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We characterize the superionic phase transition and the lattice and electronic structures of the
archetypal type-I superionic conductor �-AgI using extensive first-principles molecular dynamics
calculations. We find that superionicity is signaled by a phase transition of the silver ions alone. In the
superionic phase, the first silver shell surrounding an iodine displays a distinct dynamical structure that
would escape a time-averaged characterization, and we capture this structure in a set of ordering rules.
The electronic structure demonstrates a unique chemical signature of the weakest-bound silver in the first
shell, which in turn is most likely to diffuse. Silver diffusion decreases upon melting, pointing to an
unusual entropic contribution to the stability of the superionic phase.
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Key advances in energy research have prompted a surge
of interest in superionic materials as a crucial enabling
technology for a variety of nanotechnological devices,
including sensors, switches, batteries, and fuel cells. Of
the superionics, AgI and related silver halides and sulfides
have attracted particular attention because of the unusually
high levels of ionic conductivity they exhibit, and as such
are finding increased and varied technological implemen-
tation [1–4]. At normal pressure, AgI enters its superionic
� phase above Tc � 420 K, at which temperature a phase
transition to a body-centered cubic structure is accompa-
nied by an increase in the silver conductivity of about
3 orders of magnitude [5]. Previous molecular dynamics
studies using classical pair potentials have successfully
reproduced experimental characteristics of the � and �
phases, as well as the �! � transition [6–11], but these
are unable to describe the electronic structure in a dynamic
environment, or to capture the phenomenology of the
melting transition. In this regard, first-principles simula-
tions provide unique and unbiased predictive power.

We performed Car-Parrinello molecular dynamics simu-
lations [12,13] in the canonical ensemble at temperatures
ranging from 200 to 1225 K. Each simulation ran for 50 ps
following 5 ps of equilibration and was carried out in a 54-
atom supercell, except the Wannier function calculations,
which were performed in a 32-atom cell. Simulations used
a plane-wave basis, the Perdew-Burke-Ernzerhof recipe for
the exchange-correlation functional [14], 4d105s1 ultrasoft
silver and 5s25p5 norm-conserving iodine pseudopoten-
tials [15,16], and cutoffs of 22 and 176 Ry for the wave
functions and charge density, respectively. The fictitious
CP mass was � � 700, with �t � 20 au for T � 950 K,
15 au for 1100 K, and 10 au for 1225 K; and a Nosé-Hoover
thermostat controlled the temperature [17]. The lattice
parameter was fixed to be the experimental a0 at Tm,
motivated in part by the difficulty in determining an equi-
librium volume and ionic ground state configuration for a
soft and inherently disordered material [18].

First, we find evidence of a phase transition of the silver
ions near the experimental Tc that is independent of the
conformation and dynamics of the iodine sublattice and
signals the transition into the superionic � phase. The
silvers exhibit a sharp decrease in their diffusion behavior
upon cooling below Tc, even though cubic boundary con-
ditions forbid the iodine structural transition to the hex-
agonal wurtzite � phase. Results from simulations in
which we immobilized the iodines in a fixed bcc configu-
ration provide a secondary, stronger indicator of the inde-
pendence of the silver transition from any iodine dynamics.
Figure 1 shows the silver self-diffusion coefficientsDAg for
the fixed-iodine case and for a fully mobile lattice, as
derived from the mean-square displacements (MSDs) via
the Einstein relation, D � limt!1

1
6t hMSD�t�i. In both

cases, the slope of an Arrhenius plot of DAg shows a
characteristic discontinuity near the experimental Tc.
Immobilizing the iodine sublattice does lead to an overall
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FIG. 1. Arrhenius plot of DAg for the fully mobile system (A)
and with the iodine sublattice fixed (B), as obtained from the
MSD. Experimental values for Tc and Tm at 1 atm are indicated.
The inset shows the convergence of DAg for (A) at 200 K, as
obtained by integrating the velocity autocorrelation function.
Error bounds in the main graph represent twice the standard
error and are shown as dotted lines in the inset to illustrate the
agreement between the two methods.
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decrease in DAg, suggesting local lattice fluctuations bene-
ficial for silver mobility are frozen out, but the system
retains its superionic behavior. Also of note in Fig. 1 is
the unusual decrease of the silver ion diffusion coefficient
upon melting at about 850 K, a tendency that has also been
observed experimentally [5,19] but is not captured by
classical potentials. The thermodynamic implication gives
valuable insight into the stability of the superionic phase.
The decreased mobility of the silver ions upon melting
signals a decrease in the silver entropic contribution, mean-
ing the iodines crystallize into the superionic state below
Tm to increase the entropy of the silvers. Accordingly, the
superionic phase acts as an intermediate between a pure
solid and a pure liquid, with a high-entropy liquid sublat-
tice flowing through a low-energy solid matrix. An entropi-
cally driven stabilization of the � phase is also consistent
with experimental results [20], which determine the en-
tropy difference between superionic and liquid phases to be
unusually small.

Although it is not possible to separate the total energy of
the system into respective sublattice contributions, we can
get a quantitative picture of the energetic fluctuations
associated with each sublattice by instead integrating the
forces on the ions, which are trivially lattice resolved. In
particular, we have for the evolution of the sublattice-
resolved energy Ujt0 �

P
i

R
t
��0 Fi��� � _ri���d�, where t �

0 represents some equilibrated reference configuration and
the index i runs over all ions in the given sublattice. Since
in the canonical ensemble, fluctuations � in the total
energy are related to the specific heat capacity CV as �2 �

kBT2CV , we can derive a heat capacitylike quantity C�i�V
that is sublattice resolved using the fluctuations in the
evolution of the energy, as derived from the ionic forces.
Robustness was verified by ensuring that the evolution of
the total internal energy could be recovered to within
numerical error by summing over all ions. Plots of C�Ag�

V

and C�I�V are shown in Fig. 2. In the silver-resolved C�Ag�
V

plot, we observe clear dropoffs at 400 and 850 K, corre-
sponding to Tc and Tm, respectively. Examination of the
iodine-resolved C�I�V curve, however, reveals no detectable

dropoff near Tc (although the corresponding behavior at Tm
is clearly visible). As in Fig. 1, we can thus link the
superionic transition to the silver sublattice only.

We note that an order-disorder transition of the silver
ions at Tc has been reported previously [21,22]. Symmetry
arguments allow the 20-four bcc tetrahedral interstitial
sites surrounding an iodine to be organized into six inequi-
valent sublattices [23], the occupancies of which can be
tracked independently as a signal of the transition. Our
results confirm an ordering tendency for the silvers below
Tc, characterized by a splitting into higher- and lower-
occupancy sublattices. The independent ordering tendency
of the silver sublattice upon cooling is observable despite
the inhibition of the �! � transition, in agreement with
Ref. [21]. However, at these low temperatures, more ex-
tensive statistical sampling is necessary to allow for com-
parison of the ordered phase with those proposed in the
cited studies.

We have also investigated the most frequented pathways
for the silver ions by tracking their positions with respect to
the iodines and averaging the resulting trajectories.
Figure 3 shows isosurface and slice plots for the silver
ion density in the conventional cubic unit cell surrounding
an iodine. Our results confirm that the highest-density
regions lie near the tetrahedral sites, with silver ion density
smeared toward the octahedral sites, in agreement with the
experimental findings of Ref. [24].

Radial pair distribution functions offer additional insight
into the preferred organization of the silver ions. The
silver-silver function gAg-Ag�r� (Fig. 4) illustrates a zero
probability of finding silver ions closer together than
RAg-Ag � 2:4 �A, which precludes simultaneous occupa-
tion of nearest-neighbor tetrahedral interstitial sites.
Integration of gAg-I�r� over the first peak reveals that on
average, each iodine has four nearest neighbors in the first
coordination shell, consistent with geometric expectations
for tetrahedral site occupancy. In addition, gAg-I�r� indi-
cates the highest probability distance for silvers surround-
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FIG. 2. Specific heat capacities for the silver and iodine sub-
lattices (see text), with the experimental Tc and Tm indicated.
Solid lines are intended as a guide for the eye.

FIG. 3. (a) The isosurface of silver trajectories at 750 K in the
conventional cubic unit cell surrounding an iodine. The eight
nearest-neighbor iodines surrounding the iodine at the center are
located at the vertices of the cube. (b) A slice plot of (a),
revealing higher-density (darker) silver occupancy regions.

PRL 97, 166401 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
20 OCTOBER 2006

166401-2



ing an iodine is at RAg-I � 2:6 �A, corresponding to the
distance to a tetrahedral site. However, a time-resolved
analysis suggests a more detailed decomposition of the
first peak of gAg-I�r�. We find that most commonly, three
of the four nearest-neighbor silver ions simultaneously
occupy a shell corresponding to the tetrahedral site dis-
tance (the number varies from 2.7 to 3.0 on average, with
lower temperatures favoring higher values). The fourth
silver is seen to transition regularly between this shell
and its equivalent for a neighboring iodine such that on
average, it fills a transition zone between the two, defined
by 2:8 � RAg-I & 4:2 �A. The transitioning rate is tempera-
ture dependent and disappears rapidly for T < Tc. The
fourth silver also possesses an angular distribution distinct
from its three inner counterparts, as indicated in the inset of
Fig. 4. The Ag-I-Ag angles for the closest three silvers
reveal preferences at 65� and 105�, and higher angles are
uncommon. However, the angles introduced by the inclu-
sion of the fourth nearest neighbor are comparatively
diffuse and have significant probabilities towards larger
values. This suggests that whereas the closest three silvers
are clustered and correlated in their positions, the fourth
silver is relatively unconstrained in its angular configura-
tion and is affected only marginally by the orientations of
the remaining three. Transitions of this unconstrained
fourth silver between coordination shells represent the
primary factor behind silver diffusion—an observation
that would escape experimental investigations.

The above analysis allows for the definition of a set of
ordering rules that govern the instantaneous distribution of
silver ions in the first shell surrounding an iodine: (1) four
silver ions populate the first shell; (2) no two silver ions
occupy neighboring tetrahedral sites; (3) on average, three
silver ions surround an iodine at a radius of RAg-I � 2:6 �A,
the tetrahedral interstitial distance; (4) a fourth silver tran-
sitions between that shell and a second shell at RAg-I *

4:2 �A, associated with a neighboring iodine, and the tran-

sition rate between the two is temperature dependent and
disappears below Tc; (5) the angular positions of the three
inner silvers are correlated, whereas the fourth (outer)
silver is relatively unconstrained; and (6) silver ions tend
to organize into high- and low-occupancy sublattices at
temperatures below Tc.

We examined the maximally localized Wannier func-
tions (MLWFs) to obtain a local picture of bonding in a
dynamic environment [25]. Plotting the time-averaged ra-
dial distribution of the four iodine Wannier function cen-
ters (WFCs) about their parent ion reveals an unexpected
bimodal separation into short-distance, highly localized
WFCs and longer-distance, partially delocalized WFCs
(Fig. 5). Further isolating Wannier functions associated
with each of the two peaks and plotting the time- and
statistical-averaged contours for the WFCs around the
iodines yields the isosurfaces shown in the insets of
Fig. 5. The long-distance Wannier centers (LWFCs) tend
to align along the cubic axes toward the octahedral inter-
stitial sites. Their orientations relate to the observed smear-
ing of the silver occupancy from the electrostatically
preferred tetrahedral sites towards the octahedral face cen-
ters and suggest that these orbitals correspond to direc-
tional interactions between silvers and iodines. However,
short-distance iodine Wannier centers (SWFCs) exhibit a
random angular distribution, as expected for a strictly
Coulombic picture. Comparing the peak areas in Fig. 5
reveals that of the four WFCs surrounding an iodine, 30%
on average can be classified as SWFCs, a figure which
agrees with the likelihood for a first-shell silver to be found
in the mobile transition zone. This value also correlates
well with the experimental likelihood of a silver to be
located outside the tetrahedral interstitial site [24,26], a
quantity confirmed by our findings.

A detailed picture of the correlation between the deloc-
alization extent of the iodine MLWFs and the positions of
nearby silver atoms is offered in Fig. 6. There is clear
evidence of a chemical interaction between LWFCs and
silver atoms within a threshold radius of RAg-I & 3:25 �A
and a solid bond angle of j�j & 15�, indicating that bond-

FIG. 5. Histogram of distances between iodine WFCs and
iodine nuclei. The insets are contours of the iodine WFC
distribution about their nuclei for WFCs on either side of the
broken line.
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FIG. 4. Radial pair distribution functions for (A) Ag-I, (B) I-I,
and (C) Ag-Ag, along with the integrated Ag-I n�r� curve (D), at
750 K. The inset shows the angular distributions of the four
silver ions in the first shell surrounding an iodine, measured with
respect to the other silvers in the shell and resolved according to
the three innermost silvers and the fourth outer silver.
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ing with LWFCs is highly directional. As a quantitative
measure of these chemical interactions, we have calculated
the Born effective charges for the ionic species using the
electric-enthalpy method of Refs. [27]. Our values of Z� �
�1:22 are larger than the integral values expected for a
purely ionic crystal, further supporting our conclusions.
Figure 6 shows no corresponding directionality for bond-
ing with SWFCs, indicating these interactions can be
attributed to weaker electrostatics. Moreover, examination
of the radial distribution for first-shell silvers closest to
SWFCs places them within the defined transition zone. We
therefore conclude that silvers contributing to DAg are
those which are not bound to LWFCs, meaning they are
minimally constrained both radially and angularly. Most
commonly, the outermost of the four first-shell silvers fills
these criteria, as a lack of stronger directional interactions
with LWFCs also increases the average Ag-I bond dis-
tance. This comparatively unconstrained, mobile fourth
silver fleetingly occupies the transition zone until it is
captured by a neighboring iodine, leading to net diffusion.
At higher temperatures, thermal disordering breaks a
greater number of bonds between silvers and LWFCs,
promoting more nearby silvers into the transition zone.
As such, the overall fraction of occupied tetrahedral sites
decreases and diffusion is enhanced.

In conclusion, we have shown that the transition to the
superionic � phase of AgI is signaled by an independent
phase transition of the silver sublattice alone, characterized
by a disordering of the silvers and a sharp increase in their
diffusivity. Upon melting, DAg decreases, pointing to an
unusual entropic contribution to the stabilization of the
superionic phase. We have also identified diffusion path-
ways for superionic silver ions above Tc, and a time-
resolved analysis of ion trajectories has allowed us to
define a set of ordering rules that govern the instantaneous
distribution of silvers in the first shell surrounding an
iodine. Finally, we have found that of the four first-shell
silvers, the closest three are strongly correlated and re-
stricted in their angular distribution, and that they are
involved in anisotropic, directional bonding to an iodine.
The fourth silver is bound only weakly and is relatively
unconstrained, and we have isolated it as the dominant
contributor to diffusion.
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FIG. 6. Histograms of interionic bond distance and bond angle
for the silvers closest to iodine WFCs, resolved into (A) long-
distance and (B) short-distance Wannier functions. The bond
angle � is defined as the angle between RAg-I and RIWFC-I.
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