VII. EXPERIMENTAL RESULTS
A. General

dHvVA frequencies were studied for the magnetic field
in eight separate nonsymmetry planes. These will be
designated by the letters @ through 4. Planes a—c were
all taken on the same sample. This sample was cut from
a larger crystal which had been prepared by the anneal-
ing technique. Likewise planes d—f were also taken on a
single specimen, which. was cut, however, from a differ-
ent crystal prepared on a separate annealing run.
Specimen g was cut from the same crystal as the sample
used for runs d—f. Specimen % was cut from a crystal
prepared by the floating zone technique, the reason
being that the growth axis for crystals prepared in this
manner is often such that it is possible to rotate the
sample nearly in a (110) plane. Indeed, run % is very
nearly in the (110) plane.

Frequencies associated with all three sheets of the
surface were observed in all experimental runs. For the
T-centered surface, oscillations were observed at all
angles except where spin-splitting zeros caused the
amplitude to vanish. The samples were oriented from
the cubic symmetry of this T'-centered surface data as
described in Sec. III.
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TasrE I. Specification angles for the planes in which dHvA data were taken.

Run 6 2 02 2 a Yo?
a 6.74 15.99 90.00 22.23 90.70 100
b 10.01 19.97 90.00 —6.53 90.84 90
c 10.08 20.08 90.00 —39.58 89.25 90
d 22.74 19.06 90.00 224.81 90.02 90
e 22.25 19.48 90.00 237.20 90.07 90
f 22.58 18.96 90.00 248.15 90.66 90
g 23.37 —15.71 90.00 29.43 89.00 92
h 19.30 45.40 90.00 45.40 89.20 92

2 Value of y for field along axis of crystal (i.e., along 71 in Fig. 1) for
« =90.00. The calibration of the angle monitor does not correspond exactly

Table I lists the specification angles for the eight
planes a—% in which the dHvA effect was studied. We
expect runs d-g to have approximately the same values
of 6, and ¢ since these two samples were derived from
the same crystal. The fact that they are not exactly
the same is understandable since the sample and sample
rotator may have a slightly different orientation with
respect to the solenoid axis on each run. Also, as
mentioned earlier, the rotor of the sample rotator could
move in its bearings by as much as 3° and this can cause
a slightly different effective sample axis on each run
(which also necessitates the introduction of the cone
angle a). The same remarks hold true for runs a—c.2

Figure 6(a) shows a stereographic plot of the eight
planes (cones) a-k studied in this investigation. In
Fig. 6(b) we show all the planes a—#%, folded into the
basic 1/48th of the unit sphere (appropriate for the
T'-centered surface). Note that there is no point within
this basic spherical triangle which is farther than 3°
away from a plane in which the magnetic field was
rotated. Observe also that the traces do not reproduce
themselves in going 180° as discussed in the section on
sample orientation theory.

B. I'-Centered Electron Surface

Figure 7 shows the angular variation of the dHvA
frequency for the I'-centered electron surface when the
magnetic field is rotated in “planes” (cones) a—k. All
data in this paper are given in a.u. with momenta
measured in reciprocal Bohr radii and energy in Ry.
As mentioned earlier, plane % is very close to a (110)
plane. Note that when the magnetic field is near the
[1117] direction the surface has two extremal areas.
The smaller of these two areas corresponds to the central
section of this surface. If the larger area were identified
as the central section then there would have to be a
third period corresponding to a second maximum area
since the topology of this surface demands that any
minimum extremal area must be bounded by two
maximum extremal areas. The angular variation of the
frequency was determined almost entirely from field
rotations and thus, as mentioned earlier, the relative
accuracy is very high. Data were taken at about 0.35°K
to achieve the highest possible amplitude. Near the

to rotation in degrees; a change of 10 units in ¥ corresponds to a rotation
of the sample holder of 10.33°.

[110] direction, where the angular dependence of the
area is greatest, as many as 80 oscillations per degree
were observed. When the amplitude went to zero in the
vicinity of a spin splitting zero the number of lost
oscillations could usually be determined by extrapola-
tion from the number of oscillations per degree observed
on each side of the zero.

We may now take the observed areas in these eight
planes and fit them to cubic harmonics. Our criterion for
a good fit was the stability of the fit to the area (and
the predicted radii) as the number of harmonics was
increased above some minimum level (L=26 in our
case). The radii were observed to be much more sensi-

TaBre II. Area and effective-mass expansion coefficients for
the I'-centered surface.

i l Bit Yil B vir

1 0 2.75529 0.87704 8.62899 2.74669
1 4 0.04504 0.03823 0.05819 0.04939
1 6 —0.11231 0.11439 —0.67846 0.69108
1 8 0.01329 0.01547 0.16132 0.18779
1 10  —0.00059 0.00076 0.07192 —0.09302
1 12 0.00895 0.01263 0.09192 0.12970
2 12 —0.01937 —0.02733 —0.16669 —0.23521
1 14 —0.00462 0.00702 —0.07379 0.11213
1 16 0.00024 0.00038 0.00196 0.00318
2 16 0.00142 0.00230 0.05813 0.09422
1 18  —0.00278 0.00478 —0.01535 0.02634
2 18 0.00591 —0.01015 0.06312 —0.10833
1 20 0.00097 ~ 0.00175 0.01254 0.02265
2 20 —0.00195 —0.00352 —0.05155 —0.09312
1 22 0.00001 —0.00002 —0.00160 0.00303
2 22 —0.00068 0.00128 —0.03352 0.06345
1 24 0.00044 0.00087 0.00796 0.01572
2 24 —0.00092 —0.00183 —0.00519 —0.01025
3 24 0.00211 0.00418 0.01494 0.02951
1 26  —0.00049 0.00100 —0.02080 0.04272
2 26 0.00085 0.00174 0.02564 —0.05266
1 28 0.00009 0.00020

2 28 —0.00008 —0.00017

3 28 —0.00008 —0.00018

1 30 —0.00008 0.00018

2 30 0.00025 —0.00055

3 30 —0.00057 0.00126
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tive than the area. Fits were made with 21, 24, and 27
terms corresponding to L=26, 28, and 30. It was ob-
served that the radii at all angles varied by no more
than 0.29, between the 21- and 27-term fits. In early
attempts where orientations were determined only by
the x-ray technique (before the orientation program
became operational) it was observed that the radii
varied by several percent between the 21- and 27-term
fits. This shows that having carfully oriented samples is
absolutely essential in order to accomplish the area-to-
radii inversion accurately. The higher harmonics are
most seriously affected by misorientation. The least-
squares fit uses the cubic harmonics, and if the data are
misoriented they will not have cubic symmetry with
respect to the least-squares fit program. Since the
misorientation is on a small angular scale (~2°) it will
effect only the higher harmonics. Another indication of
the quality of our fit is that the coefficients v.; [see
Eq. (3b)] are nearly independent of the number of
terms used in the fit, above the minimum number L= 26,
as they would be if the coefficients had been projected
out of the area function by integration (we are expand-
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ing in an orthonormal set). Were the only object of this
investigation the determination of Fermi-surface radii
we could have obtained a satisfactory fit with less data
(we would not have then been able to determine the
spin-splitting zero contours, however). When we used
only two of the arbitrary planes of oriented data the
radii varied by 0.5%, which is to be compared with
the 0.2% fit obtained with the eight planes.

Table IT contains the coefficients v,; and 8;; of Eq. (3)
for the 27-term fit (L=30). The solid lines in Fig. 7
were calculated from the fit. We observe that a rather
good fit is achieved for all the data. The period nor-.
malization correction (4,) has been included in the
experimental data. Figure 8(a) shows a topographic
map of the area (contours of constant area) in the basic
triangle.

The accuracy achieved in fitting the area gives us
confidence that the deduced radii are also quite ac-
curate. Figures 9(a) and 9(b) show the Fermi radius
in the (100) and (110) planes. Shown also are the radii
from the band-structure calculations of Andersen and
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Fic. 10. Observed cyclotron effective masses for the I'-centered
surface for runs g and /. The solid lines show the L=26 fit to
the data. The angular scale corresponds to the experimental
coordinate y as shown in Fig. 6.

Mackintosh* together with those of Mueller, Ketterson,
Windmiller, and Hornfeldt.® Figure 8(b) shows the
contours of constant radius in the basic triangle. From
the deduced radii we calculated the volume of this
surface using Eq. (6a). We find 4.19X1073a5® or
0.426 electrons/atom.

After the completion of run f, the Texas Instruments
precision pressure gauge was acquired and this allowed
accurate temperature measurements to be performed.
In addition, great care was taken to ensure that the
amplifier-detection system was highly linear and that
gain of neither the oscillator-power amplifier or ampli-
fier-detection system changed with time. As a result of
these precautions, measurements of the cyclotron mass
(by observing the temperature dependence of the dHvA
amplitude) with an accuracy of about 5% were possible.
This is about the same accuracy as can be achieved
using the cyclotron resonance technique. The dHvVA
method of determining effective masses has several
advantages, however. All of the dHvA period dis-
crimination techniques may be employed; also the
requirements on sample purity are not as severe since
the dHvA measurements are carried out at higher
magnetic fields. Furthermore the preparation of the
strain-free polished surfaces necessary in doing cyclo-
tron resonance work is quite difficult. Lastly, the phase
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of the cyclotron resonance oscillations is usually quite
low and this results in lower accuracy due to the
limited number of observed resonances. A word of
caution is in order at this point. When measuring very
light masses or when performing measurements at very
low temperature, an exponential approximation to the
sinh term in Eq. (1) is not valid. Furthermore, BH
effects®®* also cause deviations from expression (1)
in this limit. The masses of the carriers observed and the
temperatures used in this experiment were such that no
corrections of these kinds were needed.

Figure 10 shows the observed cyclotron effective
masses for the I'-centered surface for runs g and %,
respectively. As remarked earlier, run % is very nearly
a (110) plane. Note that the general anisotropy of the
cyclotron effective mass in the (110) plane is very
similar to the area, there being however an extra
“bump”’ between the [100] and [111] directions. The
effective masses of the two frequencies observed near
[1117] have been deduced by observing the amplitude
of the oscillations at the beat maxima and also at the
beat waist, and then solving for the separate amplitudes.
The observed masses are quite high compared with
those usually observed in nontransition metals.

In order to interpolate the observed effective masses
to other angles (needed for deducing g factors from
spin-splitting zeros) and furthermore to determine the
Fermi velocity using Eq. (5), we have least-squares
fitted the observed cyclotron masses to the cubic
harmonic expansion given in Eq. (4). The coefficients
B:/ resulting from this fit are given in Table II. A 21-
term fit (corresponding to L=26) was used. It is
observed that the higher ! values in the cyclotron mass
fit fall off less rapidly than do the coefficients of the area
fit. Part of this is due to the fact that the anisotropy of
the cyclotron mass is greater than the area. More of it
is probably caused by the lower inherent accuracy of the
cyclotron mass data. For this reason we report only a
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F1c. 11. Contours of constant effective mass for the I'-centered
surface resulting from the L=26 fit to the data.
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21-term fit since the higher coefficients are probably not
significant, although fits using 24 and 27 terms were also
attempted. The interpolated masses varied by only a
few tenths of a percent between these three fits, but the
Fermi velocities (to be discussed shortly) varied by
about 59%. The solid lines in Fig. 10 show the 21-term fit
to the effective masses for these two planes. It will be
observed that the over-all fit achieved is rather good.
Figure 11 shows a contour map of the interpolated
cyclotron effective mass in the basic triangle using the
21-term fit.

Having the coefficients v;; and v/ we can calculate
the three components of the Fermi velocity for the I'-
centered surface using Eqs. (5a)—(5c). Figures 12(a)
and 12(b) show the components v, and  in the (100)
and (110) plane, respectively. Shown also are the cal-
culations of Andersen and Mackintosh* together with
those of Mueller, Ketterson, Windmiller and Horn-
feldt.® Note that v, is zero by symmetry in these two
planes. The angular dependence is not as smooth as one
would like, but the magnitude and anisotropy are
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F1c. 12. (a) v, and v, for the I'-centered surface in the (100)
plane. v, is zero by symmetry. The filled circles show 7p as cal-
culated by Andersen and Mackintosh, while the open circles show
9, as calculated by Mueller, Ketterson, Windmiller, and Hérnfeldt.
(b) vp and s for the I'-centered surface in the (110) plane. 7, is
zero by symmetry. The filled circles show v, as calculated by
Andersen and Mackintosh, while the open circles show Vp as
calculated by Mueller, Ketterson, Windmiller, and Hornfeldt.
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F16. 13. Angles at which spin-splitting zeros were observed
for the I'-centered surface. Shown also are the contours of constant
effective mass.

determined satisfactorily. The small oscillations result
from the lower inherent accuracy of the cyclotron mass
data, and, were more cyclotron mass data taken in
other planes, the accuracy could be improved. As
already remarked, the predicted velocities varied by
about 5% for 21-, 24-, and 27-term expansions in Eq.
(4), and we thus set 5%, as the accuracy of our deter-
mination of the Fermi velocity. In determining the
8 and ¢ components of the velocity it will be observed
that the angular derivatives of the radius enter, and
thus any small spurious oscillations in the radius fit
become amplified. This is not felt to be important here,
however, owing to the very superior stability of the
predicted radii as the number of terms in the expansion
was increased.

We may now use the calculated radii and velocities
to compute the density of states for the I'-centered
surface from Eq. (7). By numerical integration we ob-
tain N(Ep)=6.24X10"2a53Ry~! or 6.35 electrons/
atom Ry:.

Once the cyclotron mass has been determined we may
deduce the Dingle-Robinson temperature by observing
the magnetic field dependence of the dHvA amplitude.
This was done at several angles and generally T, was
in the range 0.3-0.5°K.

The dHvA amplitude was observed to disappear,
independent of the magnitude of the applied magnetic
field, for many field directions ¥ in each of the runs a—#.
(Angles at which the amplitude vanished owing to the
sample magnetization being perpendicular to the pickup
coil were calculated and are not considered here.) These
have been identified as spin-splitting zeros caused by the
term cos(3g04/4E) in Eq. (1b) vanishing. This occurs
when 1g(8, 9)[04 (0, ¢) /0E]=(2r+1)3r or equiv-
alently when m*(6, ) /m,(8, ¢) =r+3% where 7 is an un-
known integer. Physically the dHvA amplitude dis-
appears because the energy spacing between two ad-
jacent Landau levels is exactly one-half the spacing
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TasrE ITI. Comparison of experimental results with RAPW band calculation of Andersen and Mackintosh (Refs. 4 and 24).
Fermi Fermi
Extremal areas Cyclotron masses momentum velocity
a.u. wm* /mg a.u. a.u. g Factor
Expt Theory Expt Theory Ratio Expt Expt Expt
T'-centered electrons
[100] 0.778 0.751 2.44 1.69 1.44 0.594 0.255 2.06
[111] 0.695 0.676 2.06 1.42 1.54 0.585 0.195
[110] 0.865 0.842 3.16 2.05 1.45 0.440 0.518 1.59
X-centered holes
(principal ellipsoid)
[100] 0.00298 0.272s 0.0483 0.145
[111] 0.363 0.30 1.21
[110] 0.00467 0.426> 0.0308 0.227
Open-hole surface
[100] « orbit 0.0744 0.0713 1.53 0.91 1.68
[110] B orbit 0.341 6.23
[110] v orbit 0.218 0.217 3.28 1.93 1.70
[1107] 8 orbit 0.182 0.172 3.62 2.78 1.30

# Calculated from the [110] mass (see footnote below) and the [100]
and [110] principal areas.

between the levels in the absence of electron spin and
thus the first harmonic of the dHvA frequency must
disappear. In Fig. 13 we have plotted, in the basic
triangle, all the angles at which spin-splitting zeros were
observed for the I'-centered surface. These points fall
quite nicely on five separate contours three of which are
shown by heavy solid lines (note the one very close to
[100]) and two by dashed lines. Geometrically the
spin-splitting zero contours may be thought of as the
intersection of two surfaces with a common center,
one with “radius” m* (0, ¢), and the other with “radius”
(r+3)ms(0, ¢). The locus of infersection of two such
surfaces must be a closed curve. Note that the two
dashed curves appear to end abruptly near the center
of the basic triangle. This can happen only if the surfaces
are tangent over the length of the dashed contours and
then separate. Since true tangency would be an unlikely
accident we interpret this to mean only that the
surfaces are extremely close to each other on these two
contours. The possibility that the two dashed contours
join does not appear to be supported by the data. How-
ever, it will be useful to follow this point in some future
investigation. Shown for reference in Fig. 13 are the
contours of constant effective mass. Were the g factor
equal to its free-space value of 2 then the spin-splitting
zero contours would have been identical to the 2.5 m,
effective-mass contour (where =2 in this case).
The spin-splitting zero contours and the 2.5, effec-
tive-mass contour are, however, quite different.
Indeed one spin-splitting contour cuts across the
effective-mass contours from the region of maxi-
mum to minimum mass. Clearly the g factor is dif-
ferent from 2 and anisotropic. We have taken the
data of Fig. 13 and fit it to cubic harmonics on the
assumption of a value of r=2. Such a procedure is

b Determined from nonprincipal [100] mass assuming an ellipsoid-of-
revolution model.

justified only if we assume that the spin mass is more
smoothly varying than the cyclotron mass. We choose
the value =2 since it is the only one that would inter-
sect the effective-mass surface in the absence of spin-
orbit coupling and many-body effects (g=2), and we
thus assume these effects do not greatly alter the g
factor. It was observed that the (100) plane spin-mass
fit converged after the first few terms thus justifying
our fitting procedure. Figure 14 shows the spin mass in
the (100) plane using a 9-term fit. An extrapolation into
the (110) plane would not be reliable since no spin-
splitting zeros were observed in the vicinity of [111].

We have collected the areas, radii, cyclotron masses,
velocities, and g factors for the [1007], [1117], and [110]
directions in Table ITI. Shown for comparison are the
corresponding quantities as calculated by Andersen
and Mackintosh* using the RAPW technique.

(100) SPIN MASS

0.6~

o. | 1 L R I 1 !
[ 10 15 20, 25 30
{100

ANGLE (Degrees)

fiio

F1c. 14. (100) plane spin mass #, resulting from a nine-term fit
to the data in Fig. 13.
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Fic. 15. Observed areas of the X-
centered hole pocket for runs g and /. The

solid lines show an I=2 fit using the

spherical mapping techniques. The
angular scale corresponds to the experi-
mental coordinate y as shown in Fig. 6.

AREA (1073 a.u)

C. X-Centered Hole Pocket

Figure 15 shows the observed areas of the X-centered
hole pocket in runs g and #. Were we rotating exactly in
a (110) plane the two nearly coincident branches in
run % would have been degenerate, and these branches
correspond to the nonprincipal ellipsoids. For the prin-
cipal ellipsoid, and with the magnetic field along [100],
we measure the cross section in the XWU plane and
for the nonprincipal ellipsoid, we measure the cross
section in the XWT plane. For the magnetic field along
[110], we measure the cross section of the principal
ellipsoid in the XUT plane. Note that we have very
nearly a surface of revolution since the XWT cross sec-
tion is almost identical to the XUT (upper branch at
[1007] and [110], respectively, in Fig. 15 run %). For an
arbitrary magnetic field direction there will be three
frequencies. All three branches of this carrier were ob-
served at nearly all values of ¢ in runs a—%. Since the

326 80 80 100 720 140 160 T80

data follow so well an ellipsoidal model we have reported
only planes g and /. Note that all three branches are
clearly resolved. The solid lines in Fig. 15 result from a
fit using the spherical mapping procedure. The fit in-
cluded the ¢t=0 and /=2 terms only and thus corre-
sponds to an ellipsoidal fit.

Alternatively, one could fit the data to an expression
of the form

[42%(0, o) I'= lZ amCim (0, ¢). (13)
For an ellipsoid (or any second-order surface) this
expression terminates with the /=2 terms. If we choose
the z axis as the fourfold axis then the only nonvanishing
terms will be ago and ago.

The spherical mapping procedure has the advantage
that all areas in the transformed system are approxi-
mately the same and thus receive equal weighting in the
least-squares fit. Were we to choose the optimal value
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Fic. 17. Extremal areas cor-
responding to the y and § orbits
observed in runs d, f, g, and %. The
solid lines are a fit to Eq. (13).
The angular scale corresponds to
the experimental coordinate y as
shown in Fig. 6.

of the transformation parameter v then the /=2 term
would vanish since the data for an ellipsoid would be
mapped into a sphere. In practice what is done is to
select an approximate value for 4 and then the /=2
term in the fit will account for the small residual devia-
tions from a sphere in the transformed system. The
data for the two nonprincipal ellipsoids are also in-
cluded in the fit. This is accomplished by performing 90°
rotations about the appropriate [1007] axis such that all
ellipsoids have the z axis as the fourfold axis. The values
of v and the expansion coefficients in the transformed
system (i, are

v=0.641, Boo=1.0622X10"%  B3=0.0017X10"2.

Fits were also extended through the /=6 terms. While
some deviation of the predicted radii from ellipticity
was observed, it was not considered to be statistically
significant and thus radii deduced from these fits will
not be reported. The principal areas and radii resulting
from the fit for /=2 are given in Table III.

Three effective masses were measured for these
carriers. The nonprincipal [100] mass, the [111] mass,
and the nonprincipal [1107] for which we observed 0.426,
0.363, and 0.327, respectively. We may use the non-
principal [100] mass (which is the same as the principal
[110] mass m.* for an ellipsoidal model), the two
principal areas A1 and 4}, and an ellipsoidal parabolic
model to determine all the relevant parameters for this
surface. The areas, radii, and velocities of the principal
ellipsoid in the [1007], [111], and [110] directions are
given in Table III. For the number of carriers per
ellipsoid we find #(Er) =1.546X10"%a;~3 or 1.57X 10~
holes/atom. For the density of states per ellipsoid we
find N (Ep) =6.647X 10%a;3 Ry or 6.75X 1072 holes/
atom Ry.

D. Open-Hole Surface

Figures 5(b) and 5(c) show the open-hole surface in
Pt. The topology of this surface [as seen in Fig. 5(b) ] is
that of cylinders, extending in the [100] directions and
intersecting in pairs at the points X of the Brillouin zone.
For the magnetic field along the [1007] axis two extremal
sections are expected. One section, the e orbit in Fig.
5(c), runs around the inside of the lattice formed by the
intersecting “cylinders.” The unenhanced cyclotron
effective mass of this orbit is calculated® to be 4.95
corresponding to an enhanced mass of order 7. Such a
large mass was not observable in the present experi-
ment. The other expected orbit, the « orbit, runs around
one of the “cylinders” and is centered (for the field
along [1007) on the point W. This orbit has a rather
small effective cyclotron mass (the smallest observed
on the open-hole surface) and was observed over a wide
range of magnetic field directions about [100]. For the
field along [110], both the calculations of Mueller,
Ketterson, Windmiller and Hornfeldt® and those of
Andersen and Mackintosh* predict three extremal cross
sectional areas, the 8, v, 6 orbits in Fig. 5(c). The 8
orbit, around a junction of two of the “cylinders” and
centered on the point X, is an area maximum. However,
the RAPW calculations? predict an unenhanced cyclo-
tron effective mass for the 8 orbit of 6.23 (while Ketter-
son, Mueller and Windmiller® find 5.79), too heavy to
be observed in this experiment. The area minimum
within the junction corresponds to the noncentral v
orbit while the & orbit corresponds to an orbit outside the
junction about a “cylinder.” Both the v and é orbits
were observed in the present experiment. Note that as
the field is turned away from [110] in a plane different
from (110) the area branch corresponding to the &



2 pE HAAS-vanx ALPHEN EFFECT IN PLATINUM

orbit splits into two branches corresponding to the two
unlike orbits about the [100] and [010] “cylinders.”
The area branch corresponding to the v orbit must re-
main single valued, and this fact was used to distinguish
the various branches. The angular dependence of the
area and effective mass for the various orbits on this
surface have been calculated by Ketterson, Mueller, and
Windmiller® using the Fourier-series approach and the
band structure of Mueller, Ketterson, Windmiller, and
Hornfeldt.?

Figure 16 shows the experimentally observed areas of
the « orbit in runs a—% while Fig. 17 shows the v and §
orbit areas observed in runs d, f, g, and 4. The angular
dependence of the a-orbit area was found to be hyper-
bolic (rather than parabolic as expected for a cylinder).
The disappearance of this frequency near 30° is quite
abrupt and thus probably results from geometrical
causes, i.e., the orbit ceases to exist.

Figure 17 run % shows the v and & orbits near [110]
in an approximate (110) plane. The lower branch splits
into two subbranches when the magnetic field is tipped
out of the (110) plane and thus arises from the & orbit.
The upper branch near [1107] is identified as the v orbit.
The angular dependence of both the v and § frequencies
is also hyperbolic rather than parabolic. In the Fourier-
series calculations® the center of the § orbit was con-
siderably removed from the point W. This fact com-
plicated calculations on the § orbit and, in particular, it
was not determined if the o and § orbits are, in fact, the
same orbit. Experimentally they appear to be geo-
metrically distinct.

The smooth curves through the a-, y-, and §-orbit
data points were generated by fitting each of the data
sets to a separate expression of the form given in Eq.
(13). For second-order surfaces such as an ellipsoid,
cylinder, or hyperboloid, the expression terminates
after the /=2 terms. The allowed values of / and m in

q. (13) depend on the symmetry of the data. Since
the extremal area is invariant under the transformation
H——H, only even I occurs in the summation [the
parity for spherical harmonics being (—1)!]. The
appropriate harmonics for the e orbit would be Kubic
harmonics since the orbit is centered on the point T'
which has full cubic symmetry. Similarly we would use
the harmonics associated with the point group of X
for the 8 orbit. The point X has the symmetry Dy, If we
choose the X-T" line as the z axis then we have m=0
(mod 4). As stated earlier however, neither of these
orbits was observed in this experiment.

TaBLE IV. Expansion coefficients a;, of Eq. (13).

a orbit area « orbit mass v orbit 8 orbit
ooy 14.171 —1.2865 77.618 54.247
an 307.298 1.4909 105.355 68.126
aygo —18.627 —0.1803 42.627 —13.097
m 42.083 0.4906 —30.088 4.653
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I16. 18. The solid lines are the contours of constant area for
the o orbit. The dashed line shows the boundary on which the
orbit ceases to exist.

We next consider the « orbit. The angular dependence
of the a orbit is governed by the symmetry of the point
W. The point-group symmetry of W is Dy;. This group
contains eight elements. The X-W line is chosen as the
principal axis and is invariant under the operations C,
(twofold rotations) and 2.5, (fourfold rotation followed
by inversions or equivalently fourfold rotation followed
by reflection through a plane containing the point W
and perpendicular to X-W). The crystal is invariant
to twofold (U;) rotations about each of the two
mutually perpendicular W-L axes. The two planes g4
of reflection symmetry are the TXW and WXU planes.
With the identity operator this completes the enumera-
tion of the eight elements.

If the magnetic field lies along a [100] axis (along
the X-W line) there must be an extremal orbit which
includes the point W. Consider the area as a function of
displacement along the X-W line. Because of the
rotary-reflection symmetry of W, for each orbit
measured along X-W, there is a corresponding orbit,
on the other side of W, with equal area which is however
rotated 90° about X-W. Thus an extremum must exist
at . Furthermore this extremal orbit will have square
symmetry since the rotary-reflection symmetry de-
generates to fourfold symmetry for the plane perpen-
dicular to the X-W line which includes W. The orienta-
tion of the “square” is such that the reflection through
oq is satisfied. As the magnetic field is tipped away from
X-W in a general direction the extremal orbit need not
include the point W and the orbit will in general have no
symmetry. The observed extremal area will, however,
show fourfold symmetry with respect to rotations of H
about the X-W axis. Again this follows from the four-
fold rotary-inversion symmetry of the point W. For
each point on an extremal orbit there is an identical
point on another extremal orbit which is rotated 90°
about X-W and inverted through W. Thus the measured
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F1e. 19. The angular dependence of the effective masses of
the a orbit observed in runs g and /. The angular scale corresponds
to the experimental coordinate ¢ as shown in Fig. 6.

area shows the higher point-group symmetry Da.
Incidentally, if the magnetic field is tipped away from
X-Win a (110) plane, the plane of the orbit will always
contain the point W. We have already shown that for
the field along (100) the extremal orbit is centered at
W. As the magnetic field is rotated from W-X to W-L
[i.e.,in a (110) plane] the orbits will cut the W-L axis.
For each orbit which cuts the W-L axis on one side of
W there is an identical orbit, rotated 180° about A and
reflected through the (110) plane, which cuts an equal
distance on the other side of W. This follows from the
fact that the second mutually perpendicular W-L axis
is a twofold axis (U). Thus the orbit containing W
must be extremal.

The symmetry of the observed extremal area of the
6 orbit is the same as that of the « orbit, i.e., we expand
in Dy, harmonics.

For the magnetic field in the vicinity of [110] the v
orbit does not include the point X. Actually there are

50 T T
48— ] —
a6l 1’ -
a4 -

'I
) 42— " —
‘5 4.0 +/ m
€ ~n !
/&
'd
EX ,,,I -
34~ S
x
324 et ’:\ 14 -
- <
C_ L5
160 170
ANGLE

F16. 20. The angular dependence of the effective masses of
the v (lower) and & (upper) orbits observed in run /. The angular
i‘c.ale6corresponds to the experimental coordinate ¥ as shown in
‘ig. 6.
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two v orbits whose areas are degenerate due to the
inversion symmetry of the point X As the field is tipped
away from (110) the distance between the planes of
the ¥ and B orbits decreases® and the two may ulti-
mately merge providing the orbits do not cease to
exist due to the geometrical features of the open surface.
The appropriate harmonics to expand the observed
extremal area of the v orbit are the Dy, harmonics with
the I'-X direction as the 2 axis.

The coefficients o used to fit the observed areas for
the a, v, and é orbits are given in Table IV. Having an
analytic expression for the areas we can generate con-
tours of constant area. We do this only for the a orbit
since this is the one orbit on the open surface which was
observed over a wide range of angles. Figure 18 shows
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F1c. 21. Angles at which the dHvA amplitude vanishes (owing
to spin splitting) for the o orbit. Shown also are the contours of
constant effective mass.

such a contour map. The solid lines show the contours of
constant area, while the dashed line shows the boundary
outside of which the orbit was not observed for geo-
metrical reasons.

The angular dependence of the effective mass for
the a, v, and 6 orbits was studied in runs g and 4. Figure
19 shows the data for the « orbit while Fig. 20 shows
the same thing for the  and é orbits. The smooth curves
are generated by fitting the data to Eq. (13) in the
identical manner used to fit the area data. Table IV
also lists the coefficients used to fit the effective-mass
data for the o orbit. Figure 21 shows the contours of
constant cyclotron effective mass data for the a orbit
which were generated from the fit. Included also in Fig.
21 are the angles in runs a—%# at which spin-splitting
zeros were observed. Here we have a case slightly differ-
ent from that for the I'-centered surface. While the
spin-splitting zeros do not lie on a contour (74 3)my,
they do fall on effective-mass contours. Thus the g factor
is anisotropic and different from 2, but contours of
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constant g run parallel to the contours of constant
effective cyclotron mass.

Figure 22 shows the angles at which spin-splitting
zeros were observed for the § orbit near [1107]. The
contours of constant effective mass are not known as
precisely for this orbit, owing to its heavy mass and
consequent low amplitude, as for the other orbits con-
sidered here. It appears, however, that the contour
closest to [110] runs near the 3.5 effective cyclotron
mass contour (indicating a g factor near 2) but the
other spin-splitting zeros can only be explained by a g
factor differing from 2 by about 209,

We have collected the extremal areas and effective
masses for the «, v, and § orbits along symmetry planes
in Table III. Also listed are the theoretical values.t It
will be observed that the agreement between the cal-
culated and measured values is quite good.

Our values for the density of states of the I'-centered
surface and X-centered pocket may be combined with
the measured heat capacity density of states to deter-
mine the density of states of the open surface. Using the
value N(Ep)=237.90 states/atom Ry for the total
electronic density of states derived from the heat-
capacity measurements of Dixon, Hoare, Holden and
Moody* together with our calculated values for the
I'-centered surface and the three X-centered pockets we
find N (Er) = 31.35 holes/atom Ry for the open surface.
By invoking charge neutrality we can calculate the
number of carriers in the open surface for which we find
n(Ep) =0.426 holes/atom.

VIII. CONCLUSIONS

As the reader will observe, the amount of data
collected here is rather extensive. The agreement ob-
tained between the experimental Fermi surface and the
first-principles calculations of AM is really quite good.
Nonetheless an effort should be made to improve the
accuracy of the calculations either using first-principles
theories or parametrization techniques. The effective
mass and its Fermi-velocity inversion are another story.
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Fic. 22. Angles near [110] of the observed spin-splitting
zeros for the y orbit. The dotted lines indicate the general direction
of the spin-splitting contours.

It is hoped that these latter data will inspire a frontal
attack on the calculation of electron-phonon and para-
magnon mass enhancement.®# As these experiments
show, the accuracy of the band structures must be im-
proved along with the application of the many-body
theory. Lastly, the g-factor data appear to lie outside
the capability of present theory and call for a reexamina-
tion of the theory of the g factor both from a single-
particle and many-particle point of view.
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Data have been obtained on the electrical resistivity, Hall effect, and thermoelectric power in Ta,H from
low temperatures to above the hydrogen sublattice order-disorder transformation temperatures. Prominent
manifestations of the 8;-8: and Bs-a transformations are evident in the data, but no clear evidence was
found for a splitting of the upper transition such as that reported in the calorimetric studies of Saba et al.
Several features of the electrical properties are consistent with the existence of similar conduction-electron
dispersions in Ta,H and Ta metal, but other factors appear to be inconsistent with this possibility. Hysteresis
was observed in the electrical resistivity in the vicinity of the order-disorder transformations, and possible
origins of this hysteresis are discussed. The Hall-effect data show that the majority charge carriers in

TaqH are holes.

I. INTRODUCTION

Tantalum hydride of nominal composition Ta,H
has been studied extensively both experimentally®?
and theoretically.® Interest in this interstitial system
centers on the order-disorder transformations which
take place in the hydrogen sublattice as the temperature
is increased. At temperatures below ~308°K, Ta,H
exists in the 8; form characterized by a pseudotetragonal
Ta sublattice with exbV2a, and cxay,, where a,
is the lattice parameter of bcc Ta metal. Neutron
scattering experiments* on Ta,D have been interpreted’
as evidence that the hydrogen atoms in B;=TaH
“occupy the tetrahedral positions (3 1 %) and (% £ %),
so that in this phase long-range order exists in the
hydrogen sublattice. This order is partially destroyed
in B,-TaH, which exists between ~308 and ~332°K.
Evidence from specific-heat measurements by Saba

et al.b suggests that still another form, 8;-Ta,H, might
exist over a small temperature range (~2°K) above
~332°K, but electrical-resistance data reported by
Wallace* show no evidence to support this possibility.
Finally, above ~334°K the interstitial hydrogen is
thought to be completely disordered, and the Ta
sublattice assumes the bec or a structure characteristic
of Ta metal.

The work reported here was undertaken with the
hope that more extensive data on the electrical properties
would shed light on the nature of the order-disorder
transformations and on the way in which addition of
hydrogen to Ta influences the electronic structure.
Some of the results presented below are consistent
with a high degree of similarity between the conduction-
electron structures in TasH and in pure Ta metal,
but other factors are in seeming conflict with this
interpretation.



F16. 5. (a) Electron Fermi surface of Pt. (b) Open sheet of
the Fermi surface of Pt showing connectivity, viewed from ap-
proximately the {111} direction. (¢) Cutaway of the open sheet
of the Fermi surface of Pt showing the «, 8, v, and & orbits (in a
magnetic field).



