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Effect of nonhydrostatic pressure on superconductivity of monatomic iodine: An ab initio study
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The dependence of superconducting transition temperature 7, on hydrostatic and nonhydrostatic pressures
for monatomic phases of iodine has been studied by first-principles pseudopotential plane-wave method. It is
shown that the 7', of both phases II and III under hydrostatic pressures are in agreement with the experimental
data while the 7. of phase IV under hydrostatic pressures decreases with increasing pressure, contrary to the
experimental results. In order to explore the origin of difference between experimental and theoretical results,
we have studied the effect of nonhydrostatic pressure on the superconductivity of monatomic iodine, and found
that the symmetry of phase IV changes from face-centered cubic to face-centered orthorhombic (fco) under
anisotropic stresses. Further calculations show that the 7. of this fco structure increases with increasing
pressure, in good agreement with the experimental results, which is mainly attributed to the nonhydrostatic
pressure-induced enhancement of the electronic density of states at the Fermi level and electron-phonon

coupling matrix element (/).
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I. INTRODUCTION

The superconductivity in many simple elemental solids
under high pressure has caused hectic activities over the past
two decades. For example, metallic hydrogen has long fasci-
nated high-pressure physicists, which was predicted to be a
room-temperature superconductivity,! even though its super-
conductivity is still very hard to realize in laboratory. How-
ever, the high-pressure superconductivities in other simple
elements have been vastly observed recently, such as sulfur,”
oxygen,? boron,* the light element lithium,>® and a surpris-
ingly high T, of Ca.” The superconductivity in the halogen
group for iodine and bromine®-'? have also been successfully
discovered with 7.=1.2 Kand 7,=1.5 K at 28 and 90 GPa,
respectively. It was reported that the 7. of monatomic iodine
decreased with pressure at first but started to increase with
pressure for the highest-symmetry phase IV, the face-
centered-cubic phase. The mechanism of such a supercon-
ductivity with pressure is still unclear. Among various simple
elements, iodine can be regarded as a prototype of hydrogen.
Therefore, the studies on the superconductivity of iodine un-
der high pressure are also valuable for providing insight into
the metallic hydrogen.

Each of solid iodine and bromine forms a diatomic mo-
lecular crystal with the base-centered orthorhombic structure
(Cmca symmetry). Under high pressures, an electronic phase
transition from insulator to metal phase occurs at 16 and 60
GPa for solid iodine and bromine without any structural
change, respectively.!'~!> An incommensurate phase was ob-
served in iodine at 23 GPa by x-ray diffraction studies,'* and
in bromine at 84 GPa by Raman scattering!> or 65 GPa by
x-ray absorption.'® Further compression results in a mon-
atomic phase II body-centered orthorhombic structure (bco)
(space-group Immm) at 30 and 115 GPa for iodine and bro-
mine, respectively.!*!> For iodine, this body-centered ortho-
rhombic structure was reported to undergo a gradual transi-
tion to a body-centered-tetragonal structure (bct) (phase III)
with space-group 14/mmm at 43 GPa.!” A further phase tran-
sition to face-centered-cubic structure (fcc) (phase IV) with

1098-0121/2009/79(6)/064518(7)

064518-1

PACS number(s): 62.50.—p, 74.62.Fj, 74.25.Kc

space-group Fm-3m occurs at 55 (Ref. 18) or 53 GPa,'® and
this phase persists to at least 276 GPa."”

Recently, several theoretical studies?*>3 have been per-
formed to understand the metallization and molecular disso-
ciation in both iodine and bromine solids. As for monatomic
phase, the pressure effects on the electron-lattice interaction
of fcc iodine have been studied by full-potential linearized
augmented plane-wave method (FPLAPW) (Refs. 24 and 25)
and full-potential linear muffin-tin orbital method
(FPLMTO).2° However, these calculations showed that the
T, of fcc iodine decreased with increasing pressure, contra-
dicting with the experimental observations.” Up to now, the
reason for the discrepancy for the pressure dependence of T
in the fcc phase is not clear.

As we know, if the sample is anisotropically compressed,
the crystal lattice can become distorted even if a new phase
occurred, such as Fe (Ref. 27) and NaFeSi,O4 pyroxenes.?®
Molecular-dynamics simulations®>** have examined a stable
phase subjected to a nonhydrostatic pressure that is not ob-
served under hydrostatic compression. More importantly, the
physical properties, in particular superconductivity, is likely
to be different for the distorted lattices, such as elements Li
(Ref. 6) and Re?' organic conductor,*>3* and high T,
MgB,.3* However, little is known about the effect of nonhy-
drostatic pressure on the superconductivity of solid iodine,
which might play a major role in understanding the pressure
dependence of T, observed experimentally. In this paper, we
focus our study on the superconductivity of iodine under
both hydrostatic and nonhydrostatic pressures by ab initio
density-functional theory, which has found that the nonhy-
drostatic pressure effect induces the superconductive behav-
ior of iodine in phase IV that was observed experimentally.
In addition, the increase in T, with pressure is understood in
terms of the increase in the electronic density of states (DOS)
at the Fermi level and electron-phonon coupling (EPC) ma-
trix element (/%) caused by nonhydrostatic pressure.

The organization of the paper is as follows: in Sec. II our
computational details are described, in Sec. III our results are
shown, and in Sec. IV the related discussions are made. Fi-
nally, in Sec. V, our results are summarized.
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II. METHODOLOGY AND THEORY
A. Computational details

The geometrical optimization, phonon-dispersion, and
electron-phonon coupling-constant calculations were carried
out using the pseudopotential plane-wave method within the
density-functional theory and linear-response theory imple-
mented in the QUANTUM-ESPRESSO package.®® The general-
ized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof functional for the exchange correlation was
employed.’® The norm-conserving scheme’’ was used to
generate the tight pseudopotential for iodine with electronic
configuration of 5s25p°, suitable for the high-pressure study.
Convergence tests gave a kinetic-energy cutoff of 60 Ry and
Brillouin-zone (BZ) sampling using a grid of spacing 27
% 0.03 A~! in all phases. The EPC calculations were per-
formed on a 6 X 6 X6 Monkhorst-Pack (MP) g-point mesh
with a denser 24 X 24 X 24 k-point mesh in the bco and non-
hydrostatic pressure-induced face-centered orthorhombic
(fco) phases, and 8 X 8 X8 MP g-point mesh with a denser
32X 32X 32 k-point mesh in the bct, fcc, and nonhydrostatic
pressure-induced body-centered-tetragonal phases for the
first BZ integrations. These nonhydrostatic pressure-induced
structures will be described in detail in the following text.

B. Calculation of superconducting transition
temperature

We evaluated the superconducting transition temperature
T. using the Allen-Dynes®® modified McMillan equation,
which was derived on the basis of the strong-coupling theory,

1.04(1 + N\
TC=&gexp[— %], (1)
12 A= (1 +0.620)
x:zf ko), 2)
0 (1)

where \ is the electron-phonon coupling constant, wy,, is the
logarithmic average frequency, and u* is the Coulomb
pseudopotential. The Eliashberg spectral function o?F(w) is
written as

1

> W -0, (3)

2
a'F(w) =
27N(ep) w Pqv

where N(gj) is the electronic DOS at the Fermi level. The
linewidth of a phonon mode arising from electron-phonon
interaction is given by

Yqv = waqu |gz.tqj/,kj|25(8kj -&p) 5(8k+qj’ -gp), (4)
kjj'

where ng:qj,’kj is the electron-phonon matrix element.

III. RESULTS

Figure 1 summarizes our results concerning the high-
pressure behavior of monatomic iodine together with the ex-
perimental data. As shown in Fig. 1, the calculated equation

PHYSICAL REVIEW B 79, 064518 (2009)

5 T T T T
= \
—@— bco 4l \ 1
ek —Hl— bct N :cr \\\ 1
C
% . fee Bal ---fec ‘\ 14
[ ] =

22 L Oo‘o.. i X i

E (@) . Lh 4 _' \\\ ]
_‘% r e) ~ ! Y — |
o=20 | N, VL e

"< 40 44 48 52 56 60

B’ <><> %\A\ Pressure (GPa)
£ | 80 A 1
% 18 - 208 <X> &\A\ -
> 08 \_ A "
i Sa Y Ref.14 (2003) v BN
. R O Ref.17 (1986) AN
16 |- \ & Ref.18 (1987) i
L M A Ref19(1995)
! | 1 | L | 1 | 1 |

20 40 60 80 100 120
Pressure (GPa)

FIG. 1. (Color online) Volume as a function of pressure for three
phases of monatomic iodine: bco (red circles), bet (dark cyan
squares), and fcc (violet up triangles). The experimental data are
denoted by open star (Ref. 14), circles (Ref. 17), diamonds (Ref.
18), and up triangles (Ref. 19). Upper inset: Calculated enthalpy
differences (relative to bct structure) as a function of pressure; bco
(red dotted line), bet (dark cyan solid line), and fec (violet dash
line). Lower inset: The magnified volume-pressure relation around
the bet— fec phase-transition pressure.

of states (EOS) of monatomic phases is in excellent agree-
ment with the recent experiments. The enthalpy differences
(relative to bct structure) as a function of pressure are de-
picted in the up inset of Fig. 1. We find the following phase-
transition sequence with increasing pressure: from bco
(phase II) to bet (phase IIT) at 45 GPa then to fec (phase TV)
at 53 GPa. These compare extremely well with the experi-
mental transition pressures of 43,7 and 55 or 53 GPa,'%!
respectively. Moreover, the calculated volume change is con-
tinuous for bco to bet transition suggesting a second-order
character while the volume collapses with 1% for bct to fcc
transition supporting a first-order nature. This again is in
accord with experimental observation. In addition, the equi-
librium lattice parameter, bulk modulus, and the pressure de-
rivative of fcc phase determined by fitting the total energies
as a function of volume to the Murnaghan EOS (Ref. 40)
together with other theoretical results and the experimental
data are listed in Table I. It is found that the current theoret-
ical lattice constant is in good agreement with experimental
data within 2.5%. In conclusion, our calculations are able to
reproduce the high-pressure behavior of monatomic iodine in
a highly satisfactory manner, which strongly supports the
choice of pseudopotential and the GGA used.

In Fig. 2, we compare the calculated pressure dependence
of T. for bco, bet, and fcc phases of monatomic iodine with
available experimental results. The Coulomb pseudopotential
parameter w* used here is a standard choice of 0.1. For the
bco phase, the superconducting transition temperature 7, de-
creases with increasing pressure, which is consistent with the
experimental data. Similarly to bco, the 7, of bct phase slack
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TABLE 1. Calculated equilibrium lattice parameters (a,), bulk
modulus (By), and the pressure derivative of bulk modulus (B) of
fec iodine. The experimental results (Ref. 19) and previous theoret-
ical calculations (Ref. 24) are also shown for comparison.

agp By
Fcce structure (A) (GPa) B|,
This work 5.12 26.48 5.84
FPLAPW 498 38.5 4.25
Expt. 4.99 30.38 6.13

decreases with pressure, which also agrees well with the ex-
perimental trend. In the case of fcc phase, however, T, rapid
decreases with increasing pressure, contradicting the experi-
mental observations which show a slight increase as the pres-
sure rises.” Moreover, 7, jumps to 2.1 K at the transition
point which is nearly twice as large as in the bct phase. In the
same figure, the previous theoretical results of fcc phase by
FPLAPW and FPLMTO methods?>%° are included. It can be
seen that the pressure dependence of 7. in our present work
is consistent with those of the previous theoretical calcula-
tion.

To summarize, the T, of bco and bct phases are in agree-
ment with the experimental results, and the calculated EOS
of fcc phase coincides with the experimental data. Neverthe-
less, it is intriguing that the negative d7./dP in the fcc iodine
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FIG. 2. (Color online) Superconducting transition temperature
T. as a function of pressure. The pressure boundaries between
phases II-IV are indicated by dotted lines from experimental results
at room temperature and black markers by theoretical results at zero
temperature. Results of bco, bet, and fcc phases are denoted by
solid red squares, solid green circles, and solid olive diamonds,
respectively. Results of nonhydrostatic pressure-induced bct and fco
phases are denoted by half-left magenta hexagons and half-left blue
diamonds, respectively. The open violet pentagons, wine squares,
and royal circles presented experimental data (Ref. 9), FPLAPW
(Ref. 25), and FPLMTO (Ref. 26) calculated results, respectively.
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FIG. 3. (Color online) Crystal structures under three kinds of
stresses. (a) Crystal structure of fcc under hydrostatic pressure with
0, =0y, =0, (b) the bet under the uniaxial stresses with o= 0y,
# 0., which unit cell is shown by the dotted lines, (c) the redefined
unit cell of bet in (b) with ¢/a <2, and (d) the fco structure under
the anisotropic stresses with o # oy, # 0.

is in contradiction with the experiments. In the following
section, we will discuss the effect of nonhydrostatic pressure
on superconductivity of fcc iodine.

The experimental results of the superconducting transition
temperature 7. in fcc iodine were obtained without the use of
any pressure medium, which easily suffered an anisotropic
character of applied pressure.” Here we simulate the
pressure-induced effects for different nonhydrostatic stress.
The simulations are carried out using the full geometrical
optimization based on density-functional theory through the
CASTEP code.*! The optimization is not finished until all the
stress components are less than 0.005 GPa. The tolerance in
the self-consistent field (SCF) calculation is 5
X 1077 eV/atom. Convergence tests give a 27X 0.03 A~!
grid spacing and 560 eV energy cutoff.

In the following, we investigate the effect of two kinds of
nonhydrostatic pressures: the effect of the first one is a
uniaxial stress, and the second one is that the stress along
each crystal axis is different. When the anisotropic stresses
are applied, two unique structures are obtained rather than
fcc in phase IV. As shown in Fig. 3(b), a bct structure with
symmetry /4/mmm, which is a subgroup of Fm-3m, is ob-
tained by applying a small (about 10%) compressive compo-
nent along the fcc [001] axis (a or b axis). It is noteworthy
that the uniaxial bct structure with ¢/a > 2 13 different from
the hydrostatic bet (phase III) with ¢/a<<v2. On the other
hand, anisotropically compressed fcc structure by applying
three different stresses along each crystal axis leads to a fco
structure with symmetry Fmmm [Fig. 3(d)]. In the following
we denoted these unique structures as nonhydrostatic pres-
sure bet (nonhy-bcet) and nonhydrostatic pressure fco (nonhy-
fco) structures, respectively. The values of the stress tensor
and equivalent hydrostatic pressure for these structures are
listed in Table II.

064518-3



DUAN et al.

PHYSICAL REVIEW B 79, 064518 (2009)

TABLE II. The electronic DOS at the Fermi level N(g/) (in states/Ry/spin/atom), square root of average
square of the phonon frequency {w?)!"?, logarithmic average of vibrational frequencies )0, and EPC con-
stant A computed under hydrostatic and nonhydrostatic pressures in monatomic iodine at selected pressures.
o;; stands for the diagonal values of the stress tensor applied, where o), refers to the mean normal stress.

(04rs 0y, ) o () Wiog

Phase (GPa) (GPa) N(gy) (K) (K) A
(30,30,30) 30 3.8556 167.64 140.92 0.4381
(35,35,35) 35 3.7210 173.09 151.66 0.4121
Bco (40,40,40) 40 3.6230 178.38 160.62 0.3923
(45,45,45) 45 3.5455 201.25 168.34 0.3918
(50,50,50) 50 3.4850 210.75 176.37 0.3806
Bcet (55,55,55) 55 3.4211 217.49 181.40 0.3706
(55,55,55) 55 3.8726 201.73 153.68 0.5042
(65,65,65) 65 3.6346 220.33 171.77 0.4432
Fcc (75,75,75) 75 3.4428 236.62 187.11 0.4002
(53.2,53.2,58.6) 55 3.9698 196.31 135.30 0.5322
(62.8,62.8,69.4) 65 3.7672 216.35 164.46 0.4592
nonhy-bct (72.5,72.5,80.0) 75 3.5163 232.04 179.85 0.4157
(52.25,55,57.75) 55 3.3011 220.62 182.98 0.3387
(57.00,60,63.00) 60 3.2139 228.72 189.77 0.3256
(61.75,65,68.25) 65 3.2791 232.81 187.84 0.3510
(67.50,70,72.50) 70 3.3199 238.99 191.42 0.3534
nonhy-fco (72.40,75,77.60) 75 3.4196 238.32 172.86 0.3798

In Fig. 2, we also show the T, of nonhy-fco and nonhy-bct
structures with pressure. For nonhy-bct structure, the 7, rap-
idly decreases with a slope dT,./dP=-0.054 K/GPa similar
to that of the fcc phase within d7,./dP=-0.057 K/GPa. But
it is in contradiction with the experimental results. In case of
the nonhy-fco structure, however, the dependence of T, ex-
hibits a quite different behavior. It is important to note that
the superconducting transition temperature 7, increases with
dT./dP=0.024 K/GPa, consistent with the experimental re-
sults within a rate of 0.029 K/GPa. The results show that the
experimental results are reproduced by nonhy-fco structure
very well. From this point of view, we conclude that the
nonhydrostatic pressure effect can explain the long debate
between the experimental and theory results.

IV. DISCUSSIONS

To probe the origin of the pressure dependence on 7., we
calculate the electronic and dynamical properties, and EPC
constant N of the five structures mentioned in this paper.
From the Eq. (1) (assuming p* is a constant), two param-
eters: EPC parameter N\ and the logarithmic average fre-
quency i, govern 7. Values of these parameters computed
at selected pressures are summarized in Table II. For the bco,
bet, fee, and nonhy-bet structures, wy,, increase with pressure
while A decreases but the changing rate of A exceeds that of
w)e- As a result, the value of T, decreases with pressure
mainly due to the decrease in A. As for nonhy-fco, it is clear
that the calculated A increases with pressure while the wjo,
does not show any clear dependence on pressure. Thus, the

increase in 7. with pressure is mainly from the increase in A
as listed in Table II.

The partial EPC constant A and phonon spectrum of the
fcc, nonhy-bet, and nonhy-fco at 55, 65, and 75 GPa are
shown in Fig. 4. The absence of imaginary frequency modes
indicates that these structures are stable in the pressure range.
To compare the difference among the fcc, nonhy-bct, and
nonhy-fco, we choose the same high-symmetry lines and
points of the Brillouin zone. For the fcc structure, it can be
clearly seen that there is a “softening” in the lowest
transverse-acoustic (TA1) mode along the I'-K[££0] direc-
tion, leading a significant electron-phonon contribution, in
which a high and broad peak of A is observed near the ¢
point. As pressure increases, soft vibrational modes gradually
fade away, resulting in the intensity of the main peak of \ to
decrease correspondingly as shown in Fig. 4(a). So, the de-
crease in N of fcc phase under hydrostatic pressure mainly
derives from the fadeaway of soft vibrational modes induced
by increasing pressure. The nonhy-bct structure shows a
quite similar behavior to that of the fcc structure presented in
Fig. 4(b): the high peak of \ along the I'-S[££0] direction
due to the softening of TA1 mode is also mainly responsible
for the EPC constant \. The decrease in N\ with pressure is
mainly attributed to the weakening of the “soft” vibrational
mode caused by pressure. For the nonhy-fco structure, there
is no obvious soft phonon mode observed. But the intensity
of the main peaks of \ is clearly seen that an increase and
then a decrease with increasing pressure are shown in Fig.
4(c).

In general, the softening of phonon modes is induced by
Fermi-surface (FS) nesting. Two-dimensional Fermi-surface
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FIG. 4. (Color online) Calculated partial EPC constants N and phonon spectrum of fcc,

symmetry lines at selected pressures in (a), (b), and (c), respectively.

cross sections along the (001) plane for the fcc, nonhy-bct,
and nonhy-fco structures at 65 GPa are presented in Fig. 5.
We clearly recognize nesting vectors (indicated by arrows)
connecting fairly flat and parallel lines along the I'-K, T'-S,
and I'-K directions for the fcc, nonhy-bet, and nonhy-fco
structures, respectively. Note that the nesting of fcc and
nonhy-bct is significantly stronger than that of nonhy-fco.
The observed phonon softening is a direct consequence of
the FS nesting in the fcc and nonhy-bct structures.

In order to obtain more physical insights into the charac-
teristic pressure dependence of EPC constant A, we evaluate
the EPC constant in the following form?

L WY r KD X

rz r L WY r K D X r

nonhy-bct, and nonhy-fco along same high-

_Nep)(P)

M(w2) - M(w2> ’ (5)
2 E LA R CHE L CE)
()= v kjj ®
22 Sexj— p) A&y — €F)
v kjj'

where # is called Hopfield parameter defined by 7
=N(gp){I*), and {I%) represents the Fermi-surface average of
squared electron-phonon matrix element, which is related to
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nonhy-bct (c)

nonhy-fco

FIG. 5. Two-dimensional Fermi-surface cross
sections along the (001) plane for (a) fcc, (b)
nonhy-bct, and (c) nonhy-fco structures at 65
GPa. Possible nesting vectors are indicated by
dashed line.

the phonon linewidth. M is the mass of the atom and (w?)
denotes the average of squared phonon frequencies. Note
that M is a constant, and that three parameters governing A\
are the electronic DOS at the Fermi level N(ef), EPC matrix
element (I%), and average of squared phonon frequencies
(w?). Values of N(gf) and (w?) computed at selected pres-
sures are summarized in Table II.

We can judge the EPC matrix (/%) with pressure by the
total phonon linewidths (defined as the sum of the linewidths
at a given ¢ point) which has been used in the theoretical
prediction metallic hydrogen.*? It should be noted that the
total phonon linewidth has no clear physical meaning, and
(PP} is related to the individual phonon linewidth divided by
the corresponding vibration frequencies. The total phonon
linewidth along several high-symmetry directions for the fcc,
nonhy-bct, and nonhy-fco structures at 55, 65, and 75 GPa
are compared in Fig. 6. It is found that the total phonon
linewidth does not change very much with pressure for both
fcc and nonhy-bct structures, while for the nonhy-fco struc-
ture, it rapidly increases with increasing pressure. Another
estimate of (/) is performed as (1?),=(=,7,,/ ®,,)/ C. The C
is a constant with pressure and can be easily calculated. Fig-
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FIG. 6. (Color online) The total phonon linewidths for (a) fcc,
(b) nonhy-bet, and (c) nonhy-fco structures at different pressures,
shown as red dotted line (55 GPa), blue dash line (65 GPa), and
dark cyan solid line (75 GPa) along the high-symmetry directions.

ure 7 shows the evolution of the (/%) for nonhy-fco structure
along several high-symmetry directions with pressure. It is
noted that the EPC matrix element (/%) increases under com-
pression, which is also concluded by the phonon linewidth 1y,
as shown in Fig. 6(c).

For fcc structure, the value of N(gy) decreases and the
value of (w?) increases with increasing pressure (see Table
II). Since there is no obvious change in (/%) caused by pres-
sure, the decrease in \ is attributed to the combined effect of
phonon hardening and the decreased electronic DOS at the
Fermi level. The nonhy-bct structure shows similar behavior
to the fcc: N(e) decreases, {w?) increases, and (/*) does not
change significantly with the increase in pressure.

The second kind of anisotropic compression gives rise to
three significant effects. First, the nonhy-fco structure be-
comes more metallic with increasing pressure as indicated by
the increase in N(g/) (see Table II). Second, (I*) increases
with pressure shown in Figs. 6(c) and 7. Finally, the (w?)
increases except for the slight decrease at 75 GPa but the rate
of the change is smaller than that of N(gf) and (/%). There-
fore, the enhancement of A is mainly attributed to the com-
bined effect of the increased electronic DOS at the Fermi
level and the EPC matrix element (/%).

V. CONCLUSIONS

In summary, we have presented a first-principles investi-
gation of the hydrostatic and nonhydrostatic pressure effects
on the superconductivity of monatomic iodine. The T, of
both phases II and III are in agreement with the experimental
results. In addition, the decreased N(ep) and the phonon
hardening are responsible for the decreased 7. in those

phases. More importantly, we find that the 7. of nonhydro-
static pressure-induced fco structure increases with increas-

(I’y (arb.unit)

FIG. 7. (Color online) The calculated EPC matrix element (/%)
along several high-symmetry directions in the BZ at selected
pressures.
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ing pressure, consistent with the experimental observations.
Our analysis well explains the large conflict between the ex-
perimental and theoretical results in phase IV by the nonhy-
drostatic pressure effect. Further EPC calculations reveal that
the observed increase in 7, under pressure in phase IV is
mainly attributed to the nonhydrostatic pressure-induced in-
crease in electronic DOS at the Fermi level N(eg) and en-
hancement of EPC matrix element (/%). Therefore, the non-
hydrostatic pressure effect plays an important role for
understanding the superconductivity of monatomic iodine
and other materials.
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