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High-field de Haas–van Alphen measurements in Pd
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The de Haas–van Alphen~dHvA! effect in 99.999% pure palladium has been observed in pulsed fields up
to 60 T directed along@100#. We report a dHvA frequency of 73.5 kT with a cyclotron effective mass
512.5m0 . Such a frequency is not reported previously but is predicted by band theory for the open hole sheet
of the Fermi surface. We also observe strong harmonic content near 50 T for the electron sheet and this is
interpreted in terms of a field-dependentg factor. @S0163-1829~99!05707-0#
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Among the transition metals, Pd continues to attract in
est for several reasons. It has a relatively high density
electronic states, but is not superconducting or magnetic.1 Its
susceptibility is strongly enhanced and its response to m
netic impurities suggests that pure Pd is bordering
ferromagnetism.2 Spin fluctuations are thought to contribu
to the characteristic properties of this metal but a quantita
understanding of this contribution is hindered by the lack
data in high magnetic fields. Previous de Haas–van Alp
~dHvA! studies in Pd are extensive, but they do not cover
field range currently available and they do not directly det
mine all of the major Fermi-surface~FS! parameters pre
dicted by theory.3,4

In this paper, we describe dHvA measurements in Pd
extend the field to 60 T for the@100# direction. Our results
yield important information about the FS parameters. A n
dHvA frequency is reported that is much larger than any
the previously observed fundamental frequencies. This os
lation is attributed to the open hole sheet of the FS. We a
have observed strong harmonic content near 50 T for
electron sheet. This suggests that theg factor is field depen-
dent even though there are less than 0.001% magnetic im
rities present.

The dHvA oscillations in Pd were observed over the te
perature range 1.6–2.0 K in pulsed magnetic fields supp
by the National High Magnetic Field Laboratory, Los Ala
mos. The specimen raw material came from Johns
Matthey Co. in the form of 99.999% Pd wire, 1 mm in d
ameter. An oriented single-crystal rod was grown from t
material by the rf floating zone technique starting from
@100# seed. The rod was cut to a length of 3 mm by sp
erosion and etched until the diameter was 0.2 mm. T
specimen was immersed in superfluid He to avoid ed
current heating during the 7-ms rise time of the applied fie
The data were collected at the rate of 500 kHz. The osc
tory susceptibility was measured from the voltage induced
a balanced pickup coil arrangement coupled to the speci
and the field was determined by integrating the induced
PRB 590163-1829/99/59~19!/12177~3!/$15.00
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in a nearby second coil. The field was calibrated using
known dHvA frequencies of Cu and other materials.

The frequency and amplitude for many orbits in Pd we
determined from the complex oscillatory data by performi
a discrete Fourier transform~DFT! of the signal versus re
ciprocal field. The cyclotron effective mass was obtain
from the temperature variation of the amplitude and the cr
sectional areaA ~in a.u.! of the FS was found from the well
known relation

A5~2pe/\c!F52.67331025F ~1!

whereF is the dHvA frequency~in T!.5

A previously unobserved dHvA frequency is clearly se
in our Pd data with the field above 55 T. A typical DFT ov
the frequency range of interest is plotted in Fig. 1 show
the new frequency at 73.5 kT. All of the known fundamen

FIG. 1. A portion of the Fourier spectrum in Pd with the fie
directed along@100# showing the« dHvA frequency at 73.5 kT. The
field is in the range 55–57 T and the temperature is 1.6 K. The la
peak at 83.6 kT is the third harmonic of theG-centered electron
sheet.
12 177 ©1999 The American Physical Society
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frequencies in Pd are much less than this and none of t
harmonics or reasonable combination frequencies match
value. Such a frequency is expected, however, for the r
tively large « orbit on the open hole sheet of the Pd F
shown in Fig. 2. Table I shows the FS cross-sectional a
and effective mass of the new oscillation along with the v
ues predicted for the« orbit by a Korringa-Kohn-Rostoke
~KKR! phase shift parameterization of the FS.3 The agree-
ment of the predicted area with the observed value is rem
ably good. The predicted cyclotron effective mass is a
reasonably close to the observed value. We conclude, th
fore, that the dHvA frequency we observe at 73.5 kT is d
to the« orbit on the open hole sheet of the FS in Pd.

The existence of this orbit provides evidence to confi
that the open hole sheet is indeed topologically equivalen
a network of̂ 100& cylinders intersecting at theX point in the
Brillouin zone. The unenhanced effective mass of the« orbit
is estimated from band theory to be 7.3m0 .1 Our effective-
mass measurement of 12.5m0 yields a total enhancement fac
tor of 1.7 for this orbit including electron-phonon an
electron-electron contributions. This factor is somew
higher than that for other orbits, which have a nearly co
stant enhancement of 1.3–1.5.1 The calculations of Pinsk
and Butler givele-ph50.4– 0.5 and this suggests thatle-e
50.2– 0.3 for the« orbit in Pd.6

We also have observed unusual harmonic content for
electron sheet of the FS in Pd above 40 T. This is interpre
in terms of a field-dependentg factor in the spin splitting of
the Landau levels. In the Lifshitz-Kosevich model, the a
plitude of the pth dHvA harmonic is proportional to
cos(ppgm* /2), whereg is the conduction-electrong factor,
and m* the cyclotron effective mass without electro
phonon enhancement in units of the free-electron mass.5 The
first harmonic amplitude of the@100# electron oscillation in
our specimen passes through a node near 50 T. This req

FIG. 2. The open hole sheet of the FS in Pd and the vari
extremal orbits it supports. The arms are directed along@100#. After
Dye et al. ~Ref. 3!.

TABLE I. The « orbit on the open hole sheet of the FS in P

Source Area~a.u.! Cyclotron effective massa

This work 1.96 12.5
KKR fitb 1.97 11.5c

aIn units of the free-electron mass.
bReference 3.
cIncludes many-body enhancement.
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g(50)m* 52n11, whereg(B) is theg factor at the fieldB
in T and n is an integer. Low-field measurements indica
thatg(0)m* '2n10.5 so the changeD(gm* )'0.5 between
0 and 50 T corresponding to a relative change ingm* of
about 0.03 sincen is estimated to be 8 from the
magnetization.7,8 We attribute this change to theg factor
because there is no evidence for a field dependence inm* .4

The change in the spin splitting of the Landau levels
also evident in the harmonic content of the electron osci
tions. Figure 3~a! shows the strong second harmonic conte
above 50 T that is absent at slightly lower fields@Fig. 3~b!#.
The ratioA(2)/A(1) of the second to first harmonic dHvA
amplitude is shown in Fig. 4~a! as a function of reciproca
field. This ratio yields the magnitude of the change ingm*
shown in Fig. 4~b! and the wave form suggests thatg in-
creases with the field.5 This change is consistent with mag
netization measurements in pure Pd to 35 T, which show

s

FIG. 3. The dHvA oscillations due to the electron sheet in Pd
the temperature of 1.6 K with the field directed along@100#. ~a! The
second harmonic is dominant above 50 T but is rather weak
slightly lower fields~b!.

FIG. 4. ~a! The ratioA(2)/A(1) of the second harmonic ampli
tude to the first versus reciprocal field for the@100# electron oscil-
lation in Pd at the temperature of 1.6 K.~b! The magnitude of the
corresponding change in the productg(B)m* versus reciprocal
field whereg(B) andm* are defined in the text.
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positive curvature.9 The change we observe ingm* includes
contributions from spin fluctuations and field-depend
changes in the band structure.

The g factor in Pd is also known to be sensitive to ma
netic impurities.9,10 It is conceivable that the very small mag
netic impurity content in our sample is responsible for t
change in theg factor we observe near 50 T. This is unlike
because measurements ofg in dilute alloys of Pd~Fe! at
lower fields predict that such a change would require a s
stantially higher magnetic impurity content~;100 ppm!.10

In summary, our high-field amplitude measurements s
gest that the@100# electrong factor changes by about 3%
over the field range 0–50 T in Pd with less than about
ppm magnetic impurities. It is not clear whether this chan
is due to a field-dependent band structure or a dynam
response~e.g., spin fluctuations!. Our dHvA frequency mea-
surements yield the first objective determination of the la
an

ys
t

-

b-

-

0
e
al

-

est @100# extremal cross section of the Pd FS, the area
closed by the« orbit. This area measurement provides
stringent test for the predictive ability of single-electro
band-structure calculations. The corresponding effecti
mass measurement is useful for estimating the corrections
the rather strong many-body effects in this element. T
close agreement between the KKR parameterized area o
« orbit and experiment indicates that single-electron ba
calculations are capable of predicting the FS cross section
Pd rather well.
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