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High-field de Haas-van Alphen measurements in Pd
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The de Haas—van AlpheHvA) effect in 99.999% pure palladium has been observed in pulsed fields up
to 60 T directed along100]. We report a dHVA frequency of 73.5 kT with a cyclotron effective mass
=12.5m;. 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-dependentactor.[S0163-182809)05707-0

Among the transition metals, Pd continues to attract interin a nearby second coil. The field was calibrated using the
est for several reasons. It has a relatively high density oknown dHVA frequencies of Cu and other materials.
electronic states, but is not superconducting or magnétsc. The frequency and amplitude for many orbits in Pd were
susceptibility is strongly enhanced and its response to magietermined from the complex oscillatory data by performing
netic impurities suggests that pure Pd is bordering or discrete Fourier transforDFT) of the signal versus re-
ferromagnetisni. Spin fluctuations are thought to contribute ciprocal field. The cyclotron effective mass was obtained
to the characteristic properties of this metal but a quantitativd’om the temperature variation of the amplitude and the cross
understanding of this contribution is hindered by the lack ofS€ctional area (in a.u) of the FS was found from the well-
data in high magnetic fields. Previous de Haas—van Alphefnown relation
(dHvA) studies in Pd are extensive, but they do not cover the
field range currently available and they do not directly deter-
mine all of the major Fermi-surfacé~S) parameters pre- whereF is the dHVA frequencyin T).
dicted by theory** A previously unobserved dHVA frequency is clearly seen

In this paper, we describe dHvVA measurements in Pd than our Pd data with the field above 55 T. A typical DFT over
extend the field to 60 T for thELOQ] direction. Our results the frequency range of interest is plotted in Fig. 1 showing
yield important information about the FS parameters. A newthe new frequency at 73.5 kT. All of the known fundamental
dHvA frequency is reported that is much larger than any of
the previously observed fundamental frequencies. This oscil
lation is attributed to the open hole sheet of the FS. We als¢
have observed strong harmonic content near 50 T for the
electron sheet. This suggests that ¢hiactor is field depen-
dent even though there are less than 0.001% magnetic impt
rities present.

The dHVA oscillations in Pd were observed over the tem-
perature range 1.6—2.0 K in pulsed magnetic fields suppliec
by the National High Magnetic Field Laboratory, Los Ala-
mos. The specimen raw material came from Johnson
Matthey Co. in the form of 99.999% Pd wire, 1 mm in di- 0.05
ameter. An oriented single-crystal rod was grown from this
material by the rf floating zone technique starting from a ] . ) .
[100] seed. The rod was cut to a length of 3 mm by spark 60000 70000 80000 90000 100000
erosion and etched until the diameter was 0.2 mm. This Frequency(T)
specimen was immersed in superfluid He to avoid eddy-
current heating during the 7-ms rise time of the applied field. FiG. 1. A portion of the Fourier spectrum in Pd with the field
The data were collected at the rate of 500 kHz. The OSCi”adirected alondg100] showing thes dHVA frequency at 73.5 kT. The
tory susceptibility was measured from the voltage induced iffield is in the range 55—57 T and the temperature is 1.6 K. The large
a balanced pickup coil arrangement coupled to the specimggeak at 83.6 kT is the third harmonic of thiecentered electron
and the field was determined by integrating the induced emgheet.
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FIG. 2. The open hole sheet of the FS in Pd and the various
extremal orbits it supports. The arms are directed aJang)]. After -1%9770 0.01780 001790 0.01800
Dye et al. (Ref. 3. 1/B (1T)

frequencies in Pd are much less than this and none of their £, 3. The dHvA oscillations due to the electron sheet in Pd at
harmonics or reasonable combination frequencies match thige temperature of 1.6 K with the field directed aldag0]. (a) The
value. Such a frequency is expected, however, for the relasecond harmonic is dominant above 50 T but is rather weak at
tively large & orbit on the open hole sheet of the Pd FSgjightly lower fields(b).
shown in Fig. 2. Table | shows the FS cross-sectional area
and effective mass of the new oscillation along with the val- ) i
ues predicted for the orbit by a Korringa-Kohn-Rostoker 9(50)m*=2n+1, whereg(B) is theg factor at the field3
(KKR) phase shift parameterization of the £$he agree- in T andn is an integer. Low-field measurements indicate
ment of the predicted area with the observed value is remarkhatg(0)m* ~2n+ 0.5 so the chang&(gm*)~0.5 between
ably good. The predicted cyclotron effective mass is alsd® and 50 T corresponding to a relative changeggin* of
reasonably close to the observed value. We conclude, therabout 0.03 sincen is estimated to be 8 from the
fore, that the dHVA frequency we observe at 73.5 kT is duemagnetizatior:® We attribute this change to thg factor
to the e orbit on the open hole sheet of the FS in Pd. because there is no evidence for a field dependenaoe if
The existence of this orbit provides evidence to confirm The change in the spin splitting of the Landau levels is
that the open hole sheet is indeed topologically equivalent t@|so evident in the harmonic content of the electron oscilla-
a network o100 cylinders intersecting at thé¢ pointin the  tions. Figure ) shows the strong second harmonic content
Brillouin zone. The unenhanced effectivelmass ofgl@bit  ;pove 50 T that is absent at slightly lower fie[#&g. 3(b)].
is estimated from band theory to be Mg~ Our effective-  The ratioA(2)/A(1) of the second to first harmonic dHVA
mass measurement of 1gyields a total enhancement fac- ampiitude is shown in Fig. (@) as a function of reciprocal
tor of 1.7 for this orbit including electron-phonon and ie|q. This ratio yields the magnitude of the changegim*
electron-electron contributions. This factor is somewhaishown in Fig. 4b) and the wave form suggests thgtin-
higher than that for other orbits, which have a nearly conreases with the fieldThis change is consistent with mag-

stant enhancement of 1.3-1.5he calculations of Pinski netization measurements in pure Pd to 35 T, which shows a
and Butler give\¢.p,=0.4-0.5 and this suggests thef .

=0.2—0.3 for thes orbit in Pd®

We also have observed unusual harmonic content for the 1.25 .
electron sheet of the FS in Pd above 40 T. This is interpreted 40
in terms of a field-dependentfactor in the spin splitting of 1.00 | ©) 20
the Landau levels. In the Lifshitz-Kosevich model, the am- Electrons -
plitude of the pth dHvVA harmonic is proportional to 075t g 00
cosfpmgm*/2), whereg is the conduction-electrog factor, é ------ = 20
and m* the cyclotron effective mass without electron- T os0} ‘
phonon enhancement in units of the free-electron Ma$e 5 00T o0 oms  om oss
first harmonic amplitude of thELOQ] electron oscillation in 5 o5} 181
our specimen passes through a node near 50 T. This requires .
0.00 | el
TABLE |. The ¢ orbit on the open hole sheet of the FS in Pd.
-0.25 : ; ;
Source Arega.u) Cyclotron effective mads o018 0.020 1B (1(,)1'-())25 0.0%0
This work 1.96 12.5
KKR fit? 1.97 11.5 FIG. 4. (a) The ratioA(2)/A(1) of the second harmonic ampli-
tude to the first versus reciprocal field for tHE0| electron oscil-
4n units of the free-electron mass. lation in Pd at the temperature of 1.6 K) The magnitude of the
bReference 3. corresponding change in the produgptB)m* versus reciprocal

‘Includes many-body enhancement. field whereg(B) andm* are defined in the text.
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positive curvaturé.The change we observe gm* includes  est[100] extremal cross section of the Pd FS, the area en-
contributions from spin fluctuations and field-dependentclosed by thes orbit. This area measurement provides a
changes in the band structure. stringent test for the predictive ability of single-electron
The g factor in Pd is also known to be sensitive to mag-band-structure calculations. The corresponding effective-
netic impurities’*°It is conceivable that the very small mag- mass measurement is useful for estimating the corrections for
netic impurity content in our sample is responsible for thethe rather strong many-body effects in this element. The
change in they factor we observe near 50 T. This is unlikely close agreement between the KKR parameterized area of the
because measurements @fin dilute alloys of Pd(Fe) at . orpit and experiment indicates that single-electron band

lower fields predict that such a change would requireloa subgalculations are capable of predicting the FS cross sections in
stantially higher magnetic impurity contet100 ppm. Pd rather well.

In summary, our high-field amplitude measurements sug-
gest that thg100] electrong factor changes by about 3% A portion of this work was supported by the National
over the field range 0-50 T in Pd with less than about 1(High Magnetic Field LaboratoryNHMFL), the National
ppm magnetic impurities. It is not clear whether this changeScience Foundation Cooperative Agreement No. DMR-
is due to a field-dependent band structure or a dynamicé527035, the state of Florida, and the Department of Energy.
responsee.g., spin fluctuations Our dHvA frequency mea- Additional support from NSF Grant No. DMR95-01419 is
surements yield the first objective determination of the larg-acknowledged by R.G.G.
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