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requirements on the local operations. Following our scheme, error
probabilities at the one per cent level can be achieved with present
technology. In particular, the precision of linear optical elements
such as PBS can be extremely high, with errors as low as one-tenth of
one per cent or even less. Finally, we emphasize that there is an
enormous difference in the experimental effort required between
implementing the CNOT operation and overlapping two photons
on a PBS. We believe that the present proposal might be a vital
ingredient in the future realization of long-distance quantum
communication. M
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Solid electrolytes are a class of materials in which the cationic or
anionic constituents are not con®ned to speci®c lattice sites, but
are essentially free to move throughout the structure. The solid
electrolytes AgI and Ag2Se (refs 1±7) are of interest for their use as
additives in network glasses8±12, such as chalcogenides and oxides,
because the resulting composite glasses can show high electrical
conductivities with potential applications for batteries, sensors
and displays. Here we show that these composite glasses can
exhibit two distinct types of molecular structuresÐan intrinsic
phase-separation that results in a bimodal distribution of glass
transition temperatures, and a microscopically homogeneous
network displaying a single glass transition temperature. For
the ®rst case, the two transition temperatures correspond to the
solid-electrolyte glass phase and the main glass phase (the `base
glass'), enabling us to show that the glass transition temperatures
for the AgI and Ag2Se phases are respectively 75 and 230 8C.
Furthermore, we show that the magnitude of the bimodal glass
transition temperatures can be quantitatively understood in
terms of network connectivity, provided that the Ag+ cations
undergo fast-ion motion in the glasses. These results allow us to
unambiguously distinguish base glasses in which these additives
are homogeneously alloyed from those in which an intrinsic phase
separation occurs, and to provide clues to understanding ion-
transport behaviour in these superionic conductors.

The electrical conductivity of AgI becomes very high (1 Q-1 cm-1)
at temperatures greater than 147 8C in the high-temperature phase
(a-phase), when Ag+ ions become mobile and contribute to fast-ion
conduction1. In the companion iodide, RbAg4I5, fast-ion conduc-
tion occurs at room temperature2, and the material has found
applications as a solid electrolyte in portable batteries for heart
pacemakers. The solid electrolytes AgI and Ag2Se have also received
widespread3±7 attention as additives in network glasses, particularly
chalcogenides and oxides, because of the unprecedented increase in
conductivities of up to 10-1 Q-1 cm-1 with minuscule activation
energies of 0.25 eV at room temperature. The microscopic origin of
such behaviour has been the subject of continued investigations3±7,
although a consensus on the subject has yet to emerge. New insights
into glass structure have recently emerged from compositional
trends in glass transition temperature (Tg) that serve as a global
measure of network connectivities8. Here we show that when the
electrolytes Ag2Se and AgI are added to chalcogenide base glasses,
these electrolyte glasses in certain cases can display distinct glass
transition temperatures (Tg). Constraint counting algorithms9

reveal that the observed Tg values here provide a quantitative
measure of network connectivity. The microscopic origin of glass
formation is traced to Ag+ acting as a fast diffuser, lowering the
effective count of lagrangian bonding constraints9 per atom (nc),
and promoting glass formation.

We have examined glass transitions in pseudobinary AxB1-x

glassesÐwhere A indicates additive (AgI or Ag2Se) and B indicates
chalcogenide base glass (GeSe4 or As2Se3)Ðusing temperature-
modulated differential scanning calorimetry (MDSC). Syntheses
of the glasses are described in Methods. Some of these glasses are
found to be intrinsically phase-separated10 (case I), and display
bimodal Tg valuesÐone ascribed to the base glass and the other
to the additive solid-electrolyte glass phase. But some glass
systems (case III) occur in which the additive and base materials
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homogeneously alloy to display a single Tg, which is found to
decrease progressively in proportion to the additive concentration.
Last, some glass systems show an intermediate behaviour (case II),
in which a part of the additive phase-separates while the remainder
alloys with the base glass.

Figure 1, scan B, shows an MDSC scan of GeSe3.54 base glass
containing 18.2 mol% of AgI; scan C shows As2Se3 base glass
containing 15.0 mol% of AgI. For comparison, we have also
included a heating scan of b-AgI alone (scan A); this shows the
onset of the endothermic b!a transition near 147 8C. In scans B
and C, there is evidence for two glass transitions. The broad
endothermic feature centred near T = 75 8C, common to both
glass samples, is identi®ed as the Tg of AgI glass. The transitions at
higher temperatures are identi®ed with the base glasses11,12 in
question. AgI in GeSe4 base glass (scan B) thus appears to be a
model example of a system that is nearly completely phase-sepa-
rated (case I). On the other hand, AgI as an additive in As2Se3 base
glass (scan C) appears to play a dual role (case II); part of it phase-
separates (displaying the Tg = 75 8C), and the rest alloys with the
base glass to lower the Tg of the latter from its pristine value12

(shown by an arrow in scan C). Furthermore, the fraction of the
endotherm at Tg = 75 8C is found to grow in proportion to the molar
fraction of AgI in the glasses (see Supplementary Information),
supporting the suggested Tg assignments.

In Fig. 2 we show MDSC results on two base glasses, each
containing 10 mol% of Ag2Se: GeSe4 (scan B) and As2Se3 (scan C).
We also show a heating scan on b-Ag2Se alone, showing the b!a
transition (onset) near 133 8C (scan A). In scan B, there are two
distinct endothermic features (case I); a primary one at Tg = 180 8C
due to GeSe4 base glass11, and a secondary one at Tg = 230 8C due to
Ag2Se glass10; the fraction of the latter endotherm increases in
proportion to the Ag2Se molar fraction (see Supplementary Infor-
mation). On the other hand, Ag2Se added to the As2Se3 base glass
appears to alloy homogeneously (case III); neither the Tg of Ag2Se
glass nor that of As2Se3 base glass (arrow in scan C) are seen, but
instead there is a signi®cantly reduced Tg (scan C). This result is not
unexpected, given that a melt of equimolar concentrations of Ag2S
and As2S3 (that is, AgAsS2) upon cooling forms a solid that can

exist13 either as a stoichiometric crystal or as a bulk glass in which Ag
and As are both 3-fold coordinated, leading to a network backbone
that is optimally constrained (nc = 3).

Counting algorithms based on lagrangian bonding constraintsÐ
including bond-stretching and bond-bendingÐhave proved to be
helpful9 in understanding the glass-forming tendency in chalcogen-
ide glasses. Furthermore, stochastic agglomeration theory14,15 has
provided the tool to correlate quantitatively the variation of Tg with
network connectivity8. The mechanically effective connectivity of a
network can be lowered when constraints are intrinsically broken16.
For the case of SiO2 glass, the bond-bending constraint of oxygen
atoms is intrinsically broken16 because the bridging bond angle (Si±
O±Si) in the glass network is found to display wide excursions
(100±1808). These ideas can be extended to the present solid
electrolytes. The structure factor of liquid Ag2Se has been
modelled17 after a-Ag2Se, and can also serve as a good starting
point to describe the structure of the bulk glass. The rapid diffusion
of Ag+ ions through the tetrahedral interstitial sites is due to a
delicate balance18 between ionic and covalent forces; this balance
makes the free energy difference, E6 - E4, between Ag taking on a
coordination number of 6 (E6) and of 4 (E4) to nearly vanish. a-AgI
possesses a fractional ionicity of 0.77 on the Phillips18 scale, close to
the threshold value of 0.785 when E6 = E4. If the I±Ag±I bond-angle
¯exes as Ag moves, then we expect the Ag±I±Ag bond-angle also to
¯ex, leading to the general recognition that the bond-bending
constraint about both cations (Ag+) and anions (I-, Se2-) must be
intrinsically broken in these solid electrolytes.

The structure of the superionic (a) phase of Ag2Se and AgI is
shown in Fig. 3. It consists of anions (Se, I) forming a body-centred
cubic (b.c.c.) arrangement (shown blue) across which the Ag+

cations rapidly diffuse, largely through the distorted tetrahedral
interstitial sites19 (shown red). In the case of a-Ag2Se, on stoichio-
metric grounds, we must associate on average 4 Ag atoms and 2 Se
atoms with the unit cell (Fig. 3), thus requiring 8 tetrahedral
interstitial sites (red atoms) to be populated by Ag on the cube
faces, as these are shared by two adjacent cubes. This leads to a
coordination number of 4 and 8 for Ag and Se in a-Ag2Se. For an
atom possessing a coordination number, r, in a three-dimensional
network, the number of independent bond-stretching constraints,
nbs, is given by r/2, while the number of bond-bending constraints,
nbb, is given by 2r - 3. This gives the total number of constraints per
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Figure 1 MDSC scans of AgI-based systems. A, the endothermic b!a transformation

in b-AgI; B, two glass transitions in Ge0.22Se0.78 base glass containing 18.2 mol% AgI;

C, two glass transitions in As2Se3 base glass containing 15 mol% AgI. In scans B and C,

the broad feature with a Tg = 75 8C was due to AgI glass, while the second Tg at higher T

was due to the base glasses. For the glass sample in scan B, a trace of b-AgI was

quenched in, and shows evidence of the b!a transition, as indicated by the asterisk.

Powder X-ray diffraction of the sample con®rmed the presence of b-AgI traces. In scan C,

the Tg of the base glass is shifted down by 25 8C from the Tg of pristine As2Se3 shown by

an arrow.
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base network to lower the global connectivity of the alloyed network.

© 2001 Macmillan Magazines Ltd



letters to nature

1072 NATURE | VOL 410 | 26 APRIL 2001 | www.nature.com

atom, nÅc, as �5=2�År 2 3. Enumeration of bond-stretching constraints
(r/2) for both Se2- anions and Ag+ cations then gives the total
number of constraints for the 6 atoms in the b.c.c. cell of:

2�nbs�Se�� � 4�nbs�Ag�� � 2�4� � 4�2� � 16 �1�

This yields 6Ånc � 16 or Ånc � 2:66. The mechanically effective
connectivity (rÅm) of such a network is then related to nÅc as follows:

Ånc � 5=2Årm 2 3

or Årm�Ag2Se� � 2:26
�2�

In the case of a-AgI, on stoichiometric grounds, we must
associate 2 Ag atoms with the 2 I atoms in the unit cell (Fig. 3),
thus requiring 4 tetrahedral interstitial sites to be occupied by Ag.
This leads to a coordination number of 4 for both Ag and I atoms.
Enumeration of bond-stretching constraints for both Ag+ and I-

gives the total number of constraints for the 4 atoms in the body-
centred cubic (b.c.c.) cell:

2�nbs�I�� � 2�nbs�Ag�� � 2�2� � 2�2� � 8 �3�

This yields 4Ånc � 8 or Ånc � 2. For Ånc � 2, equation (2) shows the
mechanically effective coordination of AgI glass to be Årm � 2,
suggesting that the morphological structure of the glass may be
similar to that of Se glass.

In the binary chalcogenide glasses (Si-Se, Ge-Se), a linear increase
of Tg values with rÅm (Fig. 4) at low rÅ (, 2.20) has been found8. This
has been analysed14,15 in terms of a random cross-linking of Sen-
chains by the tetrahedrally coordinated (coordination number 4)
group IV (Si, Ge) atoms. The stochastic agglomeration theory14,15

predicts a parameter-free slope, dTg/drÅm, that is in excellent accord
with measured8 Tg changes. On this plot (Fig. 4), we have also shown
the observed Tg values of AgI and Ag2Se, and ®nd the suggestion of a
sharper increase of Tg with rÅm (broken curve in Fig. 4) in the present
solid-electrolyte glasses. We expect the Tg(rÅm) variation to exhibit a
power-law behaviour, as the coordination number of the anions (I-,

Se2-) increases progressively from 4 to 8 in going from AgI to Ag2Se.
(Such behaviour would be in sharp contrast to the case of the binary
chalcogenides, in which increases in global connectivity are brought
about by increasing the content of group IVatoms possessing a ®xed
coordination number of 4.) This idea could be tested by examining
Tg(z) variation in (AgI)1-z(Ag2Se)z alloy glasses connecting the two
end-member compositions (z = 0,1), and analysing the results using
stochastic agglomeration theory: we are at present doing this. If Ag
were not a fast diffuser in the electrolyte melts, the mechanically
effective coordination numbers of Ag2Se and AgI would be rather
high and would preclude9 glass formation. Thus, constraint-count-
ing algorithms reveal the connection between glass-forming ten-
dency and fast-ion conduction in these archetypal solid electrolytes.

When AgI and Ag2Se are added to chalcogenide base glasses, they
form glasses largely when the base glass is optimally constrained
(Ånc � 3). Thus, these additives will spontaneously crystallize to b-
AgI and b-Ag2Se in an underconstrained Se base glass (Ånc � 2) or in
an overconstrained Ge0.30Se0.70 base glass (Ånc � 3:50), but these
electrolytes will form glasses in an optimally constrained (Ånc � 3)
base glass such as GeSe4 and As2Se3. This is perhaps due to the
absence of connectivity-induced mechanical stress when the back-
bone is optimally constrained12. Near Ånc � 3, the base network is
known to self-organize20 and become stress-free12, making it easy for
the additive to ®nely disperse and form a bulk glass, whose signature
constitutes the observation of a Tg.

The chemical alloying behaviour of the solid-electrolyte additives
in the present chalcogenides may have close parallels to their
behaviour in oxide glasses3,4,6,7,21,22. In those instances (case I)
where AgI glass completely phase-separates from the base glass,
we expect conductivity to display a threshold behaviour corre-
sponding to the volume percolation transition23 of the electrolyte
phase for which there may already be electrical transport
evidence4,24Ðalthough this needs to be con®rmed structurally.
On the other extreme (case III), alloys composed of a 2:1 molar
ratio of AgI to Ag2SeO4, in which the equal-sized (SeO4)

2-and I-

anions can intimately mix (chemical disorder) to promote glass
formation, show21,22 a Se-glass-like Tg = 50 8C characteristic of an
undercoordinated rm = 2 network, again in harmony with the
present counting of lagrangian constraints. And the enhancement
of electrical conductivity in such homogeneously alloyed systems
may be due to a reduced activation energy upon an increase in

I– or Se2–

Tetrahedral interstitial sites

Trigonal interstitial sites

Octahedral intersititial sites

Figure 3 The crystal structure of a-Ag2Se and a-AgI. The Se2- and I- anions (shown blue)

form a b.c.c. unit, with the Ag cations rapidly diffusing across distorted tetrahedral

interstitial sites (shown red) through the trigonal interstitial sites (shown green). The black

circles show distorted octahedral sites.
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theory14,15. On the other hand, Tg values in the present electrolytes may form part of a

nonlinear variation sketched by the dashed line. See text for details.
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molar volumes25 of the base network upon AgI addition; such
increases in molar volumes also progressively lower the Tg of the
alloyed glasses (Fig. 1c, Fig. 2c).

Determining the physics of transport in ionic glasses continues to
be challenging. It is necessary to understand aspects of molecular
structure in order to understand the details24,26 of the conduction
process. In this respect, the identi®cation of the glass transition
temperatures of AgI and Ag2Se will also be helpful in understanding
the phase separation of these additives in oxide glasses. M

Methods
Stoichiometric As2Se3, AgI and elemental Ge, Ag and Se (99.999% purity from Cerac, Inc.)
were used as starting materials to synthesize the pseudobinary AxB1-x alloy glasses (see
text). Details of glass synthesis are in our earlier10 work, where we examined the role of Ag
as an additive in Ge-Se base glasses. Tgs were measured using a model 2920 MDSC (T.A.
Instruments, Inc.) at a scan rate of 3 8C min-1, and modulation rate of 1 8C per 100 s.
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The two main constituent water masses of the deep North Atlantic
OceanÐNorth Atlantic Deep Water at the bottom and Labrador
Sea Water at an intermediate levelÐare currently formed in the
Nordic seas and the Labrador Sea, respectively1. The rate of
formation of these two water masses tightly governs the strength
of the global ocean circulation and the associated heat transport
across the North Atlantic Ocean2. Numerical simulations have
suggested a possible shut-down of Labrador Sea Water formation
as a consequence of global warming3. Here we use micropalaeon-
tological data and stable isotope measurements in both plank-
tonic and benthic foraminifera from deep Labrador Sea cores to
investigate the density structure of the water column during the
last interglacial period, which was thought to be about 2 8C
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Figure 1 The Arctic±North Atlantic sector and the location of the study cores. Crosses:

zones of formation of deep (DSOW) or intermediate (LSW) water. DSOW, Denmark Strait

Over¯ow Water; LSW, Labrador Sea Water; NEADW, Northeast Atlantic Deep Water;

NADW, North Atlantic Deep Water. Thin arrows, surface currents from the Fram Strait

(dashed) and from the Arctic archipelago (continuous). EGC, East Greenland Current; LC,

Labrador Current. Thick arrows, deep currents; WBUC, Western Boundary Undercurrent.

The Arctic ice-pack (more than 11 months per year of sea-ice) is shown in dark grey.

Coring sites were on the Greenland slope (P-012; 588 55.359 N, 478 07.019 W; 2,830 m),

the Greenland rise (P-013; 588 12.599 N; 488 22.409 W; 3,380 m), and near Orphan knoll

(P-094; 508 12.26' N, 458 41.14' W; 3,448 m).
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