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Abstract
The electronic band structure, metallization, structural phase transition and
superconducting transition of silver chloride (AgCl) and silver bromide (AgBr)
under pressure are studied using the TB-LMTO method. The ground state
properties and bandgap values are compared with the experimental and previous
theoretical results. These silver halides become metals and superconductors
under high pressure, but before this they undergo structural phase transition
from NaCl phase to CsCl phase. It is found that the charge transfers between
Ag 5s, 4d and X np, nd (X = Cl, Br; n = 3, 4) states cause metallization. It is
found that the metallization pressure increases with decrease of lattice constant.
The density of states at the Fermi level (N(EF)) is enhanced as the pressure is
further increased, which leads to the superconductivity in AgCl and AgBr. Like
CsI, AgCl and AgBr come under the class of pressure induced superconductors.
The pressure effects on λ (electron–phonon mass enhancement factor) and
µ∗ (electron–electron interaction parameter) clearly suggest that AgCl and
AgBr are electron–phonon mediated superconductors. The non-occurrence of
metallization, phase transition and onset of superconductivity simultaneously
in ionic solids is also confirmed.

1. Introduction

Silver chloride and silver bromide, which crystallize in NaCl structure under ambient
conditions, are of great physical interest in normal and high pressure investigations; since
they act as photographic materials, solid electrolytes and liquid semiconductors [1]. The
recent development in the diamond anvil cell [2, 3] enables the experimentalist to reach a
very high value of pressure. The increase of pressure means a significant decrease in volume,
which results in a change of electronic states and crystal structure. Experimentally, it is

1 Author to whom any correspondence should be addressed.

0953-8984/04/091577+16$30.00 © 2004 IOP Publishing Ltd Printed in the UK 1577

http://stacks.iop.org/JPhysCM/16/1577


1578 C Nirmala Louis et al

found that the ionic compound CsI is a metal under high pressure, and as the pressure is
increased superconductivity sets in [3]. These results lead us to expect superconductivity in
other ionic compounds under high pressure, especially those compounds which have already
become metals. Subjecting silver halides to high pressure leads to pressure induced structural
phase transition, semiconductor–metal transition and superconducting transition at megabar
pressures. The structural phase transition and electronic structure of silver halide compounds
under high pressure is a popular topic in condensed matter research [4–8].

There are many experimental and theoretical investigations related to the band structure
and phase transition of AgCl and AgBr [9–39]. The pressure induced structural phase
transitions in silver halides have been experimentally observed by Hull and Keen [5] and
Kusada et al [39]. Recently, the experimental investigation on phase relations of AgI under
high pressure and high temperature were reported by Ohtaka et al [9]. On the theoretical side,
very recently, Okoye [4] has presented the structural properties and electronic band structure of
silver halides at normal pressure using the full potential linearized augmented plane wave (FP-
LAPW) method within the local density approximation (LDA) and the generalized gradient
approximation (GGA). Also, Jochym and Parlinski [11] studied the elastic properties and phase
stability of AgBr under pressure using density functional theory (DFT) with pseudopotentials
and GGA. Among the various theoretical studies, the structural phase transition in silver halides
was predicted by Gupta and Singh [12] using the three-body potential (TBP) method, followed
by Nunes and Allen [6] using the LDA with a pseudopotential plane wave method. Similarly,
various groups [1, 4, 8, 13–24] have investigated the band structure of silver halides under
normal pressure. It is felt that many important parameters are involved in these calculations
and further theoretical studies are needed to improve the agreement with the experiment [5, 10].

In all the above studies, only very little information is provided about the high pressure
behaviour (structural phase transition) of AgCl and AgBr. In particular, no work has been
reported regarding the high pressure electronic band structure, metallization or superconducting
transition of silver halides. In view of this, attempt is made to obtain the

(i) normal pressure band structure and density of states (with NaCl structure) and
(ii) high pressure band structure and density of states (with CsCl structure),

and analyse the structural phase transition from NaCl to CsCl, metallization and
superconducting transition (with CsCl structure). The high pressure band structures
corresponding to metallization and onset of superconducting transition, which have not been
available previously, are displayed.

In section 2, the details of the calculational procedure,electronic band structure and density
of states corresponding to normal and high pressures are given. The ground state properties,
structural phase transition, metallization, superconducting transition temperature Tc and its
variation under pressure are discussed in section 3. Concluding remarks are given in section 4.

2. Electronic structure

2.1. Method of calculation

The band structure and the density of states are computed using the first principles tight binding
linear muffin-tin orbital (TB-LMTO) method within the local density approximation (LDA)
and atomic sphere approximation (ASA) [40]. The computational details of the TB-LMTO
method are well described in the literature [40–42]. The exchange–correlationpotential within
the LDA is included using the parametrization scheme of von Barth and Hedin [43]. The total
and partial density of states are calculated by the tetrahedron method [44]. All relativistic
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Figure 1. Band structure of AgCl at V/V0 = 1.

corrections except spin–orbit coupling are included. The entire Brillouin zone is partitioned
into 4096 cubical volume elements and E(k) is computed for the k-point located at the centre
of the each volume element. But because of the symmetry considerations this involves only
145 k-points and 165 k-points for NaCl and CsCl structures respectively. The Wigner–Seitz
sphere radii are chosen in such a way that the sphere boundary potential is minimum and
the charge flow between the atoms is according to the electronegativity criteria [41]. The
overlaps of the atomic spheres for the different structures are less than 4%. The included
combined correction terms correct the error due to the non-spherical shape of the atomic shells
and the truncation of higher partial waves inside the sphere. The self-consistency iterations
were continued until the total energy difference between two consecutive iterations was less
than 10−5 Ryd. The electronic configurations of Ag, Cl and Br are [Kr] 4d105s1 (Z = 47),
[Ne] 3s23p5 (Z = 17) and [Ar] 3d104s24p5 (Z = 35) respectively. The valence electronic
configurations chosen in our calculation are 5s14d10 for Ag, 3s23p5 for Cl and 4s24p5 for Br.
Throughout the calculation there are 18 valence electrons for AgCl and AgBr.

2.2. Band structure and density of states

The band structures and density of states of AgCl and AgBr are calculated for various reduced
volumes ranging from V/V0 = 1.0 to 0.3 in steps of 0.05 for both NaCl and CsCl structures
(figures 1–8). The band structures are given along the symmetry directions �–X–W–L–�–K
for the NaCl structure (figure 1) and �–H–N–�–P–N for the CsCl structure (figures 3, 5, 7
and 8).

Normal pressure. The overall topology of the band structure at normal pressure (figure 1)
is similar to the previous calculations [1, 4, 13–24, 45]. The 3s electrons of Cl atom form a
narrow band which is positioned at the bottom of the valence band (figure 1). This feature is
in agreement with the theoretical calculation of Vogel et al [13]. The remaining eight bands
appearing just below the Fermi energy EF (figure 1) are due to Ag 5s, 4d and Cl 3p states of
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Figure 2. Density of states of AgCl at V/V0 = 1.0.
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Figure 3. Band structure of AgCl at V/V0 = 0.476.

AgCl. In figure 1, the empty conduction bands above the Fermi energy are due to Ag 5p, Cl
4s3d states. The lowest conduction band is derived mainly from the mixture of Ag 5s and Cl
3p states [4].

The band structure of AgBr is very similar to that of AgCl [46, 47]. In particular, Br 4s
electrons have approximately the same energy relative to the Cl 3s electrons. There are no
significant differences between the band structure of AgCl and AgBr, therefore we have not
displayed the band structure of AgBr. In our calculation, regarding the relative positions of
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Figure 4. Density of states of AgCl at V/V0 = 0.476.
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Figure 5. Band structure of AgBr at V/V0 = 0.488.

the Ag d level and Cl, Br p levels, it is found that the X− np level (X = Cl, Br; n = 3, 4) lies
somewhat above the Ag+ 4d level, which is similar to the results already reported [13–24]. The
presence of cation 4d levels in the valence region produces strong hybridization with anion p
levels. This strong hybridization leads to a covalent contribution to the chemical bond, indirect
energy gap and large valence band width in AgCl and AgBr at normal pressure [7, 15]. These
features are well brought out in our calculations.
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Figure 6. Density of states of AgBr at V/V0 = 0.488.
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Figure 7. Band structure of AgCl at V/V0 = 0.375.

At normal pressure, the bandgap is indirect with the top of the valence band occurring
at the L-point and the bottom of the conduction band at the �-point (figure 1). The values
of the direct bandgap at the �-point (Eg�–�), the indirect bandgap (EgL–�) and the valence
band width (VBW L–L) of eight bands appearing just below the Fermi energy EF are given
in table 1 along with the experimental [7–10] and previous theoretical values [1, 4, 13–24].
The calculated energy gaps are in agreement with the previous LDA values [1, 16] for both
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Figure 8. Band structure of AgBr at V/V0 = 0.375.

AgCl and AgBr (table 1). But compared to the experimental value, the LDA underestimates
the bandgap.

The density of states (DOS) histogram of AgCl at normal pressure is shown in figure 2.
It is seen that at normal pressure the levels arising from Cl 3s states give a long spike near
the origin. The highest spike near the Fermi energy is due to Ag 5s, 4d and Cl 3p states.
The short peaks above the Fermi energy EF are due to the 5p state of Ag and 4s3d states of
Cl [4, 7, 15]. Since the density of states of AgBr is similar to AgCl, we have not given the
histogram of AgBr at normal pressure. The narrow peaks near the origin for both AgCl and
AgBr are mainly of halogen s states. The high peaks in AgCl and AgBr, probably originating
from the region around the �-point in the Brillouin zone, are similar to the peaks given in the
previous calculation [4]. This peak in figure 2 is proof of the strong hybridization between Ag
4d and halogen p states. Above the Fermi level, the broad bumps originate from the Ag p state
as well as the halogen d state [15]. The general features of the band structure and density of
states (figures 1 and 2) are similar to those of the alkali halides [41], but in silver halides Ag
4d electrons are involved.

High pressure. Since AgCl and AgBr are ionic semiconductors, they are characterized by
wide bandgap at ambient conditions [5, 13]. Under the application of pressure, AgCl and
AgBr undergo first order structural phase transitions from sixfold coordinated NaCl structure
to eightfold coordinated CsCl structure [6–12, 36–38]. This was experimentally observed by
Hull and Keen [5] and Kusada et al [39]. So to compute the high pressure band structure
and density of states, we have chosen the CsCl structure as the stable structure for AgCl and
AgBr (figures 3–8). As pressure increases, the entire band structure is slowly shifted up in
energy and the valence bandwidth increases. This is because of the enhanced overlapping of
the wavefunctions with the neighbouring atoms. Under pressure, the tight binding character
of individual bands is enhanced but the overlapping disperses the bands, increasing the overall
valence bandwidth. Visible changes are seen in the band structures of AgCl and AgBr at
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Table 1. The values of direct bandgap (Eg�–�), indirect bandgap (EgL–�) and valence band
width (VBW L–L) of AgCl and AgBr.

Silver halide AgCl AgBr

Energy gap Eg�–� EgL–� VBW L–L Eg�–� EgL–� VBW L–L
(eV) (eV) (eV) (eV) (eV) (eV)

Present work TB-LMTO 3.404 1.620 5.037 3.185 1.382 5.239

Experiment [8, 10, 7] 5.20 [8] 3.25 [10] 5.90 [10] 4.30 [13] 2.90 [8] 5.90 [10]
5.60 [10] 3.00 [21] 2.70 [7]

2.68 [10]
2.50 [21]

DFT-LDA [1] 3.5 1.25 5.48 — — —

LASTO-LDA [16] 3.6 1.3 5.3 3.0 1.3 5.1

LMTO-ASA KKR [8] 4.21 3.19 — 3.69 2.94 —

DFT-Xα [18] 5.69 3.77 4.12 — — —

APW [23] 5.13 3.84 — 4.29 3.24 —
3.28 2.89

FP-LAPW GGA [4] 3.221 0.935 — 2.546 0.694 —

FP-LAPW LDA [4] 2.909 0.633 — 2.247 0.394 —

Hartree–Fock [35] 15.4 13.5 6.18 — — —

SIRC-PP [13] 4.5 2.3 5.4 3.1 3.1 5.4

NC-PP [13] 2.8 0.6 5.5 1.9 0.1 5.5

Others 4.3 [10] 3.2 [10] — 5.5 [14] 1.0 [15] —
5.47 [24] 3.71 [24] 4.22 [24] 3.23 [24]
5.17 [32] 3.17 [32]

�-points corresponding to different high pressures (figures 3, 5, 7 and 8), since the electronic
system is strongly coupled to the lattice under pressure.

Electrons in s, p and d shells of Ag, Cl and Br as a function of different reduced volumes
are given in tables 2 and 3 for AgCl and AgBr respectively (NaCl structure and CsCl structure).
There is charge transfer, between Ag 5s, 4d and X-np, nd (X = Cl, Br; n = 3, 4) bands, which
varies with increase of pressure. In our calculation, at V/V0 = 1, nearly 0.54 electrons are
transferred from the Ag 5s state to the Cl 3p state (table 2) and 0.31 electrons are transferred
from the Ag 5s state to the Br 4p state (table 3). The charge distributions due to the above
transfers in AgCl and AgBr indicate that the bonding is of ionic character under normal
conditions and AgCl is more ionic than AgBr [5, 13]. As the compounds are compressed, the
Ag 5s electron density goes on increasing, whereas Cl 3p and Br 4p electron density decreases
(tables 2 and 3). This indicates that the bonding between silver and halogen atoms becomes
less ionic or more covalent under compression. Simultaneously, the number of Ag 4d electrons
goes on decreasing under pressure whereas the halogen d electron number is increasing, which
leads to metallization and superconductivity.

The increase of pressure causes the broadening of bands which results in the decrease of
density of state value in most of the energy regions of the DOS histogram. Thus in figures 4
and 6, the heights of the spikes are considerably reduced. When pressure increases EF increases
whereas no density of states is available at the Fermi level up to metallization pressure. There
are appreciable values for DOS at V/V0 = 0.476 (figure 4) and V/V0 = 0.488 (figure 6) for
AgCl and AgBr respectively, indicating metallization. Further increase in pressure leads to
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Table 2. Electrons in s, p and d shells of Ag and Cl at different reduced volumes in NaCl structure
(V/V0 = 1.0 to 0.8) and CsCl structure (V/V0 = 0.793 to 0.3).

Ag Cl
P

V/V0 (Mbar) 5s1 5p0 4d10 3s2 3p5 3d0

1.0 Normal 0.468 0.142 9.526 1.871 5.539 0.454
0.9 0.081 0.500 0.154 9.448 1.847 5.536 0.515
0.8 0.210 0.538 0.168 9.350 1.818 5.531 0.594
0.793 0.221 0.360 0.413 9.839 1.972 5.168 0.248
0.7 0.419 0.377 0.463 9.780 1.959 5.107 0.313
0.6 0.770 0.393 0.522 9.699 1.941 5.039 0.404
0.5 1.370 0.409 0.592 9.588 1.915 4.963 0.531
0.4 2.489 0.426 0.721 9.331 1.854 4.816 0.850
0.3 4.508 0.437 0.801 9.089 1.801 4.635 1.235

Table 3. Electrons in s, p and d shells of Ag and Br at different reduced volumes in NaCl structure
(V/V0 = 1.0 to 0.9) and CsCl structure (V/V0 = 0.808 to 0.3).

Ag Br
P

V/V0 (Mbar) 5s1 5p0 4d10 4s2 4p5 4d0

1.0 Normal 0.543 0.160 9.678 1.843 5.310 0.464
0.9 0.073 0.578 0.175 9.610 1.813 5.301 0.523
0.808 0.183 0.423 0.487 9.919 1.971 4.967 0.233
0.7 0.390 0.443 0.554 9.868 1.955 4.878 0.301
0.6 0.719 0.462 0.624 9.807 1.934 4.790 0.382
0.5 1.297 0.479 0.706 9.725 1.905 4.692 0.492
0.4 2.367 0.501 0.806 9.609 1.864 4.561 0.659
0.3 4.398 0.524 0.909 9.457 1.807 4.385 0.917

enhanced density of states at the Fermi level, which induces superconductivity in AgCl and
AgBr (figures 7 and 8).

3. Results and discussion

3.1. Ground state properties

The ground state properties and structural phase transitions of AgCl and AgBr are analysed
using the total energies calculated as a function of reduced volume (V/V0) for both B1 (NaCl)
and B2 (CsCl) phases of AgCl and AgBr. From the total energies, it is found that the ground
state structure of AgCl and AgBr is NaCl as observed experimentally and reported from other
theoretical calculations [4–39] and at high pressure NaCl structure is transformed into CsCl
(B2) structure [4, 5, 11, 12]. The calculated total energies are fitted to the Birch–Murnaghan
equation of state [48],

P = 1.5B0[(V0/V )7/3 − (V0/V )5/3][1 + 0.75(B1
0 − 4){(V0/V )2/3 − 1}] (1)

to obtain the equilibrium volume V0 (and hence the equilibrium lattice constant a0) and other
ground state properties. The calculated pressures under various reduced volumes of AgCl and
AgBr are given in tables 2 and 3 respectively. The equilibrium lattice constant, bulk modulus
and its pressure derivative are tabulated in table 4 along with the experimental [5, 25–30]
and previous theoretical values [1, 4, 6–13]. From table 4, it is observed that one gets larger
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Table 4. Equilibrium lattice constant (a0), bulk modulus (B0) and its pressure derivative (B1
0 ) for

AgCl and AgBr.

AgCl AgBr

Ground Previous Previous
state Present Experimental theoretical Present Experimental theoretical
properties work works works work works works

a0 (au) 10.429 10.492 [26] 10.608 [4] 10.851 10.937 [11] 11.013 [4]
10.488 [5] 10.109 [4] 10.916 [25] 10.544 [4]
10.485 [25] 10.227 [6] 10.870 [26] 10.662 [6]

10.321 [1] 10.488 [1]
10.189 [13] 10.548 [13]
10.454 [13] 10.794 [13]

B0 (Mbar) 0.644 0.513 [28] 0.620 [1] 0.595 0.450 [5] 0.513 [1]
0.470 [5] 0.668 [6] 0.410 [29] 0.603 [6]

0.670 [4] 0.632 [4]
0.440 [4] 0.396 [4]

0.426 [11]

B1
0 3.469 5.980 [27] 5.200 [6] 5.500 0.400 [5] 5.100 [6]

0.400 [5] 5.396 [4] 8.500 [30] 5.293 [4]
5.410 [4] 7.147 [4]

lattice constant corresponding to smaller bulk modulus. This arises because the compressibility
decreases as the size of the anion decreases [6]. This is the general trend in alkali halides [41],
which is confirmed now for silver halides AgCl and AgBr.

3.2. Structural phase transitions

There are many experimental and theoretical studies regarding the phase stability of AgCl
and AgBr [5–12, 36]. Nunes and Allen [6] investigated the energies of the several possible
structures and proposed an intermediate trigonal cinnabar phase which is present in between
NaCl and CsCl phases. In contrast to this Hull and Keen [5], with the help of their experimental
work, suggested that an intermediate phase with a monoclinic KOH type is present in between
the NaCl and CsCl phases of silver halides. Recently in AgBr, a KOH type structure has been
predicted theoretically by Jochym and Parlinski [11]. In their investigation, NaCl structure is
found to be stable up to 0.08 Mbar and the KOH phase becomes more stable in the pressure
interval 0.08–0.35 Mbar. Above 0.35 Mbar CsCl type structure is the most stable one. Thus
in silver halides monoclinic KOH type structure is the transformation path from NaCl to CsCl
structure [5, 11]. Now for AgCl and AgBr, above normal pressure we have considered only the
CsCl structure [5, 6, 11, 12], because in this study we are interested in the non-metal to metal
transition and superconducting transition of AgCl and AgBr which occur above 1.0 Mbar.

Before metallization and superconducting transition, like other ionic compounds with
NaCl structure [41], AgCl and AgBr also undergo a phase transition to the CsCl structure [5].
The phase stability of NaCl and CsCl structures of AgCl and AgBr is analysed using the
enthalpy calculation. The enthalpy is defined by

H (P) = Etot(P) + PV (P) (2)

and the transition pressure corresponding to the phase change from B1 (NaCl) to B2 (CsCl) is
obtained from the relation

HB1(P) = HB2(P) (3)
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Figure 9. Enthalpy versus pressure curve for AgCl and AgBr.

where HB1 and HB2 are the enthalpies of the B1 and B2 phases respectively. The enthalpy versus
pressure plots of AgCl and AgBr are given in figure 9. The phase transition pressures (PT) for
AgCl and AgBr estimated by solving the above equations (equations (2) and (3)) are given in
table 5 along with the available experimental [5, 36] and other theoretical results [6, 11, 12].

For AgBr our calculated phase transition pressure is in good agreement with the previous
theory [6], whereas a considerable difference exists in the case of AgCl (table 5). Our calculated
values are higher than the experimental value of Slykhouse and Drickamar [36], but our results
support the hypothesis formulated by Hull and Keen [5] that ‘PT for NaCl to CsCl transition
is greater than 0.161 Mbar for AgCl and 0.127 Mbar for AgBr’.

3.3. Metallization

It is well known that many ionic solids undergo insulator to metal transition upon applying high
pressure [3, 41]. Most of these metallizations are associated with a structural transition from
a low coordination non-metallic to a high coordination metallic phase. At normal pressure,
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Table 5. NaCl to CsCl phase transition pressure (PT) in AgCl and AgBr.

AgCl AgBr
PT PT

NaCl–CsCl transition (Mbar) (Mbar)

Present study 0.221 0.183

Experiments >0.165 [5] >0.127 [5]
0.087 [36] 0.083 [36]

Previous theoretical works 0.110 [6] >0.350 [11]
0.079 [12] 0.170 [6]

0.073 [12]

Table 6. Comparison of metallization, phase transition and superconducting transition in AgCl
and AgBr.

Onset of superconducting
Metallization Phase transition transition

PM PT PS

Silver halide (Mbar) (V/V0)M (Mbar) (V/V0)T (Mbar) (V/V0)S

AgCl 1.588 0.476 0.221 0.793 2.891 0.375
AgBr 1.393 0.488 0.183 0.808 2.762 0.375

AgCl and AgBr are indirect wide bandgap semiconductors [1, 4]. The fundamental energy gap
(L–�) is between the filled p-like valence band due to halogen and empty s-like conduction
band due to silver (figure 1). The bandgap values are 1.62 and 1.382 eV for AgCl and AgBr
respectively.

As the pressure is increased, there is a continuous electron transfer which leads to the
increase in the 5s electron number of silver and d electron number of halogen. This causes an
increase in the width of the valence and conduction bands. All these lead to the decrease in the
energy gap and finally metallization in AgCl and AgBr. The band structures corresponding
to metallization of AgCl and AgBr are shown in figures 3 and 5 respectively. The indirect
bandgap semiconductors at ambient pressure can become metals by direct or indirect band
overlap [41]. In AgCl, the metallization takes place by the indirect closure (figure 3) of the
bandgap between the Cl 3p-like valence band (in between �- and H-points) and the Ag 5s-like
conduction band (at the P-point). The metallization pressure (PM) of AgCl is 1.588 Mbar,
which corresponds to the reduced volume (V/V0) 0.476 (table 6).

In AgBr, the indirect closure (figure 5) of bandgap between the Br 4p-like valence band
and the Ag 5s-like conduction band (the valence band maximum is in between �- and H-points
and the conduction band minimum is at the N-point) occurs at the pressure (PM) of 1.393 Mbar,
which corresponds to the reduced volume (V/V0) 0.488 (table 6). Due to pressure the localized
Ag 4d electrons are transferred to the halide d state, where these d electrons are relatively free
(itinerant) compared to their earlier status. As a result metallization sets in in silver halides.
Similar to alkali halides, the electronic band structure calculations on silver halides suggest that
metallization is due to the reordering of the energy bands with the empty s-like band (silver)
dropping in energy and touching the top of the filled p-like bands (halogen). However, there
is no experimental or theoretical study for comparison at these pressures.

The metallization pressure calculated for AgCl is greater than that of AgBr (table 6). This
means that in silver halides metallization pressure increases with decreasing size of the anion
(Cl− = 3.421 au and Br− = 3.705 au). This trend is similar to the trend observed in alkali
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halides having NaCl structure at ambient conditions [41]. The reason for this similarity is that
prior to metallization both alkali halides and silver halides undergo structural transition from
NaCl to CsCl structure [38]. At the metallization pressures, the values for density of states at
Fermi energy N(EF) are very small, which indicates that metallization has just set in in AgCl
(figure 4) and in AgBr (figure 6). Thereafter N(EF) increases slowly with pressure and becomes
fairly large at a particular value of V/V0. The values of EF and N(EF) corresponding to
different V/V0 values are used in studying the pressure variation of superconducting transition
temperature [42].

3.4. Superconductivity under pressure

All ionic solids would become superconductors due to high compression [3, 49]. The
continuous promotion of s, p electrons to d shells in solids under pressure is one of the factors
which will induce superconductivity [49]. Under very high pressure, silver halides are not
only metals but also superconductors. The theory of Gaspari and Gyorffy in conjunction with
McMillan’s formula is used to calculate Tc [50, 51].

The electron–phonon mass enhancement factor (λ) is

λ = N(EF)〈I 2〉
M〈ω2〉 (4)

where M is the atomic mass, 〈ω2〉 is an average of the phonon frequency square and 〈I 2〉 is
an average (over the Fermi energy) of the electron–phonon matrix element square. 〈I 2〉 (in
Rydbergs) can be written as [42, 49]

〈I 2〉 = 2
∑

l

(l + 1)

(2l + 1)(2l + 3)
M2

l,l+1
Nl (EF)Nl+1(EF)

N(EF)N(EF)
(5)

where Ml,l+1 = −φlφl+1[(Dl(EF) − 1)(Dl+1(EF) + l + 2) + (EF − V (S))S2] and here φl is
the radial wavefunction at the muffin-tin sphere radius corresponding to the Fermi energy. Dl

is the logarithmic derivative of the radial wavefunction at the sphere boundary. V (S) is the
muffin-tin potential at the sphere boundary. S is the radius of the muffin-tin sphere. The above
quantities are taken from the band structure results [42, 49]. We have calculated λ separately
for silver and halide atoms and for the Tc-calculation (equation (8)) the mean value of λ is
used [49].

The average of the phonon frequency square is approximated as

〈ω2〉 = 1
2θ2

D. (6)

The variation of Debye temperature with pressure θD(P) is given by [42, 49, 52]

θD(P) =
√

EF√
E0

F

a0

a
θ0

D (7)

where θ0
D, a0 and E0

F are normal pressure quantities. θ0
D for Ag, Cl, Br, AgCl and AgBr is 215,

115, 110, 163 and 121 K respectively [53].
McMillan’s formula [50],

Tc = θD

1.45
exp

[ −1.04(1 + λ)

λ − µ∗(1 + 0.62λ)

]
(8)

gives a good estimate of the Tc-value [42]. Here µ∗ is the electron–electron interaction
parameter which is estimated using the relation [54]

µ∗ = 0.26N(EF)

1 + N(EF)
(9)

where N(EF) is the density of levels per atom per electronvolt at EF.
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Table 7. Tc-values as a function of pressure for AgCl in CsCl structure.

Pressure Density of states
P N(EF) θD Tc

(Mbar) (states/Ryd cell) λ (K) µ∗ (K)

2.8910 0.1817 0.0835 716.3 0.0034 0.0004
3.3583 0.5194 0.2054 770.6 0.0096 0.8473
3.8973 0.6497 0.2387 833.2 0.0118 1.8785
4.5080 0.7555 0.2509 905.9 0.0137 2.4673

Table 8. Tc-values as a function of pressure for AgBr in CsCl structure.

Pressure Density of states
P N(EF) θD Tc

(Mbar) (states/Ryd cell) λ (K) µ∗ (K)

2.7620 3.9715 0.1684 515.0 0.0588 0.0028
3.2252 4.4061 0.2188 554.0 0.0636 0.0670
3.7690 4.4870 0.2431 598.2 0.0645 0.1953
4.3990 4.6523 0.2827 649.1 0.0663 0.6641

With these results we have analysed the variation of θD, λ, µ∗ and Tc with pressure using
equations (4)–(9) [42, 49]. The calculated values for θD, λ, µ∗ and Tc under various pressures
are given in table 7 (for AgCl) and table 8 (for AgBr). Irrespective of the size of the halide atom
(anion), silver halides AgCl and AgBr start superconducting at the same V/V0-value (0.375)
(table 6). From tables 7 and 8, it is seen that Tc increases with increase of pressure and reaches
a maximum value of 2.47 K for AgCl at 4.5 Mbar and 0.66 K for AgBr at 4.4 Mbar. The onset
of superconductivity in AgCl occurs at 2.89 Mbar and thereafter Tc increases with the pressure
coefficient of 1.53 K Mbar−1. In the case of AgBr, the onset of superconductivity occurs at
2.76 Mbar and thereafter Tc increases with the pressure coefficient of 0.404 K Mbar−1. Our
study reveals that in the case of silver halides the Ag s band overlaps with halogen p bands
(figures 7 and 8) and some of the Ag 4d and Cl, Br p electrons go over to the d shell of Cl
and Br in such a way that there is an increase in N(EF) at V/V0 = 0.375, which promotes
superconductivity. This is the characteristic feature of ionic solids [3, 49]. Our theoretical
estimate for µ∗ (tables 7 and 8) is small when compared to the standard value (µ∗ = 0.1)
used for metals. This is because the DOS at EF(N(EF)) on which µ∗ depends (equation (9))
is zero to start with and increases slowly with pressure in silver halides. We have calculated
the pressure dependence of Debye temperature θD(P) using equation (7). Even though it is
an extrapolation of measured Debye temperature at normal pressure, the EF(P)-values are
calculated from the band structure results corresponding to pressure P .

The path to the enhancement of Tc under pressure lies in the direction of higher θD(P).
Also the pressure dependence of electron–electron interaction parameter µ∗ increases slightly
with pressure whereas electron–phonon mass enhancement factor λ increases significantly
with pressure. The calculated Tc values depend more sensitively on the changes in λ and
µ∗. But the contribution from µ∗(P) to the variation of Tc(P) is much less important than
that of λ(P) [55]. From tables 7 and 8 we concluded that AgCl and AgBr are electron–
phonon mediated superconductors. The calculated λ-values of AgCl and AgBr are small
(tables 7 and 8), thus one can expect measurable superconductivity at low temperature as
we have predicted. A similar situation was observed in CsI both experimentally [3] and
theoretically [49]. The growth of the halogen d-electron number with pressure is higher in
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AgCl than AgBr (tables 2 and 3). This may be the reason for the appreciable value of Tc

(2.47 K) in AgCl at 4.5 Mbar when compared to AgBr (0.66 K at 4.4 Mbar). This Tc-value
in AgCl is attributed to the itinerant nature of Cl 3d electrons which are promoted from the
Ag 4d and Cl 3p states. From this, we concluded that silver halides are pressure induced
superconductors with low Tc-values.

4. Conclusion

In summary, we have investigated the high pressure band structure, density of states,
metallization and superconducting transition in AgCl and AgBr (in CsCl structure). The
structural phase transition from NaCl to CsCl is found to occur at 0.221 Mbar for AgCl and
0.183 Mbar for AgBr. The calculated ground state properties of AgCl and AgBr are in better
agreement with the experimental observation than the previous theoretical calculations. The
broadening of both the valence and conduction bands with pressure leads to the bandgap
closure and the formation of metallic states at 1.588 Mbar in AgCl and 1.393 Mbar in AgBr.
The metallization pressure of AgCl is greater than that of AgBr, which indicates that when
the size of the anion decreases the pressure required for metallization increases [41]. As
the external pressure is further increased, the density of states at the Fermi level N(EF)

increases due to charge transfer leading to superconducting transition in AgCl and AgBr.
The calculated Tc-values, pressure variation of λ (electron–phonon mass enhancement factor)
and µ∗ (electron–electron interaction parameter) lead us to conclude that AgCl and AgBr are
electron–phonon mediated superconductors. The pressures corresponding to structural phase
transition, metallization and onset of superconductivity decrease when the lattice constant
increases (table 6). This is because the compressibility increases as the size of the anion
increases. It is also confirmed that metallization, phase transition and superconductivity do
not occur simultaneously in silver halides. Even though there is no experimental evidence
now, we hope to get the experimental results soon as in the case of CsI.
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