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Abstract. The high-pressure structural behaviour of AgF has been studied by the powder
neutron diffraction technique. The material undergoes a pressure-induced transition at
2.70(2) GPa from the rocksalt structure to the CsCl-type arrangement with a volume change
of ~10%. On decreasing pressure, the reverse GsClrocksalt transition occurs via an
intermediate phase possessing the hexagonal anti-NiAs structure. A plausible structural model
to explain this observation is provided, together with a discussion of the relative stability of the
(anti-) NiAs arrangement as a high-pressure polymorph in binary MX compounds.

1. Introduction

The seven binary monohalides formed by copper and silver can be considered as ‘I-VII’
compounds which are ionic counterparts to the group IV and IllI-V semiconductors.
However, their bonding character is not purely ionic and the 1-VII compounds span the
boundary between predominantly covalent systems characterized by fourfold coordinated
structures and ionic ones possessing sixfold coordinated arrangements. At ambient
temperature and pressure CuCl, CuBr, Cul and Agl adopt the tetrahedrally coordinated
cubic zincblende structure (although the latter can also exist indefinitely in the hexagonal
equivalent wurtzite arrangement) whilst AgF, AgCl and AgBr adopt the octahedrally
coordinated rocksalt structure [1]. The structural behaviour of these systems under
compression has been extensively studied using both experimental and theoretical
approaches (see [2-8] and references therein). Hydrostatic pressure favours transitions
to more densely packed structures and the increasing coordination numbers is, therefore,
associated with changes in the bonding character. The prediction of these effects has
proved a popular challenge for testing models of the interionic potentials, although principal
emphasis has been placed on the transition from fourfold to sixfold coordinated structures
[7,9-12]. In contrast, the high-pressure structural behaviour of I-VII compounds beyond
the octahedrally coordinated arrangements has only recently been addressed for the first
time [8].

In the extensive compressibility studies of 27 binary monohalides by Vaidya and
Kennedy [13], AgF was remarked to be ‘among the most puzzling substances investigated'.
On increasing pressure, a single phase transition was observed at 2.75 GPa whilst two
transitions occurred on decompression, at 2.48 GPa and 1.79 GPa. Subsequent x-ray
diffraction studies by Halleckt al [14] indicated that, on increasing pressure, the structural
transition is from the ambient temperature rocksalt structure (AgF-I) to the eightfold
coordinated CsCl-type structure (AgF-Il) with a lattice constant 2.945A. However, no
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information concerning the behaviour on decreasing pressure was reported until the work of
Jamiesoret al [15] who observed an intermediate phase (labelled AgF-Ill) stable between
AgF-Il and AgF-I which could not be nucleated on increasing pressure despite extensive
attempts. 12 Bragg peaks were measured by x-ray diffraction and used to determine a
hexagonal unit cell of dimensions = 3.246(2) A and ¢ = 6.23(4) A. Probable space
groups P63/mmc and P63mc were proposed, leading to a possible structural assignment
of an inverse NiAs arrangement.

This paper describes powder neutron diffraction studies of AgF@éd&d GPa, which
probe in detail its high-pressure structural behaviour. In comparison to x-rays, neutrons have
the advantage of using a somewhat larger sample (ensuring a better polycrystalline average
and lower sensitivity to non-hydrostatic stress conditions) and remove the possibility of
radiation damage to the sample during the experiment (all Bajides are light sensitive).
Conversely, neutrons are less able to differentiate between Ag and F nuclei, because
their coherent scattering lengths are relatively similaf, (= 5.922 fm, by = 5.654 fm
[16]). Silver also has a significant absorption cross section for thermal neutrpps (=
63.3 x 10724 cnP), though this is relatively unimportant with the small sample size used in
these experiments.

2. Experimental details

Commercially available AgF of stated purity 99.999% purity supplied by the Aldrich
Chemical Co was used in these experiments. The sample was dried under vacuurhfor

at 420 K and handled under subdued lighting in an argon atmosphere. AgF is known to
react with moisture to form the oxide via the reaction 2AgEH,0 — 2AgOH + 2HF —

Ag,0 + H,O + 2HF. The high-pressure experiments were performed using an opposed
anvil pressure cell with a sample volume sfL00 mn? [17]. Solid pellets were formed

by pressing the material to0.1 GPa. Pressure calibration was determined using a mixed
sample of AgF-NacCl (in the approximate ratio 1:1 by volume) and the equation of state of
NaCl given by Decker [18]. Diffraction experiments were performed on the Polaris powder
diffractometer at the ISIS spallation neutron source, UK [19]. Detector banks covering the
scattering angles 84< 20 < 96° collect diffraction data by the time-of-flight technique
over thed-spacing range 8 A < d < 4.2 A with an essentially constant resolution of
Ad/d ~ 0.5%. Typical counting times were-1 h for pressure calibration purposes, but
longer collection times~10 h) were used to collect diffraction data of sufficient statistical
quality for full structural refinement. The diffraction data were corrected for the effects of
beam attenuation by the cell components and within the sample itself. Rietveld refinements
to determine the crystal structure used the computer program TF12LS and its multiphase
derivative [20], which are based on the Cambridge Crystallographic Subroutine Library
[21].

3. Results

On increasing pressure the rocksalt structured phase AgF-l1 was observed to transform at
a pressurep = 2.70(2) GPa to the CsCl arrangement characteristic of phase AgF-Il. This

is in accord with the previous study of Hallegk al [14], who observed the transition

at ~2.6 GPa. The change in the unit cell volume at the transition is found to be
AVi/Vi = —10.2(3)%. On decreasing pressure the CsCI structured phase remains
stable at pressures down po= 2.71(2) GPa, at which point additional peaksdspacing
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values ofd ~ 256 A, 1.67 A and 1.62A appear. On further reducing the pressure

to 2.59(2) GPa, the remaining peaks associated with phase AgF-Il disappear but no peaks
characteristic of the rocksalt structured ambient pressure phase AgF-I are present. The Bragg

peaks now observed from the new phase could be indexed on a preliminary hexagonal unit
cell with a = 3.244(2) A and ¢ = 6.24(1) A. These values are in good agreement with
those measured by Jamiesenal [15] and we therefore conclude that the diffraction data
correspond to the same phase (labelled AgF-Ill) observed in their work. On further decrease
in pressure, AgF-1ll reverts to rocksalt structured AgF-I at a prespute0.9(1) GPa. The
compressibility of the three solid phases of AgF, illustrated in figure 1, gives values of
61(2), 110(5) and 71(3) for the isothermal bulk moduli at zero pressBsk dqf AgF-I,
AgF-Il and AgF-Ill, respectively.
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Figure 1. The compressibility of the three phases of AgF. The full and open symbols correspond
to increasing and decreasing pressure measurements, respectively. The full curves represent a fit
to the data using a first-order Birch equation [35] to determine the bulk moduli at zero pressure
(Bp). The dotted lines are extrapolations of the curves to zero pressure.

Although thed-spacing range over which Bragg peaks can be isolated is slightly limited
(by overlap of neighbouring peaksat< ~0.7 A and excessive absorptionat- ~3.0 A),
the apparent conditions for the presence of reflectiong ar@n for both 00 andhhl sets.
These conditions imply that the space group is eitRég/mmc, P62c or P6zmc. The
unit cell volume indicates that two formula units are located within the unit cell and, on
these grounds, the most likely structural arrangements are wurtzite (both atonis)in 2
positions of space group6smc at (3, 3,2) and €, 3, z+ 3) with z = 0 andz ~ £) or
NiAs-type (space group?6s/mmc with one species in @) sites at(0, 0,0) and (0, 0, 3)

and the other in @) sites at(3, %, 3) and (3, 1, 2)). Given the similarity of the neutron
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scattering lengths for Ag and F, it is reasonable to establish the general positions of
the ions by performing calculations with two identical ‘ions’ of average scattering length
b = (bag + br)/2=5.788 fm, returning to the question of the ordering of the two species
over these positions shortly. Simulations of the diffraction patterns expected for wurtzite
and NiAs-structured arrangements for AgF-1ll proved the latter to be the most promising
candidate, the former severely overestimating the intensity of reflections such as 100 and
112 and underestimating ones such as 102.

Time-of-flight Rietveld refinements of the experimental data collected from pure AgF at
p = 2.10(2) GPa using the ‘average’ arrangement of'Aand F- provided an acceptable fit
to the data, with a goodness-of-fit valyé = 1.22. The model corresponds to a disordered
distribution of cations and anions over the availabl@)2and Zc¢) sites. Subsequent
refinements adopting ordered arrangements place theohg2(a) site and F on the Zc¢)
site (NiAs arrangement) and with the locations of the two species interchanged (anti-NiAs
structure). The former gave a marginally poorer fit to the data=£ 1.26) and the latter
a slightly better one 2 = 1.20). In its most general case, the NiAs structure does not
possess a mirror plane perpendicular to thaxis and the true structure is described by
space groupP6zmc. In the anti-NiAs case, the anions are itu sites at(0, 0, zr) with
zr = 0 to fix the origin and the cations in(® sites at(%, , z4,) with z4, close to (but
not necessarily equal to) the valée Attempts to refine the diffraction data in this lower
symmetry case failed to give a significant improvement to the quality of the fit or to vary
the value ofz4, significantly away from the valu§. On the basis of the neutron diffraction
data, we therefore conclude that the best description of the structure of phase AgF-Ill is
an anti-NiAs arrangement in space groB@s/mmc. The fit to the data is illustrated in
figure 2 and the results of the least-squares refinement are summarized in table 1.
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Figure 2. A least-squares fit to the diffraction data for the anti-NiAs-structured phase AgF-IlI
collected atp = 2.10(2) GPa. The dots are the experimental data points and the full curve line
is the calculated profile using the fitted parameters listed in table 1.

However, it is important to note that the difference in the quality of fit to the neutron
data using the ordered and disordered arrangements dfaad F is relatively small. To
confirm the assignment of the anti-NiAs configuration we can use the greater sensitivity of
the x-ray diffraction technique to differentiate between the two species. Table 2 shows the
calculated x-ray intensities of the diffraction lines using the structural parameters determined
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Table 1. Summary of the results obtained by least-squares refinement of the diffraction data
collected for the anti-NiAs structured AgF-Ill at = 2.10(2) GPa.

Phase AgF-11I
Pressure p = 2.10(2) GPa
Temperature T =2952) K
Structure anti-NiAs
Space group P63/mmc

Unit cell constants a = 324341 A

c=6.23862) A
c/a = 1.92351)
Formula units per unitcell Z =2

Unit cell volume V/Z = 284122) A3

Anions F~ in 2(a) sites at 00,0 and 00, 3
Br = 0.23(12) A2

Cations Ad in 2(c) sites at}, 2, 1 and 2, 1, 3

Bag = 0.33(14) A2
Weighted profileR-factor Ryp = 2.42%

ExpectedR-factor Rexp = 2.21%
Goodness-of-fit x2=1.20
Number of data points Ny = 1934

Number of Bragg peaks Np =140
Number of fitted parameters N, = 11

Table 2. Comparison of the observed intensities of the diffraction peaks measured by x-ray
diffraction reported by Jamiescet al (1,55) [15] with those calculated using anti-NiAs, NiAs
and disordered structural models. The latter considers tieahgl F~ to be randomly distributed
over the 2a) and 2c¢) sites of the NiAs structure.

100 x Leate/ Imax

hkl  deae (A) Ly [15]  Anti-NiAs  NiAs  Disordered

002 3.119 S 28.8 37.7 0.0
100 2.809 — 9.7 100.0 17.7
101 2.561 VVS 100.0 4.2 75.8
102 2.087 S 26.1 89.6 100.0
103 1.671 S 15.3 0.5 11.7
110 1.622 S 11.7 15.2 26.7
004 1.560 — 3.1 4.1 7.1
112 1.439 M 6.6 8.6 0.0
200 1.409 — 0.5 4.4 0.8
201 1.370 M 5.0 0.2 3.9
104 1.364 — 0.9 7.3 13
202 1.281 w 18 6.5 7.5
203 1.164 W 1.8 0.1 13
105 1.140 w 15 0.0 12
114 1.124 W- 2.4 3.1 5.7

120 1.062 — 0.2 15 0.3
121 1.047 W 1.8 0.1 13

204 1.044 — 0.2 1.3 0.2

by the neutron diffraction study (table 1). The calculated values for the two ordered and one
(fully) disordered models are compared with the measured intensities quoted by Jamieson
et al [15], taking the strongest measured line (101) as an intensity of 100.0. Only the
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ordered anti-NiAs arrangement successfully accounts for the distribution of intensities and
we conclude that this is the correct structural description for AgF-IIl.

4. Discussion

The anti-NiAs arrangement of AgF-Ill comprises of two interpenetrating sublattices, an
almost ideal hexagonal-close-packed™Aayray and a simple hexagonat Bne. Whilst both
ionic species are six coordinated to unlike neighbours, the anion and cation environments
are different in the anti-NiAs structure, unlike the case in the rocksalt and CsCl structures.
The Ag' lie at the centre of a trigonal prism formed by~ and the F are surrounded
by an octahedron of & Ag™, although there are an additional-2F~ at a distance:/2
along the [001] direction. The Ag-F~ distance of~2.44 A is intermediate between the
values of~2.42 A and ~2.55 A observed in the neighbouring rocksalt and CsCl-structured
phases, respectively, suggesting that the bonding remains predominantly ionic in AgF-IIl.
The value of the single positional parametgy displaces the cation sublattice relative to
the anion one parallel to theaxis. The refined value ofs, = ;11 places the Ag and F
at the centres of their respective trigonal prisms and octahedra, as might then be expected
for essentially spherical ions.

The variability of the values of the unit cell axis ratida and the positional parameter
make the (anti-) NiAs structure highly versatile, especially in those cases where the bonding
character is intermediate between metallic and ionic or between metallic and covalent [1, 22].
However, whilst many chalcogenides, phosphides and arsenides compounds adopt the NiAs
arrangement, the reasons for its adoption in preference to other binary MX structures are
not well understood [22]. Indeed, in many cases, the ideal NiAs structure has been shown
to be a simplification of the true crystal structure, being prone to non-stoichiometry and
the formation of complex superlattices and subtle distortions (as in the case of NiAs itself
[23]). However, in the case of AgF-Ill presented in this work, we find no evidence of
distortions from hexagonal symmetry and the anti-NiAs description appears to be wholly
appropriate. Similarly, we observe no splitting of the diffraction lines into two sets as
reported by Jamiesont al [15] after the application of pressure and interpreted as the
formation of two non-stoichiometric phases, one*Agch and the other F rich.

The relationship between the (anti-) NiAs and rocksalt structures has been discussed
previously [24]. In a monatomic solid, it is well known that simple hexagonal layers
of atoms can be stacked to form three-dimensional close-packed structures with a layer
sequence ABABAB.. and ABCABCABC. .. [1]. The former is hexagonal close packed
(hcp) and the latter cubic close packed (ccp). Similarly, in a binary solid (using upper case
characters to denote the anions and lower case ones the cations) the tetrahedrally coordinated
wurtzite and zincblende structures can be described as hexagonal and cubic counterparts,
ie.

zincblende AaBbCcAaBbCcAaBbCc.
wurtzite AaBbAaBbAaBbAaBbAa. ..

If the same cubic— hexagonal transformation is applied to the octahedrally coordinated
rocksalt structure

rocksalt AbCaBcAbCaBcAbCaBc.
we obtain the NiAs arrangement
NiAs AbCbAbCbAbCbAbCbAD . .
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with hcp anions (ACACAC..) and simple hexagonal cations (bbbbbp. In the ideal

case, the NiAs structure haga = /8/3 = 1.633 and the positional parameter= %.

The relationship between the cubic unit cell parameter of the rocksalt struetyrand the
hexagonal unit cell constants of the NiAs structurg;, andcy;as, areayias = aRS/ﬁ
andcyias = 2ags/+/3. In practice, many NiAs-structured compounds haye < /8/3,

due to the attraction between the metal atoms situated in neighbouring simple hexagonal
layers at a distanag/2 along thez-axis. This is associated with a tendency to form a metallic
bond [22]. In the case of the anti-NiAs-structured phase AgF-Ill, the value~ 1.92 is
significantly larger than the ideal, presumably due to electrostatic repulsion between the
like-charged F at a distance:/2. As discussed later in this section, this distinction has
important consequences in explaining the different behaviour of AgF compared to ‘normal’
NiAs-structured compounds.

It is well known that the rocksalt> CsCI transition can, in principle, be continuous
[25-27]. The most straightforward mechanism involves only14al) distortion of the
primitive rhombohedral unit cell (see figure 3). Indeed, such a route has been proposed
to occur in AgCIl and AgBr under hydrostatic pressure on the basis of recent total energy
calculations using the local density approximation [8]. However, the rocksalCsCl
transition observed gb = 2.70(2) GPa in AgF appears to be first order, with a volume
ratio at the transition o¥c,¢;/ Vrs = 0.898(2). Since the compound is predominantly ionic
in character, it is reasonable to treat the ions as ‘hard spheres’ of the ionic radii, where
rag+ = 1.15A andrp- = 1.33 A for sixfold coordination [28]. For a binary MX compound,
the fractionVc,c;/ Vzs is dependant on the ratio of the radii of the two speeiggry in
the manner described in table 3. The CsCI structure is more densely packed than the
rocksalt one only ifry, /ry > 0.587, but reaches a limiting valué-;¢;/ Vgs = 0.770 when
ry/rx = 0.732. In these circumstances, the two structures are characterized by contacts

Figure 3. The relationship between the unit cells of the rocksalt structure (thin lines) and the
rhombohedrally distorted CsCl one (thick lines). A continuous transition from the rocksalt to
the cubic CsCl arrangement can be achieved by gradually increasing the interaxiab angle
90°.
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Table 3. The variation of the volume ratio of the CsCI and rocksalt structubs(/ Vzs)
with the ratio of the radii of the two ionic specieg(/rx).

lon—ion contact direction

Radius ratio _ Volume ratio
rm/rx Rocksalt  CsCl Vesci/ Vrs
rm/rx <v/2—1=0414 [110] [100] Veser/ Vrs = V2 = 1.414
4
0.732> > 0.414 100 100 Vi Vgs = —
Zru/rx [100] [100] csct/ Vrs AT rm/re)?
rm/rx >+/3—1=0732 [100] [111] Vesci/ Vrs = ~/3/9 = 0.770

Figure 4. The relationship betweera) the CsCl structure of AgF-Il andbj the anti-NiAs
structure of AgF-lil. The darker and lighter spheres represent theakgl F, respectively. The
transition from the CsClI structure to the anti-NiAs structure can be considered as a decrease in the
illustrated interaxial angle from 90° to 60° (corresponding to an increase in the conventional
hexagonal anglgr from 90° to 120°) and displacements of the cations in the directions shown

by the arrows inlf).

between nearest-neighbour unlike ions in the [111] and [001] directions, respectively. For
AgF, the valuer,,+ /rp- = 0.865 is, therefore, consistent with the greater packing density
of the eightfold coordinated CsCl arrangement. However, the measured volume ratio at
ambient pressure obtained by extrapolating the compressibility data to zero pressure in
figure 1 is estimated to bé-,¢;/ Vzs = 0.884(4). This value which is lower than expected is
also observed in those alkali halide compounds which undergo a roeks@kCl transition

under pressure (see [29] and references therein).

As illustrated in figure 4, the structural transformation from Cs€l anti-NiAs on
decreasing pressure can be visualized as an increase in the ‘hexagonal’ inter-axial angle
y from 90 to 120 and a shift in the positions of the Agin alternate CsCl unit cells
from 3, 3,7 and3, 1, 2 in the hexagonal setting td, 2, 2 and 2, £, 2, i.e. bys, —%,01in
alternate directions perpendicular to thexis. The subsequent transition from anti-NiAs
to rocksalt is then accomplished by shiftir%gof the layers perpendicular to theaxis by

i(%, % 0) in the hexagonal setting, as discussed earlier in this section. To understand the
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presence of the anti-NiAs-structured phase AgF-Ill and an intermediary between the CsCI
and rocksalt phases on decreasing pressure, we note that the rocksalt structure comprises
of two ccp sublattices separated t%y% % However, if the two ionic species are of
comparable size (as in AgF), the overall structure is close to simple cubic and the packing
density is relatively low. As a result, distortions of the rocksalt structure, such as the
(111 route to the CsCl arrangement, are expected under pressure. As discussed above, the
ideal NiAs structure withc/a = +/8/3 has an identical packing density to rocksalt and,
similarly, can be distorted to form more (or less) efficient packing schemega I& +/8/3

then the anion and cation centred polyhedra are both compressed alongutisebut the
structure becomes less densely packed than rocksalt. This is typified by the high-pressure
phase with the NiAs arrangement reported in the IlI-V compound AlAs [30], which has
c¢/a = 1597 (i.e. lower than ideal) and can be considered as an intermediate between
the ambient tetrahedrally coordinated zincblende structure and the octahedrally coordinated
rocksalt one, which might be expected to occur at even higher pressures. Conversely, an
arrangement withc/a > +/8/3 shows a tendency towards close packing and, on these
geometrical grounds alone, the observatiort of ~ 1.92 in anti-NiAs-structured AgF is
consistent with its appearance between the sixfold and eightfold coordinated arrangements.
Indeed, closer examination of the structural behaviour of AgF-Ill within its (limited) stability
range (figure 5) illustrates that theaxis behaves anomalously by decreasing on decreasing
pressure, such that/a tends towards the ‘ideal’ value as the unit cell volume increases.

)
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Figure 5. The pressure variation of the and c-axis dimensions of the anti-NiAs-structured
phase AgF-Ill, which result in a decreasecifu with decreasing pressure.

Finally, it is of interest to compare the high-pressure behaviour of AgF with that
observed in the other I-VII compounds. Unfortunately, the presence of a high-pressure phase
with the CsCl structure has only been observed in AgGh at ~17 GPa andl’ ~ 470 K
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[6]. In this compound, two intermediate phases are observed between the rocksalt and
CsCl-structured phases which possess the monoclinic KOH-type structure (space group
P2/c) and orthorhombic Tl arrangement (space gralpcm) [6, 31]. AgBr and Agl also
transforms from the rocksalt structure to a KOH-type structure at elevated pressure [31].
The adoption of these particular structures has been attributed to the influence of the patrtial
covalent character of AgCl, AgBr and Agl, such that the tendency towards directional
bonds is accommodated by forming structures which are normally characterized by non-
spherical ions (OH in KOH and e lone pair of TI" in TIl) [6]. The markedly different
high-pressure structural behaviour of AgF may then be explained by its significantly higher
ionicity (f = 0.894 on the Phillips scale [32]) compared to AgGl & 0.856), AgBr

(f = 0.850) and Agl (f = 0.770). On these grounds, AgF is more closely related to
the rocksalt structured alkali halide compounds, especially those in which the anions and
cations are of roughly comparable size. However, NaF, NaCl and all four halides of both
K+ and RB undergo direct rocksalt> CsCl transitions under increasing pressure [33]. It
would be interesting to perform further studiesdetreasingpressure to determine whether

the anti-NiAs structure is also stabilized in these compounds.

5. Conclusions

Intuitively, the presence of an anti-NiAs-structured phase as elevated pressures in AgF is
surprising, since it is not an arrangement normally associated with predominantly ionic
compounds. However, whilst topologically equivalent to NiAs, the ionic configuration

in the anti-NiAs structured phase AgF-IIl is sufficiently different that comparisons with
other isostructural compounds are somewhat misleading. In particular, the electrostatic
repulsion between theFarranged along-axis leads to an elongated hexagonal unit cell
with ¢/a considerably larger than both the ‘ideal’ value ¢8/3 and the values in the

range 1.2-1.7 observed in metal-metalloid compounds with the NiAs structure [22, 34]. As

a consequence, the (anti-) NiAs arrangement is more densely packed than rocksalt. This
fact, coupled with the reasonably direct modes of transformation, explain its presence as
an intermediate phase between the rocksalt and CsCl-structured ones. Recent theoretical
calculations of the relative lattice energies of AgCl, AgBr and Agl using several candidate
binary structures [8] concluded that the NiAs arrangement is preferred to its antitype with
the ‘best’ values ofr/a ~ 1.4-15. However, it was found to have considerably higher
energy than the rocksalt arrangement and not to be a serious contender as a high-pressure
phase in these three compounds. It would be interesting to test this theoretical approach by
establishing whether the anti-NiAs structure observed in this experimental study is indeed
found to be energetically favourable in AgF.
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