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Abstract

High pressure Raman and angle dispersive X-ray diffraction (ADXRD) measurements on the metallic hexaboride LaB6 have

been carried out upto the pressures of about 20 GPa. The subtle phase transition around 10 GPa indicated in Raman

measurements is confirmed by ADXRD experiments to be a structural change from cubic to orthorhombic phase. Ab-initio

electronic band structure calculations using full potential linear augmented plane wave method carried out as a function of

pressure show that this transition is driven by the interception of Fermi level by electronic band minimum around the transition

pressure.
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1. Introduction

Hexaborides (MB6) can be monovalent metals or

semiconductors [1] depending on whether the metal ion M

is trivalent or divalent, respectively, because the B6

molecule in them needs two electrons from the metal to

stabilize the divalent B6 state. LaB6, a monovalent and non-

magnetic metal, is of great technological importance as

thermionic cathodes in electronic devices with high

performance characteristics [2]. In the intermediate valence

compounds CeB6 and SmB6, the elastic constant C12 is

negative while in LaB6 it has a very small positive value

[3–5]. The breakdown of Cauchy relation (small value of

C12 compared to the larger C44) in LaB6 is an indication of

presence of volume-dependent long range forces. Such long

range forces are speculated to be arising due to the occupied

part of the conduction band formed by the anti-bonding

orbitals of the B6 molecules and the 5d eg-orbitals of La

atoms [6]. The fact that volume dependence can lead to

violation of Cauchy relation and the small value of C12; is

evident from the behavior of C12 and C44 of mixed valence

Sm12xYxS with variable metal size and the divalent YbB6

[5]. Application of pressure will result in an energy shift of

the anti-bonding B6 orbitals leading to a rise in the

conduction band causing further lowering of C12 to induce

structural changes under pressure. However, the pressure

variation of electrical resistance and thermoelectric power

of LaB6 up to 10 GPa show a monotonic decrease [7] while

that of divalent YbB6 and EuB6 suggest [8] evidence of

mixed valence state at pressures above 10 GPa. The present

work aims to investigate the high pressure behavior of LaB6

experimentally using Raman and X-ray diffraction measure-

ments. Also the first principles electronic band structure
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method of full potential linearized augmented plane wave

(FPLAPW) type is employed to find the cause of the

structural evolution of LaB6 under pressure.

2. Experiment

High pressure Raman measurements were carried out on

single crystals of LaB6 in a Mao-Bell type diamond anvil

cell (DAC) with the excitation line 5145 Å of an argon ion

laser and the spectra were recorded at room temperature

using Spex Ramalog spectrometer with cooled photomul-

tiplier tube as well as DILOR XY spectrometer with CCD

detection [9]. To understand the results of Raman

experiments, angle dispersive X-ray diffraction (ADXRD)

measurements up to 20 GPa were carried out on powdered

LaB6. For both Raman and X-ray diffraction measurements,

the pressure transmitting medium used was methanol þ

ethanol mixture in 4:1 proportion and ruby fluorescence was

used for in-situ pressure calibration. The ADXRD measure-

ments were carried out using a setup [10] which employs

graphite monochromatised Mo Ka radiation from a Rigaku

rotating anode generator operating at 50 KeV £ 40 mA and

an image plate (IP) flat area detector (Molecular Dynamics).

The stored two dimensional X-ray image of the diffraction

rings was scanned at a resolution of 176 £ 176 mm2. The

gasket material used for the measurements is hardened

stainless steel. The sample to IP distance was calibrated by

collecting the diffraction pattern of Pd foil loaded in the

DAC at ambient condition. The two dimensional image was

collapsed to the one dimensional diffraction pattern by

radially integrating the stored image using the calibrated

sample to IP distance. A correction for the small tilt of the

image plate to the beam direction was also employed.

Typical exposure time was 4–5 h.

3. Results and discussion

3.1. Raman scattering

The divalent and trivalent metal hexaborides (MB6)

crystallize in the cubic CsCl structure (space group Oh) with

one molecule per unit cell [1]. Each B6 octahedron is

centered at the corner of the simple cubic cell with boron

atoms located at the cube edges. Group theory yields the

wavevector k ¼ 0 normal modes as A1g(R) þ Eg(R) þ

T1g þ T2g(R) þ 2T1u þ T2u where R denotes Raman active

mode. Fig. 1 shows the unpolarized Raman spectra of LaB6

recorded at ambient pressure. The three expected main

peaks were observed at 677 (T2g), 1116 (Eg) and 1251 (A1g)

cm21, in agreement with earlier reports [1,11–13]. The

inset in Fig. 1 shows the eigenvectors of these three

intramolecular vibrations of the B6 molecule [1]. Here, A1g

and Eg are B–B bond stretching modes and T2g mode is a

B–B–B valence angle bending mode of boron lattice.

Raman band associated with T2g mode shows a clear

shoulder on the high frequency side and is attributed

[11–13] to the most abundant isotopes of B, namely B11/

B10. Accordingly, the observed lineshape is least square

fitted to a sum of two Lorentzians with an area ratio of A1/

A2 ¼ 2.1:1 to take into account isotopic 11B:10B abundance.

The two peaks are at 677 and 690 cm21. As is clear in Fig. 1,

the Eg mode is a doublet with mode frequencies at 1116 and

1135 cm21. There is also a weak peak at 1159 cm21. In Fig.

1, data are shown with open circles and solid lines

correspond to the fitted Lorentzian lineshapes.

Fig. 2 shows variation of the vibrational frequencies of

T2g (squares), Eg doublet (circles and stars) and A1g (up

triangles) modes as a function of pressure. Filled symbols

are for increasing pressure runs and open symbols are for

decreasing pressure runs. It can be seen that the pressure

dependence of the T2g mode is same for both the increasing

and the decreasing pressure runs, showing that the pressure

hysterisis effects are negligible. The A1g mode was masked

by the strong Raman mode of diamond anvils for pressures

between 5 and 9 GPa. After 9 GPa, a shoulder appears to the

high frequency side of the Raman line from the diamond

anvil, which can be the A1g mode. It is likely that the

shoulder may arise from the strained part of the diamond

anvil. In that case, it will imply that the A1g mode does not

appear after 9 GPa. The values of slope S ¼ dv=dP in two

pressure range 1 GPa , P , 9 GPa and 10 GPa , P , 18

GPa are given in Table 1. Solid lines show the linear least

square fit to the data. It is clear from Table 1 and Fig. 2 that

the slopes of vibrational frequency v for T2g, Eg and A1g

modes with respect to pressure, change abruptly at about

10 GPa. This pressure is close to the pressure at which the

pressure transmitting alcohol medium freezes. Above this,

the pressure is quasi-hydrostatic and the nonhydrostatic

component in the pressure increases gradually, as reflected

in the pressure calibrant ruby luminescence linewidths. The

change in slope, S ¼ dv=dP at ,10 GPa cannot arise from

Table 1

The values of dv=dP and Grüneissen parameters for the different

modes region I: 1 GPa # P # 9 GPa and region II: 10 GPa # P #

18 GPa: The value of the bulk modulus, b is taken to be 142 GPa for

P # 9 GPa (I) and 125 GPa for P $ 10 GPa (II) from the fitted

equation of state

Mode v at P ¼ 0 (cm21) S

(cm21/GPa)

g

I II I II

T2g 677 3.8 2.0 0.8 0.4

Eg 1116 7.8 – 1.0 –

1135 6.8 1.0 0.9 0.1

A1g 1251 9.9 0.4 1.1 0.04

T1u 186 20.8 – 20.6 –

T1g 438 6.5 – 2.1 –



the gradual change in the nature of applied pressure and

hence we attribute the change in slope to a phase transition

at 10 GPa in LaB6. In Fig. 2, we also notice an additional

slope change for all the three modes near 1 GPa indicating

some possible phase transition. More data is required at low

pressures to confirm this transition, if any. The values of S in

units of cm21/GPa and the Grüneissen parameters g ¼ b

d ln v=dP; where b is the bulk modulus (taken to be 142 GPa

for P , 10 GPa and 125 GPa for P . 10 GPa as described

later) are tabulated in Table 1. The S values for Eg and A1g

modes in the range 0 # P # 1 GPa are 18.6, 27.5 and

18.5 cm21/GPa, respectively and the corresponding Grü-

neissen parameters are 2.4, 3.5 and 2.1, respectively.

In addition to Raman allowed modes, we also observe

modes near 180 and 438 cm21. The mode near 180 cm21 is

easily discernible in spectra recorded at pressures between 3

to 8 GPa. Interestingly, the pressure derivative of this mode

is negative, with a slope dv=dP ¼ 20:8 cm21=GPa as shown

in the inset of Fig. 2. This mode is the infrared active T1u

mode which becomes Raman active, possibly due to

disorder in the crystal. This disorder can be interpreted on

the basis of the reduced symmetry Oh ! C4v arising from

the presence of vacancies in the B6 structure [13]. The

variation of 438 cm21 mode with pressure is also shown in

Fig. 2 where the data is shown by plus signs and is fitted to a

straight line, with slope dv=dP ¼ 6:5 cm21=GPa and g ¼

2:1:

3.2. X-ray diffraction

To confirm the results of Raman experiments, angle

dispersive X-ray diffraction (ADXRD) measurements up to

20 GPa were carried out on powdered LaB6. The measured

ambient pressure lattice parameter agreed with the literature

value [12] of ac ¼ 4:154 �A: The evolution of the X-ray

diffraction pattern under pressure and d-spacing values are

shown in Figs. 3 and 4(a), respectively. The X-ray patterns

Fig. 1. Raman spectra of LaB6 at ambient condition.

Fig. 2. Variation of A1g mode (triangles), Eg mode (stars and

circles), T2g mode (squares) and T1g mode (plus) frequencies with

pressure. Solid lines are linear fits. For T2g mode, the filled and open

symbols correspond to the increasing and decreasing pressure runs,

respectively.



could be indexed to the CsCl type cubic cell up to

,11.6 GPa. Above this pressure, the fitting to the cubic

phase gradually deteriorates. Our attempt to index the X-ray

diffraction pattern above 11.6 GPa to CrB6 type tetragonal

and AsB6 hexagonal structures did not succeed. The high

pressure pattern however could be indexed to an orthor-

hombic cell with 2 molecular units per cell (a0 ¼ 5:619 �A;

b0 ¼ 5:732 �A; c0 ¼ 4:051 �A and Z ¼ 2 at 14.3 GPa). This

orthorhombic cell is a supercell of the cubic cell

(a0 ,
ffiffi

2
p

ac; b0 ,
ffiffi

2
p

ac and c0 , ac). The possible space

group is Pban with La at the 2a (0,0,0) position and B at the

4l (0,0.5,0.2) and 8m (0.15, 0.36, 0.3359) positions. Further

it may be noted that the expected split in the lines because of

the lower symmetry is not discernable due to the resolution

limitation of the current measurements. Thus although the

present data indicate the presence of a subtle transition,

better resolution data from well collimated beam from

synchrotron is desirable. The pressure– volume data

obtained from lattice parameter determination up to

20 GPa is shown in Fig. 4(b). This was fitted to a second

order Birch–Murnaghan equation of state [14] with a bulk

modulus b of 142 GPa for the cubic phase with its pressure

derivative db=dP ¼ 4: If the statistical errors in volume are

included in the calculation of bulk modulus, we obtain a

bulk modulus of 142 ^ 15 GPa for the low pressure phase

Fig. 3. ADXRD patterns for LaB6 at various pressures.

Fig. 4. (a) Variation of d-spacings with pressure for LaB6. (b)

Equation of state for LaB6. The experimental data points are shown

along with the error bars for V=V0: The solid curves are the fitted

curve for the cubic and orthorhombic phases.



which compares well with the value of 163 GPa obtained

from elastic constant measurements [3]. The effect of

structural phase transition on the equation of state is clearly

seen as a discontinuity around 11 GPa. This can be seen as a

weak slope change in the d variarion with pressure for the

first two lines. Thus it is observed that the transition is

weakly first order as the volume change at the transition is

small (less than 2%).

3.3. Band structure calculations

First principles electronic structure calculations of

metallic LaB6 can throw light on the mechanism of the

structural phase transition. Hasegawa and Yanase [15] have

carried out self-consistent augmented plane wave calcu-

lations of band structure of LaB6. However, their calcu-

lations were carried out using muffin–tin approximation to

the atomic spheres and smaller number of k-points in

sampling the Brillouin zone (BZ).They also used Slater Xa-

method for the exchange potential. In order to improve upon

these limitations we have done ab-initio electronic structure

calculations using full potential linear augmented plane

wave (FPLAPW) method within the local density approxi-

mation (LDA) for the exchange correlation [16]. Spin–orbit

correction terms were included in the calculations. For all

the calculations reported here we have used WIEN2K code

as described by Blaha et al. [17]. 5d16s2 electrons of La and

2s22p1 of B were treated as itinerant. 10000 k-points (286 k-

points for the irreducible wedge of the BZ) were used for BZ

sampling. To represent the wave functions in the interstitial

region, 615 plane waves were used. Band structure was

calculated at 0.01 interval of volume ratio V=V0: For each

volume the pressure was computed by evaluating the

volume derivative of the total energy–volume curve at its

minimum. Computations were carried out up to a volume

compression of V =V0 ¼ 0:85: In this paper we will give only

one result of our calculations, represented in Fig. 5 which

shows that at ambient condition, the position of the band

minimum (d-band) is 0.8 mRy below EF shown in bottom

panel. These features in band structure are in qualitative

agreement with those reported by Hasegawa and Yanase

[15]. With compression, this band is up in energy relative to

EF and at V=V0 ¼ 0:92 (i.e. around 13 GPa) it crosses the

Fermi level (see middle panel in Fig. 5). At a compression of

V=V0 ¼ 0:85; the band minimum is above the Fermi level as

seen in Fig. 5. Thus anomalies in some of the physical

properties could occur at V=V0 ¼ 0:92 if the same structure

was maintained [18]. This kind of phase transition driven by

changes in the topology of the Fermi surface is called

Electronic Topological Transition (ETT) or Lifshitz tran-

sition. The theory of ETT has been discussed in detail in the

review article by Blanter et al. [19].

To conclude, the Raman and X-ray measurements show

a subtle transition around 10 GPa. First principles electronic

band calculations reveal that the transition is accompanied

by the interception of Fermi level by electronic band

extremum.
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