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Measurements of the conduction-electron g factor in palladium
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Measurements of the conduction-electron Zeeman splitting in palladium are presented. With the

use of the de Haas —van Alphen effect the anisotropy of the orbit-averaged g factor has been

mapped out in some detail for the E'6 sheet and the a orbit. A pronounced anisotropy was found for
the I"6 sheet. Detailed studies of the spin-splitting zeros have revealed new contours and an angular

dependence different from that previously reported.

I. INTRODUCTION

The magnetic properties of palladium have for a long
time stimulated both experimental and theoretical works.
In this paper we present an investigation of the Zeeman
splitting of the conduction electrons in palladium as seen
in the de Haas —van Alphen (dHvA) effect.

This technique gives an orbital g factor enlarged by a
cyclotron Stoner enhancement' as described below. The
absolute value of g, cannot be estimated but its anisotropy
can be obtained.

In the expression for the amplitude of the kth harmonic
of the dHvA oscillations there is a cosine factor with the
argument krrR, where R =Ez/EL, Ez being the Zeeman

splitting energy of the cyclotron orbit and EL the
Landau-level energy spacing. The argument can also be
written as keg, m, /2m, where g, is the orbital g factor en-

larged by the cyclotron orbit Stoner enhancement, I, is
the cyclotron effective mass, and m is the free-electron
IDRSS.

With dHvA spectroscopy a change by one-tenth of the
cosine term is easily resolved. For a typical Landau-level

spacing of 1 meV an energy resolution of 10 eV is
Rchlcvcd.

The easiest way to investigate the anisotropy of g, is to
map out spin-splitting zero (SSZ) contours over the Fermi
surface (FS). A SSZ occurs whenever cos(km') =0, that
is, kR =n+ —,', where n is an integer. Between different

neighboring contours on a FS sheet the value of n can be
the same or differ by +1. This uncertainty can be
resolved through studies of samples doped with magnetic
impurities. The integer n, however, cannot be determined

by using the dHvA effect since it appears in the argument
of a cosine function.

The SSZ m.ethod has been regarded as rather limited,
since it only gives E. along the SSZ contours. However,
the method is powerful when several contours exist over
the FS, as for example in platinum, '" or over part of the
FS, as in palladium. By studying SSZ's of higher har-
monics of the dHvA frequencies additional information
caIl bc gained.

By measuring tllc amplitude Rnd its variatlon between
SSZ contours and by taking into account factors that af-
fect the amplitude other than cos(km'), it is possible to
find the variation of R outside the SSZ contours. It is in

fact possible to normalize the value of the fundamental
amplitude since the cosine factor equals 1/v 2 whenever
the second harITlonic has a SSZ.

There have been several calculations of the conduction-
electron g factor. Both average values and point g fac-
tors ' show a notable deviation from the free-electron

value and have a high anisotropy and a strong k depen-
dence due to spin-orbit interaction. The anisotropy of the

g, factors in palladium has not been the object of a de-
tailed experimental investigation even though Windmiller,
Ketterson, and Hornfeldt (WKH), who were the first to
report on SSZ contours in palladium, have demonstrated
that such an anisotropy exists.

In this paper Ineasurements of the anisotropy of the g,
factor of the closed I s sheet and the a orbit existing at the
8' point on the open hole sheet are reported. We have
completely mapped out the SSZ contours for the funda-
mental frequency of the central orbit of the I 6 sheet, and
for the first time SSZ contours of the off-central orbit of
the I 6 sheet are reported. In the vicinity of [110]the SSZ
contours of the central orbit differ substantially from the
results of WKH. We have also investigated the variation
of R in the symmetry planes (100) and (110).

For the a orbit the locations of the SSZ's in the mirror
planes were determined and connected with the SSZ's ob-
served by WKH to establish SSZ contours. The variation
of R in the symmetry planes has also been established.
We think our study constitutes a good basis for extended
experimental investigations of the open hole sheet and the
closed I 6 sheet and for stimulating calculations of the an-

isotropy of the g factor in palladium.

II. EXPERIMENTAL

The floating-zone technique, employing radio-frequency
heating in argon atmosphere, was used to grow a palladi-
um single-cr'ystal rod. ' The starting material was pure
palladium powder with an impurity content of less than 4
ppm. A palladium crystal diluted with a small amount of
nlckcl was also grown. A IIloltcn zone was passed scvcI'Rl

tiITlcs ln both dll'cctlons along thc diluted crystal ln OI'dcl

to homogenize it.
The samples were then spark-cut from the single-crystal

rod into a cylinder with length and diameter of about 1

mm and etched in aqua regia. The palladium sample was
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annealed in air at 1300 K for 12 h. To remove the oxide
coating resulting from the annealing process it was etched
again. The amount of nickel in the diluted palladium
sample was determined to 485+10 ppm with a concentra-
tion gradient of less than 4% over the sample by using
atomic absorption analysis of pieces of the single crystal
cut from each side of the sample which was used in the
dHvA measurements. Laue diffraction was used both to
orientate the samples and to check the entire surface, since
some samples showed a tendency to form twin crystals
with small angular differences in orientation.

Even a very small amount of iron in palladium will

drastically change the Stoner enhancement parameter, "
thus changing the location of a SSZ. Therefore, it is
essential that the palladium sample has a very low iron
content. The excellent agreement of our results with the
measurements of WKH (see Sec. III) indicates that the
amount of iron in the pure palladium sample is extremely
low. Low Dingle temperatures for both samples further
confirm that they are of high quality.

The field-modulation technique has been used, and the
measurements were carried out at a magnetic field of 6.5
T and at a temperature of 0.5 K. The experimental setup
and the digital recording method are described in Ref. 4.

III. RESULTS

The occurrence of well-developed SSZ's of the dHvA
amplitude is dependent on the quality of the sample as
well as on the change of R with angle, dR /d 0. The larger

dR/d8 is, the more distinct the SSZ's will be. Since the
I'6 sheet has a rather large change of R with angle over
the whole sheet and our experimental setup gives an angu-
lar resolution of 0.1', it was possible to determine the loca-
tions of the SSZ's on the fundamental within 0.2'. Owing
to low signal amplitude and a small value of dR j'dO close
to [100] on the a orbit, the uncertainty of the locations of
the SSZ's is 0.3' in this case.

When studying higher harmonics of the dHvA frequen-

cy, a numerical analysis was used, giving an accuracy for
the SSZ locations of 0.4'.

A. l 6sheet

Figure 1 shows that our measurements of the locations
of the SSZ's on the fundamental of the central orbit are in
excellent agreement with the measurements of WKH.
With the additional new data it is obvious, however, that
the SSZ contours must be connected quite differently in
the vicinity of [110]compared with the contours given by
WKH. I (1) is a closed contour surrounding [110],cutting
through the (110) plane 1.6' out from [110]and 2.0' out in
the (100) plane. I'(2) cuts through the (110) plane 4.1' out
from [110]and 23.9' from [100].

In the vicinity of [111]the coexistence of the off-central
and the central orbit appears as a beat pattern in the
dHvA signal. Whenever a SSZ occurs on either orbit the
beat pattern will vanish. By studying the frequency of the
remaining signal it is possible to determine to which orbit
the SSZ should be assigned. We have mapped out two

'60

75

30
Q (deg)

(1)
90

45

110.
FIG. 1. Stereographic plot in the basic irreducible 48 th wedge of the Brillouin zone of the SSZ contours {heavy solid lines) on the

I 6 sheet. Measurements of the SSZ's performed in this work are indicated by ~ and those from WKH are indicated by G. The weak
solid lines are contours of constant effective masses from %'KH. The SSZ contours as presented by WKH are indicated in the small
triangle in the upper left corner of the figure.
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FIG. 2. R (8) in the symmetry planes on the I 6 sheet. Shown also are our measurements of the SSZ's on the fundamental in pal-

ladium (0 ) and on the fundamental in the palladium sample diluted with nickel ( g ).

SSZ contours for the fundamental of the off-central orbit,
and these are indicated in Fig. 1 by I (3) and I (4).

To determine whether the value of R is equal or
changes by unity between the contours I (1) and I (2) and
between I"(3) and I'(4), the locations of the SSZ's in the
palladium sample doped with nickel were studied and
compared with those of pure palladium. This was made
under the assumption that the only effect of the nickel im-
purities in palladium is to shift R(8) to higher values.
These preliminary measurements' show that both r(l)
and I (2) have moved closer to [110] and that I (3) and
r(4) have moved closer to [111]when nickel is added. If
we assign the values nr(2) + —, and nl(3) + —, to R for
r(2) and r(3), respectively, the conclusion will be that R
takes the values nr(2) ——, and nl(3) ——,

' for I (1) and
I (4), respectively.

In order to obtain the variation of R (8) on the I s sheet,
the SSZ's in both the pure and the doped palladium sam-
ple were used as fix points. In those parts of the FS where
SSZ's are frequently occurring, the magnitude of the shift
of R(8) caused by the nickel impurities as well as the
slope of R, dR/d8, at each SSZ can be extracted and by
also considering the measured amplitudes of both samples
the variation of R(8) can be established. In the areas
close to [100] and [111]for the central orbit where there
are no SSZ contours (see Fig. 1) the factors affecting the
amplitude such as the effective mass and the curvature
factor must be especially considered. The difference in
Dingle temperature between the two samples was found to
be small and was neglected. Studies of SSZ's of the
second harmonic in these areas were made but the inter-
pretation was difficult mainly due to the limited magnetic
field strength and a strong influence from the X pockets
on the dHvA signal. The best fit of R (8) in the symmetry
planes for palladium is presented in Fig. 2. The shaded
parts in this figure represent the regions where the non-
central orbit splits off from the central orbit. No study of
the amplitude has been performed in these regions since

the beat pattern becomes too long to be measured accu-
rately. Since in this region the central and off-central or-
bits are close to each other on the FS, the difference in the

g, factor for the two orbits should be small, thus leading
to the conclusion nr(3) =nl (2) + 1 as can be seen in Fig.
2.

In the vicinity of [111]the amplitude of the central or-
bit monotonically increases towards [111] both for the
pure and doped palladium samples. A comparison of the
amplitudes out from [111]relative the amplitude at [111]
in the two samples shows that the downward bend for the
glapll of R (8) ls tllc lllost likely cllolcc. To 1'cvcal a lllorc
detailed description of the variation of R (8) for the cen-
tral orbit in the regions near [100] and [111]an investiga-
tion of the SSZ's of the second harmonic or a more ex-
tended study of SSZ's in palladium samples with different
amounts of nickel must be performed. To summarize, we
find that the values of R, with nl. (2)=nr, for the dif-
ferent SSZ contours are as follows:

I (1): R =nr ——,
'

r(2): R =nl-+ —,',
I (3): R =nl +-, ,

r(4): R =n„+

Several SSZ's in the symmetry planes for the fundamen-
tal of the dHvA frequency on the a orbit have been estab-
lished. Together with the results from WKH these can be
used to complete three SSZ contours, w'hich are shown in
Fig. 3. A few SSZ's further out from [100] in the symme-
try planes indicate the existence of additional SSZ con-
tours.

R (8) in the symmetry planes for the a orbit is present-
ed in Fig. 4. The same analysis procedure as outlined
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FIG. 3. Stereographic plot in the basic irreducible 48 th wedge of the Brillouin zone of the SSZ contours (heavy solid lines) on the

o,'orbit. Measurements of the SSZ's performed in this work are indicated by and those from WKH are indicated by G. The weak
solid lines are contours of constant effective masses from WKH.

above for the I 6 sheet has been used. Preliminary mea-
surements on the dilute palladium sample' show that the
value of R increases by unity for every successive SSZ
contour with increasing distance from [100].

[100]
30

FIG. 4. R (8) in the symmetry planes on the o. orbit. Shown
are also our measurements of the SSZ's on the fundamental and
second harmonic in puce palladium indicated by 0 and 6,
respectively, and on the fundamental and second harmonic in
the palladium sample diluted with nickel indicated by ~ and &,
respectively.

IV. DISCUSSION

A. F, sheet

The absolute difference between the minimal and maxi-
mal value of 8 for the 1 6 sheet is of the same order of
magnitude in palladium and platinum. This is also valid
for the variation of the g, values since the effective masses
are similar. The average Stoner factor in palladium is
larger than in platinum, and if the cyclotron Stoner
enhancement of the I 6 sheet is also larger in palladium
the arusotropy of the g, factors, not including the ex-
change enhancement, is less in palladium than in plati-
num. The indications in the calculations by Mueller
et al. are in agreement with this qualitative estimate.

SSZ's for the off-central orbit have not been reported
earlier. The two contours presented in this work show
that the part of the I 6 sheet which this orbit is scanning
has a strong variation of its point g factors. Point g fac-
tors are here used as a measure of spin splitting of indivi-
dual Bloch states perturbed by a magnetic field. Such a
point g factor may be anisotropic with respect to the mag-
netic field direction and thus exhibit tensor properties.

Knowledge of the effective masses gives that g, de-
creases by 13% when going across the irreducible —,', th
wedge of the Brillouin zone along the I (2) contour toward
[110]. It is noticeable that R increases by 2 when going 6'
out from [110], across I (1) and I (2), in the (110) plane.
This change cannot be explained by the variation of m,
but must originate from an anisotropy of g, . Thus g, is
increasing by roughly 1.5 in only O'. This high anisotropy
in the vicinity of [110] is similar to that found in plati-
nuIYl.
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veal a strong k variation and an average of the g factors
well above 5. They have found a low value of g at [100]
and a high value at [111]for the I 6 sheet. Their results
are not directly consistent with our measurements. This
may be due to that isotropic point g factors do not give a
relevant description of g factors or that an interpretation
of the cyclotron orbit g factor as an average of the contri-
buting Bloch-state point g factors is not straightforward.

B. o. orbit

I 8
0 30 60 90/45 30 0

f 1001 [110) (ioo& [100]

FIG. 5. g, vs 0 extracted from our R(0) curve. Since nq is

not known, we present a set of g, curves with different nr. The
effective-mass values for the off-central orbit are reported by
WKH for only a few angles near [111]but they show a small de-

viation from the values for the central orbit. The effective
masses for the central orbit have therefore been used to calculate

g, for both orbits.

(110)

Figure 5 shows that the choice of the integer nr only
has a minor effect on the variation of g, with angle. All
values of nr given in the figure result in a pronounced dip
in the graph at [110]. This direction represents a cyclo-
tron orbit that passes over four [111]bumps. The dip can
be correlated to the change in the wave-function character
at these bumps. The I'6 sheet has a severe s-d hybridiza-
tion, but in some directions such as [100] and [111]there
is high s-electron content. ' As in platinum, a high an-

isotropy of g, could therefore also be expected at [100],
where four [100] bumps are passed by the cyclotron orbit.
We have, however, observed very low anisotropy in this
region. The assumption of a low value of the point g fac-
tor at [111]also explains the dip in the g, graph 35' out
from [100] in the (110) plane for higher values of nr
Here the cyclotron orbit passes over two [111] bumps.
The fact that the dip is so much smaller here may be a re-
sult of the tensor nature of g. The cyclotron orbit of the
off-central orbit is moving up on three [111]bumps when
tilting the magnetic field toward the [111]direction. This
may explain the extremely low local value of R in this
direction.

Recently Jarlborg and Freeman presented high-field cal-
culations of isotropic point g factors for palladium.

' An
exchange-correlation potential is included which should
give g factors comparable in magnitude with the Stoner
enhanced g factors reported here. These calculations re-

For any reasonable choice of n the major part of the
anisotropy of R can be assigned to the anisotropy of I„
and thus a rather isotropic g, factor is obtained for the u
orbit. A similar behavior was found in platinum.

Along the SSZ contours the change in g, can be calcu-
lated without knowledge of the value of n Alon. g each
one of the three contours closest to [100],where the effec-
tive masses are known from WKH, the change in g, is
only 3%. For n between 7 and 20 the g, factor will
change by less than 8% when going up to 20' out from
[100].

An isotropic g, factor may be interpreted as a conse-
quence of a more uniform d-like character for that part of
the open hole sheet where the n orbit is existing although,
generally, the open hole sheet is strongly affected by spin-
orbit interaction. Mueller et al. have calculated point g
factors for this sheet, and the values obtained are generally
higher than 2. The values are in the range 0.49 &g & 2.63
and in good quantitative agreement with those calculated
by Rahman et al. The calculations by Jarlborg and Free-
man give point g factors for the open hole sheet that are
fairly constant around 6.4. If this is valid also for the cy-
clotron orbit g factor, it would give R=7.7 at [100] for
the a orbit, which agrees well with the measured R (Fig,
4) if one assigns the value 8 to n

The cyclotron orbit g-factor measurements can be seen
as an extension of the dHvA technique as an experimental
probe for investigations of electrons at the FS. In the
same way that early dHvA measurements of extremal
areas stimulated band-structure calculations, we hope that
the g-factor measurements will lead to theoretical studies
of wave functions for the Bloch states and of how they in-

fluence the Zeeman splitting. Comparison between the
studies of palladium and platinum may then also reveal to
what extent many-body effects are of importance for the
anisotropy of the g, factor, since a greater influence can
be expected in palladium than in the heavier element plati-
num.
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