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Abstract

We have measured the de Haas-van Alphen (dHVA) effect in LuAl, at temperatures between 1.3 K and 4.2 K in magnetic fields up to
13 T. Observed frequencies range from 400 T to 23 kT. The highest one corresponds to a cyclotron orbit with an area equal to a square
face of the Brillouin zone. The angular dependence of the frequencies suggests that the Fermi surfaces are composed of a nearly spherical
closed sheet and multiple connected open sheet. The observed cyclotron effective masses for the closed Fermi surface are about 0.7 and
those for open Fermi surface range from 0.3 to 1 in units of the free electron mass. A band structure calculation was carried out by a full
potential linearized APW method. The gross feature of the observed results was explained by the calculation. [0 2001 Elsevier Science

BYV. All rights reserved.
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1. Introduction

The heavy rare earth tridluminide compounds, RAIl,
(where R=Er, Tm, YD, Lu), crystallize in the cubic AuCu,
type structure. The lattice constants a of RAI, [1] decrease
gradualy from a=0.422 nm for R=Er to a=0.419 nm for
R=Lu, hence rare earth elements in RAI, have been
considered to be in trivalent state. Among them much
attention has been paid to YDbAI,, because YDbAI, exhibits
valence fluctuation phenomenon, arising from the fact that
the 4f levels of YbAI, are very close to the Fermi level
[2-5]. On the other hand, 4f-states in LUAl, are complete-
ly filled and located below the Fermi level. Thus the
hybridization of 4f-electrons with conduction electrons is
expected to be too small to affect electronic properties in
LuAl,. For this reason we have used LUAl, as a reference
material to extract magnetic and electronic properties of
YbAI, caused by 4f-electrons [6]. However, little is known
about an electronic band structure and a Fermi surface
model for LUAl; until now. One needs correct knowledge
of them to account for electrical properties of LuAlj.

The aim of this work is to investigate the Fermi surface
properties and energy band structure of LuAl, by the
dHVA effect. The dHVA effect is one of the most useful
tools for these purposes because it alows us not only
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determine the shape of the Fermi surface but aso to
determine quasi-particle properties of electron such as
electron effective mass and electron lifetime. We also
aimed to calculate an electronic band structure of LUuAl,
and to present figures of the calculated Fermi surface. The
calculated results are compared with the experimental
ones.

2. Experimental

Single crystals of LuAl,; were grown from metallic flux
[7]. The purity was 4 N for Lu and 6 N for Al. The starting
material of Lu:Al in an atomic ratio 4:96 was put into an
alumina crucible. The crucible was sealed into a quartz
ampoule under high vacuum. The ampoule was heated to
790°C and cooled gradually to 650°C for 2—4 days. The
crystals obtained this way had the shapes of cubes, plates
and butterfly twins [8] with an angle of 40° between the
two wings. The size of each crystal was 0.5-2 mm. The
crystals showed the residual resistivity ratios of 20—30.
The crystal structure of LuAl,; was checked by an X-ray
powder diffraction method with Cu Ka radiation. The
lattice constant was determined as 0.4184 nm. This value
was used in the present electronic band structure calcula-
tion of LUAl,.

The measurements of dHVA effects were performed in a
*He or “He bath cryostat, which is equipped with a
superconducting magnet alowing fields up to 13 T at
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temperatures between 0.35 K and 4.2 K. The crystal was
oriented in situ by means of a rotation device. In this
manner, measurements were done for magnetic fields in
the (100) and (110) zones. A field modulation technique
was used to detect the dHVA signal from the pick-up coil.
The modulation field amplitude was about 2 mT and its
frequency was set at 87 Hz.

3. Results and discussion

Fig. 1(8) shows a typica recorder trace of the dHvA
oscillations in the magnetic fields B from 745 Tto 7.75 T
parallel to the [110] direction. Fig. 1(b) is the FFT
spectrum corresponding to these oscillations. The spectrum
contains four fundamental frequencies denoted by «, &, 6,
and . The remaining peaks distinguished by, for example,
a+vy were identified as combinations of the fundamental
frequencies.

Fig. 2 shows an angular dependence of the dHvA
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Fig. 1. (@ Typica dHvA oscillations for the [110] direction. (b) FFT
spectrum of the oscillations.

frequencies in the (100) and (110) zones. The small filled
circlesin Fig. 2 are for calculated results we discuss later.
The highest frequency (23 kT) observed around the [111]
direction corresponds to a cyclotron orbit with an area
nearly equal to a square face of the Brillouin zone. The
dHVA oscillations for the « branch have shown larger
amplitudes for al field orientations. Since the frequencies
of the a branch are independent of the field directions, the
Fermi surface of the o branch is expected to be nearly a
sphere and to be centered on a high symmetry point of the
Brillouin zone. The Fermi surface volume for the « branch
is estimated to be 23% of the Brillouin zone. The B
branch, having moderately large dHVA amplitudes, also
shows less field orientation dependence, although it ap-
pears only within about 20° from the [100] direction in the
(100), (110) zones. The y branch is seen for al field
orientations except around the [001] and [111] directions.
The 6, and &, branches that appear around the [110]
direction have smal FFT amplitudes, as shown in Fig.
1(b). Other branches seen in narrow regions of the field
directions possessed also very small FFT amplitudes. All
observed branch diagrams shown in Fig. 2 indicate that
there are at least two Fermi surfaces;, one is a closed
surface corresponding to the « branch and the other is a
multiple connected open surface.

We determined the cyclotron masses m} from the
temperature dependence of FFT amplitudes between 1.4 K
to 3 K in the three principal directions of the crystal. The
results are listed in Table 1. The bars in Table 1 indicate
that reliable values are not found in the present experiment.
The m} values are plotted as a function of the dHvA
frequency in Fig. 3. We aso plot the values of m¥ of
LuB,, measured by Heinecke et al. [9] for comparison.
The observed m} /m, values for LuAl, range from 0.3 to
1. This indicates that LuAl; is one of the normal metals.
This is the case for LuB,, because the cyclotron masses
for LUuAl; and LuB,, are in the same range.

To construct a Fermi surface model which is subjected
to a rigorous comparison with the experimental results for
LuAl,, we have made an improved band structure calcula-
tion. The calculation is carried out using a Full potential
Linearized Augmented Plane Wave (FLAPW) method with
the local density approximation (LDA) for the exchange
correlation potential. For the LDA, the formula proposed
by Gunnarsson and Lundqvist [10] is used. For the band
structure calculation, we used the program codes. TSPACE
[11] and KANSAI-99'. The scalar reativistic effects are
taken into account for all electrons and the spin—orbit
interactions are included self-consistently for al valence
electrons as in a second variational_procedure. The LUAl,
crystal has the space group of Pm3m. The lattice constant
used for the calculation is a=0.4184 nm. Muffin-tin (MT)

"Program codes for FLAPW calculations have been developed in
Japan. One of them is called KANSAI-99, which has been modified and
developed in the Kansai area to include the spin—orbit interactions.
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Fig. 2. Variation of the dHVA frequencies with directions of the magnetic field for LuAl,. The calculated frequencies are depicted by the small filled
circles. The gross feature of the experimental results is explained well by the calculation.

radii of Lu and Al are set as the same value of 0.33588a,
because Lu and Al ions are the nearest neighbors in LUAl ;.
Core electrons (Xe-core minus 5p° for Lu, Ne-core for Al)
are calculated inside the MT spheres in each self-consistent
step. 5p° electrons of Lu are calculated as valence elec-
trons by using the second energy window. The FLAPW
basis functions are truncated at |k+G,|<4.60X 27/a corre-
sponding to 437 LAPW functions at the I" point. The
sampling points are 286 k-points, uniformly distributed in
the irreducible 1/48 of the Brillouin zone, both for the
potential convergence and the final band structure. Details
of the calculation will be published elsewhere.

Fig. 4 shows the calculated band structure. The Fermi
level isindicated by E. The 4f levels, split by a spin—orbit
interaction are located below E. by 0.31 Ry and 0.42 Ry.
The 16th and 17th bands make the Fermi surfaces. The
calculated Fermi surfaces are shown in Fig. 5. The hole
surface shown in Fig. 5(8) is similar to multiple connected
arms along the six equivalent I'X directions, like a jungle
gym, in the reciprocal space and it has an empty region at
the symmetry center I'". The electron surface shown in Fig.
5(b) is spherical but elongated along the I'X directions.
The dHVA frequencies calculated from these Fermi sur-
faces are shown in Fig. 2 as the small filled circles. The
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Table 1
The dHVA frequencies F and cyclotron masses m*/m, in the three
principal directions in LUAl,

Branch Experiment Calculation
F (kT) m} /m, ® F (kT) m} /m, °
B//[001]
a 10.52 0.68 10.30 0.52
6.92 — 6.94 2.01
B 5.00 0.74 5.00 0.57
2.80 1.15
271 — 2.73 1.20
& 2.26 - 2.38 0.45
2.38 0.86
B//[110]
a 10.19 0.60 9.98 0.48
7.64 1.46
o, 3.62 0.85 3.68 0.63
5, 2.96 0.81 2.69 1.07
y 0.66 0.3 0.56 0.28
B//[111]
w 22,6 — 25.6 261
@ 9.50 0.60 9.32 0.47
8.80 1.59
0 4.27 0.73 4.09 0.55
14 1.97 — 142 0.69
n 0.48 0.53 0.42 0.20

*m, is the free electron mass.

electron surface of the 17th band is expected to give only a
single branch similar to the branch «. On the other hand,
the hole surface of the 16th band gives rise to a variety of
branches because of its complicated geometry owing to the
multiple connected feature of the Fermi surface.
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Fig. 3. Cyclotron mass m¥ in units of the free electron mass m, for
LuAl, and LuB,, as afunction of dHVA frequency. The cyclotron masses
for these two materials are in the same range.
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Fig. 4. Energy band structure along the symmetry lines. The Fermi level
is denoted by E..

Fig. 2 shows that the calculated frequencies for the «
branch agree well with the experimental ones both in
gualitative and quantitative views. An example of a
cyclotron orbit for the « branch is depicted in Fig. 5(b).
The branches B, v, 6,, &, 7 and u are also well reproduced
by the calculation. Some orbits for these branches are also
depicted in Fig. 5(8). Although discrepancies between the
experiments and calculations are found in the 6, and ¢
branches, the gross feature of the experimental results is
well understood by the calculation.

The cyclotron masses of LuAl, are also calculated and
listed in Table 1 along with the experimental values. The
observed m} values are about 1.5 to 2 times larger than the
calculated values. This difference is ascribed to the mass
enhancement owing to electron interaction that is disre-
garded in the calculation. Since the cyclotron mass values
are the same order of those for norma metas, this
enhancement is found to be due to electron—phonon
interaction. We note from Table 1 that the present experi-
ment has not detected some dHVA freguencies and the
calculated m} values for these frequencies are relatively
large. It is known that the dHvVA amplitude becomes small
as cyclotron mass increases. This is the main reason why
we have failed to detect these frequencies.

We can see from Figs. 5@ and (b) that the Fermi
surfaces of the 16th and 17th bands show distinct
geometrical characteristics; the local curvatures on the 17th
Fermi surface are nearly constant and those on the 16th
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Fig. 5. (8 The 16th band hole Fermi surface centered at the I” point and
(b) the 17th band electron Fermi surface centered at the R point.

band Fermi surface vary remarkably over the Fermi
surface. Lifetime of electrons on that part of the Fermi
surface where the local curvature is noticeably large is
expected to be reduced by electron scattering. Therefore
we can speculate that the variation of the electron lifetimes
over Fermi surface is more appreciable in band 16th Fermi
surface than in the band 17th Fermi surface. This specula

tion will be examined by measuring the lifetime in the near
future.

4. Conclusion

We have measured the dHVA effect for LUAl ;. Observed
dHVA frequencies ranged from 400 T to 23 kT. The
angular dependence of the freguencies showed that the
Fermi surfaces are composed of a nearly spherical closed
sheet and a multiple connected open sheet. The observed
cyclotron effective masses ranged 0.3 m, to 1 m,. We have
calculated the band structure for LuAl; by a FLAPW
method. The calculated results explained well the gross
feature of the angular dependence of dHVA frequencies.
The cyclotron masses were found to be enhanced by a
factor of 1.5-2 by electron—phonon interaction.
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