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First principles electronic structure calculations of A-15 type Nb3X (X¼Al, Ga, In, Ge, and Sn)

compounds are performed at ambient and high pressures. Mechanical stability is confirmed in all

the compounds both at ambient as well as under compression from the calculated elastic constants.

We have observed four holes and two electron Fermi surfaces (FS) for all the compounds studied

and FS nesting feature is observed at M and along X-C in all the compounds. A continuous change

in the FS topology is observed under pressure in all the compounds which is also reflected in the

calculated elastic constants and density of states under pressure indicating the Electronic topologi-

cal transitions (ETT). The ETT observed at around 21.5 GPa, 17.5 GPa in Nb3Al and Nb3Ga are in

good agreement with the anomalies observed by the experiments. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4941553]

I. INTRODUCTION

Eversince the discovery of superconductivity in V3Si

with Tc� 17 K in the year 1953 by Hardy and Hulm,1 the

family of compounds with composition A3B (A¼V, Nb, Cr,

Ti, Mo, Zr, Ta, W to Hf and B¼Al, Ga, Ge, In, Sn, etc.) had

attracted considerable attention of researcher as some of

them possess quite high superconducting transition tempera-

ture (Tc). The interest in these compounds is not only due to

the rather high Tc but also their high critical current density

and critical magnetic field, along with acceptable mechanical

properties make them viable for applications. These com-

pounds crystallize in the A15 type crystal structure (see Fig.

1), where A atoms form three mutually orthogonal chain like

structure parallel to the edges of the unit cell.

Some of these compounds undergo cubic to tetragonal

martensitic transformation near to their superconducting

transition temperatures Tc.
2 For example, the martensitic

transition temperatures of V3Si (21 K) and Nb3Sn (45 K) are

close to their respective superconducting transition tempera-

tures 17 and 18 K. Acoustic phonon instabilities were found

to be responsible for martensitic transition in previous stud-

ies.3 A similar behaviour was also seen in the Nb3AlxGe1�x,
4

V3Ga,5,6 V3Ge,6 and Nb3Al7 compounds. Experiments8 also

indicated a dimerization of the transition-metal chains

accompanied by a tetragonal distortion of the lattice during

the transformation. It has been proposed that the tetragonal

transformation is driven by band Jahn-Teller like mecha-

nism. These A15 compounds exhibits different behaviour in

electronically derived properties at low temperatures such as

knight shifts, electrical resistivity, etc.9 This unusual

behaviour of various properties of A15 family compounds

has been related to the sharp peak in electronic density of

states near to the Fermi level arising from the d states of the

transition metal atoms.9 Hence, it is clear that many proper-

ties of these compounds are related to their electronic

structures.

Recent experiments10 have explored the possible rela-

tionship between superconductivity and martensitic transi-

tion in V3Si and Nb3Sn compounds by measuring electrical

resistance and specific heat under high pressure. They have

observed that initially Tc increases with pressure and merges

with martensitic transition temperature at high pressure

where further Tc increase is ceased and concluded that the

martensitic transition play an important role in superconduc-

tivity of these compounds. So to understand this, a thorough

understanding of electronic structures is necessary. So far

only a few electronic structure studies are available11–14 but

a systematic study especially under high pressure is still

lacking. Some elements like Cd15 and Co16 show a continu-

ous change in Fermi surfaces (FS) topology under pressure

which highlights the electronic topological transitions (ETT)

in these elements. In this work, we have carried out a sys-

tematic study of electronic properties under pressure for Nb

based A15 compounds, namely, Nb3X (X¼Al, Ga, In, Ge,

and Sn).

Since any property that involves the conduction

electrons in a metal must depend on the shape of the Fermi

surface and on the wave functions of the electrons at or near

the Fermi surface of that metal17 it will be interesting to

study the Fermi surface topology and their pressure varia-

tions for these compounds. Further, Bilbro and McMillan18

have studied the interaction of charge density wave (CDW)

and superconductivity (SC) in A15 materials within meana)Electronic mail: kanchana@iith.ac.in
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field approximation and predicted that both states compete

with each other for developing their respective gaps in the

same Fermi surface. In Nb3Sn, opening of a charge-density

wave gap is observed and expected that it would be due to

the dimerization of Nb atoms and nesting at the Fermi

surface,19 and this further indicate the possibility of nesting

feature in these type of compounds. Charge density wave,

Fermi surface nesting and Peierls instability may be inter-

related in these compounds. Calculation of the susceptibil-

ity20 vð~q;xÞ for a given system is one of the way to

understand the possibility of Fermi surface nesting and for-

mation of CDW. Zero energy value of the Lindhard response

function v0ð~qÞ � v0ð~q;x ¼ 0Þ can be used to determine the

presence of Fermi surface nesting. There should be a peak in

the imaginary part of the response function Im½v0ð~qÞ� at the

Fermi surface nesting vector. The formation of charge den-

sity wave requires a large real part of the susceptibility,

Re½v0ð~qÞ�. Hence, in this work we have also calculated the

Lindhard response functions v0ð~qÞ � v0ð~q;x ¼ 0Þ for these

compounds to study Fermi surface nesting and possible

CDW instability in these systems.

We have predicted Fermi surface nesting for all the

compounds at ambient as well as under pressure. The Fermi

surface nesting is found to enhance under pressure for all the

compounds except Nb3Sn. We have also predicted an ETT

at different compressions for all the compounds without

equation of state (EOS) anomaly.

II. COMPUTATIONAL DETAILS

Density functional calculations have been performed in

the present work to calculate the electronic structure and elastic

constants. The Full-Potential Linearized Augmented Plane

Wave (FP-LAPW) method as implemented in WIEN2k21 code

is used. We have used PBE-GGA22 (Perdew-Burke-Ernzerhof

parametrization of the Generalized Gradient Approximation)

approximation for the exchange correlation potential.

Throughout the calculations, the RMT (radius of muffin tin

FIG. 1. (a)Crystal structure of Nb3X

(X¼Al, Ga, In, Ge, and Sn) and (b)

Brillouin zone high symmetry points

and (c) band structure of Nb3Sn with

and without spin orbit coupling.
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spheres) value for each atom was fixed as 1.90 a.u for Nb, 1.80

a.u for Al, and 2.10 a.u for both Ga and Ge, 2.20 a.u for In and

2.25 a.u for Sn atoms. For the energy convergence, the crite-

rion RMT*Kmax¼ 9 was used, where Kmax is the plane wave

cut-off. The potential and charge density were Fourier

expanded up to Gmax¼ 12 a:u�1. For band structure and den-

sity of states calculations, we have taken total 20 000 k points

in the Monkhorst-Pack23 scheme which gives 560 k-points in

TABLE I. Ground state properties of Nb3X (X¼Al, Ga, In, Ge, and Sn). cexp and cth are experimental and theoretical Sommerfeld coefficient in the units of

mJ=mol K2, N(EF) is density of states at EF in the units of states/eV/f.u.

Parameters Nb3Al Nb3Ga Nb3In Nb3Ge Nb3Sn

aexp (Å) 5.187,27 5.18528 5.171,27 5.167426 5.303 5.166,27 5.16129 5.289

athe (Å) 5.198, 5.210,13 5.183, 5.200,13 5.328 5.165, 5.185,13 5.322

5.187,9 5.16429 5.1719 5.1609

Bexp (GPa) 17730 19826 … 11529 …

Bthe (GPa) 158, 156.33,13 162, 156.93,13 152,152.7114 172, 168.0413 160, 160.5114

166.815,12 165.4914 169.9714

cexp 31.81,27 3028 … … … …

cth 37.63, 31.23112 39.34 41.08 32.95 45.68

N(EF) 15.96, 16.60,13 16.70, 18.23,13 17.44 13.98, 14.40,13 19.39

14.649 14.10,9 15.3638 7.84,9 14.3938

TABLE II. Calculated single crystalline and poly crystalline elastic constants at ambient condition for Nb3X (X¼Al, Ga, Ge, In and Sn). Where E is Young’s

modulus, GH is Voigt-Reuss-Hill modulus, r is Poisson’s ratio, A is Anisotropy factor, CP¼Cauchy’s pressure (C11 � C44), PR¼Pugh’s ratio.

Parameters Nb3Al Nb3Ga Nb3In Nb3Ge Nb3Sn

C11 (GPa) 273, 310.530,12 310.5314 298, 305.4114 289 297 297

C12 (GPa) 97, 92.976,12 92.9814 102, 104.0914 97 108 110

C44 (GPa) 49, 49.119,12 57.1214 50, 48.7814 57 63 69

E (GPa) 171, 179.486,12 193.5414 175, 174.1114 184 194 203

A 0.49, 0.451,12 0.52514 0.51, 0.48514 0.59 0.51 0.74

CP 48.81, 43.857,12 35.85714 51.84, 55.31414 39.86 45.74 40.68

PR 0.39 0.39 0.44 0.43 0.45

r 0.36, 0.286,12 0.2714 0.33, 0.3014 0.31 0.66 0.30

GH (GPa) 64.53, 67.953,12 74.1514 65.85, 65.4914 70.27 73.87 78.10

FIG. 2. Density of states at ambient condition for all compounds.
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the irreducible part of the Brillouin Zone (BZ). Tetrahedron

method24 was used to integrate the Brillouin zone. Energy con-

vergence up to 10�5 Ry is used to get the proper convergence

of the self consistent calculation. All Fermi surface and

Lindhard functions are calculated with 44� 44� 44 k-mesh

to get smoother Fermi surfaces and accurate Lindhard func-

tion. Birch-Murnaghan25 equation of state was used to fit the

total energies as a function of primitive cell volume to obtain

the bulk modulus and the equilibrium lattice parameter for the

investigated compounds. We have checked the effect of spin-

orbit coupling (SOC) and have not found any significant

changes at the Fermi level with the inclusion of SOC. Further

calculations are performed without including SOC. Real and

imaginary parts of the Lindhard response function Re½vðqÞ� for

x¼ 0 are calculated directly from the energy eigenvalues

using

Re v qð Þ½ � ¼
X

kjj0

fkj � fkþqj0

2kj � 2qj0

and

Im½vðqÞ� ¼
X

kjj0
dð2F � 2kjÞdð2F � 2kþqj0 Þ;

where f is Fermi-Dirac distribution function, 2kj and 2qj0 are

the energy eigenvalues for band indices j and j0, and 2F is

the Fermi energy. We have evaluated these functions within

constant matrix element approximation and considered only

those bands which cross the Fermi level.

III. RESULTS AND DISCUSSIONS

Calculated ground state properties of Nb3X (X¼Al, Ga,

In, Ge, and Sn) are listed in Table I together with available

experimental and theoretical results. Calculated values are in

good agreement with the experiments26–29 as well as with

earlier theoretical results.9,13,29 Calculated bulk moduli for

Nb3Al and Nb3Ga are underestimated as compared to experi-

mental26,30 results but for Nb3Ge the calculated bulk modu-

lus is over estimated. However, our calculated bulk moduli

are in good agreement with earlier theoretical results.12–14

Nb3Ge has the highest bulk modulus and Nb3In has the low-

est bulk modulus. Calculated bulk modulus increases as we

move from compounds containing IIIA group elements

(X¼Al, Ga, In) to IVA group (X¼Ge, Sn). Single crystal

elastic constants were calculated to establish the mechanical

stability of these compounds and the calculated values are

given in Table II together with available data.12,14

Calculated values satisfy the Born mechanical stability crite-

ria,31 i.e., C11 > 0; C44 > 0, C11>C12, and C11 þ 2C12 > 0.

Polycrystalline elastic constants were also calculated from

the single crystals elastic constants32–35 and these values are

listed in the same table. Calculated Young’s modulus is

highest for Nb3Sn indicating the stiffness of this among other

compounds. The presence of elastic anisotropy32 in the pres-

ent compounds is also confirmed by calculating the anisot-

ropy factor (A). Calculated positive values of Cauchy’s

pressure (C12 � C44) indicate the ductile nature of the pres-

ent compounds. This ductility is also confirmed from the

calculated Pugh’s ratio (GH

B ) (Ref. 36) value. These Pugh’s ra-

tio values are less than 0.57 which is known as critical num-

ber to separate brittle and ductile nature. The Poisson’s37

ratio indicate the stability of the crystal against shear and

takes the values in between �1 and 0.5, where �1 and 0.5

serve as lower and upper limits, respectively. From the cal-

culated Poisson’s ratio values, we observed that all the com-

pounds have the value closer to the upper limit indicating the

stiffness of the present compounds.

FIG. 3. Band structure without spin orbit coupling (a) Nb3Al, (b) Nb3Ga, (c)

Nb3In, (d) Nb3Ge, and (e) Nb3Sn at ambient condition.
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The calculated density of states (DOS) are plotted in

Fig. 2 along with partial density of states for all compounds.

We have also tabulated the total DOS at EF (N(EF)) for each

compound in Table I and compared with earlier calculations.

The calculated N(EF) and overall DOS features agree well

with available data.9,13,38 In all the compounds, there is a

pseudo gap on both the sides of the Fermi level which origi-

nates mainly due to crystal field splitting of Nb-d states. The

Fermi level shifts towards right (i.e., from shoulder to peak)

in total DOS for compounds containing group IVA elements

compared to those containing group IIIA elements and is

consistent with the fact that group IVA elements have one

extra electrons. The total DOS at Fermi level is found to

increase in both IIIA and IVA group as we move from top to

bottom of the periodic table and is evident from Fig. 2 as the

Fermi level shifts towards the peak in total DOS. From par-

tial DOS it is clearly seen that there is strong hybridisation

between Nb-d and X-p states close to Fermi level which

causes splitting of X-p DOS exactly similar to t2g and eg

splitting of Nb-d states. In addition, the covalent nature

between Nb and X atom is also observed from the DOS

plots. We have also calculated Sommerfeld coefficient c and

FIG. 4. Fermi surface for Nb3Al at am-

bient (a) band no. 45, (b) band no. 46,

(c) band no. 47, (d) band no. 48, (e)

band no. 49, and (f) band no. 50. The

first four FS are having hole nature and

remaining two are having electronic

nature. The first two FS are having

pockets at M points. The next two FS

are having ribbon like sheets along BZ

edges. The last two FS are having

sheets in middle of the BZ faces with a

pocket at C point.

FIG. 5. Fermi surface for Nb3Ga at

ambient (a) band no. 49, (b) band no.

50, (c) band no. 51, (d) band no. 52, (e)

band no. 53, and (f) band no. 54. The

first four FS are having hole nature and

remaining two are having electronic

nature. The first FS having pockets at

M points and BZ corners. The next

three FS are having ribbon like sheets

along BZ edges. The last two FS are

having sheets in middle of the BZ

faces with a pocket at C point.
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given in Table I along with available data. The calculated c
values are in good agreement with available data12 for

Nb3Al and are proportional to N(EF).

Calculated band structures for Nb3Sn along some high

symmetry directions in the Brillouin zone (high symmetry

directions are given in Fig. 1(b)) with and without including

spin orbit coupling (SOC) effect are shown in Fig. 1(c). As

we did not find significant effect of SOC on bands close to

the Fermi level (EF), further calculations are performed with-

out including the SOC, and the electronic band structure for

all the compounds without SOC are shown in Fig. 3. Overall

band profile is similar for all the compounds. In all the com-

pounds, we have observed multiple degenerate bands at R

point. Close to EF, the bands originate from the hybridization

of Nb-d and X-p states and are consistent with our findings

from partial DOS. From the keen observation of band struc-

ture, shifting of bands above the EF around R point is

observed when we move from compounds possessing IIIA

group elements (X¼Al, Ga, In) to IVA group (X¼Ge, Sn).

In all the investigated compounds, total six bands are

FIG. 6. Fermi surface for Nb3In at am-

bient (a) band no. 49, (b) band no. 50,

(c) band no. 51, (d) band no. 52, (e)

band no. 53, and (f) band no. 54. The

first four FS are having hole nature and

remaining two are having electronic

nature. The first FS having pockets at

M points and BZ corners. The next

three FS are having ribbon like sheets

along BZ edges. The last two FS are

having sheets in middle of the BZ

faces with a pocket at C point.

FIG. 7. Fermi surface for Nb3Ge at

ambient (a) band no. 49, (b) band no.

50, (c) band no. 51, (d) band no. 52, (e)

band no. 53, and (f) band no. 54. The

first four FS are having hole nature and

remaining two are having electronic

nature. First four FS are having pock-

ets at M points. Next FS having ribbon

like sheets along BZ edges with a

pocket at C point. The last FS having

sheets in middle of the BZ faces with a

pocket at C point.
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FIG. 8. Fermi surface for Nb3Sn at am-

bient (a) band no. 49, (b) band no. 50,

(c) band no. 51, (d) band no. 52, (e)

band no. 53, and (f) band no. 54. The

first four FS are having hole nature and

remaining two are having electronic

nature. First three FS are having pock-

ets at M points and corners of the BZ.

Next FS having ribbon like sheets

along BZ edges. The next FS having

sheets along BZ edges with a pocket at

C point. The last FS having sheets in

middle of the BZ faces with a pocket

at C point.

FIG. 9. Real and imaginary parts of

Lindhard susceptibility plots (a)

Nb3Al, (b) Nb3Ga, (c) Nb3Ge, (d)

Nb3In, and (e) Nb3Sn.
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crossing the EF and are indicated in different colour with

their numbers. In that first four bands are of hole nature as

the bands are crossing from valence to conduction band and

the remaining two bands are having electron nature. In the

case of Nb3Al, first four bands which are of hole nature and

indicated with numbers 45–48 are crossing EF at M point

and in addition to this, the bands 47 and 48 are crossing EF

along R-X as shown in Fig. 3(a). In the case of Nb3Ga and

Nb3In, these bands are indicated with numbers from 49 to

52, as in Figs. 3(b) and 3(c) and the scenario at M point is

the same as Nb3Al but at R point these bands are shifted

above the EF. This shifting is more in Nb3In when compared

with Nb3Ga which is evident from band structure in Fig.

3(c). The last two bands, which are having electronic nature

indicated with numbers 49 and 50 in Nb3Al, are crossing EF

at C, along R-X and at X point. In addition to this, band

number 49 is crossing EF along C-M. In the case of Nb3Ga

and Nb3In, these two bands are indicated with numbers 53

and 54. For these two bands, the scenario is same as in

Nb3Al except along R-X, where the band crossing is absent

due to shifting of bands above the EF.

The band structure for the compounds Nb3Ge and

Nb3Sn is given in Figs. 3(d) and 3(e) where X is replaced

with IVA group elements. These compounds are having one

extra electron per formula unit compared to the compounds

which are having X¼Al, Ga, and In. If we move from IIIA

to IVA elements containing compounds, i.e., from Nb3Ga to

Nb3Ge and Nb3In to Nb3Sn, we can observe the shifting of

bands below EF due to one extra electron in latter com-

pounds. In the case of Nb3Ge, first four hole natured bands

are crossing the EF only at M point. In Nb3Sn, behaviour of

these bands at M is similar as Nb3Ge and is also crossing the

EF at R point due to shifting of bands above EF when com-

pared to Nb3Ge. The next two electronic natured bands in

Nb3Ge are crossing EF at C, along R-X and at X. In addition

to this, band 53 is crossing EF along C-M and near R. In

Nb3Sn, these bands have similar behaviour as Nb3Ge except

near R point due to shifting of bands above the EF at that

point. In Nb3Al, the calculated band structure properties

agree well with reports by Rajagopalan,12 and for the

remaining compounds our study is in good agreement with

that of Paduani.38

FIG. 10. Band structure of Nb3Al at

(a) V/V0¼ 1.00, (b) V/V0¼ 0.90 (pres-

sure of 21.5 GPa) and FS for which

change in FS is observed at ambient

(c), (d), (e) for band no. 47, 48, and 49

and at V/V0¼ 0.90 (f), (g) and (h)

where change in FS topology is

observed.
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Fermi surface for the investigated compounds is given

in Figs. 4–8. In the case of Nb3Al, first four FS are having

hole nature and among them first two FS have pockets at M

point (Figs. 4(a) and 4(b)) due to bands crossing the EF only

at this point. The next two FS (Figs. 4(c) and 4(d)) are due to

the bands (47, 48) crossing EF both at M and along R-X.

Due to this we have sheet like FS along M-R and the last two

FS are having electron nature. In these last two FS we have

pockets at C, R, X, and along R-X due to the crossing of the

two bands (49, 50) at these high symmetry points as dis-

cussed in band structure. In the case of Nb3Ga and Nb3In,

we have observed the presence of pocket/sheet at/near R

point in the first three FS and absence of pockets at same R

point in the remaining three FS as compared to Nb3Al is due

to the shifting of bands above the EF as discussed before and

the FS are shown in Figs. 5 and 6. In these two compounds

the first FS is similar to Nb3Al except having an extra pocket

at R point. The next two FS are having ribbon like sheet

along R-M which is due to the bands (50, 51) continuously

residing in the conduction band. Remaining three FS in these

two compounds are similar to Nb3Al except for the absence

of pockets at R points (Figs. 5(d)–5(f)) and 6(d)–6(f)). When

we move from IIIA to IVA group elements (Nb3Ga to

Nb3Ge and Nb3In to Nb3Sn), decrease in the width and

length of sheet near M point in hole natured FS (first four

FS) is observed which is due to the shifting of bands below

EF which will cause the reduction in the area of bands in the

conduction region. In the case of electron natured FS, an

opposite trend is observed due to increase in the area of

bands in valence region. A drastic change in FS topology is

revealed in these two FS, resulting from an extra electron of

IVA elements in these compounds. In the case of Nb3Ge,

hole natured FS have pockets only at M point due the bands

(49–52) as discussed in band structure. In the case of Nb3Sn,

these FS have extra pockets at R due to the shifting of bands

above EF. Last two FS in both of the compounds have

FIG. 11. Band structure of Nb3Ga at

(a) V/V0¼ 1.00, (b) V/V0¼ 0.92 (pres-

sure of 17.5 GPa) and FS for which

change in FS is observed at ambient

(c), (d), (e) for band no. 50, 51, and 53

and at V/V0¼ 0.92 (f), (g) and (h)

where change in FS topology is

observed.
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electronic nature due to bands (53, 54) crossing EF from con-

duction to valence band as discussed in the band structure.

The calculated FS are in good agreement with the

Paduani’s38 study but in the case of Nb3Ge, the author’s

found only five Fermi surfaces, but in our calculations we

have six FS corresponding to six bands crossing the EF.38

From the FS of the investigated compounds, we observed

hole pockets at M point in the first three FS of Nb3Al,

Nb3Ge, and Nb3Sn and in the remaining compounds it is

observed only in the first FS. In addition to this, we have

also observed parallel sheet like structures in the last two FS

of all the compounds. This might indicate the probability of

nesting at M and along X-C in all the compounds.

Particularly in Nb3Al (FS for band no. 49 (Fig. 4(e))), Nb3Ga

(FS for band no. 53 (Fig. 5(e))), and Nb3In (FS for band no.

53 (Fig. 6(e))) we observed the nesting along X-C. To con-

firm this nesting feature we have calculated the Lindhard

susceptibility for all the investigated compounds and are

given in Fig. 9. From the imaginary part of susceptibility

plots, we have observed peaks at M point and along X-C in

all the compounds indicating the nesting feature at these

points. In all the compounds, the peak at M point in Im(v0) is

due to the hole pockets at M point in the FS. The remaining

peaks along X-C are due to the last two FS which are having

electronic nature in all the compounds. From the calculated

real part of susceptibility plots, we have not observed any

peaks except for Nb3Sn where one sharp peak is observed at

R point. One can speculate this as the probability for the

CDW formation in Nb3Sn as reported experimentally by

Escudero and Morales.19

IV. PRESSURE EFFECT

Pressure effect on the band structure, FS topology is

given in the supplementary material along with the manu-

script for all the compounds. We have observed a continuous

FIG. 12. Band structure of Nb3In at (a)

V/V0¼ 1.00, (b) V/V0¼ 0.92 (pressure

of 21 GPa) and FS for which change in

FS is observed at ambient (c), (d) for

band no. 50 and 53 and at V/V0¼ 0.92

(e) and (f) where change in FS topol-

ogy is observed.
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FS topology change in all the investigated compounds under

compression. In the case of Nb3Al,39 major change in the

band structure is found along R-X direction which is due to

continuous shifting of bands below the EF with applied pres-

sure. Due to this a continuous change in the FS topology is

found in Nb3Al up to the applied pressure. The changes are

also reflecting in the calculated elastic constants and density

of states under compression. Among those topology changes,

we have given the band structure and maximum topology

changed FS of Nb3Al at V/V0¼ 0.90 in Fig. 10. The bands

related to these changes are 47, 48, and 49. The major

changes occurred along the X-R direction of the BZ where

band nos. 47 and 48 descend through Fermi level under pres-

sure causing destruction of Fermi sheets along this direction.

Above this compression FS at X point is completely vanish-

ing in this compound. From the calculated imaginary part of

the susceptibility at this compression, we observe huge peaks

at M point and at q¼ (0, 0.2, 0) indicating the pronounced

nesting feature at this compression compared to ambient

where the height of these peaks is very less. At M point, it is

due to the FS change observed in band 47 at this compres-

sion where we find flat sheet at M point in the FS, but this

flatness of this sheet is absent at ambient. In the case of

Nb3Ga,39 maximum change in the band structure is observed

along M-R and R-X continuously with applied pressure due

to the bands 50, 51, and 53 shifting below EF with applied

pressure up to V/V0¼ 0.90 which results in maximum

change in the FS topology. Above this pressure, band 52 is

also found to contribute more for the FS topology change.

For Nb3Ga, complete band structure at V/V0¼ 0.92 is given

in Fig. 11. From these figure, we observed that the bands 50

and 51 descend through Fermi level along M-R direction of

the BZ under compression causing an ETT. The ribbon like

single Fermi sheets corresponding to bands 50 and 51 paral-

lel to M-R direction of BZ, now splitted into two due to

destruction of its part under compression. The calculated

FIG. 13. Band structure of Nb3Ge at

(a) V/V0¼ 1.00, (b) V/V0¼ 0.90 (pres-

sure of 22.4 GPa) and FS for which

change in FS is observed at ambient

(c), (d) for band no. 53 and 54 and at

V/V0¼ 0.90 (e) and (f) where change

in FS topology is observed.

075901-11 Sreenivasa Reddy et al. J. Appl. Phys. 119, 075901 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  218.248.6.153 On: Wed, 24 Feb 2016 06:11:53



susceptibility plots at this compression for Nb3Ga show the

similar behaviour as Nb3Al except, for the point that at M

point the FS nesting decreased and at q¼ (0, 0.13, 0) it is

found to increase. In the same way, pressure effect on the

band structure of Nb3In39 is also found to have more effect

at M and along M-R. Up to V/V0¼ 0.90, pressure effect is

more on the bands 50 and 51. Above this pressure, remaining

bands are also affected more, especially at M point, where

we find the first two bands to shift completely down leading

to the absence of the FS sheets at M point. In Fig. 12, we

have given the band structure of Nb3In at V/V0¼ 0.92,

where we observe the change in band structure along M-R.

As in Nb3Ga, the ribbon like single FS parallel to M-R corre-

spond to band 50 is splitted in to two. The calculated

FIG. 14. Band structure of Nb3Sn at (a) V/V0¼ 1.00, (b) V/V0¼ 0.90 (pressure of 25 GPa) and FS for which change in FS is observed at ambient (c), (d), (e),

(f) for band no. 51, 52, 53, and 54 and at V/V0¼ 0.90 (g), (h), (i), and (j) where change in FS topology is observed.
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imaginary part of susceptibility is found to increase a little at

M point and more at q¼ (0, 0.33, 0).

In Nb3Ge,39 effect of pressure on the band structure is

found to be more along R-X where last two bands is found to

shift continuously below the EF. Due to these two bands (53

and 54) a continuous change in the FS topology is observed

under pressure. To compare with ambient we have given the

change in FS topology at V/V0¼ 0.90 in Fig. 13. At higher

compression, the FS nesting decreases in this compound as

is evident from the imaginary part of susceptibility plot. In

the FS corresponding to the band 53, we observed change in

FS topology near R point at this compression which is due to

the increase in the electron concentration at that point, which

is evident from the band structure given in Fig. 13(b). In the

case of Nb3Sn,39 band structure topology is found to change

continuously along M-R and R-X due to the bands 51, 52,

53, and 54 under pressure. Due to this a continuous

change in the FS topology is found under pressure up to

V/V0¼ 0.90. Above this pressure, the number of bands

crossing EF is found to decrease from six to four. Band struc-

ture and FS of this compound at V/V0¼ 0.90 is given in Fig.

14. From this, bands 51 and 52 give rise to ETT near R point

of the BZ around this compression as they descend through

Fermi level and causing destruction of Fermi sheets around

R. Here also like Nb3Ge, the decrease of nesting property of

the Fermi surfaces is evident from the imaginary part of the

susceptibility plot. Under compression, real part of suscepti-

bility is found to decrease in all compounds. In case of

Nb3Sn, at R point, the peak observed at ambient is found to

be absent under compression possibly indicating the absence

of CDW at this compression in this compound. Due to this

FS topology change, we have observed the non monotonic

variation in the DOS under compression in all the com-

pounds as shown in Fig. 15.

Now to study the effect of ETT on EOS and elastic

properties, we have calculated EOS for Nb3Al and Nb3Ga

and pressure effect on the elastic constants for all the com-

pounds. The study of P-V relation for Nb3Al and Nb3Ga is

particularly important because earlier experiments26,30

observed an anomaly near 19.2 and 15 GPa, respectively.

Figure 16 shows the calculated P-V relation for these two

compounds along with earlier experimental data. It is clear

from the figure that the calculated P-V curve varies smoothly

and there is no anomaly for both of these compounds. Since

ETT is a subtle electronic transition, its effect on EOS is

expected to be very weak and may be washed out during

fitting.40 However, its effect may be pronounced in the pres-

sure variation of elastic constants. Hence, we have calculated

elastic constants for these compounds at different pressures

and are shown in Fig. 17. The calculated elastic shear modu-

lus (Cs¼ (C11�C12)/2) is also given under pressure. From

the plots, it is observed that values of elastic constants

increase with pressure. The effect of pressure is observed to

be more in C11 than in C44 in all the compounds. Under pres-

sure non linear nature in C11 and Cs is observed in all the

compounds. Calculated C44 and Cs are found to have a non-

linear variation and can be correlated with the observed

ETT’s under pressure and are shown along with the FS

topology change in Figs. 1–5 in the supplementary material.

V. CONCLUSIONS

Electronic structure of Nb3X (X¼Al, Ga, In, Ge, and

Sn) compounds was studied both at ambient and under com-

pression by using density functional theory calculations. In

FIG. 16. (a) Variation of V/V0 with

respect to pressure in Nb3Al and (b)

Variation of volume with effect of

pressure in Nb3Ga. Here, circles are

indicated theory values in this work,

squares are indicated the experimental

values, and solid line is a third order fit

for the theoretical values.

FIG. 15. Density of states and for all the compounds under compression.
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all the compounds, it is observed that d states of Nb atoms

have dominant nature at EF with admixture of p sates of X

atom. All the compounds are found to posses both hole and

electron FS. Parallel sheets are observed along X-C in the

last two FS, which indicate the nesting property in these

compounds which is also confirmed from the calculated

Lindhard susceptibility plots, where sharp peaks are

observed along X-C and at M point in the imaginary part of

susceptibility plots in all the compounds at ambient condi-

tion. Under compression continuous change in the FS topol-

ogy is observed in all the compounds. For the given ETT’s,

corresponding changes are observed under compression in

the imaginary part of susceptibility and huge peaks are found

along X-C and at M point in Nb3Al. In Nb3Ga and Nb3In, it

is observed only along X-C. In Nb3Ge, we have observed

peaks at M, R and along X-C under compression. But in

Nb3Sn the peak is observed to decrease along X-C. The

change in the band structure and FS topology under com-

pression leads to the non-monotonic variation in density of

states. Mechanical stability of these compounds is also con-

firmed both at ambient as well as under compression and non

linear nature in C44 and Cs is observed in all the compounds

under pressure. Further experiments are needed to realise the

continuous FS topology changes observed in these

compounds.
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