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Abstract

A highly unusual structural evolution has been observed in temperature dependent studies of the fast ion conductor Ag7P3S11, using X-ray
diffraction, Raman scattering,31P and109Ag NMR spectroscopy, and electrical conductivity measurements. At 205 K the high-tempe
γ -phase (space groupC2/c) undergoes a phase transition to an intermediateβ-phase of different symmetry. At a temperature near 13
another phase transition is observed resulting in the formation of an ordered low-temperatureα-modification crystallizing in the same spa
group as theγ -phase. Restoration of the high-temperature-phase symmetry in the low-temperature phase is unambiguously con
single-crystal X-ray structure determination and31P solid state NMR peak multiplicities. The re-entrant phase behavior is further suppo
by temperature dependent electrical conductivity measurements, which reveal that the activation energies of the dc conductivity forα- and
γ -phases are identical and significantly lower compared to those measured in theβ-phase. Although theβ- to γ -phase transition is associate
with a change in enthalpy, those observables reflecting silver ion dynamics show no discontinuities at thephase transition temperature. T
high-temperatureγ -phase crystallizes in the monoclinic system, space groupC2/c (No. 15), a = 23.999(2) Å, b = 6.3621(3) Å, c =
24.909(2) Å, β = 110.926(7)◦, R = 0.0318 (300 K). The low-temperatureα-phase is isostructural witha = 24.090(1) Å, b = 6.3400(3) Å,
c = 24.581(1) Å, β = 110.870(6)◦, R = 0.0317 (120 K). Contrary to the situation inγ -Ag7P3S11, all the silver atoms are well-localized i
theα-phase.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Re-entrant phenomena are frequently found in liq
crystalline and lyotrophic systems[1–3], whereas they hav
been rarely observed in the crystalline state[4–7]. Here we
are reporting this phenomenon in the crystalline ion cond
tor Ag7P3S11. As illustrated in detail below, this materi
undergoes two phase transitions upon cooling from ro
temperature. Along this course, the symmetry of the h
temperatureγ -phase (space groupC2/c) decreases upo

* Corresponding authors.
E-mail addresses: eckerth@uni-muenster.de(H. Eckert),
arno.pfitzner@chemie.uni-regensburg.de(A. Pfitzner).

1293-2558/$ – see front matter 2004 Elsevier SAS. All rights reserved.
doi:10.1016/j.solidstatesciences.2004.04.020
the first phase transition, but is subsequently restored in
second phase transition to the low temperatureα-phase. To
facilitate a satisfactory explanation of this unusual beha
it is essential to characterize in detail all the relevant st
tural and dynamic aspects associated with this transition
this end, usage of complementary techniques with diffe
intrinsic time scales and correlation lengths is essential.
present here the results of a comprehensive investigation us
ing differential scanning calorimetry (DSC), single-crys
X-ray diffraction, variable temperature31P and109Ag solid
state NMR spectroscopies and Raman scattering, as w
electrical conductivity measurements. As will be discus
in the following, these techniques document the critical ro
of short range order and local dynamic effects observed

ing the course of both phase transitions.

http://www.elsevier.com/locate/ssscie
mailto:eckerth@uni-muenster.de
mailto:arno.pfitzner@chemie.uni-regensburg.de
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2. Experimental

The synthesis of Ag7P3S11 has been described in d
tail elsewhere[8]. In brief, stoichiometric amounts of silve
(Acros, 99.8%), phosphorus (Aldrich, 99.99%) and su
(Fluka, 99.999%) were heated in an evacuated silica
pule at 850◦C for two hours. Subsequently, the temperat
was lowered to 550◦C and the sample kept at this tem
perature for one day before cooling the furnace to ro
temperature. Since the title compound is metastable b
574 K [9] the reaction mixture has to be cooled rapidly
room temperature in order to avoid eutectoidal decomp
tion. Polycrystalline109Ag labeled material was synthesiz
in the same way, using Ag powder with an isotopic purity
98% (Campro Scientific). Single crystals suitable for a str
ture determination were obtained from stoichiometric reac
tion mixtures containing a trace of iodine to enhance cry
growth. The identity and purity of the samples were ve
fied by X-ray powder diffraction (X’Pert PW 3040 Philip
diffractometer), using a Cu-Kα1 anode and31P magic-angle
spinning (MAS) NMR and Raman spectroscopy. For rep
ducibility all the measurements were carried out on at le
two independent samples. Differential scanning calorim
was done using a NETZSCH DSC-200 apparatus, usi
heating rate of 10 K min−1.

X-ray diffraction intensities were collected at diffe
ent temperatures on a STOE IPDS using Mo-Kα radia-
tion. Since the spectroscopic results (see below) give s
significant hints for phase transitions in the low temp
ature regime, X-ray data were also collected at 180
120 K. These measurements were performed with an
ford cryostream cooling device attached to the diffractome
ter. It allows to control the temperature within a range
±2 K. The single crystal remained intact throughout two
versible phase transitions observed. The data were corr
for Lorentz and polarization effects. An empirical absorp
tion correction was applied following an optimization
the description of the crystal shape with the X-SHAPE r
tine. Raman spectroscopic measurements were cond
with a JOBIN YVON HORIBA Raman spectrometer, ope
ating with a diode laser at 785.4 nm. Sample tempera
equilibration was found to be complete after 5 min. The pre
cise phase transition temperatures were deduced from a
changes observed in the Raman spectra.31P solid state NMR
spectra were recorded at 162.02 MHz on a BRUKER DS
400 spectrometer (9.4 T magnet), in a 4 mm MAS pro
operating at a spinning frequency of 4000 Hz. A flow
nitrogen gas controlled by a BRUKER VT 3000 heati
unit was used to adjust the sample temperature; thermo
ple readings were calibrated on the transition temperat
determined by the variable temperature Raman spectra
were usually found to be accurate within 5 K. Signals w
acquired with 90◦ pulses of 4 µs length using relaxation d
lays up to 960 s. Chemical shift tensor components w
estimated from spinning sideband intensity profiles, us

least-squares fitting procedures supplied by the program
d

d

t

-

d

DMFIT [10]. Peak assignments were assisted by fur
2D INADEQUATE spectra, obtained on a VARIAN Infinit
plus spectrometer equipped with a 4 mm T3 probe upgra
with a low gamma extension box for109Ag experiments
The pulse spacing for maximizing the31P double quantum
coherence signal was based on an isotropic scalar cou
constant of 23 Hz[11]. The 2D data set was acquired acco
ing to the STATES method[12], using 28t1 increments with
a repetition time of 30 s. A 35 ms zero-quantum filter w
employed prior to the read-out pulse. DQ coherences w
selected by a 4-step phase cycle. Prior to acquiring e
data set int1 a stationary value ofz-magnetization was gen
erated by a saturation comb. Chemical shifts are repo
relative to 85% phosphoric acid. Variable temperature
tic 109Ag NMR spectra were taken at 23.3 MHz using t
BRUKER DSX 500 spectrometer equipped with a 7 m
MAS probe (operated in the non-spinning mode). For
acquisition of low-temperature spectra a home-built st
probe was used in addition. The same equipment was
to measure the spin-lattice relaxation times via the satura
recovery method. Variable temperature109Ag MAS-NMR
spectra were taken at 18.6 MHz on the VARIAN spectro
eter, using a spinning rate of 10 kHz. The109Ag 90◦ pulse
lengths were typically about 8 and 6.6 µs in the static and
MAS experiments, respectively, and the relaxation delay
were systematically varied. The signal to noise ratio att
able in theα- andβ-phases is severely limited by extreme
slow spin-lattice relaxation. Indeed, the109Ag MAS-NMR
spectrum of theα-phase could only be obtained by cyclin
the sample through theγ -phase at 190 K (where109Ag re-
laxation is fast) each time before co-adding a new sca
130 K. All chemical shifts are reported relative to a 9
aqueous AgNO3 solution containing 0.25 M Fe(III) nitrat
as a relaxation enhancer.

AC electrical conductivities were measured within th
temperature range 303> T > 120 K on pelletized powder
uniaxially pressed at 10 kbar with sputtered silver electro
A NOVOCONTROL alpha-S high resolution dielectric a
alyzer was used, operated at frequencies from 10 mH
3 MHz. Two independent sets of measurements were
ducted at applied voltages of 100 and 200 mV. Bulk a
grain boundary contributions were separated by com
plane data analysis.

3. Results and interpretation

3.1. Differential Scanning Calorimetry

Fig. 1 shows a typical DSC thermogram. Upon co
ing the onset temperature (defined according to[13]) of the
γ - → β-phase transition is determined to 198 K, wher
the heating cycle yields an onset temperature of 204 K.
hysteresis effect is a common feature typical for first-or
phase transitions. From the area of the DSC peak, the p

−1
transition enthalpy is 360.2 J mol. It was not possible to
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Fig. 1. Differential Scanning Calorimetry of Ag7P3S11, revealing the
γ ↔ β phase transition. The solid curve was obtained upon cooling,
dashed curve upon heating.

characterize theβ- to α-phase transition by DSC, as the co
responding transition temperature lies outside of the ope
ing range of the Thermal Analyzer available. However,
dependent evidence of this phase transition was obtaine
numerous spectroscopic results, as discussed further be

3.2. Single crystal X-ray diffraction

Fig. 2 shows single crystal X-ray diffraction patterns
298, 180 and 120 K. At room temperature a monoclinic
with a = 23.999(2) Å, b = 6.3621(3) Å, c = 24.909(2) Å,

β = 110.926(7)◦ andV = 3552.4(4) Å
3

was derived from
the positions of 8000 reflections. These data are in g
agreement with earlier investigations reported by Toffol
al. [8]. The diffraction patterns at 180 K suffer from seve
broadening and splitting of the reflections and to date
images could not be indexed properly. Nevertheless, a c
parison of the images taken at room temperature an
180 K shows that there is some relation between the
cells at both temperatures. In contrast, the diffraction pat
at 120 K reflects an almost unchanged unit cell as c
pared to that at room temperature, i.e.,a = 24.090(1) Å,
b = 6.3400(3) Å, c = 24.581(1) Å, β = 110.870(6)◦ and

V = 3508.0(3) Å
3
. It is noteworthy that the broad refle

tions observed for theβ-phase turn very sharp in theα-phase
(EMS = 0.005 for bothT = 298 K andT = 120 K). Ta-
ble 1collects crystallographic data for Ag7P3S11 at 120 and
298 K andTable 2lists the atomic coordinates and isotrop
displacement parameters.

The crystal structure ofα-Ag7P3S11 at 120 K could be
solved straightforwardly by direct methods yielding the p
sitions of seven silver atoms, three phosphorus atoms
eleven sulfur atoms. A conventional anisotropic refinem
of the crystal structure in the space groupC2/c converged to
R = 0.0317. No hints for disorder of the silver atoms we
found and all of the positions are fully occupied, sugges

no silver ionic mobility.Table 3contains the anisotropic dis-
.

Fig. 2. Temperature dependent evolution of the diffraction patterns of
Ag7P3S11. The images were recorded from the same crystal in (arbitrary)
identical orientations at 298 K (top), 180 K (middle), and at 120 K (bottom).
Note the similarity of the top and bottom patterns. In the middle pattern nu-
merous additional spots are observed and in addition the peaks turn much
broader.
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Table 1
Selected crystallographic data of Ag7P3S11at room temperature and a
120 K

Compound Ag7P3S11

Formula weight (g mol−1) 1200.66
Color Yellow
Crystal shape Irregular
Crystal size (mm3) 0.24× 0.20× 0.08
Crystal system Monoclinic
Space group C2/c (No. 15)

Temperature 120 K 298 K
Lattice constants (Å)

a 24.090(1) 23.999(2)
b 6.3400(3) 6.3621(3)
c 24.581(1) 24.909(2)
β 110.870(6)◦ 110.926(7)

Cell volume (Å3), Z 3508.0(3), 8 3552.4(4), 8
ρX-ray (g cm−3) 4.547 4.545
µ (mm−1) 9.214 9.214
Diffractometer STOE IPDS, Mo-Kα,

λ = 0.71073 Å, oriented graphite
monochromator

Image plate distance (mm) 60 55
ϕ-range (deg),�ϕ (deg) 0� ϕ � 180, 0.7 0� ϕ � 204, 0.8
2θ -range (deg) 3.8 < 2θ < 56.3 5.8 < 2θ < 58.2
hkl-range −31� h � 30 −32� h � 32

−8� k � 8 −8� k � 8
−32� l � 32 −32� l � 33

No. of reflections,Rint 14328, 0.0510 18267, 0.0327
No. of independentreflections 4104 4575
No. of parameters 190 330
Refinement program SHELX-93[14] Jana2000[15]
R(I > nσ) 2σ , 0.0317, 0.0435 3σ , 0.0318, 0.0511
wR(I > nσ) 2σ , 0.0702, 0.0726 3σ , 0.0753, 0.0793
GooF 0.934 1.06
Largest difference peaks
�ρmin, �ρmax (e Å−3) −1.42,+2.11 −1.35,+2.05

placement parameters andTable 4lists selected distances fo
the low temperature refinement at 120 K.

No unit cell or even a satisfactory structure model co
yet be obtained forβ-Ag7P3S11. Neither was it possible to
obtain an unambiguous space group assignment from p
der diffraction data. Nevertheless, the change in lattice s
metry (occurring at 205 K) and the re-entrant phase beha
(occurring near 130 K) are clearly documented by the t
perature dependent single crystal diffraction patterns sh
in Fig. 2.

The crystal structure ofγ -Ag7P3S11 at room temperatur
was solved by using direct methods within the SHELX p
gram suite[14]. The positions of three phosphorus ato
and eleven sulphur atoms were obtained, and numerou
ditional peaks were found. These were assigned to s
atoms. However, due to a pronounced disorder of silver o
one of these positions seems to be fully occupied. The re
ment converged toR = 0.0414 when a total of 16 disordere
silver positions was taken into account. A lot of short d
tances between these positions resulted in large correla
during the refinement. In addition, the anisotropic displace

ment parameters were found very large. In order to obtain
-

s

Table 2
Atomic coordinates and isotropic displacement parameters in Å2 of
Ag7P3S11 at 120 K and at room temperature (initalics)

Atom s.o.f. x y z Ueq
a

Ag1 1.0 0.02268(2) 0.19273(8) 0.18709(2) 0.0175(1)

Ag1 0.690(4) 0.0281(1) 0.1888(2) 0.1822(1) 0.1029(8)

Ag1′ 0.065(4) −0.0034(7) 0.155(2) 0.2121(6) 0.086(6)

Ag2 1.0 0.09085(2) 0.17660(8) 0.10570(2) 0.0204(1)

Ag2 0.754(3) 0.08627(8) 0.1944(2) 0.11265(5) 0.0766(7)

Ag3 1.0 0.17119(2) 0.72279(8) 0.18598(2) 0.0186(1)

Ag3 1.0 0.17441(3) 0.7126(2) 0.19027(3) 0.0465(2)

Ag4 1.0 0.89005(2) 0.28567(8) 0.09945(2) 0.0209(1)

Ag4 0.894(3) 0.88691(6) 0.2714(4) 0.10355(8) 0.100(1)

Ag5 1.0 0.74625(2) 0.69313(8) 0.14530(3) 0.0286(1)

AgS 0.898(8) 0.74616(8) 0.6816(3) 0.15366(9) 0.1115(9)

Ag6 1.0 0.75976(2) 0.05691(9) 0.06678(2) 0.0211(1)

Ag6 0.942(3) 0.76042(5) 0.0360(5) 0.07415(8) 0.115(1)

Ag7 1.0 0.09063(2) 0.73635(9) 0.31800(2) 0.0239(1)

Ag7 1.0 0.09169(6) 0.7174(3) 0.31353(9) 0.0883(6)

Ag8 0.758(3) 0.09009(5) 0.6344(2) 0.01252(4) 0.0569(6)

P1 0.01055(6) 0.7000(2) 0.10509(6) 0.0076(3)

P1 0.00754(4) 0.7145(2) 0.10624(4) 0.0158(3)

P2 −0.14188(6) 0.8133(2) 0.01736(6) 0.0075(3)

P2 −0.14295(4) 0.8253(2) 0.01669(4) 0.0160(3)

P3 0.16718(6) 0.2071(2) 0.27950(6) 0.0075(3)

P3 0.16631(4) 0.2035(2) 0.28029(4) 0.0149(3)

S1 −0.04954(6) 0.8834(2) 0.03761(6) 0.0109(3)

S1 −0.04995(5) 0.8956(2) 0.03776(5) 0.0276(4)

S2 0.01170(6) 0.7912(2) 0.18488(6) 0.0106(3)

S2 0.00644(6) 0.8054(3) 0.18314(5) 0.0375(5)

S3 0.08485(6) 0.7817(2) 0.08940(6) 0.0114(3)

S3 0.08508(5) 0.8083(2) 0.09807(5) 0.0272(4)

S4 −0.00792(6) 0.3860(2) 0.08843(6) 0.0118(3)

S4 −0.01023(5) 0.4027(2) 0.08834(6) 0.0299(4)

S5 −0.16555(6) 0.6559(2) 0.07666(6) 0.0115(3)

S5 −0.16555(6) 0.6610(2) 0.07394(5) 0.0337(5)

S6 −0.17607(6) 0.1114(2) 0.00526(6) 0.0131(3)

S6 −0.17854(6) 0.1190(2) 0.00635(6) 0.0344(5)

S7 −0.16262(6) 0.6420(2) −0.05788(6) 0.0104(3)

S7 −0.16293(5) 0.6674(2) −0.05933(5) 0.0263(4)

S8 0.17075(6) 0.3182(2) 0.20348(6) 0.0136(3)

S8 0.16813(7) 0.3124(2) 0.20417(5) 0.0359(5)

S9 0.24072(6) 0.3002(2) 0.34915(6) 0.0099(3)

S9 0.24048(5) 0.2986(2) 0.34801(5) 0.0237(4)

S10 0.09036(6) 0.3145(2) 0.28954(6) 0.0106(3)

S10 0.08976(5) 0.3018(2) 0.29053(6) 0.0298(4)

S11 0.16641(6) −0.1191(2) 0.27851(6) 0.0104(3)

S11 0.16653(5) −0.1201(2) 0.27959(5) 0.0248(4)

a Ueq is defined as one-third of the trace of the orthogonalizedUij tensor.

a less disordered structural model for the room tempera
phase of Ag7P3S11 we started the refinement of the structu
by using the atomic positions of the low temperature ph
and allowed the silver positions to be not fully occupi
A strong peak in a difference Fourier calculation show
at least one additional silver position. This is denomina

Ag8. By using a nonharmonic approach it was possible to
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Table 3
Anisotropic displacement parametersUi (in Å2) for Ag7P3S11 at 120 K

U11 U22 U33 U23 U13 U12

Ag1 0.021(1) 0.015(1) 0.015(1) −0.001(1) 0.003(1) 0.001(1)

Ag2 0.023(1) 0.014(1) 0.030(1) −0.003(1) 0.016(1) −0.004(1)

Ag3 0.017(1) 0.023(1) 0.016(1) −0.004(1) 0.006(1) 0.001(1)

Ag4 0.021(1) 0.020(1) 0.023(1) −0.007(1) 0.009(1) −0.001(1)

Ag5 0.025(1) 0.011(1) 0.035(1) −0.003(1) −0.008(1) 0.003(1)

Ag6 0.019(1) 0.028(1) 0.021(1) −0.006(1) 0.012(1) −0.005(1)

Ag7 0.015(1) 0.034(1) 0.026(1) 0.013(1) 0.011(1) 0.002(1)

P1 0.010(1) 0.006(1) 0.008(1) 0.002(1) 0.003(1) 0.000(1)

P2 0.009(1) 0.007(1) 0.008(1) 0.000(1) 0.004(1) 0.000(1)

P3 0.008(1) 0.007(1) 0.008(1) 0.001(1) 0.004(1) 0.000(1)

S1 0.010(1) 0.011(1) 0.011(1) 0.003(1) 0.002(1) −0.001(1)

S2 0.012(1) 0.012(1) 0.008(1) −0.001(1) 0.003(1) −0.002(1)

S3 0.010(1) 0.011(1) 0.015(1) 0.001(1) 0.006(1) 0.000(1)

S4 0.012(1) 0.007(1) 0.016(1) −0.001(1) 0.005(1) −0.001(1)

S5 0.013(1) 0.012(1) 0.011(1) 0.002(1) 0.006(1) 0.000(1)

S6 0.015(1) 0.008(1) 0.016(1) 0.001(1) 0.006(1) 0.003(1)

S7 0.012(1) 0.010(1) 0.009(1) −0.003(1) 0.004(1) −0.001(1)

S8 0.018(1) 0.014(1) 0.010(1) 0.001(1) 0.006(1) −0.003(1)

S9 0.010(1) 0.008(1) 0.010(1) 0.000(1) 0.002(1) −0.001(1)

S10 0.009(1) 0.012(1) 0.012(1) −0.002(1) 0.005(1) 0.002(1)

S11 0.013(1) 0.007(1) 0.012(1) −0.001(1) 0.005(1) −0.001(1)

Fig. 3. 3D isosurface of the jpdf of Ag1 (left) and Ag7 (right) in the cry
tal structure ofγ -Ag7P3S11 at a level of 90% probability density both fo
silver and the surrounding sulfur atoms. The tendency of silver to leav
tetrahedral centers becomes obvious immediately.

refine the room temperature data with these eight silver p
tions. The silver atoms Ag1–Ag8 were refined with nonh
monic parameters up to the fourth order with the Jana2
program package[15]. Parameters which took values le
than 3σ were fixed to zero and were no longer refined
order to minimize the number of parameters. A detailed
scription of the refinement strategy using a nonharmo
approach is given elsewhere[16]. After the refinement con
verged only one significant peak was to be regarded as a
position. This is the atom Ag1′. Since the composition of th
crystal was known from the refinement of the 120 K d
the sum of all silver occupancies was defined to sum u
seven in the last refinement cycles. From the structural
as collected inTable 2it becomes obvious that still two silve
positions can be regarded as fully occupied (Ag3 and A
and the other positions found at 120 K are occupied to 7
or more. The “missing” silver atoms are located at the
sition of Ag8. From an inspection of the three-dimensio
joint probability density function (jpdf) of all silver position
it becomes obvious that the silver atoms tend to become mo

bile with increasing temperature.Fig. 3shows the jpdf of the
t

Table 4
Selected interatomic distances (in Å) and angles (in degrees) for Ag7P3S11
at 120 K with e.s.d.s. given in brackets. For the distancesd(Ag–S) a cutoff
of 3 Å is applied

Ag1–S2 2.558(2) P1–S3 2.028(2)

Ag1–S4 2.579(2) P1–S2 2.036(2)

Ag1–S10 2.583(1) P1–S4 2.049(2)

Ag2–S3 2.532(2) P1–S1 2.119(2)

Ag2–S4 2.624(2) P2–S5 2.010(2)

Ag2–S8 2.644(2) P2–S6 2.041(2)

Ag2–S7 2.673(1) P2–S7 2.047(2)

Ag3–S11 2.525(1) P2–S1 2.146(2)

Ag3–S3 2.566(2) P3–S8 2.027(2)

Ag3–S8 2.602(2) P3–S9 2.063(2)

Ag3–S9 2.607(1) P3–S10 2.068(2)

Ag4–S6 2.548(2) P3–S11 2.068(2)

Ag4–S10 2.605(2)

Ag4–S4 2.645(1) S3–P1–S2 113.61(9)

Ag4–S5 2.661(2) S3–P1–S4 110.72(8)

Ag5–S9 2.509(2) S2–P1–S4 113.33(9)

Ag5–S7 2.586(2) S3–P1–S1 96.54(8)

Ag5–S8 2.799(2) S2–P1–S1 111.67(8)

Ag5–S11 2.558(2) S4–P1–S1 109.75(8)

Ag6–S6 2.542(2)

Ag6–S9 2.582(2) S5–P2–S6 111.19(8)

Ag6–S7 2.598(1) S5–P2–S7 110.54(9)

Ag7–S2 2.466(1) S6–P2–S7 113.82(9)

Ag7–S11 2.525(1) S5–P2–S1 118.24(9)

Ag7–S5 2.625(2) S6–P2–S1 99.96(8)

Ag7–S10 2.764(2) S7–P2–S1 102.64(8)

Ag1–Ag2 3.0087(7) S8–P3–S9 111.09(8)

Ag1–Ag4 3.2081(7) S8–P3–S10 109.23(8)

Ag4–Ag1 3.2081(7) S9–P3–S10 110.31(8)

Ag4–Ag6 3.2869(7) S8–P3–S11 109.86(9)

Ag5–Ag6 3.0981(8) S9–P3–S11 107.29(8)

Ag6–Ag5 3.0981(8) S10–P3–S11 109.03(8)

110< S–Ag1–S< 130 P1–S1–P2 115.49(8)

83< S–Ag2–S< 119
99< S–Ag3–S< 120
93< S–Ag4–S< 144
82< S–Ag5–S< 128
96< S–Ag6–S< 138
90< S–Ag7–S< 142

Ag1 and of the Ag7 positions at room temperature as an
ample for this finding. The non-harmonic refinement le
to a better understanding of the crystal structure and in a
tion the number of silver positions is drastically reduced
compared to a conventional harmonic refinement includ
numerous split positions. Tables of the nonharmonic
placement parameters are available as supplementary m
ial. The slightly increased number of free parameters yield
a much lowerR value due to a much better description
the electron density in the unit cell. Therefore, this treatm
of the data can be regarded as significant.

Fig. 4 gives a comparison of the crystal structures ofα-
Ag7P3S11 and ofγ -Ag7P3S11. While the anionic substruc
ture consisting of PS43− and P2S7

4− units remains the same
the main difference concerns the silver distribution and co

dination. Compared to theα-phase, the average Ag coordi-
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Fig. 4. Crystal structure of (a)γ -Ag7P3S11 and of (b)α-Ag7P3S11. Phos-
phorus is located within the gray tetrahedra. Green polyhedra are drawn f
silver atoms with a coordination of four sulfur atoms within a sphere
3 Å. At low temperatures Ag1 and Ag6 show a threefold coordination.
tetrahedra show the position of Ag8.

nation number in theγ -phase is slightly increased owing
an increased number of four-coordinate silver atoms. Th
in good agreement with findings concerning other Cu(I)
Ag(I) compounds[17–19]. Only the positions of Ag3 and
Ag7 remain fully occupied at room temperature whereas a
the other silver positions show some reduced occupancie
this context it is noteworthy that Ag3 and Ag7 are the o
silver sites that do not have any other silver atoms in
neighborhood within a critical radius of 3.3 Å, seeFig. 5.

3.3. Raman spectroscopy

Fig. 6shows the Raman spectra of Ag7P3S11. To facilitate
the assignments of the two dominant bands observed
390 and 410 cm−1, spectra of the model compounds Ag7PS6

3− 4−
(PS4 group) and Ag4P2S7 (P2S7 group) are included.
r

Fig. 5. Arrangement of three- and four-coordinate silver atoms inα-Ag7-
P3S11. Distancesd(Ag–Ag) < 3.3 Å are found for Ag1, Ag2, Ag4, Ag5
and Ag6 whereas Ag3 and Ag7 do not have any silver atoms as neigh
within this sphere. This might lead to an decreasing occupation of A
Ag2, Ag4, Ag5 and Ag6 when the silver mobility increases with tempe
ture.

Fig. 6. Raman spectrum ofγ -Ag7P3S11. For peak assignments, spectra
the model compounds Ag4P2S7 (P2S7

4− unit) and Ag7PS6 (PS4
3− unit)

are included. All the spectra were measured at room temperature.

Table 5
Wave numbers, intensities, and tentative mode assignments of the
man scattering bands in Ag7P3S11 at 298 K. The nomenclature is that
Ref. [22]

ν̃ (cm) Int. Assign.

119 w

215 m

254 w ν9(A2) + ν2(E) P2S7
4− + PS4

3−
285 m ν4(T2) PS4

3−
388 vs ν3(A1) P2S7

4−
410 vs ν1(A1) PS4

3− (+P2S7
4−)

453 m

476 m ν17(B2) P2S7
4−

505 w ν2(A1) + ν3(T2) P2S7
4− + PS4

3−
551 m ν2(A1)

Table 5summarizes the peak assignments, which are b
on previous theoretical and experimental work on rela
compounds[20–23]. The peak at 390 cm−1 is dominated by
the symmetric stretching mode of the P2S7

4− unit, whereas
the band at 410 cm−1 mainly represents the stretching mo

3−
of the PS4 group, but likely also includes a minor contri-
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(a)

(b)

Fig. 7. (a) Raman spectra of Ag7P3S11 at different temperatures. Trace A shows the deconvolution used in the analysis of the band near 410 cm−1. (b) Tem-
perature dependences of the precise wavenumbers (left) and thepeak intensities (right) of the Raman scattering bands near 390 cm−1 (P2S7

4− unit) and
410 cm−1 (PS4

3− unit).
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bution from modes of the P2S7
4− unit. To locate the precis

wavenumbers of these peaks, the bands were fitted to
Lorentz–Gaussian components (seeFig. 7a). As shown in
Fig. 7b, the position and intensities of these hard modes
spond sensitively to the structural changes associated
the two phase transitions. In particular, the temperature
lution of the band positions is remarkable. Consistent w
the re-entrant phase behavior, the band position for e
mode is essentially the same in theα- and theγ -phases,
whereas substantial frequency shifts are observed both
theγ - to β- and theβ- to α-phase transition temperature
These shifts clearly indicate that the local structural environ
ments of the thiophosphate moieties change significant
each phase transition. Note, however, that these chang
Raman frequency do not occur abruptly but are rather

tributed over a certain temperature range.
e

r

n

3.4. High-resolution 31P solid state NMR

Fig. 8 displays temperature dependent31P MAS-NMR
spectra within the temperature range 300> T > 119 K.
Isotropic chemical shifts measured from the MAS cen
band location and chemical shift anisotropies extracted from
the MAS sideband intensity profiles are summarized inTa-
ble 6 for selected temperatures. At room temperature
spectrum ofγ -Ag7P3S11 consists of three resonances ce
tered at 103.0, 101.2 and 91.8 ppm[24]. Based on two-
dimensional NMR experiments sensitive to homonuc
31P–31P dipole–dipole interactions, the resonances at 1
and 91.8 ppm can be assigned to the crystallographicall
equivalent P atoms of the P2S7

4− group, while the signal a
103.0 ppm is assigned to the PS4

3− group[25,26]. This as-

signment is confirmed further by the fact that the chemical
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Table 6
31P and109Ag chemical shift parameters in the three polymorphs of Ag7P3S11

31P (ppm) α-phase (119 K) β-phase (181 K) γ -phase (300 K)

P2S7
4− PS4

3− P2S7
4− P2S7

4− P2S7
4− P2S7

4− PS4
3− P2S7

4− P2S7
4− PS4

3− P2S7
4− P2S7

4− PS4
3−

δiso 92.4 94.1 102.1 90.9 92.2 99.6 100.3 101.2 101.7 102.9 91.8 101.2 103.0
�a 43 −17 −41 44 47 −52 −25 −49 −30 −22 43.3 −51.7 −14.7

109Ag (ppm) α-phase (78 K) β-phase (163 K) γ -phase (296 K)

δiso 883 1039 1078 966 949

a The following definitions are used:δ = 1/3(δ + δ + δ ), � = δ − δ , |δ − δ | > |δ − δ | > |δ − δ |.
iso 11 22 33 33 iso 33 iso 11 iso 22 iso
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Fig. 8. Temperature dependent31P MAS NMR spectra of Ag7P3S11,
recorded at a rotor frequency of 4000 Hz. The spectra below 140 K ar
perpositions of the peaks arising from theβ-phase (trace A) and theα-phase
(trace B).

shift anisotropy of this more symmetric phosphorus site
found to be substantially smaller (around 20 ppm) than
associated with the P2S7

4− units (40–50 ppm, seeFig. 9and
Table 6).

At the γ → β phase transition temperature, the nu
ber of observable signal components increases from thr
nine, reflecting a change in symmetry of the thiophosph
framework. The 2D INADEQUATE spectrum obtained
T ∼ 145 K (Fig. 10) indicates thatβ-Ag7P3S11 contains at
least three crystallographically inequivalent P2S7

4− groups.
For each of them, the phosphorus atoms involved are c
tallographically inequivalent and can be correlated with e

other through their indirect dipole–dipole (scalar) couplings.
Fig. 9. 162 MHz31P MAS-NMR spectra of Ag7P3S11 obtained at spinning
frequencies of 4000 Hz at three selected temperatures. From top to bo
T = 300 K (γ -phase),T = 181 K (β-phase),T = 119 K (α-phase). In each
part, the bottom trace represents the experimental data, the top trace th
simulation, using the program DMFIT[10].

Based on the enhanced resolution of the two-dimensi
spectrum, the complete one-dimensional spectrum can b
deconvoluted into nine components, the proposed ass
ments of which are summarized inTable 6. Finally, at tem-
peratures below 134 K, three new resonance lines at 1
94.8 and 93.9 ppm appear. We assign these three new
onances to theα-phase, based on the observation that th
intensities increase at the expense of the resonances fro
β-phase, as the temperature is decreased. Some residu
nal intensity from theβ-phase remains, however, even at
lowest accessible temperatures. It is conceivable that
phases exist in an equilibrium within this temperature ran
and that this equilibrium shifts with temperature. We can
exclude the alternative possibility that this effect simply
flects substantial temperature gradients present in the N
probe, but the effect was found to occur on both spectro
ters used in the present study. The31P MAS-NMR spectrum

of the pureα-phase which was obtained by subtracting the
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Fig. 10. 161 MHz31P MAS-2D-INADEQUATE spectrum ofβ-Ag7P3S11
at T ∼ 145 K.

129 K spectrum from the 119 K spectrum (trace B inFig. 8)
reveals that the structure of this material contains (as thγ -
phase does) only single crystallographically unique PS4

3−
and P2S7

4− groups each, in agreement with the single cr
tal X-ray diffraction result.

Fig. 11 tracks the31P chemical shifts of all the distinc
resonances observed in the one-dimensional spectra
function of temperature. As expected for phase transfor
tions, discontinuous chemical shift changes are observe
the respective transition temperatures. Furthermore, for
phase, the chemical shift temperature coefficients meas
for the PS43− groups are significantly larger compared
those measured for the P2S7

4− units.
Aside from the number of crystallographically inequ

alent P atoms, the31P NMR spectra give several oth
indications that theα- and theγ -phases have thiopho
phate network structures that are closely related to e
other. For both phases the chemical shift anisotropies
sociated with the PS43− groups are virtually identical an
differ significantly from those measured in theβ-phase (Ta-
ble 6). Overall, the solid state NMR data are consist
with the re-entrant phase behavior suggested by the dif
tion and Raman results. As far as the thiophosphate fra
work is concerned, they suggest that—most unusually—
β- → α-phase transition restores the high symmetry of

γ -phase.
a

t

Fig. 11. Temperature dependence of the31P isotropic chemical shifts in
Ag7P3S11. Vertical lines indicate the phase transition temperatures. O
symbols: PS4

3− resonances; closed symbols: P2S7
4− resonances. Signal

of the β-phase are still observable below theβ-to-α phase transition tem
perature.

Fig. 12. Temperature dependent static109Ag NMR spectra of Ag7P3S11,
measured at 23.3 MHz.

3.5. 109Ag NMR lineshape and spin-lattice relaxation

Figs. 12 and 13show temperature dependent109Ag NMR
spectra of Ag7P3S11 both under static and MAS condition
Substantial narrowing of the static lineshape is obser
only in theγ -phase at temperatures above 215 K, indic
ing rapid isotropic silver ionic motion on the relevant NM
timescale (10−4 s). When the temperature is decreased
Ag NMR spectrum broadens gradually until theβ-phase
is reached indicating a continuous slowing down of sil

ionic diffusion. Over the temperature region of stability of
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Fig. 13. Temperature dependent109Ag MAS-NMR spectra of Ag7P3S11,
measured at 18.6 MHz. From top to bottom:γ -phase at 300 K,β-phase at
163 K (read-out temperature),α-phase at 78 K (read-out temperature).

theβ-phase, previously published stimulated echo meas
ments show that silver jumps in theβ-phase occur on th
10−3 to 100 s timescale where the temperature depende
can be described by an Arrhenius law with an activation
ergy Ea = 0.37 eV [27]. The highly nonexponential deca
of the two-time correlation function results from strong d
namical heterogeneities[28]. Thus, silver diffusion in the
β-phase is too slow to affect the linewidth, resulting in nea
temperature independent static spectra; only a very gra
change in overall line width is observed, which may sugg
the presence of some local silver dynamics. Complem
tary information is revealed by the temperature depen
MAS-NMR spectra. When the exchange between the si
sites is rapid on the relevant NMR timescale, correspon
to the inverse difference in resonance frequencies (10−1 to
10−2 s) motional averaging is expected. Indeed one avera
spectrum is seen in theγ -phase and in theβ-phase at suf
ficiently high temperatures. Within each phase the motion
ally averaged109Ag chemical shifts are nearly temperature
independent, however, a significant shift difference is s
between theγ - and theβ-phase. Numerous discrete MA
resonances are observed in theα-phase, suggesting that th
silver ions are here immobile on the NMR timescale.
present it is not possible to assign the three resolved pea
the seven crystallographic silver positions. The wide ra
of 109Ag chemical shifts reveals substantial differences
the local environments in the silver sites. Ag-1 and Ag-6
three-coordinated with sulfur, while the other silver sites
four-coordinated with various degrees of distortions. Ba
on these differences, it is conceivable that the peak inten
ratios observed inFig. 13are influenced by differences in th
chemical shift anisotropies, leading to different partitions
signal intensities into MAS centerbands and spinning s

bands. Unfortunately, the low signal to noise ratio resulting
l

Fig. 14. Temperature dependence of the109Ag spin-lattice relaxation rates
measured in theβ- and theγ -phase. Filled and open circles represent d
taken on the109Ag enriched sample and a sample with natural isoto
composition, respectively. Vertical line indicates theβ- to γ -phase transi-
tion temperature.

Fig. 15. Complex plane impedance plot of Ag7P3S11 at 293 K as a function
of frequency, indicating the extrapolation to the dc value.

from the unfavorable relaxation characteristics makes it
possible to characterize the chemical shift tensors on
basis of spinning sideband intensities.

Fig. 14summarizes the109Ag spin lattice relaxation rate
as a function of inverse temperature. No reliable data co
be taken in theα-phase, owing to extremely slow relaxatio
For both theβ- and theγ -phases, however, the relaxati
rates increase with increasing temperature, revealing tha
slow-motion regimeωτc � 1 applies within the temperatur
range studied. Theγ - to β-phase transition manifests itse
in a roughly 10-fold decrease in the spin-lattice relaxation
rate, which appears spread out over a temperature interv
about 20 K. In addition, a distinct slope change in the lnT −1

1
versus 1/T plot suggests a significant change in the va
of the apparent activation energy. In spite of the clear
nature of this phase transition in the spin-lattice relaxa
data, these results support the previous conclusion from
temperature dependent lineshapes, that the Ag+ ion dynam-
ics change gradually rather than abruptly during the co
of this phase transition and that even in theγ -phase the ex
treme narrowing limit is far from being approached.

3.6. Electrical conductivity

Fig. 15 shows a typical result from the complex im

pedance measurement as a function of frequency. Two semi-
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Fig. 16. Temperature dependence of the dc conductivity in Ag7P3S11 in-
cluding fits to an Arrhenius law (solid lines). For theγ -phase, only those
data recorded at temperatures exceeding the one represented by the
line were included in the fit. Vertical dashed lines indicate the phase tr
tion temperatures.

circles are observed, corresponding to contributions from
bulk and grain boundary effects, respectively. The bulk
conductivity was extracted by extrapolating the first semi
cle to the real axis. Temperature dependent studies (Fig. 16)
reveal Arrhenius-type behavior, yielding an activation
ergy of 0.33 eV for theγ -phase, in agreement with pr
vious measurements[29]. While the absolute values of th
electrical conductivities change only gradually at the
spective phase transition temperatures, the activation en
increases to 0.42 eV in theβ-phase and subsequently d
creases again to 0.34 eV in theα-phase. The latter valu
is nearly identical to that of theγ -phase, qualitatively sup
porting the idea of a re-entrant phase behavior. For theβ-
phase the activation energy of 0.42 eV can be compared
Ea = 0.37 eV as determined from stimulated echo exp
ments[27].

4. Discussion and conclusions

As documented by various recent examples, ion lo
ization in crystalline silver or copper ion conductors up
cooling can occur under space group conservation[18,19],
symmetry reduction[30] or even symmetry increase[31].
In contrast, the silver ion conductor Ag7P3S11 reveals a rare
case of re-entrant phase behavior: Upon cooling, the h
temperatureγ -phase transforms reversibly near 204 K to
polymorph with an unknown space group, but is restored
versibly in a more ordered form at lower temperature (1
135 K). The integrity of the PS43− and P2S7

4− groups is pre-
served during the course of these phase transitions, wh

+
the Ag ions are increasingly immobilized.
d

y

s

Re-entrant phase transitions of this kind are extrem
rare. A particularly well-documented example from the
erature is Rochelle salt, NaKC4H4O6·4H2O, which crystal-
lizes in the space groupP21212 above 297 K and below
255 K, but exists in a distorted ferroelectric intermedi
phase (space groupP2111) within this temperature inter
val [4]. The re-entrant phase behavior of this compoun
clearly reflected in temperature dependent heat capacity[5]
and single crystal23Na NMR measurements[32,33].

In view of the abrupt changes observed in the31P NMR
data it may seem curious that the Raman spectra, the109Ag
lineshapes and relaxation times as well as the electrical
ductivities reveal smooth rather than abrupt changes a
respective phase transition temperatures. In the case o
β- to α-transition the31P MAS-NMR data showing the co
existence of both phases over a 10 K temperature range
provide the appropriate explanation in terms of a kinetic
inhibited phase transition or possibly in terms of an eq
librium shifting with temperature. For theγ - to β-phase
transition, however, the explanation is more difficult. O
might expect the formation of a strained intermediate
tween the disorderedγ -phase and the completely order
α-phase. This strain might arise from a slowly disappe
ing complex rotational disorder of the constituent PS4

3−-
and P2S7

4−-groups combined with the localization of s
ver. The potential role of anionic reorientations in trigger
such phase transitions has been discussed for a numb
ionically conducting rotor phases[34]. For Na3PO4 such
motions have recently been characterized in detail using
temperature dependent17O NMR lineshape analysis[35].
Unfortunately, an analogous study of the present compo
is precluded by the highly unfavorable NMR properties
the33S isotope. The determination of the crystal structure
theβ-phase is still in progress.

Detailed inspection of both the conductivity data and
109Ag relaxation rates reveal that near the low-temperatur
phase boundary of theγ -phase there is a narrow temperatu
interval (225> T > 205 K) where the silver ion dynamic
slow down more rapidly than predicted by the Arrhenius l
This trend coincides with the rather gradual change in
Raman scattering wave number associated with the P4

3−
mode. At the same time, we note that the31P chemical shift
attributed to the PS43− unit is found strongly temperatur
dependent over the entire range measured, whereas no
temperature dependence can be observed for the P2S7

4− res-
onances. We suggest that this effect is closely linked to
reorientational motion of the PS4

3− tetrahedra. As the tem
perature is decreased, this motion is gradually slowed d
(and possibly arrested or significantly modified) near
phase transition, producing significant changes in the in
actions with the Ag+ ions before the new structural arrang
ment of theβ-phase is “locked in”. Thus we conclude th
the gradual changes affecting the Ag+/PS4

3− local inter-
actions make the first-order character of theγ - to β-phase
transition less evident in those observables that are s

tive to silver ion dynamics compared to those observables
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reflecting the structural features of the thiophosphate an
To provide further support of the above hypothesis, indep
dent evidence about the PS4

3− reorientational dynamics i
needed by complementary techniques such as inelastic
tron scattering. Such studies might also be able to cla
the role of such anionic motions in facilitating the re-entr
phase behavior seen in the present material.

Supplementary material

Further details of the crystal structure investigatio
are available from the Fachinformationszentrum Karlsru
76344 Eggenstein-Leopoldshafen (Germany), Fax: 0
7247 808 666, e-mail:crysdata@fiz-karlsruhe.de, on quot-
ing the depository number CSD-414336 (298 K), and CS
414335 (120 K), respectively, the name of the authors,
the reference of the publication.
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