
PHYSICAL REVIEW B 105, 064106 (2022)

Sound velocities, and mechanical and electronic properties of the intermetallic
compound CeAl2 at high pressure

Yaoshi Cheng,1 Ruiqi He,1 Yuanhua Xia,1 Tiexin Han,1 Leiming Fang,1,* Shiliang Huang,2 and Benqiong Liu 1,†

1Key Laboratory of Neutron Physics, and Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics (CAEP),
Mianyang 621999, People Republic of China

2Institute of Chemical Materials, China Academy of Engineering Physics (CAEP), Mianyang 621999, People Republic of China

(Received 19 December 2021; revised 31 January 2022; accepted 10 February 2022; published 18 February 2022)

Compressional (VP) and shear (VS) wave velocities of polycrystalline CeAl2 have been measured up to
12.5 GPa at room temperature by ultrasonic interferometry in a multi-anvil apparatus. Both VP and VS show
a weak pressure dependence up to 7.5 GPa, and then a remarkable discontinuity is observed which supports the
earlier report about a volume collapse in this material. An anomaly has also been found in the pressure derivative
of resistance dR/dP at around P = 7.5 GPa. Based on the experimental data, the high-pressure behaviors of
the bulk and shear moduli are investigated. Complementary to the measured data, the single-crystal elastic
constants are computed by first-principles calculations. Both the pressure-dependent C11 and C44 exhibit a change
of slope at about P = 7.5 GPa. At low pressure, the observed flat curve for the shear modulus may be due to C44

which shows negligible pressure dependence. At higher pressure, C44 softens more rapidly and the mechanical
instability occurs at P > 15 GPa. The calculated electronic densities of states show that sharp peaks near the
Fermi level are mainly originated from the 4 f and d states, which may be responsible for the Ce-Ce covalent
bond. High pressure leads to a broadening of 4 f band and an increase of the d/ f hybridization.
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I. INTRODUCTION

CeAl2 belongs to the REAl2 (RE=rare-earth) series of in-
termetallic compounds, which crystallizes in the MgCu2-type
C15 Laves phase structure (space group Fd 3̄m, No. 227).
It is a well-known prototype material for the study of the
interplay between Kondo spin compensation effect and the
RKKY interaction, and has been extensively studied both
experimentally and theoretically [1–4]. For examples, the un-
usual magnetic excitation spectrum of CeAl2 with a two-peak
structure [5] cannot be described by the conventional crystal
field (CF) model, since one would expect for the Ce3+ ions a
CF splitting into a �7 and a �8 state with single transition. To
explain the additional inelastic peak, a simplified dispersion-
less model was proposed by Thalmeier and Fulde [6] implying
that a vibronic bound state (VBS) between a CF excitation
and phonons was formed. The original VBS model employed
in the cubic system has been then generalized to tetragonal
systems because similar unusual excitations have also been
observed in other Ce-based compounds like CePd2Al2 [7],
CeCuAl3 [8], and most recently in CeAuAl3 [9,10].

Besides, the complicated nature of the magnetism of CeAl2

is puzzling and has been investigated for many years. At
low temperature (T = 3.8 K), CeAl2 was reported to order
in an incommensurate antiferromagnetic structure with the
propagation wave vector kIC = ( 1

2 + δ, 1
2 − δ, 1

2 ) [11] with
δ = 0.112. By single-crystal neutron diffraction, Shapiro et al.
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[12] observed additional weaker superlattice peaks at kC =
( 1

2 , 1
2 , 1

2 ), and showed first definitive evidence for a multiple-q
magnetic structure. Later, Forgan et al. [13] conducted neu-
tron diffraction measurements in an applied magnetic field
and showed that CeAl2 is double-q and the magnetic struc-
ture is nonchiral spiral. The fascinating magnetic behavior
in this system was assumed to be associated with the strong
hybridization between the 4 f electrons and the conduction
electrons [11].

Since the unstable 4 f electrons and the magnitude of hy-
bridization are sensitive to external pressure, the community
has devoted great efforts to understanding various properties
of CeAl2 under high pressure. For instances, electrical resis-
tivity as well as the magnetoresistance has been extensively
investigated under high pressure [14–19]. An anomalous Hall
effect of single crystal CeAl2 has been observed and the sign
of Hall coefficient RH changes at 2.7 GPa where a quan-
tum critical point may exist [15], indicating the crossover in
the electronic state from 4 f -localized to itinerant state [20].
Low-temperature specific heat of CeAl2 under pressure was
measured to obtain the P − T phase diagram and interpret the
discrepancy between results of magnetic and thermodynamic
measurements [21,22]. High pressure effects on CeAl2 and
CeCuAl3 by NMR have been reported [23].

Especially, there have been a number of contradictory ex-
perimental results of the compressibility. At first, Croft and
Jayaraman [24,25] reported a pressure-induced valence tran-
sition at about 6.5 GPa, where a volume collapse (V/V0 ≈
0.93, or around 7% compression) was observed without any
change of crystal structure. Bartholin et al. [26] performed
both neutron and x-ray diffraction experiments under high
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pressure, and showed agreement with previous results, i.e.,
they detected a drop in the lattice parameter of CeAl2 due to
a change of Ce ion from Ce3+ to Ce4+ at around 7 GPa with
a relative volume change of about 3.8%. As the thermopower
proved effective to detect valence transitions in metallic sys-
tems [27], Vijayakumar et al. [28] carried out high-pressure
thermopower measurements of CeAl2 and found a maximum
at about 8 GPa which could be attributed to continuous
valence transitions of Ce ions. Ramesh and Holzapfel’s pa-
per [29] also supported that there was a clear discontinuous
volume collapse near 7.7 GPa, with a volume change of
only 1%. They suggested that the isostructure phase tran-
sition in CeAl2 resembles the γ − α transition in pure Ce
metal, which is believed to result from the delocalization of
the 4 f shell [18]. However, Barbara et al. [30,31] did high-
pressure x-ray diffraction up to 15 GPa and observed no well
defined transition. Similarly, Vedel et al. [32,33] measured
the compression curve of CeAl2 and revealed no detectable
volume discontinuity under pressures up to 20 GPa. More than
one decade later, Chandra Shekar et al. [34] reinvestigated
this issue by high-pressure x-ray diffraction experiments up
to ≈23 GPa and showed pronounced anomalous compress-
ibility behavior of CeAl2 between 2 and 6 GPa. Recently,
Tateno et al. [35] also found no discontinuous change in
the compression curve below 20 GPa, and they observed
that a full width at half maximum was enhanced above
20 GPa for several Bragg peaks suggesting a new pressure-
induced structural phase transition from cubic to tetragonal
structure.

The large discrepancies on the possible phase transition
might be associated with very tiny structure distortions and
the sensitivity to different probing techniques and hydro-
static conditions. Acoustic velocity measurement is of high
sensitivity to study phase transitions. In order to address
the long debate on the compression curves of CeAl2, in
this paper we have reinvestigated this matter by compre-
hensively studying the ultrasonic velocities, mechanical and
electronic properties under high pressure. Our results show
clear anomaly/discontinuity at P = 7.5 GPa, suggesting that a
valence transition in CeAl2 might occur. Other possible causes
may be related to the softening of the transverse acoustic (TA)
phonon branches of which the slopes are determined by the
elastic constant C44, or the delocalization of 4 f electron of the
Ce3+ ions.

II. METHODS

The polycrystalline sample of intermetallic compound
CeAl2 was prepared by arc melting of pure Ce (99.9%, Alfa
Aesar) and Al (99.99%, Alfa Aesar) in argon gas atmosphere,
and an excess rare earth (Ce:Al = 1.05:2) was added to com-
pensate for their loss during melting. The phase purity was
confirmed by x-ray diffraction measurements, as shown in
Fig. 1. The powder x-ray diffraction pattern was collected on
Bruker D8 X-ray diffractometer equipped with Cu Kα radia-
tion source (λ = 1.5418 Å, 40 kV, 40 mA). In order to perform
the ultrasonic experiments, the sample was processed into a
disk of 2 mm in length and 2.5 mm in diameter by wire cutting
method. Both parallel faces of the disk were polished flat by
diamond lapping films so as to ensure good ultrasonic signals.

FIG. 1. X-ray diffraction pattern of CeAl2 at room temperature.

The polished sample is 0.166 g, with 0.679 mm in length.
The bulk density of the sample was measured by Archimedes’
immersion method, ρ = 4.987 g/cm3, about 101.3% of calcu-
lated density based on the lattice parameter a = 8.062 Å.

The high-pressure in situ ultrasonic interferometric mea-
surement is based on 14/8 cell assembly as shown in Fig. 2
at room temperature. The high pressure is achieved with the
6×14MN hinge-type double-stage cubic large-volume press,
which is installed in the High Pressure Laboratory at China
Mianyang Research Reactor (CMRR) neutron scattering fa-
cility. A dual mode LiNbO3 disk, which excites the acoustic
signals (10◦ rotated Y-cut) as a transducer (the resonance
frequencies for compressional and shear waves are 50 and
30 MHz, respectively), meanwhile serving as a receiver, is
mounted on the back corner of one of the eight WC cubes.
The WC anvil serves as an acoustic buffer cube to transmit
the high-frequency signals (20 to 70 MHz) into the sam-
ple. The MgO octahedron and a pyrophyllite tube are used
as pressure transmission mediums. A double-side polished
polycrystalline Al2O3 buffer rod with density ρ = 3.914(2)
g/cm3 is employed to transmit acoustic signals. There is a
2μm-thick gold foil inserted between the buffer rod and the
sample to enhance their acoustic coupling. The back of sample
is connected with a NaCl cylinder and a ceramic rod, in
order to provide a quasihydrostatic pressure environment for
CeAl2 sample.

Figure 3 is a schematic diagram showing the principle of
travel time measurements using interferometric method. The
acoustic signals are transmitted via the WC anvil, buffer rod,
and the sample. The LiNbO3 disk receives the echoes from
the interfaces perpendicular to the wave propagation path,
and converts acoustic signals to electrical signals. Time differ-
ences �t between the pulses are corresponding to the waves
traveling round trip in the buffer rod and sample. To obtain
the travel times, we use the transfer function method of Li
et al. [36] to acquire acoustic responses in the frequency range
of 25–70 MHz with a pulse echo overlap (PEO) analysis at
monochromatic frequencies. The uncertainties are estimated
to be less than 0.2% in elastic wave velocities and less than
2% in the derived elastic moduli.

First-principles calculations were performed using the
Vienna ab initio simulation package (VASP) [37,38], with the
projector-augmented wave (PAW) scheme. The exchange and
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FIG. 2. (a) Schematic diagram of the second-stage WC-anvils
and cell assembly for high-pressure ultrasonic measurements at room
temperature in large-volume press. (b) Cross section of the 14/8 cell
assembly.

correlation energies were taken in the generalized-gradient
approximation (GGA) according to Perdew-Burke-Ernzerhof
prescription. The plane-wave cutoff energy was tested and set
to 500 eV. According to Monkhorst-Pack scheme, the k-point
meshes in the Brillouin zone were sampled by 11×11×11
grids. Other parameters include a convergence criterion of the
total energy of 10−8 eV, and the Hellmann-Feynman force of
0.01 eV/Å.

III. RESULTS AND DISCUSSION

A. Velocities and elastic moduli

The specimen length at high pressure can be obtained from
the observed travel times of P and S waves by the Cook’s
method [39]

L0

L
= 1 + 1 + αγ T

3ρ0L2
0

∫
dP

1
t2
P

− 4
3t2

S

, (1)

FIG. 3. Compressional wave signal (50 MHz) observed at
8.75 GPa, showing the reflections from the anvil, the Al2O3 buffer,
and the CeAl2 sample, respectively.

where tP and tS represent compressional and shear wave travel
times in specimen length L, respectively. ρ0 and L0 denote
the density and the length of the sample at ambient condition,
respectively. α is the thermal expansion coefficient, γ is the
Grüneisen parameter, and T represents temperature. At room
temperature, the term αγ T is around 0.01 for most materials
[40]. The densities and unit-cell volumes of CeAl2 sample can
be obtained from the change of length,

ρ0

ρ
= V

V0
=

(
L

L0

)3

. (2)

The bulk B, shear G, and elastic longitudinal LM moduli
under high pressure can be obtained from the velocity and
density data [41]:

B = ρV 2
P − 4

3
ρV 2

S , (3)

G = ρV 2
S , (4)

LM = ρV 2
P = B + 4

3
G, (5)

where VP and VS are velocities of the compressional and shear
waves (V(P,S) = 2L

t(P,S)
), respectively. All experimental data ob-

tained from measured travel times are listed in Table I.
By fitting the velocity and density data to the third-order

Eulerian finite strain equations [42], one can obtain the adi-
abatic bulk B0 and shear G0 moduli as well as their pressure
derivatives at ambient conditions,

ρV 2
P = (1 − 2ε)

5
2 (L1 + L2ε), (6)

ρV 2
S = (1 − 2ε)

5
2 (M1 + M2ε), (7)
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TABLE I. Experimental data for CeAl2 under pressure at room temperature.

P (GPa) 2tP (μs) 2tS (μs) L (mm) ρ (g/cm3) VP (km/s) VS (km/s) B (GPa) G (GPa) LM (GPa)

2.5 0.2446 0.4366 0.6727 5.129 5.50 3.08 90.23 48.70 155.17
3.75 0.2414 0.4324 0.6700 5.195 5.55 3.09 93.49 49.86 159.98
5 0.2394 0.4300 0.6671 5.259 5.57 3.10 95.83 50.63 163.34
6.25 0.2388 0.4296 0.6643 5.326 5.56 3.09 96.93 50.94 164.85
7.5 0.2414 0.4308 0.6608 5.410 5.47 3.07 94.27 50.92 162.16
8.75 0.2624 0.4366 0.6513 5.651 4.96 2.98 72.19 50.30 139.25
10 0.2606 0.4448 0.6492 5.708 4.98 2.92 76.81 48.62 141.63
11.25 0.2546 0.4564 0.6493 5.701 5.10 2.85 86.80 46.17 148.35
12.5 0.2522 0.5044 0.6506 5.669 5.16 2.58 100.60 37.73 150.91

where the strain ε = 1
2 [1 − (V0

V )2/3], and L1, L2, M1, M2 are
fitted coefficients,

L1 = B0 + 4G0

3
, (8)

L2 = 5L1 − 3B0

(
B′

0 + 4G′
0

3

)
, (9)

M1 = G0, (10)

M2 = 5G0 − 3B0G′
0. (11)

A least-squares fitting yields B0 = 82.56 GPa, B′
0 = 2.85,

G0 = 48.05 GPa, and G′
0 = 0.59.

Figure 4 shows the experimentally measured wave veloc-
ities and the derived elastic moduli of polycrystalline CeAl2

under high pressure up to 12.5 GPa at room temperature.
One can see that both compressional and shear wave veloc-
ities exhibit negligible pressure derivative at low pressures
up to 7.5 GPa. Anomalous behavior can be readily observed
as pressure increases, at first there appears a sudden drop
for VP and followed by an increase with pressure. Linear
least-squares fittings show that the pressure dependence is
∂VP/∂P ≈ 0.056 km/s GPa−1 for P > 7.5 GPa. In the case
of VS , it exhibits a discernible slope change at around 7.5 GPa
and then it begins to decrease more rapidly with the a neg-
ative slope ∂VS/∂P = −0.089 km/s GPa−1. Similar distinct
anomaly can be observed in the bulk and shear moduli as
shown in Fig. 4(b). At 7.5 GPa, the bulk modulus shows a
softening and followed by a recovery stiffening. Such soft-
ening might be caused by the 4 f electron delocalization, as
the Ce-Ce interatomic spacing (3.47 Å at ambient pressure)
becomes close to the critical distance ≈3.3 Å for a localized
to itinerant transition [18,43,44]. At 7.5 GPa, the Ce-Ce dis-
tance is calculated as d = 3.34 Å. From Eqs. (1) and (2), the
relative volume V/V0 can be obtained and shows a collapse at
P = 7.5 GPa, which may be due to valence transition in CeAl2

as originally proposed by Croft and Jayaraman [24,25].

B. Electrical resistance

We have also measured the electrical resistance (Fig. 5)
up to a maximum pressure of 15 GPa by using a hinge-
type cubic large-volume press. The four-probe method is
utilised to record data. A piece of CeAl2 sample (about

1 mm×1 mm×3 mm) cut from the same ingot used for ul-
trasonic measurements is mounted in a MgO octahedron. Two
sheets of copper are pressed against the sample.

In Fig. 5, one can find a clearly visible anomaly in the
derivative of the resistance dR

dP at around P = 7.5 GPa, show-
ing a striking similarity to the ultrasonic experimental results.
Probst and Witig [18] have suggested that CeAl2 undergoes
an electronic transition analogous to the γ − α transition in
Ce metal in the pressure range 5–10 GPa. But Barbara et al.
[30] concluded that hydrostatic pressure cannot produce such
a transition but a simple crossover from weak to strong Kondo
behavior. In a recent paper [19], the authors have measured the
pressure dependence of the electrical resistivity at different

FIG. 4. (a) Elastic wave velocities (VP and VS), (b) bulk and shear
moduli (B and G) of the polycrystalline CeAl2 at high pressure.
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FIG. 5. The electrical resistance of CeAl2 as a function of pres-
sure. The inset shows the pressure derivative of resistance for CeAl2.

temperatures. They found that the resistivity increased with
pressure followed by a maximum at Pmax. Pmax increases with
temperature, and at room temperature Pmax seems to shift to
≈6 GPa. These maximum humps are also interpreted as the
crossover in the electronic state of CeAl2.

C. Elastic constants

In order to understand the anomalous behavior of the elas-
tic properties, we have calculated the elastic constants of
single crystal CeAl2. There are 24 atoms in the conventional
unit cell of CeAl2. The lattice parameter a0 = 8.04 Å [45]. For
the geometry optimization, we start with the experimental data
and calculate the volume (V ) dependence of the total energy
(E ). By a least-squares fit of the E − V curve to the third-order
Birch-Murnaghan equation of state (EOS) [46], the lattice
parameter a0, equilibrium volume V0, the bulk modulus B0 as
well as its pressure derivative B′

0 can be obtained, as listed in
Table II compared with previous theoretical and experimental
results. Our value for the lattice parameter a0 = 7.945 Å is in
good agreement with the theoretical work a0 = 7.941 Å [3],
but lower than the experimental values [32,35,45,47], which

can be expected since DFT calculations are set to 0 K and we
have neglected the thermal expansion. Using a thermal expan-
sion coefficient for CeAl2 of α(30−670◦C) = 12.11×10−6 ◦C−1

[48], one can roughly estimate the volume at room tempera-
ture in slightly better agreement with experiments. However,
it should be noted that α(T ) behaves anomalously in many
rare earth intermetallics, particularly at low temperatures.
Another possible reason is that our calculation is nonspin
polarized, whereas CeAl2 orders antiferromagnetically be-
low TN = 3.8 K. The calculated bulk modulus and its first
derivative, as obtained from the E − V fit are B0 = 73.0 GPa
and B′

0 = 3.69, are well within the range of reported values,
respectively.

Figure 6 shows the volume compression V/V0 of CeAl2

as a function of pressure. For comparison, data from earlier
studies are also included. It can be seen from Fig. 6(a) that
both calculated and previous experimental results show very
good agreements at low pressure (P < 10 GPa). As pressure
increases, the calculated value of V/V0 decreases slightly
more slowly than the experimental curves. In Fig. 6(b),
it is apparent that the relative volume obtained from our
ultrasonic measurements shows a pronounced discontinuity
starting at around P = 7.5 GPa, supporting the previously
observed anomalous compressibility [24–26,29]. The third-
order Birch-Murnaghan EOS, fitted to the experimental P − V
data below 7.5 GPa gives bulk modulus and its derivative as
B0 = 85.26 ± 1.56 GPa, and B′

0 = 3.32 ± 0.62, respectively.
For cubic systems, there are three independent elastic con-

stants C11, C12, and C44, which can be obtained by using
the “stress-strain technique” based on applied small defor-
mations [50–52]. The calculated elastic constants at ambient
pressure and high pressure up to 15 GPa are summarized in
Table III, compared with experimental results at zero pres-
sure. The calculated results at zero pressure, C12 = 29.5 GPa
and C44 = 42.4 GPa are in good agreement with those from
ultrasonic measurements (C12 = 29.8 GPa, C44 = 43.8 GPa).
However, our C11 = 166.4 GPa is ≈13% higher compared
to the experimental value C11 = 147.2 GPa reported by
Penney et al. [45]. In Fig. 7, the elastic constants C11, C12,
C44, and the elastic shear modulus C′ = C11−C12

2 are plotted as
a function of pressure. The elastic anisotropy of cubic sys-
tems can be written as A = 2C44

C11−C12
. For a complete isotropic

TABLE II. Optimized lattice parameter a0, the equilibrium volume V0, Ce-Ce distance d , and bulk modulus B0 and its pressure derivative
B′

0 of CeAl2.

a0 (Å) V0(Å3) d (Å) B0 B′
0 Remarks

This paper 7.9449 501.5 3.47 73.0 3.69 DFT, P = 0 GPa
7.7194 460.0 3.34 DFT, P = 7.5 GPa
7.5535 431.0 3.27 DFT, P = 15 GPa
8.062 523.96 XRD

Ding et al. [3] 7.941 500.8 64.2 DFT
Vedel et al. [32] 66.4 ±3 3.3 ±0.4
Chandra Shekar et al. [34] 8.054 ±0.002 522.4 234 ±45 −3.7 ±9.3 XRD
Tateno et al. [35] 8.055 ± 0.002 522.6 62 3.0 XRD
Penney et al. [45] 8.04 519.7 68.7 ±2 3.0 ±1 XRD

68.9 ±1.5 ultrasonic
Raghavan et al. [47] 8.06 523.6 66.4
Rossignol [49] 75.4 neutron
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FIG. 6. Volume change of CeAl2 as a function of pressure.
(a) DFT calculated results and (b) data derived by ultrasonic mea-
surements, compared with previous experimental results.

material, C′ = C44 and A = 1. As pressure increases, CeAl2

exhibits strong anisotropy, which is due to a rapid decrease in
the trigonal shear modulus C44 and an increase in the tetrag-
onal shear modulus C′. One can find that the elastic constant
C12 increases almost linearly with pressure, and CeAl2 is me-
chanically stable throughout the pressure range up to 15 GPa.

FIG. 7. Calculated elastic constants C11, C12, C44, and the elastic
shear modulus C′ of CeAl2. The dashed line denotes a different slope
by linear least-squares fitting from the solid line.

TABLE III. The calculated independent elastic constants
(in GPa) C11, C12, C44, C′ and the elastic anisotropy A = 2C44

C11−C12
of

CeAl2 under pressure.

P C11 C12 C44 C′ A

0.0 Expt.a 147.2 29.8 43.8 58.7 0.75
0.0 Expt.b 147.3 30.5 44.0 58.4 0.75
0.0 Expt.c 145.2 29.2 43.4 58.0 0.75
0.0 DFT d 134.0 27.1 45.8 53.45 0.86
0.0 166.4 29.5 42.4 68.45 0.62
2.5 180.2 33.9 41.2 73.14 0.56
5.0 192.1 38.2 38.4 76.92 0.50
7.5 201.9 42.2 34.2 79.86 0.43
10.0 211.6 46.6 28.1 82.52 0.34
12.5 220.0 50.8 20.6 84.61 0.24
15.0 228.0 55.2 11.3 86.38 0.13

aData obtained from the sample grown in Yorktown (Y1) in Ref. [45].
bData obtained from the sample grown in Yorktown (Y2) in Ref. [45].
cData obtained from the sample grown in Grenoble (G) in Ref. [45].
dReference [3].

For C11 and C44, the situations are different. C11 increases
monotonically with pressure with a slope of k = 4.73 at low
pressures P � 7.5 GPa, and from then on it increases more
slowly and the slope changes to k = 3.47. For C44, at first it is
larger than C12 at low pressures (P � 5 GPa), decreasing very
slowly with a slope of k = −1.10 till P = 7.5 GPa and then
falling more rapidly with increasing pressure (k = −3.05).
The slope changes of both C11 and C44 appear at around P =
7.5 GPa, where by coincidence the anomalies in VP and VS

from our ultrasonic measurements occur. Although the current
theoretical results cannot completely cover all the remarkable
experimental features, they show some similarities to some
extent. The weak pressure effect of C44 at low pressures
(P � 7.5 GPa) may be responsible for the experimentally
observed slow increase in the shear wave velocity and hence
the shear modulus [53].

The elastic instability occurs (C44 < 0) above 15 GPa, as
the Born’s mechanical stability criteria [54] has been violated,

C11 + 2C12 > 0,C44 > 0,C11 − C12 > 0, (12)

implying that the system is no longer stable against the shear
given by one of the transverse acoustic phonon modes. As
reported in Ref. [55], large phonon softening (reduction in
the phonon frequency ω) was observed in both the �5 and
�3 TA branches, for which the slopes were determined by
C44. In Table IV, long-wavelength acoustic modes generated
by shear distortions of the cubic crystal structure represent-
ing solutions of the dynamical matrix for different wave
vectors k are tabulated. One can find that if C44 < 0, the
crystal is unstable against the transverse acoustic mode with
k = [ζ , 0, 0] and polarization vector along [010] or [001],
as well as k = [0, ζ , ζ ] and polarization vector along [100]
as observed in Ref. [55]. We predict that by inelastic neu-
tron scattering measurements one might also observe TA
phonon softening along the high symmetry directions X → L
(k = [0, ζ , 0]) and W → K (k = [−ζ , ζ , 0]), where the high
symmetry points X = ( 1

2 , 0, 1
2 ), L = ( 1

2 , 1
2 , 1

2 ), W = ( 1
2 , 1

4 , 3
4 ),

and K = ( 3
8 , 3

8 , 3
4 ).
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TABLE IV. For the acoustic modes, the solutions of the dynamic matrix for selected wave vectors k = [ζ , 0, 0], [0, ζ , 0], [−ζ , ζ , 0], and
[0, ζ , ζ ] are listed, where the subscripts denote the directions of motion of the atoms.

k = [ζ , 0, 0] k = [0, ζ , 0] k = [−ζ , ζ , 0] k = [0, ζ , ζ ]

ρω2
[100] = C11ζ

2 ρω2
[010] = C11ζ

2 ρω2
[110] = (C11 − C12)ζ 2 ρω2

[01̄1] = (C11 − C12)ζ 2

ρω2
[010] = C44ζ

2 ρω2
[001] = C44ζ

2 ρω2
[001] = 2C44ζ

2 ρω2
[100] = 2C44ζ

2

ρω2
[001] = C44ζ

2 ρω2
[100] = C44ζ

2 ρω2
[1̄10] = (C11 + C12 + 2C44)ζ 2 ρω2

[011] = (C11 + C12 + 2C44)ζ 2

Previously, Godet and Purwins [56] measured the elastic
constants of CeAl2 at low temperature and observed a soft-
ening of the elastic constants C44 of 30% with decreasing
temperature which can be due to a magnetoelastic coupling.
Besides, Roth et al. [57] studied the C44 mode in high mag-
netic fields up to 7 Tesla. They argued the interpretation in
terms of magnetoelastic interaction [58] and demonstrated
that the magnetic effect should be most possibly responsible
for the softening of C44. Another potential reason might be
the interaction between the conduction band and 4 f 1 elec-
tron, which plays an important role in understanding the low
temperature physics of Ce-based compounds. Here, we find
that the elastic constant C44 is also pressure dependent, and
the observed anomalous behavior of elastic wave velocities
and elastic moduli in terms of slope change and discontinu-
ities under pressure might be associated with softening of the
TA phonon modes.

Based on the single-crystal elastic constants of CeAl2,
one can further evaluate the polycrystalline average isotropic
bulk modulus B and shear modulus G by using the
Voigt-Reuss-Hill method [59],

BR = BV = (C11 + 2C12)/3, (13)

GV = (C11 − C12 + 3C44)/5, (14)

GR = 5(C11 − C12)C44/[4C44 + 3(C11 − C12)], (15)

B = BR + BV

2
, (16)

G = GR + GV

2
. (17)

TABLE V. The calculated bulk B, shear G, and Young’s moduli
Y (in GPa), Poisson ratio ν of CeAl2 under pressure.

P B G Y ν

0.0 Expt.a 68.9 49.26 119.33 0.168
0.0 DFTb 62.7 48.85 116.34 0.191
0.0 75.16 51.44 125.65 0.221
2.5 82.71 51.94 128.85 0.240
5.0 89.52 50.90 128.38 0.261
7.5 95.44 48.40 124.19 0.283
10.0 101.62 43.99 115.32 0.311
12.5 107.21 37.88 101.67 0.342
15.0 112.82 29.32 80.95 0.380

aData obtained from the sample grown in Yorktown (Y1) in Ref. [45].
bReference [3].

The Young’s modulus Y and Poisson’s ratio ν can be given by

Y = 9BG

3B + G
, (18)

ν = 3B − 2G

2(3B + G)
. (19)

The calculated bulk, shear, Young’s moduli and Poisson’s
ratio for CeAl2 are summarized in Table V. We note that the
calculated bulk modulus B increases almost linearly, which
cannot reproduce the break (a sudden decrease and followed
by a stiffening recovery) as observed experimentally. The
shear modulus G behaves similarly with the experimental
data as the pressure increases. Young’s modulus is a measure
of stiffness of a solid material. It shows an slight increase
at the beginning and then falls rapidly at higher pressure.
The Poisson’s ratio varies from 0.22 to 0.38 monotonically.
According to Pugh [60], a high (low) ratio of shear to bulk
modulus G/B is associated with brittleness (ductility) of the
material, and the critical value separating ductile and brittle
property is about 0.57. The theoretical value of CeAl2 at
ambient pressure is 0.68, while the experimental value is 0.58
close to the critical value, indicating that CeAl2 can be slightly
brittle.

D. Electronic density of states

The basic physical and chemical properties like elastic con-
stants of the material are largely determined by its electronic
structure. With the aim of further understanding the mechani-
cal property of CeAl2 from a microscopic viewpoint, we have
calculated and analyzed the electronic density of states under
high pressure.

Figures 8 and 9 show the total and partial densities of states
(DOS) of CeAl2, respectively. For the total DOS shown in

FIG. 8. Total densities of states of CeAl2.
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FIG. 9. Partial densities of states of CeAl2. The inset shows the densities of states for Ce 4 f band at P = 0 GPa (black) and
P = 15 GPa (red).

Fig. 8, the most pronounced difference is the lowering of the
peaks’ height and the broadening of the peaks at high pressure
P = 15 GPa. It is not surprising that as pressure increases,
the Ce-Ce interatomic distance decreases (d = 3.27 Å at P =
15 GPa compared with d = 3.47 Å at ambient pressure), the
overlap of the outer electronic shells of constituent atoms
increases, which results in an increase in the band widths, the
extent of spd/ f hybridization.

One can find that the total DOS at the Fermi level mainly
comes from the contribution of sharp 4 f band and a small
amount of Ce d states. There is a very narrow peak near
–34 eV due to the flat bands of Ce s states. Between –18
and –16 eV, there exists a double-peak structure resulting
from Ce p states. The spd/ f hybridization is quite obvious.
According to Ref. [61], the application of pressure can lead
to the increase of the 4 f electrons coupling with other band

FIG. 10. The band structure and Fermi surfaces of CeAl2. (a) The Brillouin zone with high-symmetry points for the CeAl2 structure. (b)
Band structure at P = 0 GPa. (c) Fermi surface sheets originating from the lower green band (the outer sheet) and (d) the higher red band (the
inner sheet) at P = 0 GPa. (e) Band structure at P = 15 GPa. (f) Fermi surface sheets originating from the lower green band (the outer sheet)
and (g) the higher red band (the inner sheet) at P = 15 GPa.

064106-8



SOUND VELOCITIES, AND MECHANICAL AND … PHYSICAL REVIEW B 105, 064106 (2022)

states, and a broadening of the 4 f band as well as a slight
decrease of the 4 f population. One can see a widening of the
4 f band as well as a clear shift of 4 f peak to higher energies
with pressure, as shown in the inset of Fig. 9.

Figure 10 shows the calculated electronic band structures
and Fermi surfaces of CeAl2. There are two bands across the
Fermi level, and the corresponding Fermi surfaces are very
complex, implying rich physical properties of this material.
The group of the bands above the Fermi level is mainly of the
Ce-4 f character and shifts slightly to higher energies at higher
pressure. The near-Fermi bands show a complicated character,
including quasiflat bands (e.g., along W-K direction) as well
as the bands with higher dispersion E (k) (e.g., along �-K, �-L
directions). The low-lying band (green line) is mainly from Ce
d state, whereas the narrow band (red line) is mainly of the Ce
f character. By comparing the band structures, an increase of
Ce d/ f hybridization can be observed along �-X and K-�
directions.

These two bands generate two Fermi surface sheets. The
outer sheet contains hole-like sheets on hexagonal lateral faces
of the Brillouin zone. The inner sheet exhibits a cage-like
structure, due to electron-like sheets. The cage-like structure
is connected to other cage-like Fermi surfaces in neighboring
Brillouin zones by 6 channels around the X points. On appli-
cation of pressure the Fermi surfaces change essentially. At
P = 15 GPa, the cage-like structure is disconnected, and tiny
hole pockets appear, which are manifested in the energy band
of Fig. 10(e) where the red band crosses the Fermi level four
times along K-� direction.

IV. CONCLUSIONS

Whether there exists a volume anomaly/discontinuity or
not in the intermetallic compound CeAl2 under high pres-
sure has been a long controversy in the past. In order to
look for possible anomaly in the compression curve, we have
comprehensively studied the acoustic velocities, mechanical

properties as well as electronic properties of CeAl2 at high
pressure by ultrasonic measurements and first-principles cal-
culations. Anomalous behaviors have been observed in the
compressional (VP) and shear (VS) wave velocities and elas-
tic moduli in terms of discontinuities and change of slope
at around P = 7.5 GPa. A volume collapse occurs which
might be probably because of a valence transition, showing
good agreement with earlier reports. Besides, the pressure-
dependent electronic resistance also shows an anomaly at
around 7.5 GPa. More interestingly, our DFT calculations
predict that the elastic constants C11 and C44 both show an
anomaly at P = 7.5 GPa with a change of slope. C44 could
be the origin of the slow increase of the shear wave velocity
and hence the shear modulus observed in our experiments up
to 7.5 GPa, since it shows a weak pressure dependence. At
higher pressures (P > 7.5 GPa), C44 softens more rapidly and
the shear wave velocity decreases. CeAl2 becomes mechan-
ically unstable for P > 15 GPa. Another possible reason for
the elastic anomalies might be associated with the softening
of TA phonon branches of which the slopes are determined
by C44. From the electronic structure calculation, the Ce d/ f
states hybridization becomes stronger along the high symmet-
ric directions like �-X and K-� at high pressure, which might
be one of the features of the γ − α isostructural transition.
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