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The scheelite-type salts AgRe@nd NaReQ 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 II. COMPUTATIONAL DETAILS

. L - All calculations were performed with the linearized aug-
Silver salts show typical ionic features similar to those of : .
. . ented plane-wavé_APW) technique utilizing thenviEN9?
alkali-metal salts, e.g., Madelung energy, medium large ban

aps. electric conductivity in solid and molten states. smal ode’® Exchange and correlation effects were treated within
gaps, Y ' aEm local-density approximatiofLDA) using the form of

lattice constants, but also many peculiar properties th .
clearly distinguish them from alkali-metal salts. The latter erdew and Wanff. For the semicore states Re &nd &,

include the failure of the additivity rule of ionic radii, color Ag 4sand 4, Na 2sand 2p, and O 3, the LAPW basis set

phenomena, large lattice energies, a large dielectric constarftaS Peen extended by local orbitals. The R electrons
a low solubility in water, the predominance of Frenkel de-have been treated in two different ways. In one set of calcu-

fects, high mobilities of interstitial silver ions, and peculiari- lations, they were considered as core electrons, in the other

ties among their elastic constants and phonon spectra. Ther@0€ as valence states. In both cases calculations were per-
fore, the nature of the chemical bonding in silver salt crystal§ormed for four different volumes of NaRg@nd AgReQ,
is an issue of considerable interest. Since 1933 when the firsespectively, thereby relaxing the oxygen coordinates. The
set of interaction potentials for silver compounds was pro+esults did not show any significant difference, neither in the
posed by Mayet, numerous experimental and theoretical energy dependence of the volume, nor in the bond length or
studies concerning the bonding situation in silver compoundsglensity of states. Therefore thé 4lectrons were treated as
have been undertaken. While able to simulate some selecteglence states in all further calculations, except for the com-
features, these models fall short of providing a consistenputation of the x-ray near-edge emission spectra. The muffin-
explanation of the cohesion properties in silver salts. Theretin radii Ryt for Re and O were chosen 1.81 a(0.96 A)
fore, different opinions concerning this problem have beerand 1.36 a.u(0.72 A), respectively, where the sum of both is
presented in the literaturé) The bonding situation in silver only slightly smaller than the Re-O bond length. For the
salts is consistent with a fully ionic model, but could be silver and sodium ions, atomic sphere radii of 2.0 &lL06
equally well interpreted as indicating partial covalentA) and 1.6 a.u(0.85 A) were used, respectively. The plane-
bonding®~’ (ii) Essential contributions to the interionic wave cutoffs G,,, for expanding density and potential in the
forces in silver salts result from interactions between higheinterstitial region were chosen to be 12 ati(22.68 A1),
electric multipole€~1* (iii ) The peculiar properties of silver The cutoff in the expansion of the wave functions into
salts result from a dominance of strong van der Waals intelt APW’s K., Was 5.15 a.u.! (9.73 A)™1), which corre-
action over short-range repulsiof.** sponds to aRR,; Kihax Value of 7.0 for oxygen, 9.3 for Re,
This ambiguous situation needs clarification where some.2 for Na, and 10.3 for Ag. The maximuhvalue for partial
very fundamental questions concerning the electronic propwaves inside the atomic spheres was 10, and for the non-
erties of silver compounds have to be answered. In order tonuffin-tin matrix elements a maximum of 4 was used. For all
address these questions the electronic and lattice propertigelf-consistent fieldSCH calculations, a&-point sampling
of AgReQ, and NaReQ, two representative compounds, with 12 irreducible points of the Brillouin zone turned out to
which demonstrate nearly identical crystallographic data, arée sufficient, while the density of staté@OS) calculations
investigated in the framework of density-functional theory.were performed with a unifornk mesh of 143 irreducible
These calculations are supplemented by x-ray-diffraction expoints. In both cases the modified tetrahedron métheds
periments for AgRe®and by x-ray photoelectron spectros- applied for thek space integrations.
copy (XPS) measurements of both compounds. The convergence criterion for the SCF calculations was
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the minimization of the force acting on the oxygen atom,
with a convergence tolerance of 1 mRy/a(1.89 mRy/A.

To obtain the Raman frequencies of AgRe&hd NaReQ),

six additional configurations were computed for each struc-
ture, with the O atoms displaced by0.02 a.u.(0.011 A) in

X, ¥, andz direction, respectively. The resulting data, together
with oxygen coordinategdisplacements up to 0.04 a.u.
(0.021 A] and forceqvalues up to 20 mRy/a.37.8 mRy/
A)] from the geometry-relaxation procedure, were used to set
up the dynamical matrix and henceforth obtain the eigen-
modes.

Il EXPERIMENT
A. Crystal structure

The x-ray-diffraction measurements were performed us-
ing graphite-monochromized Mo-Kradiation at 95 K and
298 K. At the more precise low-temperature determination a
total of 1062 reflections were collectddith a maximum
angle ® of 30°), from which 247 were uniqueR{; FIG. 1. Unit cell of MReQ with M = (Na,Ag).
=0.0380). The structure was solved by direct methods
(SHELXS-97 Ref. 18 and refined by full-matrix least-squares IV. RESULTS
techniques again$t? (SHELXL-97).1° For 15 parameters final A. Structural properties

R indices ofR=0.0185 andwR?=0.0473(GOF = 1.15 . .
ndices ( 3 Both AgReQ and NaRe® %% crystallize in the

were obtained. : .
scheelite-type tetragonal structure with the space group
14, /a. It consists of Re@ tetrahedra, connected by MO

B. X-ray photoelectron spectroscopy (M=Na,Ag) dodecahedra, respectively. Rhenium and silver
. . . sodium occupy high-symmetry positions with site symme-
The XPS experiments were carried out with a PHI 5400( m Py high-sy yp 3yl

electron spectrometer using unmonochromatet Alradia- Y 4@ and 4 and the coordinates ®3) and G.3.5),

tion (1486.6 eV. The instrumental resolution is estimated to 'éSPectively. The only internal degrees of freedom are the
be 1.0 eV for survey scans and 0.8 eV for the Clihe. The ~ O0Xygen coordinategsite symmetry 16). The unit cell of
vacuum system, which was equipped with a load lock suctMR€0; is depicted in Fig. 1. _

that the sample could be introduced into vacuum without 'Ne lattice parameters of AgRg@neasured at two differ-
being baked, had a base pressure in the low!4enbar €Nt temperatures are summarized in Table | together with
range. Samples were the purest obtainable from commerciferature data for AgRepand NaRe(. The temperature
suppliergsodium perrhenate, 99.99%, NaRg®Idrich; sil-  €ffect between 95 and 298 K is 1%, where the room-
ver perrhenate, 98%, AgReQ, Alfa; polyethylene for teémperature data agg?e very V\_/ell with measurements carried
spectroscopy, uvasol, (G),, Merck] and are found to be out by Naumovet al“" The unit-cell volumes of AgRep
stable upon x-ray irradiation from control experiments. Forand NaReQ taken at room temperature differ by 0.9% only,
XPS measurements, the well ground powder samples wethough Ag' ions have 46 electrons compared to 10 elec-
mixed with polyethylene in an agate mortar. Finally, the(rons o_f Na . Th|s_surpr|smg fact will be investigated now
sample was placed onto a fritted stainless steel pl@te (theoret]cally. To thls_extent the total energy was calculated as
=1/2 in, Supelcd situated inside an evacuable KBr die & funct!on of the u.nllt—c_ell volume. This procedure allows to
(Perkin-Elmey and a clear disk was pressed in a hydraulicdeterm'ne the eqwhbnum volyme and to study pressure ef-
press(Perkin-ElmeJ to form a polyethylene pellet fixed on fects at the same time. In a first step, the volume was opti-
the frit, which was mounted to the sample holder using arnlz_ed for a fixed axes ratio thereby relaxing the oxygen co-
double-sided conducting adhesive tape. To correct the statRrdinates.

charge effect, which is critical for nonconducting samples,
we used two internal energy references: the Alg,3energy
level fixed at 368.0 eV, and the Rd 4, energy level fixed at

TABLE |. Structural parameters of AgRg@ompared to litera-
ture datd’” and measurements for NaRg@ef. 25

46.1 eV. According to the Iit.e_ratu%%‘Bthese binding ener- a(h) ch  V(A) T Ref
gies are stable for a significant number of related com-
pounds. AgReQ, 5.3585 11.722 336.58 95

By combining the point-charge electrostatic model pro- 5.3742 11.792 340.6 298
posed by CitriA* with qualitative intensity considerations, it 5.372 11.793 340.4 297 27
was possible to make an unambiguous assignment of th@areQ 5.3654 11.732 337.49 206 25

photoemission spectra for AgRg@nd NaReQ.
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O T TABLE IIl. Structural data of NaRe©for different unit-cell
" h volumes obtained by a full geometry optimization, i.e., when the

T - NaReO4 s total energy is minimized with respect to tleéa ratio and the
e --- AgReO, /A oxygen coordinates.
=
% VIVeyo(%)  cla  x@ y@ z(© dRe-O®A)
% 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

optimized values of AgRepand NaReQ differ by 0.1%
only which is in excellent agreement with experiment and a
FIG. 2. Total energy of NaRefand AgReQ as a function of good starting point for the interpretation of the bonding
volume. The lines indicate fits through the data points marked bymechanism in these compounds.
crosses. The open symbols correspond to data points outside the |n Table II, the structural data as obtained from our
harmonic range. For all points the oxygen coordinates have beepap\W calculations for different cell volumes are summa-
relaxed. rized and compared to available literature data for ambient
pressure. It shows that in both compounds the relative coor-
In Fig. 2, the total energy of both compounds is shown aglinates of the oxygen atom change systematically as a func-
a function of volume where the energies of the correspondtion of volume, but the Re-O distance stays the same. This
ing optimal volumes were taken as reference energiesncompressibility of the Re@ tetrahedra is in excellent
Within a wide range the energy decrease is quadratic in thagreement with experimental Raman data obtained for
volume. Deviation from this behavior at very large cell di- AgReQ,.?°
mensions can be made out by the data points indicated by In a next step of our theoretical investigations, the axes
open triangles for AgRePand squares for NaRgOTheo-  ratios of NaRe@ have been varied. The force-free position
retically the energy minimum of AgReO(NaReQ) is  of the oxygen atoms has been searched for again in each
found at 90.1%(89.7% of the experimental volume. This configuration. The resulting data are given in Table Ill. There
10% deviation from experiment is due to the well-knownis a trend of increasing/a ratio for smaller volumes. This
overbinding effect of the local-density approximatfdrThe indicates a different compressibility of NaRgfD c direction

v A}

TABLE Il. Theoretically obtained structural data for NaRe@nd AgReQ compared to experiment.
X,Y,z are the coordinates of the oxygen atom.

V(A% VIVep(%)  x@  y(@ z(c) d(Re-O(R) d(M-O)(A)
AgReQ,
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
NaReQ
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
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TABLE IV. A;4 Raman frequencies of AgRg@nd NaReQ as
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counterparts of 958 cm !, 334 cm' !, and 145 cm?, re-

obtained by theory compared to experimental results Refs. 29v3%pectively, with deviations of a few wave numbers only. The

and 38 for AgReQ.

V(A% wy(cm™?) wp(cm™?) wz(cm™?)
AgReQ,

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
NaReQ

336.6 977 326 152
302.9 977 335 172
292.8 983 343 190
Expt. (Ref. 33 958 334 145

compared to tha axis. Even though there are no experimen-
tal data available for NaReQthis corresponds to the experi-
mental findings for AgRe@%° However, the energy gain by
the optimization of the axes ratios turned out to be extremel
small (0.44 mRy forV=V,,), such that the optimum vol-
ume for NaReQ@ only changes from 89.68% to 89.51% of
the experimental value. Therefore, the analogous calculatio
have not been performed for AgRgOand the structures

starting points for all further investigations.
The bulk modulusB, of NaReQ obtained for the opti-

corresponding eigenvectors are-0.72,0.40,0.56), (0.55,
—0.16,0.82), and{ 0.42-0.90,0.10) with the components
denoting the displacement of oxygen intoy, andz direc-
tion, respectively. The first mode is a vibration of the oxygen
atom towards its covalently bound Re neighbor which ex-
plains its high frequency. While this mode is hardly affected
by pressure, the other two frequencies significantly increase
with smaller volume. The eigenvectors, however, stay the
same which can be attributed to the incompressibility of the
Re-O bond as described above. The three unit-cell volumes
taken into account theoretically refer to the experimental cell
size (336.6 ), the theoretically optimized volume
(302.9 &%), and 83% of the experimental value (279.3) A
TheA;4 Raman frequencies for AgRgQi.e., 934 cmi,
312 cm !, and 169 cm?, are also close to experiment, with
the biggest deviation fow;. This mode is very sensitive to
the unit-cell volume and thus strongly affected by pressure.
This finding agrees very well with experimental observa-
tions. As reported in Ref. 29, the frequency of the 941-ém
mode is found to be almost unchanged under pressure with
only a slight decrease, while the other two frequencies ex-

Yibit a significant increase under compression, which is 2.8

times larger for the mode smaller in frequency. This behavior
is very well reproduced by theory, where the slopes between

NRese two modes differ by a factor of 3.2. The eigenvectors at

ambient pressure, {0.71,0.42,0.57), (0.5#,0.13,0.81),

@nd (—~0.42~0.90,0.15), are nearly the same as for NaReO

with as little pressure effect.

mized volume by the second derivative of the total energy

given in Fig. 2 is 18.3 GPa. Using the Burch-Murnaghan

C. Electronic Properties

equation of state for a fit of the same points yields a value of Tne pand structures of NaRg@nd AgReQ are plotted

12.6 GPa forBy and —4.8 for its derivativeB;,. This dis-
crepancy reflects the pressure dependenceBgf For
AgReQ, the bulk modulus calculated from a harmonic fit of

along five symmetry directions in the Brillouin zone of the
body-centered tetragonal lattig¢€ig. 3, top righy for the
experimental unit-cell volume. Within the LAPW method the

the total energies is 37.1 GPa, whereas the Burch-Murnaghasand characters can be analyzed according to their atomic

equation of state yield8,=30.38 GPa and;=3.80. In-
cluding more data pointémarked by the open triangles in
Fig. 2 yields a biggeBy, of 6.1, indicating again a deviation
from the harmonic behavioB, is in good agreement with
the experimental value of 30:9%4 GPa>® The experimen-
tally obtainedB; was reported to be 30296. The much
higher bulk modulus of AgRegis consistent with findings
of Schlosse¥ who investigated the quanti®,d>> with d,,
being the anion-cation distance for different halides. He re

contributions inside the muffin-tin spheres, which are high-
lighted in the figure by the size of the circles. This analysis is
presented for the Rd and the Op character for both com-
pounds, and in addition for the Adcharacter in AgRe@ In
the entire energy region shown in the plot no Nstates are
present.

NaReQ is a direct band-gap material with the maximum
of the valence band and the minimum of the conduction band
at thel” point. The LDA band gap is found to be 3.67 eV.

ported 70% higher average values for Ag halides comparedhe dispersign of the valence bands is relatively small and
to Na halides. Since the anion-cation distances are the san§®mparable in both the and thec direction. The lowest

in NaReQ and AgReQ, a direct comparison of the bulk
moduli allows for a similar conclusion for the perrhenates.

B. Phonons

region of the valence band betweerb eV and—3.5 eV
has predominantly Reds(mainly 5d,,,) character, but still
some O 2 admixture and is separated by a 0.4-eV gap from
the lower pure O P band. The upper region of the valence
band is formed by O R states. The conduction band has

The A;y Raman frequencies for both compounds weredominating Re 8 character together with some ( Zon-

calculated as a function of pressure and are presented
Table IV. For NaReQ the eigenfrequencies are found at
977 cmi ', 326 cm !, and 152 cm?, respectively. All fre-
quencies agree very we&ll with their experimental

tribution. It splits up into two parts: The lower part of the
conduction band is composed primarily by states associated
with Re 5,2, Re 5,2 2 symmetry and O g states. It is
separated by=1.2 eV from its upper part, which is formed
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6.0 L Re 5d Agad
= 02s 2
= z
2.0 \A/ %
0.0 & NaReO4 :;%
&
20] AgRe04
-4.0 ; ;
] 25 20 15 10 5
-6.0F Energy [eV]
-8.0 - FIG. 4. Experimental XPS valence-band spectra for NaReO
6.0 € ; ‘ and AgReQ.
6.0
40 40 below the Fermi level. Thd-band width thus determines the
20 ’ reduction of the band gap with respect to NaRe® study
= 201 Re -d for CdMoO, (Ref. 34 reveals a very similar situation with
0.0 5’; the same valence-band width, but the @dands located
i 5g 00 below the MoQ valence states.
:5’ 20 The fundamental band gap was determined for six differ-
-4.0] ent volumes of AgRe@ It decreases linearly with decreas-
4.0 E ing pressure, with a slope of 112 meV per GPa. Although
6104 W the LDA band gaps cannot be interpreted as the real gaps, the
-3.09 -6.01 trend can be well compared to experimental findings. Experi-
! 8.0 . mentally, also a linear decrease was found wit/d P=
6.0 =~ —80 meV per GP&°
4] 6.0 ==
e B = D. Spectroscopy
00: 2.0 [O = p] The palculated electronic structure can be probed by spec-
' 00; || troscopic met_hods, where XP_S valence-band spectra are di-
201 '; rectly proportional to the density of states. These two quan-
§ 201 —r tities are depicted in Figs. 4 and 5, respectively, in the
-4.0 il = ] S investigated energy range of the valence band. The experi-
= === -4.01 mental spectra are normalized to the maximum intensity of
6.0 T T the respectived bands. Therefore, only the relative peak
0] =0 heights within one spectrum can be compared, but not the
r MEINAT B ' MINAT B absolute intensities between the spectra. Note that the experi-
mental energy scale is referenced to the spectroscopic Fermi
AgReO, NaReO, level, whereas the zero-point energy in the theoretical DOS

is given by the highest occupied state for zero temperature.
Therefore the absolute energy scales are not directly compa-

FIG. 3. Band structure of AgReQ(left pane) and NaReQ@ rable.
(right panel. The energy is given in eV witk; taken as reference Both the NaRe@and AgReQ samples show a feature at
energy. The atomic band characters of AF‘“F’PGV pane| Re?‘ ~23 eV (O 2s region and a doublet feature of equal width
(m'ddle.panels and Op (lower p?”e'ﬁ‘ are h'ghl'ght.ed t_>y the size (~7.5 eV) on top of the valence band. For NaRe@e first
of the circles. In the uppermost right panel, the Brillouin z9BZ) hotoelectron peak in the upper valence-band region corre-
of the body centered tetragonal cell is depicted. photoelec P . PP . 9

sponds to the nonbonding 2rbitals at~6 eV and to the

by states of Re 8,, and ,,,, and O 2 character. Note bonding Re 8-O 2p orbitals at~8 eV. This is in good
that this decomposition of thetbands is done with respect to agreement with the theoretical findings for the D{Rg.
the Cartesian crystal axes, which are not the directions of th&(@], which shows a Re like peak between5 and
Re-O bonds. —3.5 eV, and an oxygen related peak betweed eV and

In AgReQ, the band extrema are not found at fheoint,  the Fermi level, respectively.
it exhibits an indirect band gap of 2.0 eV. The band structure For AgReQ, the situation in the upper valence-band re-
is, however, extremely similar to that of NaRe@ith the  gion has completely changed. The reversal of the intensity of
only significant difference being the Agsbands located just the doublet feature is taken as evidence that the édpgels
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50 T T T T T T T T T 0.04
— odl (a) 3 -~ AgReO,: hole in Ag 3p i
L —- Re 140 — AgReO,: holein O 1s i
[}
5 ~ |- NaReO,: holein O 1s n 10.03 —
E * i g
i - < 1 Il S
B 3 g
5 L 1 1002 5
- 20 = o 87
B g
s il k=
L 10 2 L i/ H0.01
3 |
i Md A i :
kia Je ala 1 i -, 0 \
20 -15 -10 -5 0 P — i 0
Energy [eV] 25 -20 'éfl — [e-\}? -5 0
50 . .
— o b | = FIG. 6. Theoretical near-edge emission spectra for NgReO
—- Ag ( ) & (AgRe(,) with the core hole created in the Gs10 1s, Ag 3p)
r — 9 140 8 level
-— Re = :
el
r 30 5 trary units. This means that the relative peak heights within
o each spectrum can be interpreted, but the magnitudes of the
L 20 & two curves cannot be compared with each other.
§ The experimental binding energies of different valence
i —_ levels in both compounds are summarized in Table V.
2 The near-edge structure of the x-ray emission spectra as
I e A obtained from theory is presented in Figs. 6 and 7. The spec-
" - 1%5 ~ 1I0 2 ‘5 i 00 tra were calculated taking into account the dipole allowed

transitions. Due to these selection rules only a limited num-

ber of different transitions is possible and deviations from
FIG. 5. Valence-band DOS of NaRg@a) and AgReQ (b) as thgz atomic 'dipole selection rules are an indication for a

obtained by theory. mixed atomic character of_ the e!ectr_onlc bands. Note that the

zero point of the energy is arbitrarily chosen, therefore the
] _ peak postions are shifted with respect to the DOS.

at_~5 eV form the topmost portion of_ the valence'band iN"In Fig. 6, the probability of transitions to the Agphole

this compound followed by a less intense maximum afys Agreq, within the valence-band region is represented by

~8 eV due to the bonding Reds-O 2p states. The absence e dashed curve. One pronounced and broad peak can be

of the broad threshold feature associated with the nonbongyistinguished from smaller features at lower energies. Due to

ing O 2p state ionization is only to a small extent the resultihe selection rules, possible transitions are limited to &g 4

of a superposition by the Agdtlevels, but mainly due to the 434 Ag 4d states, where only the latter ones lie in the con-

rigid shift of the valence bands to lower energies as found injgered energy range. Therefore this spectrum clearly reflects
the band structure. Thus the (» 3tates are masked by the

other states. Both the upper and lower peaks are perfectly

Energy [ eV]

T T T T T 4 T
reproduced by the corresponding features of the AgReO | 4 T g8
valence-band DOS. Note that the spectra are given in arbi- [ |— A8Re0,: holeinRe :
— NaReO,: hole in Re 4f
TABLE V. Binding energy(BE) in eV of different valence lev- o 406 ;
els in NaReQ and AgReQ. 'g
NaReQ AgReQ, o 104 ‘3
Electron level BE(eV) BE (eV) §
[=}
O 2s 22.8 22.8 L 402
Re 5d 8.1 8.1 i
0 2p 5.7 n.o. M
1 s 1 L 0
Ag 4d 51 25 20 15 10 s 0
Re 4f;,—Re A 37.8 37.8 Energy [eV]
O 2s-Re d 14.7 14.7
0 2s-0 2p 17.1 FIG. 7. Theoretical near-edge emission spectra for NgRed

AgReQ,, when the hole is created in the Ré Kevel.
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FIG. 8. Contour plot of the electron density in tMe-Re plane
of NaReQ (upper paneland AgReQ (lower panel. The isolines
range from 0.02/a.u® (0.13e/A%) to 0.5e/a.u’® (3.37e/A%)

PHYSICAL REVIEW B 67, 115127 (2003

FIG. 9. Contour plot of the electron density in thleO-Re plane
of NaReQ (upper panel and AgReQ (lower panel where the
M-O distance is the smallest. The isolines range from €823
(0.13e/A3%) to 0.5e/a.u® (3.37e/A%) with a logarithmic incre-
ment.

the oxygen bands are lowered in energy due to the insertion
of the Agd bands. The first feature in the AgRg&pectrum
reflects the small admixture of oxygen in the 8&bands as
already found in the band structure.

When the hole is introduced in the Ré dtates, the spec-
tra of the two compounds again differ by an energy shift as
already found for the O 4 spectra. Both curves exhibit
double peak structures in the region downt@0 eV as well
as at low energies. The doubling of each feature has its origin
in the splitting of the Re # core levels by 2.5 eV where the
intensity ratio is determined by the occupation numbers of
these state€8:6) . It is obvious from the DOS and the band
structure that the spectra are governed by Restates. This
fact is again explained by the selection rules, prohibiting

with a logarithmic increment. The Re-Re distance corresponds t¢gnsitions from any other higher occupied state but Be 5

the lattice parametea. The O atoms lie approximatell A above
this plane.

the Ag valence DOS depicted in Fig(th. The other lines
represent the probability of transitions from higher-lying

states to a hole in the Osllevel in AgReQ (black), and in

The much higher intensity of the R 4épectra compared to
those depicted in Fig. 6 is related to the larger amount of
both final and initial states (45d). In contrast to the Re#
case, such a double-peak structure is not visible within the
plotted range of the Ag 8 core-level spectra. This is due to

NaReQ (gray), respectively. Since only transitions from O the fact that the corresponding splitting of thep 8tates is

2p states are possible, the intensity is proportional to the
2p DOS. This is realized in Fig.(8) and the corresponding

XPS results(Fig. 4), showing peaks for the OfR2bands in
the same energy range. The shift of the AgRefpectrum

@ne order of magnitude larger.

V. DISCUSSION

All results obtained by first-principles calculations are in

with respect to NaRegpindicates that in the latter compound very good agreement with experimental findings. Lattice
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properties such as atomic positions, bond lengths, compresstrongly ionic model of AgRegQ in other words, covalent
ibilities, and phonon frequencies, as well as electronic propinteraction due to Ag d—O 2p mixing is not expected. The
erties reproduce measurements very well. All these facts anatter would yield a Ag 4—0O 2p derived structure at higher
an excellent starting point for the discussion of the bindingbinding energy which is not observed. Furthermore, it is
mechanism in these scheelite materials. worth noting that deformation of the outermostp®lectron

A first indication for the same bonding situation in both charge distribution of the anion in the crystal field of silver
compounds are the lattice dimensions which are found to b#®ns is a very important factor to understand the characteris-
the same. In case of ionic bonding, this would suggest thalic properties of silver salts.
silver exhibits a very similar ionic radius as Na. Indeed, there  To underline our hypothesis, we have further analyzed the
are several indications that Aghas a variable ionic radius €lectron density in NaReQand AgReQ to obtain clearer
which may vary between 0.67 A and 1.42(Refs. 35 and indications for ionicity or covalency. In the ionic case, the
36) in different compounds depending on the coordination€!€ctrons would be concentrated at the atomic sites and van-
number. Another striking fact is th&y vibrations exhibiting ish in the interstitial space, w.hereas in the Coval.ent situation
the same frequencies in both compounds, thus showing th considerable charge density should appear in the region

: . : . etween the bonded atoms. The electron densities in the
m;e”:gﬁgtlo(?f ?\I;he Ag atom with the Rg@trahedra is as M-Re planes of NaRefand AgReQ are depicted in Fig. 8.

In the case of NaReQ the bonding mechanism is evi- Clearly, there is no difference in the electron densities related

dent. In the valence band no Na character has been detect §}t?ﬁed's§%%uﬂpr? dpr: thseiigqiﬁhidﬁh:ﬂggzr Itr;\(ilcéilzgtnron
therefore the bonding in this material can be regarded to b inding Ism. Fu '

- . ensities have also been computed in a plane containing
completely ionic. In the case of AgRg{the strongly local neighboring sodiuntsilver) and oxygen atoms in NaRgO

ized silverd bands and the weakly altered band structure : L .
with respect to the Na compound are strong indications OEAgReQ) ’ Wh|le NaReQ does not exhibit any finite elec-
ron density in between these two atorfsig. 9, upper

ionic behavior in AgRe@ The relative oxygen contribution . :
in the Ag bands below the Fermi level as emerging from th an_e), a maxmuga e[ectron density of 0'03. electrons per
band-character plot is very small. The bandwidth of the OCUbIC au. (0.2Ge/ . ).'S found for AgReQ (F.'g' 9, lower
dominated band betweenl1.8 and—4 eV does not change pane). This yalue IS N closse _accord%r;(:e W&O'Ol .ele.c-
when silver is introduced into the lattice. However, this band"O"S Per cubic a.u. (0.08/A%) |n'NaCI, which isthe ionic
exhibits weak Ag character in AgRgOWe interpret this textbook compoundin conclusion, NaReQ.as well as
mixed character of some bands as a polarization effect rath gReQ} ha}ve.to be regarQed as representative examples for
than covalent bondiri§ and conclude that the interaction "€ '0N'C binding mechanism.
between Ag and O is predominantly ionic. It should be noted
that the rather broad bandwidth is a result of the crystal-field
splitting and not of covalent bonds. Only the band dispersion We appreciate support from the Austrian Science Fund
of the ReQ bands reflects the covalent bonding inside the(FWF), Projects Nos. P14004-PHY and P13430-PHY, and by
tetrahedra. the EU research and training netwdBXCITING Contract
Also the analysis of the XPS results is consistent with aNo. HPRN-CT-2002-00317.
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