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Abstract. The Fermi surface of PrNi5 has been studied by the measurements of the de Haas-van Alphen
(dHvA) effect at temperatures between 0.3 and 1.8 K in magnetic fields up to 12 T. Two dHvA frequencies
have been obtained. The electronic structure of PrNi5 was calculated using the full potential linearized
augmented plane wave method. Five sheets of the Fermi surface and the multiple extremal cross sections
were determined. First and second sheet have a hole-like structure. The agreement between theory and
experiment is obtained by a small downward shift (≈ 0.1 eV) of the Fermi energy which is probably due
to an underestimation of the role of 4f electrons.

PACS. 71.18.+y Fermi surface: calculations and measurements; effective mass, g factor –
71.20.Lp Intermetallic compounds

1 Introduction

Intermetallic compounds RENi5 (RE-rare earth) exhibit
a variety of interesting physical phenomena. Among these
compounds the van Vleck paramagnet PrNi5 is the system
which has been extensively studied. PrNi5 crystallizes in
the hexagonal lattice structure of the CaCu5 type [1]. Al-
though bilinear exchange interactions are present, they are
under critical to induce a 4f magnetic order in this sys-
tem because of the existence of a crystalline electric-field
(CEF) singlet ground state [2,3]. Another reason of inter-
est in PrNi5 is the fact that it has been successfully used
in nuclear adiabatic demagnetization experiments [2].

Previous experiments showed that all properties of
PrNi5 are strongly influenced by CEF. Magnetic prop-
erties are quite well understood. The influence of the
quadrupolar moment on the magnetic and magnetoelas-
tic properties enabled to determine the magnetoelastic
and total quadrupolar coefficients Gα and Gε, leading
to the experimental evidence of antiferroquadrupolar in-
teractions between rare-earth ions in magnetic proper-
ties [4]. The anisotropic electrical magnetoresistivity be-
havior of a PrNi5 single crystal has given the evidence of
the quadrupolar scattering of the conduction electrons [5].

Direct measurements of the anisotropic Zeeman split-
ting of the CEF levels, in magnetic fields up to 22 T, have
been performed by point-contact spectroscopy [6]. The in-
terpretation of the experiment led to a slight adjustment
of the CEF parameters so that they account better for

a e-mail: reiffers@saske.sk

the position of the first excited CEF level observed by
this technique in a magnetic field. The ab initio calcu-
lated CEF parameters of PrNi5 are in a good agreement
with previous experimental ones [7].

On the other hand, there is only a little informa-
tion available about the electron structure of all RENi5
compounds. Up to now there is no information about
the Fermi surfaces and the band structure calcula-
tions [8]. Therefore, we investigated the de Haas-van
Alphen (dHvA) effect in PrNi5 in order to determine the
Fermi surface characteristics. We present also the band
structure calculations and the figures of the calculated
Fermi surface.

2 Experimental

A PrNi5 single crystal approximately 1 cm in diame-
ter was prepared by the Czochralski single-crystal-growth
method. This single crystal was oriented by Laue diffrac-
tion for the determination of [101̄0], [123̄0] and [0001]
directions of the hexagonal lattice (orthohexagonal defi-
nition of axis). The directions [101̄0] and [123̄0] are par-
allel to the basal plane and [0001] is perpendicular to
the basal plane of the hexagonal lattice. After the ori-
entation of single crystal we prepared by spark-cutting
three cylindrical samples (called #1, #2 and #3), with
cylinder axis parallel to [101̄0], [123̄0] and [0001], respec-
tively. For the sample purity characterization the resid-
ual resistivity ratio RRR ≡ ρ(300 K)/ρ(4.2 K) was de-
termined in four point geometry with lock-in technique.
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Fig. 1. (a) Oscillating dHvA signal and (b) determination of
its corresponding frequency at 0.6 K between 10 and 12 T for
B||[0001] in sample #3.

From these measurements we have estimated the RRR-
values which are largest for the [101̄0] orientated sample
with RRR ≈ 17 and smaller (RRR ≈ 10) for the other
ones. Since we need as pure as possible single crystals for
the dHvA-measurements we expected better conditions
for sample #1 than for the others. The cylindrical samples
were mounted inside a compensated coil system where the
oscillating dHvA-signal was measured inductively in the
magnetic field up to 12 T. In this way the samples induce
an oscillating voltage as a function of the reciprocal field
due to the oscillating part of their susceptibility [9]. To de-
termine angular dependences of the dHvA-frequencies the
coil system with the sample could be rotated with respect
to the magnetic field direction.

3 Experimental results

For three samples with cylinder axis parallel to [101̄0],
[123̄0] and [0001] we measured two different dHvA-
frequencies, their angular dependence for tilting angles
α ≤ 40◦ of the cylinder axis with respect to the mag-
netic field and one effective mass belonging to the smaller
one of the two frequencies. Figure 1a shows the measured
dHvA-oscillations on sample #3 with the magnetic field
B parallel to the [0001] sample direction. Since in this di-
rection only one frequency is clearly visible, the frequency
can be determined by usual fast Fourier transformation
(FFT) and additionally by the slope of a so-called Lan-
dau plot, where the position of each periodic repeating
signal value, for instance maxima and minima, is plotted
against the reciprocal field (Fig. 1b). For the increasing
field in each period one Landau cylinder has left the Fermi
surface. These analyses result in one dHvA frequency of
F1 = 1.13 kT equal to a Fermi surface cross section of
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Fig. 2. (a) Oscillating dHvA signal and (b) determination of
its corresponding frequency at 0.6 K between 10 and 12 T for
B||[101̄0] in sample #1.

S1 = F1(2πe)/~ = 10.8 nm−2. This frequency could be
detected with a nearly isotropic value in all three samples.
Its detailed angular dependence is shown in Figure 12a.
Figure 2a shows the measured dHvA-oscillations on sam-
ple #1 and the corresponding FFT spectrum (Fig. 2b).
The FFT of the signal results in two frequencies with
F1 ≈ 1.2 kT and F2 ≈ 1.78 kT which are equal to cross
sections S1 ≈ 10.8 nm−2 and S2 ≈ 17.0 nm−2. Again the
detailed angular dependence of the frequencies is shown
in Figure 12b. In the range of angles α between B and
the [101̄0]-direction where the oscillations were observable,
e.g. α ≡ ∠(B, [101̄0]) ≤ 40◦, the frequency F2 increases
monotonically while F1 remains rather constant.

The amplitude of a dHvA signal for one frequency
depends on temperature as [9]

RT =
x

sinh(x)
with x = 14.693 T/K

mc

m0

T

B̄
(1)

where m0 is the free electron mass and mc denotes the cy-
clotron mass of the electrons in the extremal orbit corre-
sponding to the observed frequency, while T and B̄ are the
temperature and average field of one dHvA-experiment.
For sample #3 we performed dHvA-measurements at fixed
orientation B||[0001], equal field ranges B̄ but at differ-
ent constant temperatures T ≤ 1.2 K and we estimated
dHvA-amplitudes. In Figure 3 we plotted the amplitudes
of each measurement against the temperature. By fitting
of these values by equation (1) one obtains the cyclotron
mass as a fitting parameter under the boundary condition
RT (T = 0 K) ≡ 1. In this way the corresponding effective
mass of frequency F1 is estimated as mc = 1.43m0. This
corresponds to a Fermi velocity vF =

√
2 e ~F1 /mc1 =

1.5× 107 cm s−1. The effective mass of the electrons also
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Fig. 3. Temperature dependence of the dHvA-signal corre-
sponding to F1 below 1.8 K. The squares are from experiments
and the line is the fitting result of equation (1).

enters the sample quality dependent amplitude factor,
called Dingle factor RD [9]

RD = exp
(
−14.693 T/K

mc

m0

TD

B

)
. (2)

Here TD describes the sample purity in dimensions of a
temperature, where larger temperatures belong to worse
sample quality. It follows from equation (2), that frequen-
cies with large effective masses are hardly detectable in
imperfect samples. Moreover, it follows that larger effec-
tive masses normally belong to larger frequencies, since
the Fermi velocities of different orbits are rather constant.
Taking this estimation and equation (2) into account, the
worse sample quality of #2 and #3 and the probably
larger effective mass of F2 might be the reason why fre-
quency F2 is only detectable in our best sample #1.

4 Calculation of the Fermi surface

The full potential linearized augmented-plane-waves
(FLAPW) code WIEN97 [10] was used for band structure
calculation in order to determine the Fermi surface. The
electronic states are divided into several groups within the
present implementation of FLAPW method:

– valence states (5d, 6s, 6p states of Pr; 3d, 4s, 4p states
of Ni),

– local orbitals [11] (5s and 5p states of Pr; 3p states
of Ni),

– core states, which in our case comprise remaining elec-
tronic states of both Pr and Ni except the 4f states
of Pr,

– 4f states of Pr. Because of their strong correlation
and charge inhomogeneity the 4f electrons are not cor-
rectly described by the band calculation. For this rea-
son we treat them as a separate group of semicore lev-
els for which the hybridization with the valence states,
as well as the dispersion, are prevented [7]. This ap-
proach is equivalent to the ‘open core’ treatment of
the 4f states [12]. The number of 4f electrons was
assumed to be two, corresponding to the 3+ valence
state of praseodymium.
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Fig. 4. Valence electron’s bandstructure of PrNi5.
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Fig. 5. Density of states of PrNi5 (full curve) and sum of the
partial densities of d-states of Ni(I) and Ni(II) (dashed curve).

The calculations reported here were non spin-
polarized, performed for experimental values of the PrNi5
lattice constant on 133 k-points in the irreducible wedge
of the Brillouin zone. LDA exchange-correlation poten-
tial (Perdew and Wang [13] reparametrization of Ceperley
and Alder data) was used. Atomic sphere radii were 3.208
a.u. and 2.2 a.u. for Pr and Ni, respectively. The resulting
band structure along the symmetry directions is shown
in Figure 4. There are five bands intersecting the Fermi
level resulting in five sheets of the Fermi surface (only four
bands crossing the Fermi level are visible in Fig. 4 since
the fifth sheet lies off all the high symmetry directions).
The dominant contribution to the density of states in the
vicinity of Fermi energy comes from the 3d states of Ni as
seen from Figure 5.
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Fig. 6. Fermi surface of first conduction band.

Fig. 7. Fermi surface of second conduction band.

The potentials obtained in the selfconsistent calcula-
tion were used to calculate the eigenenergies on a very
dense k-point mesh (35 301 points in the irreducible wedge
of the Brillouin zone). The four point interpolation was
then used to find the Fermi vectors kF. The calculated
sheets of the Fermi surface are shown in Figures 6–10.

First and second sheets are hole-like surfaces. First
sheet has a spherical shape. Second sheet consists of two
parts: a slightly irregular ellipsoid in the center of the
Brillouin zone and a ring at the zone boundary. Third
sheet consists of vase-like electron surface in the zone cen-
ter, stars and small bone-like electron pockets at the zone
boundary. Fourth sheet is a complicated open surface of
a layers-and-columns shape. Fifth sheet consists of elec-
tron surface of an irregular ring shape and small electron
pockets at the zone boundary.

Only two dHvA-frequencies were observed experimen-
tally. This is most probably connected with the insufficient

Fig. 8. Fermi surface of third conduction band.

Fig. 9. Fermi surface of fourth conduction band.

purity of the sample and the field limitation of 12 T. In or-
der to assign the experimental dHvA-frequencies to their
theoretical counterparts, first we have analyzed the shape
of the Fermi surface in relation to the dHvA-frequency vs.
magnetic field orientation data. We have concluded that
except the central parts of sheets 1, 2 and 3, all pockets of
the Fermi surface will generate a dHvA-frequency rapidly
changing with magnetic field tilted out of the hexagonal
axis direction. For the three candidates (sheets 1, 2 and 3)
we calculated the dHvA-frequency vs. magnetic field ori-
entation dependences (Fig. 11).

Comparing the theoretical dependences with the ex-
perimental data we could identify the lower branch with
first sheet and the upper branch with the central part
of second sheet of the Fermi surface. However, the cal-
culated values of dHvA frequencies are smaller by a fac-
tor of approximately 1.5 compared with the experimental
values. As can be seen from Figure 4 a downward shift
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Fig. 10. Fermi surface of fifth conduction band.
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Fig. 11. Calculated dHvA-frequencies corresponding to first
sheet and the central pockets of second and third sheets of
the Fermi surface as a function of the magnetic field orienta-
tion. The branches corresponding to first and second sheets are
shown in detail in the inset.

of the Fermi energy EF of approximately 0.1 eV could re-
move this discrepancy and we have obtained quite good
agreement (Fig. 12). A similar small shift of the Fermi en-
ergy has been reported in [14] where it was obtained by a
small shift of unoccupied La-4f -bands of LaAl2.

The calculated band masses are: sheet 1 - mb1 =
0.20m0; sheet 2 - mb2 = 0.26m0 and sheet 3 - mb3 =
0.34m0. It should be noted that the calculated band mass
of the first conduction band mb1 = 0.20m0 is very small
compared to the experimentally obtained cyclotron mass
mc1 = 1.43m0. Such a strong enhancement of mc com-
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Fig. 12. Comparison of the experimental and calculated
de Haas-van Alphen frequencies of the lowest two sheets of
Fermi surface of PrNi5 for shifted Fermi energy (0.1 eV).

pared to mb1 cannot be explained by the electron-phonon
interaction only. Therefore, another enhancement mecha-
nism must be responsible for the increase of the cyclotron
mass with respect to the band mass. A possible explana-
tion is the existence of magnetic excitons discussed in [15]
in connection with the thermal conductivity of PrNi5.

To see how stable the results for the Fermi surface are,
two calculations with exchange-correlation potentials of
Perdew and Wang [13] and Perdew et al. [16] were per-
formed. The change of the first and the second sheets of
the Fermi surface is small, corresponding to a change of
the dHvA frequencies being less than 5%.
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At present we are not able to obtain better agreement
between the theory and experiment. Improvements going
behind the semicore model of 4f electrons are necessary.

5 Conclusions

In conclusion we have examined the Fermi surface of the
van Vleck paramagnet PrNi5. The measurements of the
de Haas-van Alphen effect have revealed two frequencies.
We have performed the band structure calculations by
FLAPW method and we have calculated the Fermi surface
of PrNi5. We are able to obtain an agreement between the
theory and experiment only if we perform the downward
shift of the Fermi energy at about ≈ 0.1 eV. At present,
the improvements of model taking into account the possi-
ble hybridization effects and a more correct description of
the role of 4f electrons, are necessary.
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