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Bonding and physical properties of the scheelite-type materials AgReO4 and NaReO4
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The scheelite-type salts AgReO4 and NaReO4 are investigated by first-principles calculations based on
density-functional theory. We calculate structural and vibrational properties as a function of pressure and
analyze the electronic bands and charge densities in terms of the binding mechanism. We conclude that both
compounds exhibit ionic bonding. Our studies are supplemented by x-ray-diffraction and x-ray photoelectron
spectroscopy experiments. All theoretical results excellently agree with measured data.
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I. INTRODUCTION

Silver salts show typical ionic features similar to those
alkali-metal salts, e.g., Madelung energy, medium large b
gaps, electric conductivity in solid and molten states, sm
lattice constants, but also many peculiar properties
clearly distinguish them from alkali-metal salts. The lat
include the failure of the additivity rule of ionic radii, colo
phenomena, large lattice energies, a large dielectric cons
a low solubility in water, the predominance of Frenkel d
fects, high mobilities of interstitial silver ions, and peculia
ties among their elastic constants and phonon spectra. Th
fore, the nature of the chemical bonding in silver salt cryst
is an issue of considerable interest. Since 1933 when the
set of interaction potentials for silver compounds was p
posed by Mayer,1 numerous experimental and theoretic
studies concerning the bonding situation in silver compou
have been undertaken. While able to simulate some sele
features, these models fall short of providing a consist
explanation of the cohesion properties in silver salts. The
fore, different opinions concerning this problem have be
presented in the literature:~i! The bonding situation in silve
salts is consistent with a fully ionic model, but could b
equally well interpreted as indicating partial covale
bonding.2–7 ~ii ! Essential contributions to the interion
forces in silver salts result from interactions between hig
electric multipoles.8–11 ~iii ! The peculiar properties of silve
salts result from a dominance of strong van der Waals in
action over short-range repulsion.12–14

This ambiguous situation needs clarification where so
very fundamental questions concerning the electronic pr
erties of silver compounds have to be answered. In orde
address these questions the electronic and lattice prope
of AgReO4 and NaReO4, two representative compound
which demonstrate nearly identical crystallographic data,
investigated in the framework of density-functional theo
These calculations are supplemented by x-ray-diffraction
periments for AgReO4 and by x-ray photoelectron spectro
copy ~XPS! measurements of both compounds.
0163-1829/2003/67~11!/115127~9!/$20.00 67 1151
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II. COMPUTATIONAL DETAILS

All calculations were performed with the linearized au
mented plane-wave~LAPW! technique utilizing theWIEN97

code.15 Exchange and correlation effects were treated wit
the local-density approximation~LDA ! using the form of
Perdew and Wang.16 For the semicore states Re 5s and 5p,
Ag 4s and 4p, Na 2s and 2p, and O 2s, the LAPW basis set
has been extended by local orbitals. The Re 4f electrons
have been treated in two different ways. In one set of cal
lations, they were considered as core electrons, in the o
one as valence states. In both cases calculations were
formed for four different volumes of NaReO4 and AgReO4,
respectively, thereby relaxing the oxygen coordinates. T
results did not show any significant difference, neither in
energy dependence of the volume, nor in the bond lengt
density of states. Therefore the 4f electrons were treated a
valence states in all further calculations, except for the co
putation of the x-ray near-edge emission spectra. The mu
tin radii RMT for Re and O were chosen 1.81 a.u.~0.96 Å!
and 1.36 a.u.~0.72 Å!, respectively, where the sum of both
only slightly smaller than the Re-O bond length. For t
silver and sodium ions, atomic sphere radii of 2.0 a.u.~1.06
Å! and 1.6 a.u.~0.85 Å! were used, respectively. The plan
wave cutoffs Gmax for expanding density and potential in th
interstitial region were chosen to be 12 a.u.21 (22.68 Å21).
The cutoff in the expansion of the wave functions in
LAPW’s Kmax was 5.15 a.u.21 (9.73 Å)21), which corre-
sponds to anRmt Kmax value of 7.0 for oxygen, 9.3 for Re
8.2 for Na, and 10.3 for Ag. The maximuml value for partial
waves inside the atomic spheres was 10, and for the n
muffin-tin matrix elements a maximum of 4 was used. For
self-consistent field~SCF! calculations, ak-point sampling
with 12 irreducible points of the Brillouin zone turned out
be sufficient, while the density of states~DOS! calculations
were performed with a uniformk mesh of 143 irreducible
points. In both cases the modified tetrahedron method17 was
applied for thek space integrations.

The convergence criterion for the SCF calculations w
©2003 The American Physical Society27-1



m

uc

e
.

s
en

us

n

d
es
l

0

to

uc
ou

rc

o
e

he
(

ie
lic

n

ta
es

-
m

ro
it
t

oup

ver
e-

the

ith

m-
rried

ly,
c-

as
to
ef-
pti-
co-

J. SPITALERet al. PHYSICAL REVIEW B 67, 115127 ~2003!
the minimization of the force acting on the oxygen ato
with a convergence tolerance of 1 mRy/a.u.~1.89 mRy/Å!.
To obtain the Raman frequencies of AgReO4 and NaReO4,
six additional configurations were computed for each str
ture, with the O atoms displaced by60.02 a.u.~0.011 Å! in
x, y, andz direction, respectively. The resulting data, togeth
with oxygen coordinates@displacements up to 0.04 a.u
~0.021 Å!# and forces@values up to 20 mRy/a.u.~37.8 mRy/
Å!# from the geometry-relaxation procedure, were used to
up the dynamical matrix and henceforth obtain the eig
modes.

III. EXPERIMENT

A. Crystal structure

The x-ray-diffraction measurements were performed
ing graphite-monochromized Mo-Ka radiation at 95 K and
298 K. At the more precise low-temperature determinatio
total of 1062 reflections were collected~with a maximum
angle Q of 30°), from which 247 were unique (Rint
50.0380). The structure was solved by direct metho
~SHELXS-97! Ref. 18 and refined by full-matrix least-squar
techniques againstF2 ~SHELXL-97!.19 For 15 parameters fina
R indices ofR50.0185 andwR250.0473~GOF 5 1.153!
were obtained.

B. X-ray photoelectron spectroscopy

The XPS experiments were carried out with a PHI 54
electron spectrometer using unmonochromated Al-Ka radia-
tion ~1486.6 eV!. The instrumental resolution is estimated
be 1.0 eV for survey scans and 0.8 eV for the C 1s line. The
vacuum system, which was equipped with a load lock s
that the sample could be introduced into vacuum with
being baked, had a base pressure in the low 10210-mbar
range. Samples were the purest obtainable from comme
suppliers@sodium perrhenate, 99.99%, NaReO4, Aldrich; sil-
ver perrhenate, 981%, AgReO4, Alfa; polyethylene for
spectroscopy, uvasol, (CH2)n , Merck# and are found to be
stable upon x-ray irradiation from control experiments. F
XPS measurements, the well ground powder samples w
mixed with polyethylene in an agate mortar. Finally, t
sample was placed onto a fritted stainless steel plateO”
51/2 in, Supelco! situated inside an evacuable KBr d
~Perkin-Elmer! and a clear disk was pressed in a hydrau
press~Perkin-Elmer! to form a polyethylene pellet fixed o
the frit, which was mounted to the sample holder using
double-sided conducting adhesive tape. To correct the s
charge effect, which is critical for nonconducting sampl
we used two internal energy references: the Ag 3d5/2 energy
level fixed at 368.0 eV, and the Re 4f 7/2 energy level fixed at
46.1 eV. According to the literature20–23 these binding ener
gies are stable for a significant number of related co
pounds.

By combining the point-charge electrostatic model p
posed by Citrin24 with qualitative intensity considerations,
was possible to make an unambiguous assignment of
photoemission spectra for AgReO4 and NaReO4.
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IV. RESULTS

A. Structural properties

Both AgReO4 and NaReO4,26,25 crystallize in the
scheelite-type tetragonal structure with the space gr
I41 /a. It consists of ReO4 tetrahedra, connected by MO8
(M5Na,Ag) dodecahedra, respectively. Rhenium and sil
~sodium! occupy high-symmetry positions with site symm

try 4a and 4b and the coordinates (0,1
4 , 1

8 ) and (1
2 , 3

4 , 1
8 ),

respectively. The only internal degrees of freedom are
oxygen coordinates~site symmetry 16f ). The unit cell of
MReO4 is depicted in Fig. 1.

The lattice parameters of AgReO4 measured at two differ-
ent temperatures are summarized in Table I together w
literature data for AgReO4 and NaReO4. The temperature
effect between 95 and 298 K is 1%, where the roo
temperature data agree very well with measurements ca
out by Naumovet al.27 The unit-cell volumes of AgReO4
and NaReO4 taken at room temperature differ by 0.9% on
although Ag1 ions have 46 electrons compared to 10 ele
trons of Na1. This surprising fact will be investigated now
theoretically. To this extent the total energy was calculated
a function of the unit-cell volume. This procedure allows
determine the equilibrium volume and to study pressure
fects at the same time. In a first step, the volume was o
mized for a fixed axes ratio thereby relaxing the oxygen
ordinates.

FIG. 1. Unit cell of MReO4 with M5(Na,Ag).

TABLE I. Structural parameters of AgReO4 compared to litera-
ture data27 and measurements for NaReO4~Ref. 25!

a ~Å! c ~Å! V(Å3) T ~K! Ref.

AgReO4 5.3585 11.722 336.58 95
5.3742 11.792 340.6 298
5.372 11.793 340.4 297 27

NaReO4 5.3654 11.732 337.49 296 25
7-2
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BONDING AND PHYSICAL PROPERTIES OF THE . . . PHYSICAL REVIEW B 67, 115127 ~2003!
In Fig. 2, the total energy of both compounds is shown
a function of volume where the energies of the correspo
ing optimal volumes were taken as reference energ
Within a wide range the energy decrease is quadratic in
volume. Deviation from this behavior at very large cell d
mensions can be made out by the data points indicated
open triangles for AgReO4 and squares for NaReO4. Theo-
retically the energy minimum of AgReO4 (NaReO4) is
found at 90.1%~89.7%! of the experimental volume. Thi
10% deviation from experiment is due to the well-know
overbinding effect of the local-density approximation.28 The

FIG. 2. Total energy of NaReO4 and AgReO4 as a function of
volume. The lines indicate fits through the data points marked
crosses. The open symbols correspond to data points outsid
harmonic range. For all points the oxygen coordinates have b
relaxed.
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optimized values of AgReO4 and NaReO4 differ by 0.1%
only which is in excellent agreement with experiment and
good starting point for the interpretation of the bondi
mechanism in these compounds.

In Table II, the structural data as obtained from o
LAPW calculations for different cell volumes are summ
rized and compared to available literature data for amb
pressure. It shows that in both compounds the relative c
dinates of the oxygen atom change systematically as a fu
tion of volume, but the Re-O distance stays the same. T
incompressibility of the ReO4 tetrahedra is in excellen
agreement with experimental Raman data obtained
AgReO4.29

In a next step of our theoretical investigations, the ax
ratios of NaReO4 have been varied. The force-free positio
of the oxygen atoms has been searched for again in e
configuration. The resulting data are given in Table III. The
is a trend of increasingc/a ratio for smaller volumes. This
indicates a different compressibility of NaReO4 in c direction

TABLE III. Structural data of NaReO4 for different unit-cell
volumes obtained by a full geometry optimization, i.e., when
total energy is minimized with respect to thec/a ratio and the
oxygen coordinates.

V/Vexpt(%) c/a x ~a! y ~a! z ~c! d~Re-O! ~Å!

99.7 2.1876 0.2291 0.1158 0.0402 1.736
98.9 2.1657 0.2311 0.1153 0.0408 1.736
95.7 2.1438 0.2332 0.1127 0.0400 1.736

y
the
en
.
TABLE II. Theoretically obtained structural data for NaReO4 and AgReO4 compared to experiment
x,y,z are the coordinates of the oxygen atom.

V(Å3) V/Vexpt(%) x ~a! y ~a! z ~c! d ~Re-O! ~Å! d(M -O) ~Å!

AgReO4

Expt. 336.58 100.0 0.2314 0.1160 0.0409 1.739 2.524
Expt. ~Ref. 27! 340.6 101.2 0.2306 0.1178 0.0419 1.727 2.625
Theory 350.052 104 0.2258 0.1110 0.0421 1.744 2.593

343.320 102 0.2271 0.1099 0.0416 1.744 2.569
336.586 100 0.2292 0.1089 0.0414 1.744 2.546
329.854 98 0.2339 0.1135 0.0400 1.749 2.495
323.122 96 0.2342 0.1094 0.0397 1.749 2.480
302.927 90 0.2345 0.0981 0.0388 1.744 2.437
286.098 85 0.2380 0.0945 0.0370 1.743 2.372
279.366 83 0.2387 0.0919 0.0362 1.743 2.349

NaReO4

Expt. ~Ref. 25! 337.490 100.0 0.2327 0.1211 0.0420 1.728 2.582
Theory 350.052 103.7 0.2291 0.1206 0.0418 1.737 2.565

343.320 101.7 0.2281 0.1159 0.0413 1.736 2.554
336.586 99.7 0.2307 0.1161 0.0409 1.737 2.525
333.893 98.9 0.2314 0.1158 0.0407 1.737 2.515
329.851 97.7 0.2324 0.1154 0.0406 1.734 2.502
323.122 95.7 0.2332 0.1127 0.0400 1.736 2.481
302.927 89.8 0.2335 0.1000 0.0390 1.735 2.439
292.830 86.8 0.2373 0.1002 0.0380 1.734 2.392
7-3
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compared to thea axis. Even though there are no experime
tal data available for NaReO4, this corresponds to the exper
mental findings for AgReO4.30 However, the energy gain b
the optimization of the axes ratios turned out to be extrem
small ~0.44 mRy forV5Vexp), such that the optimum vol
ume for NaReO4 only changes from 89.68% to 89.51%
the experimental value. Therefore, the analogous calculat
have not been performed for AgReO4, and the structures
with optimized oxygen positions have been taken as
starting points for all further investigations.

The bulk modulusB0 of NaReO4 obtained for the opti-
mized volume by the second derivative of the total ene
given in Fig. 2 is 18.3 GPa. Using the Burch-Murnagh
equation of state for a fit of the same points yields a value
12.6 GPa forB0 and 24.8 for its derivativeB08 . This dis-
crepancy reflects the pressure dependence ofB0. For
AgReO4 the bulk modulus calculated from a harmonic fit
the total energies is 37.1 GPa, whereas the Burch-Murnag
equation of state yieldsB0530.38 GPa andB0853.80. In-
cluding more data points~marked by the open triangles i
Fig. 2! yields a biggerB08 of 6.1, indicating again a deviatio
from the harmonic behavior.B0 is in good agreement with
the experimental value of 30.964 GPa.30 The experimen-
tally obtainedB08 was reported to be 30.966. The much
higher bulk modulus of AgReO4 is consistent with findings
of Schlosser32 who investigated the quantityB0dnn

3.5 with dnn

being the anion-cation distance for different halides. He
ported 70% higher average values for Ag halides compa
to Na halides. Since the anion-cation distances are the s
in NaReO4 and AgReO4, a direct comparison of the bul
moduli allows for a similar conclusion for the perrhenate

B. Phonons

The A1g Raman frequencies for both compounds we
calculated as a function of pressure and are presente
Table IV. For NaReO4 the eigenfrequencies are found
977 cm21, 326 cm21, and 152 cm21, respectively. All fre-
quencies agree very well31 with their experimental

TABLE IV. A1g Raman frequencies of AgReO4 and NaReO4 as
obtained by theory compared to experimental results Refs. 29
and 38 for AgReO4.

V(Å3) v1(cm21) v2(cm21) v3(cm21)

AgReO4

336.6 934 313 169
302.9 925 318 184
279.4 923 333 233
Expt. ~Ref. 29! 941 333 141
Expt. ~Ref. 33! 943 330
Expt. ~Ref. 38! 132
NaReO4

336.6 977 326 152
302.9 977 335 172
292.8 983 343 190
Expt. ~Ref. 33! 958 334 145
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counterparts33 of 958 cm21, 334 cm21, and 145 cm21, re-
spectively, with deviations of a few wave numbers only. T
corresponding eigenvectors are (20.72,0.40,0.56), (0.55
20.16,0.82), and (20.42,20.90,0.10) with the component
denoting the displacement of oxygen intox, y, andz direc-
tion, respectively. The first mode is a vibration of the oxyg
atom towards its covalently bound Re neighbor which e
plains its high frequency. While this mode is hardly affect
by pressure, the other two frequencies significantly incre
with smaller volume. The eigenvectors, however, stay
same which can be attributed to the incompressibility of
Re-O bond as described above. The three unit-cell volum
taken into account theoretically refer to the experimental c
size (336.6 Å3), the theoretically optimized volume
(302.9 Å3), and 83% of the experimental value (279.4 Å3).

TheA1g Raman frequencies for AgReO4 , i.e., 934 cm21,
312 cm21, and 169 cm21, are also close to experiment, wit
the biggest deviation forv3. This mode is very sensitive to
the unit-cell volume and thus strongly affected by pressu
This finding agrees very well with experimental observ
tions. As reported in Ref. 29, the frequency of the 941-cm21

mode is found to be almost unchanged under pressure
only a slight decrease, while the other two frequencies
hibit a significant increase under compression, which is
times larger for the mode smaller in frequency. This behav
is very well reproduced by theory, where the slopes betw
these two modes differ by a factor of 3.2. The eigenvector
ambient pressure, (20.71,0.42,0.57), (0.57,20.13,0.81),
and (20.42,20.90,0.15), are nearly the same as for NaRe4
with as little pressure effect.

C. Electronic Properties

The band structures of NaReO4 and AgReO4 are plotted
along five symmetry directions in the Brillouin zone of th
body-centered tetragonal lattice~Fig. 3, top right! for the
experimental unit-cell volume. Within the LAPW method th
band characters can be analyzed according to their ato
contributions inside the muffin-tin spheres, which are hig
lighted in the figure by the size of the circles. This analysis
presented for the Red and the Op character for both com-
pounds, and in addition for the Agd character in AgReO4. In
the entire energy region shown in the plot no Nas states are
present.

NaReO4 is a direct band-gap material with the maximu
of the valence band and the minimum of the conduction b
at theG point. The LDA band gap is found to be 3.67 e
The dispersion of the valence bands is relatively small a
comparable in both thea and thec direction. The lowest
region of the valence band between25 eV and23.5 eV
has predominantly Re 5d ~mainly 5dxz,yz) character, but still
some O 2p admixture and is separated by a 0.4-eV gap fro
the lower pure O 2p band. The upper region of the valenc
band is formed by O 2p states. The conduction band ha
dominating Re 5d character together with some O 2p con-
tribution. It splits up into two parts: The lower part of th
conduction band is composed primarily by states associ
with Re 5dz2, Re 5dx22y2 symmetry and O 2p states. It is
separated by'1.2 eV from its upper part, which is forme

3,
7-4
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BONDING AND PHYSICAL PROPERTIES OF THE . . . PHYSICAL REVIEW B 67, 115127 ~2003!
by states of Re 5dxy and 5dxz,yz and O 2p character. Note
that this decomposition of thed bands is done with respect t
the Cartesian crystal axes, which are not the directions of
Re-O bonds.

In AgReO4 the band extrema are not found at theG point,
it exhibits an indirect band gap of 2.0 eV. The band struct
is, however, extremely similar to that of NaReO4 with the
only significant difference being the Agd-bands located jus

FIG. 3. Band structure of AgReO4 ~left panel! and NaReO4
~right panel!. The energy is given in eV withEF taken as reference
energy. The atomic band characters of Agd ~upper panel!, Re d
~middle panels!, and Op ~lower panels! are highlighted by the size
of the circles. In the uppermost right panel, the Brillouin zone~BZ!
of the body centered tetragonal cell is depicted.
11512
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below the Fermi level. Thed-band width thus determines th
reduction of the band gap with respect to NaReO4. A study
for CdMoO4 ~Ref. 34! reveals a very similar situation with
the same valence-band width, but the Cdd bands located
below the MoO4 valence states.

The fundamental band gap was determined for six diff
ent volumes of AgReO4. It decreases linearly with decrea
ing pressure, with a slope of2112 meV per GPa. Although
the LDA band gaps cannot be interpreted as the real gaps
trend can be well compared to experimental findings. Exp
mentally, also a linear decrease was found withdE/dP5
280 meV per GPa.30

D. Spectroscopy

The calculated electronic structure can be probed by sp
troscopic methods, where XPS valence-band spectra ar
rectly proportional to the density of states. These two qu
tities are depicted in Figs. 4 and 5, respectively, in t
investigated energy range of the valence band. The exp
mental spectra are normalized to the maximum intensity
the respectived bands. Therefore, only the relative pea
heights within one spectrum can be compared, but not
absolute intensities between the spectra. Note that the ex
mental energy scale is referenced to the spectroscopic F
level, whereas the zero-point energy in the theoretical D
is given by the highest occupied state for zero temperat
Therefore the absolute energy scales are not directly com
rable.

Both the NaReO4 and AgReO4 samples show a feature a
;23 eV ~O 2s region! and a doublet feature of equal widt
(;7.5 eV) on top of the valence band. For NaReO4, the first
photoelectron peak in the upper valence-band region co
sponds to the nonbonding O 2p orbitals at;6 eV and to the
bonding Re 5d–O 2p orbitals at;8 eV. This is in good
agreement with the theoretical findings for the DOS@Fig.
5~a!#, which shows a Re like peak between25 and
23.5 eV, and an oxygen related peak between22 eV and
the Fermi level, respectively.

For AgReO4, the situation in the upper valence-band r
gion has completely changed. The reversal of the intensit
the doublet feature is taken as evidence that the Ag 4d levels

FIG. 4. Experimental XPS valence-band spectra for NaRe4

and AgReO4.
7-5
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J. SPITALERet al. PHYSICAL REVIEW B 67, 115127 ~2003!
at ;5 eV form the topmost portion of the valence band
this compound followed by a less intense maximum
;8 eV due to the bonding Re 5d–O 2p states. The absenc
of the broad threshold feature associated with the nonbo
ing O 2p state ionization is only to a small extent the res
of a superposition by the Ag 4d levels, but mainly due to the
rigid shift of the valence bands to lower energies as found
the band structure. Thus the O 2p states are masked by th
other states. Both the upper and lower peaks are perfe
reproduced by the corresponding features of the AgR4
valence-band DOS. Note that the spectra are given in a

TABLE V. Binding energy~BE! in eV of different valence lev-
els in NaReO4 and AgReO4.

NaReO4 AgReO4

Electron level BE~eV! BE ~eV!

O 2s 22.8 22.8
Re 5d 8.1 8.1
O 2p 5.7 n.o.
Ag 4d 5.1
Re 4f 7/2–Re 5d 37.8 37.8
O 2s–Re 5d 14.7 14.7
O 2s–O 2p 17.1

FIG. 5. Valence-band DOS of NaReO4 ~a! and AgReO4 ~b! as
obtained by theory.
11512
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trary units. This means that the relative peak heights wit
each spectrum can be interpreted, but the magnitudes o
two curves cannot be compared with each other.

The experimental binding energies of different valen
levels in both compounds are summarized in Table V.

The near-edge structure of the x-ray emission spectra
obtained from theory is presented in Figs. 6 and 7. The sp
tra were calculated taking into account the dipole allow
transitions. Due to these selection rules only a limited nu
ber of different transitions is possible and deviations fro
the atomic dipole selection rules are an indication for
mixed atomic character of the electronic bands. Note that
zero point of the energy is arbitrarily chosen, therefore
peak postions are shifted with respect to the DOS.

In Fig. 6, the probability of transitions to the Ag 3p hole
of AgReO4 within the valence-band region is represented
the dashed curve. One pronounced and broad peak ca
distinguished from smaller features at lower energies. Du
the selection rules, possible transitions are limited to Ags
and Ag 4d states, where only the latter ones lie in the co
sidered energy range. Therefore this spectrum clearly refl

FIG. 6. Theoretical near-edge emission spectra for NaRe4

(AgReO4) with the core hole created in the O 1s ~O 1s, Ag 3p)
level.

FIG. 7. Theoretical near-edge emission spectra for NaReO4 and
AgReO4, when the hole is created in the Re 4f level.
7-6
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the Ag valence DOS depicted in Fig. 5~b!. The other lines
represent the probability of transitions from higher-lyin
states to a hole in the O 1s level in AgReO4 ~black!, and in
NaReO4 ~gray!, respectively. Since only transitions from
2p states are possible, the intensity is proportional to the
2p DOS. This is realized in Fig. 5~a! and the corresponding
XPS results~Fig. 4!, showing peaks for the O 2p bands in
the same energy range. The shift of the AgReO4 spectrum
with respect to NaReO4 indicates that in the latter compoun

FIG. 8. Contour plot of the electron density in theM -Re plane
of NaReO4 ~upper panel! and AgReO4 ~lower panel!. The isolines
range from 0.02e/a.u.3 (0.13e/Å3) to 0.5e/a.u.3 (3.37e/Å3)
with a logarithmic increment. The Re-Re distance correspond
the lattice parametera. The O atoms lie approximately 1 Å above
this plane.
11512
O

the oxygen bands are lowered in energy due to the inser
of the Agd bands. The first feature in the AgReO4 spectrum
reflects the small admixture of oxygen in the Red bands as
already found in the band structure.

When the hole is introduced in the Re 4f states, the spec-
tra of the two compounds again differ by an energy shift
already found for the O 1s spectra. Both curves exhibi
double peak structures in the region down to210 eV as well
as at low energies. The doubling of each feature has its or
in the splitting of the Re 4f core levels by 2.5 eV where the
intensity ratio is determined by the occupation numbers
these states~8:6! . It is obvious from the DOS and the ban
structure that the spectra are governed by Re 5d states. This
fact is again explained by the selection rules, prohibiti
transitions from any other higher occupied state but Re 5d.
The much higher intensity of the Re 4f spectra compared to
those depicted in Fig. 6 is related to the larger amount
both final and initial states (4f ,5d). In contrast to the Re 4f
case, such a double-peak structure is not visible within
plotted range of the Ag 3p core-level spectra. This is due t
the fact that the corresponding splitting of the 3p states is
one order of magnitude larger.

V. DISCUSSION

All results obtained by first-principles calculations are
very good agreement with experimental findings. Latti

to

FIG. 9. Contour plot of the electron density in theM-O-Re plane
of NaReO4 ~upper panel! and AgReO4 ~lower panel! where the
M-O distance is the smallest. The isolines range from 0.02e/a.u.3

(0.13e/Å3) to 0.5e/a.u.3 (3.37e/Å3) with a logarithmic incre-
ment.
7-7
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properties such as atomic positions, bond lengths, compr
ibilities, and phonon frequencies, as well as electronic pr
erties reproduce measurements very well. All these facts
an excellent starting point for the discussion of the bind
mechanism in these scheelite materials.

A first indication for the same bonding situation in bo
compounds are the lattice dimensions which are found to
the same. In case of ionic bonding, this would suggest
silver exhibits a very similar ionic radius as Na. Indeed, th
are several indications that Ag1 has a variable ionic radiu
which may vary between 0.67 Å and 1.42 Å~Refs. 35 and
36! in different compounds depending on the coordinat
number. Another striking fact is theAg vibrations exhibiting
the same frequencies in both compounds, thus showing
the interaction of the Ag atom with the ReO4 tetrahedra is as
little as that of Na.

In the case of NaReO4, the bonding mechanism is ev
dent. In the valence band no Na character has been dete
therefore the bonding in this material can be regarded to
completely ionic. In the case of AgReO4, the strongly local-
ized silver d bands and the weakly altered band struct
with respect to the Na compound are strong indications
ionic behavior in AgReO4. The relative oxygen contribution
in the Ag bands below the Fermi level as emerging from
band-character plot is very small. The bandwidth of the
dominated band between21.8 and24 eV does not change
when silver is introduced into the lattice. However, this ba
exhibits weak Ag character in AgReO4. We interpret this
mixed character of some bands as a polarization effect ra
than covalent bonding36 and conclude that the interactio
between Ag and O is predominantly ionic. It should be no
that the rather broad bandwidth is a result of the crystal-fi
splitting and not of covalent bonds. Only the band dispers
of the ReO4 bands reflects the covalent bonding inside
tetrahedra.

Also the analysis of the XPS results is consistent with
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strongly ionic model of AgReO4, in other words, covalen
interaction due to Ag 4d–O 2p mixing is not expected. The
latter would yield a Ag 4d–O 2p derived structure at highe
binding energy which is not observed. Furthermore, it
worth noting that deformation of the outermost Op electron
charge distribution of the anion in the crystal field of silv
ions is a very important factor to understand the characte
tic properties of silver salts.

To underline our hypothesis, we have further analyzed
electron density in NaReO4 and AgReO4 to obtain clearer
indications for ionicity or covalency. In the ionic case, th
electrons would be concentrated at the atomic sites and
ish in the interstitial space, whereas in the covalent situa
a considerable charge density should appear in the re
between the bonded atoms. The electron densities in
M-Re planes of NaReO4 and AgReO4 are depicted in Fig. 8.
Clearly, there is no difference in the electron densities rela
to the distribution of the ReO4 tetrahedra, another indicatio
for the same binding mechanism. Furthermore, the elec
densities have also been computed in a plane contai
neighboring sodium~silver! and oxygen atoms in NaReO4
(AgReO4). While NaReO4 does not exhibit any finite elec
tron density in between these two atoms~Fig. 9, upper
panel!, a maximum electron density of 0.03 electrons p
cubic a.u. (0.20e/Å3) is found for AgReO4 ~Fig. 9, lower
panel!. This value is in close accordance with'0.01 elec-
trons per cubic a.u. (0.07e/Å3) in NaCl,37 which is the ionic
textbook compound. In conclusion, NaReO4 as well as
AgReO4 have to be regarded as representative examples
the ionic binding mechanism.
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