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Evidence of a Lifshitz transition in the high-pressure behavior
of the intermetallic compound AuIn2
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Accurate equation of state of AuIn2 was obtained by x-ray diffraction measurements with ELETTRA
synchrotron source to pressures over 20 GPa. Below 5 GPa, theP-V data when transformed to universal
equation of state~UEOS!, shows a deviation from linearity, confirming an electronic transition, consistent with
the anomaly observed earlier in fusion and electrical data. The present high-resolution data also reaffirm a
structural phase transition beyond 9 GPa. Full potential electronic band-structure calculations reveal a Lifshitz
transition at the observed anomaly in the UEOS. Its transition pressure was found to be sensitive to the
exchange-correlation terms.
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Predictions of phase transitions at high pressures and
confirmations using diamond anvil cell measurements h
led to significant improvements in density-functional the
ries for exchange-correlation potentials beyond the loc
density approximation~LDA !.1 The emphasis so far has bee
to generate simultaneously pressures of several mega
and temperatures of several thousands of degrees Kelv
obtain physical conditions in the laboratory that mimic tho
existing in the mantle and core of the earth, in order to
able studies on its constituent materials.2 However, the mod-
erate pressure region continues to remain exciting with
observations of certain phenomena and associated contr
sies in the data.3,4 One of the most dramatic manifestatio
of subtle electronic structure changes brought about by p
sure has been the exhibition of anomalies in the thermo
namic properties of materials. Some of these anomalies
cur due to the proximity of an energy band extremum~Van
Hove singularity! to the Fermi level (EF), and its passage
throughEF as the pressure is varied, known as Lifshitz tra
sitions or electronic topological transition~ETT!.5,6 There
had been difficulties till the recent past in correlating the
with experimental data due to the lack of controlled hig
pressure experiments and precision in the pressure vol
(P-V) measurements.7 The availability of synchrotron
sources and incorporation of an imaging plate area dete
in the angle dispersive x-ray diffraction~ADXRD! technique
have made it possible.2 In the present work, we demonstra
an interesting interplay between state-of-the-art results
first-principles calculations and experimental data yield
evidence of a Lifshitz transition for an intermetallic, AuIn2.

The significance of present investigations is in providin
method to identify an ETT. The traditional methods used
its detection in transport properties and superconduc
transition temperature (Tc) measurements are indirect, lik
when no other significant change is known to occur, the
served anomaly is attributed to an ETT. In the present wo
we identify its presence experimentally from the equation
state measurements, which can be calculated from th
0163-1829/2002/65~14!/140101~4!/$20.00 65 1401
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with more ease compared toTc and thermoelectric powe
~TEP!. This has been possible with the availability of inten
synchrotron source that enables accurate measuremen
diffraction data at small intervals of pressures. The co
pound AuIn2 crystallizing in the calcium flourite (CaF2)
structure,8 exhibits anomalies in various physical propertie
such as variation with pressure of fusion temperature, T
and electronic and structural behaviors. Hence it serves a
excellent prototype to demonstrate the interesting interp
between theory and experiment for high-pressure invest
tion. Also, as several oxides of geophysical interest occu
CaF2 structure, phase transformation studies under comp
sion on intermetallic compounds in this structure are use
in providing information concerning the high-pressure met
lic phases of these oxides. Whereas most of the current e
tronic structure calculations related to geophysical mater
are being carried out at 0 K, the finite temperature effe
have been included in the present work. It is possible
extend these to higher temperatures, a case in which the
perature corrections, such as the entropy effects would
more significant. These temperature effects are impor
since most of the phenomena of geophysical interest exis
high temperatures. For example, another structure was
served in iron in the pressure range 44–100 GPa betw
2100 and 2300 K, whereas the related electronic struc
calculations were carried out at 0 K.2,4 Also, most of the
studies related to geophysical materials focus on struct
transitions only, and the electronic transitions, like ETT, a
usually not investigated. The present work highlights the f
that such transitions could also be equally important lead
to anomalies in physical properties, and can be relevan
geophysical modeling. Further the applicability of th
present method to detect ETT is not limited to AuIn2 but is
quite general. With the availability of very high pressure
which variety of materials can be subjected, it will be po
sible to detect ETT in them.

Storm et al.9 studied the fusion behavior of the interm
tallic compound AuIn2 up to a pressure of 5 GPa, and foun
©2002 The American Physical Society01-1
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that its fusion curve remains nearly constant up to abou
GPa, beyond which it acquires a positive slope. God
et al.10 carried out high-pressure electrical resistivity, TE
and x-ray diffraction measurements to investigate t
anomaly. While the rotating anode generator based h
pressure ADXRD data indicated a structural phase transi
beyond 8 GPa, TEP measurements showed a peak in the
GPa pressure range. The detailed band structure under
sure obtained by linearized muffin-tin orbital~LMTO! calcu-
lations within the atomic sphere approximation~ASA!11 re-
vealed that this transition is due to an ETT. The theoret
universal equation of state~UEOS!7,12 obtained from the cal-
culatedP-V curve showed deviation from linearity in thi
pressure range. However, the lack of precise data at c
intervals of pressure prevented its verification. In its absen
the theoretical conjecture that ETT5 is the cause of anomal
in UEOS7 and high-pressure fusion9 and electrical10 data is
questionable in view of the inherent accuracy limitations
atomic sphere approximation.11 The present experimenta
and theoretical studies are aimed at improving upon th
limitations by carrying out high-pressure ADXRD measu
ments using a synchrotron source, and by carrying
temperature-dependent electronic band-structure calcula
using the full potential linearized augmented plane-wa
~FP-LAPW! method.13

High-pressure x-ray diffraction measurements were c
ried out using the synchrotron radiation source at ELETTR
Trieste, Italy. Clamp-type Merrill-Bassett and Mao-Bell di
mond anvil cells fabricated by us were employed.14 Fine
particles of AuIn2 were loaded into a hardened stainless-st
gasket hole of 150mm diameter along with silver as a
internal pressure marker. Ethanol was used as the pres
transmitting medium. The ELETTRA diffraction beam line
designed to provide a monochromatized, high-flux, tuna
x-ray source in the spectral range between 4 and 25 Ke15

The experimental station is based on a 345-mm imag
plate area detector from MarResearch. The sample to im
ing plate distance was calibrated by collecting diffracti
data from silver loaded in the diamond anvil cell. The x-r
wavelength used was 0.690 Å.15 The data were collected u
to 20 GPa with a typical exposure time of 15 min at ea
pressure. The scanned two-dimensional diffraction patte
were corrected for tilt and scanner distortions and conve
to intensity versus 2u through radial integration using ou
own16 and public-domain softwares.17 The precision in thed
values obtained using ELETTRA synchrotron was higher
almost a factor of two compared to that obtained with lab
ratory x-ray source~rotating anode generator!.

The evolution of diffraction patterns at various pressu
is shown in Fig. 1. Below 9 GPa the patterns could be
dexed to the ambient cubic~space groupFm3m) phase.
These patterns reveal that AuIn2 transforms to another phas
above 9 GPa, as confirmed by the variation of the measu
d values with pressure~not shown!, in agreement with earlie
observations.10 Having confirmed that structural change
not responsible for the observed anomaly in the fusion cu
and based on our observation of a peak in the pressure v
tion of TEP data,10 we anticipated some significant change
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the electronic structure of AuIn2 under pressure. In particu
lar, electronic transitions will lead to deviation from lineari
in the UEOS.7 Hence, we obtained an accurateP-V curve
~Fig. 2! from the measuredd values and analyzed it throug
the use of UEOS, in order to look for signature of the ele
tronic anomaly suggested earlier.10 As observed from Fig. 3
there indeed is a change of slope at 3.8 GPa.

In order to confirm that ETT is the cause of the anom
seen in UEOS and to improve upon the accuracy limitatio
of earlier ASA11 based calculations, we carried out accura

FIG. 1. Evolution of diffraction patterns at various pressures
AuIn2.

FIG. 2. Equation of state for AuIn2 . The experimental data
points are shown along with the error bars inV/Vo and pressure.
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electronic structure calculations in the CaF2 structure for
AuIn2 by the FP-LAPW method.13 We have used theWIEN97

code13 with a state-of-the-art generalized gradient appro
mation ~GGA!1 for the exchange-correlation terms. The c
culations were also repeated within the LDA18 to estimate
the sensitivity of the results of exchange correlation. We e
ployed the symmetrized cubic harmonics inside the muf
tin spheres and 243 plane waves in the interstitial region
wave function expansion. We applied the spin-orbit corr
tion terms and used 5000k points for the Brillouin-zone
sampling. As the experiments were performed at room te
perature, the electronic structure calculations were car
out at 300 K based upon nonzero temperature dens
functional theory.19 The set of self-consistent Kohn-Sha
equations to obtain the ground-state electronic charge de
distribution are similar to those in the 0-K case, and the m
modification is in evaluating the charge density with t
Fermi function corresponding to nonzero temperature.
accordingly modified the tetrahedron method of Brilloui
zone integration in evaluating the electron-density distri
tion. The details of these modifications are publish
elsewhere.20 As the free-energy minimization is central to th
finite temperature density-functional theory, the necess
entropy contribution due to nonintegral values of electr
distribution function at room temperature were also e
mated. However, for AuIn2 at 300 K, this entropy contribu
tion is small compared to the needed accuracy in evalua
the total internal energy, but will be significant at high
temperatures. The total energies were obtained at severa
umes in CaF2 structure, fitted to a polynomial, and the co
responding pressures were evaluated from its volume de
tives.

In Fig. 2 we compare the EOS in which contributio
from zero-point and thermal ionic vibrations have be
included21 with that obtained from our experimental dat
The marginal discrepancy between theory and experim

FIG. 3. Universal equation of state@i.e., lnH versus (12X)# for
AuIn2, where H5@PX2/3(12X)# and X5(V/Vo)1/3. The curves
include the bulk moduli evaluated at ambient pressure. The arr
indicate the electronic transition points.
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may partly be attributed to the limitations of the exchang
correlation terms as noted earlier.10,22,23The transformation
of theoreticalP-V data to UEOS, following Roseet al.,7

shows similar features as depicted by the experimental
with an anomaly around 3.6 GPa~Fig. 3!. In Fig. 3 we have
also plotted the LMTO-ASA based UEOS, which clearly i
dicates the deviation from linearity near 2 GPa. As the d
crepancies are known to get magnified in the transform
coordinates of the UEOS~due to relative expansion of th
scale in the low-pressure region in the logarithmic scale!, as
compared to theP-V curve, within the experimental preci
sion and accuracy of the current first-principles calculatio
the qualitative agreement between the high-resolution s
chrotron data and the theoretical estimate of the transi
pressure is remarkable.

From detailed study of our band structure, we found tha
band extremum~maximum! at theG point of the Brillouin
zone, exists close to Fermi level (EF) and is lower in energy
at ambient pressure. With compression this extremum mo
to higher energies, and for the LDA case, it crossesEF at
around 0.6 GPa pressure, whereas for GGA at around
GPa. Figure 4 shows the corresponding changes in Fe
surface sheets before and after the ETT, and depicts the
ditional hole sheet around theG point at 5 GPa, this being
the cause of the nonlinearity in UEOS. The theoretical e
mate of the transition pressure for ETT has been found to
very sensitive to the form of the exchange-correlation te
used. However, the present GGA based pressure estimat
the anomaly in the UEOS is close to that obtained by us
the experimental data. The fact that the anomaly in UE
has been relatively well reproduced by the theoretical e
mates, whereas the band crossing for ETT is not, indica
the need for further refinements in the calculations. Note t

s

FIG. 4. Fermi-surface sheets~a! at ambient pressure, and~b! at
5 GPa. The hole sheet aroundG point arising due to ETT is shown
by a solid curve. The Fermi-surface sheets of the other bands
shown by the dashed curves.
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the UEOS depends on the total energy, which is accura
estimated by density-functional theory, whereas the elec
excitation band structure is not. Thus it is interesting to
the estimates of calculations beyond the density-functio
theory, like the Green’s-function-screened Coulomb24 quasi-
particle computations. Although the present work deals w
condensed-matter regime, its applicability is expected to
s
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beyond this subfield boundary to nuclear matter where si
lar universal scaling relations are used.25

The measurements were carried out at ELETTRA un
Proposal No. 1999126 and supported jointly by Sincrotro
Trieste, Italy and DST, India.
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