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The pure rotational spectra of107AgO and 109AgO were recorded in the 117–380 GHz spectral
region using a dc-sputtering absorption cell. The107Ag(I 51/2) and 109Ag(I 51/2) magnetic
hyperfine parameters are interpreted in terms of plausible electronic configuration contributions to
the X 2P i state. It is shown that the determined unusual sign of theL-doubling and Fermi contact
parameters implies that theX 2P i state is dominated by a three open shell configuration. A
comparison with isovalent CuO is made. ©1998 American Institute of Physics.
@S0021-9606~98!01618-3#

I. INTRODUCTION

Early models for bonding in theX 2P i ground and the
low lying A 2S1 excited~sometimes referred to asY 2S1!
states of CuO and AgO~Refs. 1–5! were devoid of many of
the complexities inherent in models for other transition metal
compounds~e.g., multipled-orbital bonds,p-electron back
donation, etc.!. The bonding was simply described as purely
ionic arising from coupling of the M1((n21)d10) ground
state configuration with the O2(2p5) electrons,

M1~~n21!d10!O2~2p5!

→~core!1s21d41p42s22p3→X 2P i ~1!

→~core!1s21d41p42s12p4→A 2S1, ~2!

where in labeling the molecular orbitals only the valence
orbitals of M1 and O2 have been considered. The significant
excitation energy associated with ionic states arising from
the open-shell (n21)d9ns1, (n21)d8ns2, and (n
21)d8ns1np1 configurations ~Cu1: .2.8 eV and Ag1:
.5.0 eV! ~Ref. 6! and the large ratio of radial extent of the
ns to the (n21)d orbitals @Cu1: '3.3 ~Ref. 7! and Ag1:
'2.7 ~Ref. 8!# was used to rationalize the prediction that
these configurations were not important in describing bond-
ing in theX 2P i andA 2S1 states. Subsequent spectroscopic
observations for CuO illustrated that such a simple model
was woefully inaccurate. Specifically, the optical,9,10

infrared,11 and microwave12–14 spectra revealed that the
63Cu(I 53/2) and65Cu(I 53/2) magnetic hyperfine interac-
tions in X 2P i andA 2S1 states were large. In contrast, the
configurations depicted in Eqs.~1! and~2! will result in neg-
ligible magnetic hyperfine interactions because the unpaired
electron occupies the 2p or 2s O2-centered molecular or-
bital. A more recentab initio calculation for CuO employing

extensive correlation treatment15 confirmed that the ionic
bonding resulting from coupling the open shell
(n21)d9ns1 electrons with the O2(2p5) electrons is indeed
important for CuO, and presumably also important for AgO,

M1~~n21!d9ns1!O2~2p5!

→~core!1s11d41p42s22p33s1

→X 2P i1~4P i and 2P r !. ~3!

Furthermore, this calculation predicted a significant covalent
character arising from back donation of O2 centered charge
into Cu 4pp and 3dp orbitals which may also be important
for AgO,

M~~n21!d9ns1np61
1 !O~2p0

12p61
3 !

→~core!1s11d41p42s22p33s1

→X 2P i1~4P i and 2P r !. ~4!

The 2p orbital of Eq.~3! is essentially a 2p61 O2-centered
orbital whereas in Eq.~4! it is a bonding mixture of 2p61

O-centered and 4p61 plus 3d61 Cu-centered or 5p61 plus
4d61 Ag-centered atomic orbitals.

The heretofore lack of magnetic hyperfine interaction in-
formation has inhibited experimentally testing the proposed
bonding for AgO. The fine structure parameters for the
A 2S1 andX 2P i band system were derived recently16 from
the analysis of theA 2S1→X 2P i band system recorded by
Fourier transform infrared~FTIR! emission spectroscopy.
The analysis of the visible emission spectrum, recorded at
medium resolution using a conventional spectrograph, was
reported some time ago.17 Unlike similar spectra of CuO,
neither spectra exhibited magnetic hyperfine splitting. This is
primarily because the107Ag(I 51/2) and109Ag(I 51/2) mag-
netic moments are approximately a factor of 20 smaller than
those for63Cu(I 53/2) and65Cu(I 53/2). The more subtle
difference in the magnetic hyperfine interaction between the
two molecules reflects the periodic trend in bonding and is

a!Present address: Department of Chemistry and Biochemistry, Arizona
State University, Tempe, Arizona 85287.
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the focus of the present study. Although it is expected that
the ionic bonding contribution for AgO and CuO should be
comparable because of the similar ionization potential of Cu
and Ag, the degree of mixing between the (n21)d10 and
(n21)d9ns1 asymptotes in the description of this ionic bond
should be significantly different. Specifically, the mixing
should be much less important for AgO than for CuO be-
cause the1S((n21)d10) –3D((n21)d9ns1) separation for
Ag1 ~'5.0 eV! is much larger than for Cu1 ~'1.5 eV!.
Furthermore the energy disparity between the 5p61 of Ag1

orbital and the O2 valence orbitals in comparison to the
4p61 of Cu1 will hinder the covalent bonding arising from
backdonation. These qualitative differences in the bonding of
CuO and AgO are in accord with the conclusions of the
recentab initio prediction.18 Here we report on the analysis
of the mm-wave absorption of both the107AgO and109AgO
isotopomers and the interpretation of the magnetic hyperfine
interactions andL-doubling effects.

II. EXPERIMENT

All measurements were performed at the Institute for
Molecular Science using a long path absorption cell appara-
tus similar to that used in the recent study of CuO.14 The
experimental set up has been described previously.19,20Silver
monoxide was produced in 2 m long free space flowing ab-
sorption cell by dc-sputtering of a cylindrical silver foil in-
serted in the cathode. A 3:1 mixture of helium and O2 was
slowly flowed through the cell and a discharge current of
approximately 500 mA was maintained. The absorption cell
was cooled to a temperature of2170 °C by flowing liquid
nitrogen through a copper tube attached to a copper sheet
covering the Pyrex absorption cell. It is estimated that the
pressure in the absorption cell was'10 mTorr. The tunable
microwave radiation was derived from harmonic generation
of free running klystrons operating in the 65–120 GHz
range. The radiation was frequency modulated at 50 kHz and
a liquid He cooled InSb detector signal processed at 100 kHz
with a lock-in amplifier. The Earth’s magnetic field was
compensated by adjusting currents through a solenoid coil
around the cell and a pair of Helmholtz coils placed perpen-
dicular to the cell.

III. OBSERVATIONS AND ANALYSIS

A total of 44 and 45 spectral features associated with the
pure rotational transitions fromJ56.5←J55.5 to J520.5
←J519.5 in the 117 GHz to 370 GHz frequency range for
the107AgO and109AgO isotopomers, respectively, were mea-
sured. The results from the analysis of theA 2S1→X 2P i

band system was of the great assistance16 in assigning the
observed mm-wave spectrum. The recorded spectrum asso-
ciated with theJ56.5←J55.5 pure rotational transition of
the X 2P3/2 subband is illustrated in Fig. 1. This spectrum
was recorded using a 1 mstime constant on the lock-in am-
plifier, a pressure of approximately 50 mTorr and a tempera-
ture of2170 °C. The spectrum represents an average of 200
scans. The 500 kHz~FWHM! linewidth is mainly due to
pressure broadening and to a lesser extent Zeeman effects.

The L-doubling and the hyperfine effects on all of the
measured transitions in theX 2P3/2 subband are small.
Therefore, each rotational transition for this subband con-
sists, in principle, of four closely spaced spectral features
associated with the strongly allowedDF5DJ511 transi-
tions, two hyperfine components associated with thee-parity
levels and two associated withf -parity levels of theL-
doublet. At low-J theL-doubling effects in theX 2P3/2 sub-
band are negligible ande-parity and f -parity spectral fea-
tures are not resolved as illustrated in Fig. 1. The splitting of
the spectral features caused by theL-doubling increases ap-
proximately linearly withJ whereas the hyperfine interaction
contribution decreases nonlinearly withJ. The net effect is
that with increasingJ the spectral pattern changes from the
two features illustrated in Fig. 1 into four overlapped fea-
tures which then rapidly coalesce back to two features. The
L-doubling effects on the measured pure rotational transi-
tions in theX 2P1/2 subband are very large and well resolved
for all the observed transitions. The transitions associated
with low-J X 2P1/2 subband exhibit a small magnetic hyper-
fine splitting of similar magnitude to those of theX 2P3/2

subband. Unlike CuO, there is no measurable difference be-
tween the observed magnetic hyperfine splitting of the spec-
tral features associated with thee-parity andf -parity levels
in the X 2P1/2 subband indicating that the parity dependent
magnetic hyperfine doubling term is negligible~see below!.
The total angular momentum quantum number,F, assign-
ment for the hyperfine split component of the low-J spectral
features was based upon relative intensity considerations.
The assignment, observed frequencies and the difference be-
tween observed and calculated frequencies are given in Table
I. Like CuO theX 2P1/2 subband transitions were detected at
a frequency lower than that of theX 2P3/2 subband transi-
tions ~see Table I! indicating that the Beff(X 2P1/2)
,Beff(X 2P3/2) which is abnormal for an inverted2P state.
This is due to an unusually large value forAD .

The analysis was similar to that performed for CuO.14

The effective Hamiltonian operator used to model the system
was

FIG. 1. The recorded mm-wave spectrum associated with theJ56.5←J
55.5 pure rotational transition of theX 2P3/2 subband for107AgO. The
splitting is caused by the107Ag (I 51/2) magnetic hyperfine interaction. The
e-parity andf -parity spectral features are not resolved.
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 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

140.182.3.100 On: Sun, 14 Dec 2014 04:08:56



Heff5Hso1Hrot1H ld1Hmhf. ~5!

Expressions for the spin–orbit,Hso, rotational,Hrot, andL-
doubling, H ld, terms are readily available in the
literature.21–23 The magnetic hyperfine operator,Hmhf, is
given by24–27

Hmhf5aIzLz1bFI•S1c@ I zSz2
1
3I–S#

1 1
2d@e2ifI 2S21e22ifI 1S1#. ~6!

In Eq. ~6! I andS are the nuclear and electron spin angular
momentum operators, respectively. The data set consisted of
transitions associated with highJ levels making centrifugal
distortion corrections necessary. The eigenvectors and eigen-
values for the X 2P i state were obtained by con-
structing and diagonalizing a 434(5(2S11)(2I 11)
3(2S11)(2I 11)) matrix representation in acase abJ basis
set. The matrix elements for theN2 operator form given by

Amoit et al.28 were used to facilitate a comparison with the
results of the FTIR studies. The spin–orbit parameter,A,
was held fixed to the value determined from FTIR electronic
emission spectroscopy.16

The hyperfine splitting is not resolved for transitions as-
sociated withJ9>8.5 in the2P1/2 sublevel andJ9>10.5 in
the 2P3/2 sublevel. In those cases the observed spectral fea-
ture is assigned to the intensity weighted mean of the two
strongly allowed (DF5DJ511) hyperfine components.
The L-doubling is not resolved for transitions associated
with J9,10.5 in the2P3/2 sublevel. In those cases the ob-
served spectral feature is assigned to the intensity weighted
mean of the two strongly allowed (DF5DJ511)
L-doublets. Attempts to model the data with various combi-
nations of the magnetic hyperfine parameters were made.
The L-doubling type magnetic hyperfine parameter,d, was
constrained to zero because there was no measurable differ-

TABLE I. Observed transition frequencies for107AgO and109AgO ~in MHz!.

J9, F9a y(1/2,f )b Dyc y(1/2,e)b Dyc y(3/2,f )b Dyc y(3/2,e)b Dyc

107AgO
4.5, 5 99 529.460d 20.007
5.5, 5 117 67.624 20.001 117 624.354d 0.017
5.5, 6 117 168.70420.004 117 622.056d 0.021
6.5, 6 135 201.58020.005 135 377.514 0.018 135 713.971d 20.003
6.5, 7 135 202.362 0.018 135 378.256 0.000 135 712.306d 0.001
8.5, 8 171 261.80620.024 171 437.24620.015 171 885.767d 20.012
8.5, 9 171 884.756d,e 20.063

10.5 207 309.220 0.029 207 484.00920.019 208 044.801d 20.035
13.5 261 351.05620.017 261 524.824 0.015 262 255.276 20.041 262 254.035 0.039
14.5 279 355.947 0.006 279 529.264 0.011 280 316.146 0.000 280 314.566e 20.071
15.5 297 355.70320.010 297 528.56520.008 298 371.835 0.011 298 370.143 0.030
16.5 315 350.05720.003 315 522.443 0.003 316 422.012 20.005 316 420.06620.026
17.5 333 338.677 0.026 333 510.532 0.008 334 466.438 0.044 334 464.21520.026
18.5 351 321.14020.018 351 492.47520.019 352 504.708e 0.088 352 502.251 0.023
19.5 369 297.254 0.004 369 468.030 0.007 370 536.350 20.014 370 533.70420.015

rms50.022

109AgO
4.5, 4 99 295.966d 20.031
4.5, 5 99 292.177d 20.003
5.5, 5 117 063.560 0.030 117 344.372d 0.010
5.5, 6 117 064.76020.021 117 341.731d 0.011
6.5, 6 134 878.76220.021 135 054.25520.033 135 390.873d 0.005
6.5, 7 134 879.65520.006 135 055.194 0.029 135 388.931d 20.021
8.5, 8 170 853.090 0.028 171 028.07720.008 171 476.538d 0.038
8.5, 9 171 475.372d 20.027

10.5 206 814.43420.015 206 988.86720.012 207 549.334d,e 20.099
13.5 260 727.50620.003 260 900.82320.014 261 631.038 0.021 261 629.61020.030
14.5 278 689.46820.010 278 862.385 0.002 279 648.881 20.040 279 647.378 0.031
15.5 296 646.413 0.037 296 818.861 0.032 297 661.570e 20.130 297 659.977e 0.062
16.5 314 597.86920.005 314 769.84620.002 315 669.060 0.039 315 667.032 0.018
17.5 332 543.651 0.007 332 715.119 0.010 333 670.550 20.006 333 668.29220.019
18.5 350 483.34620.012 350 654.27720.010 351 665.963 0.008 351 663.496 0.020
19.5 368 416.68120.006 368 587.04720.006 369 654.932 20.003 369 652.16020.018

rms50.023

aQuantum numbers of the lower level for the transition, (J911,F911)←(J9,F9).
bThe hyperfine splitting is not resolved for transitions associated withJ9>8.5 in the2P1/2 sublevel andJ9
>10.5 in the2P3/2 sublevel. The observed spectral feature is assigned to the mean of the two strongly allowed
(DF5DJ511) hyperfine components.

cThe deference between observed and calculated frequencies,Dy5yobs.2ycalc..
dThe L-doubling is not resolved for transitions associated withJ9,8.5 in the2P3/2 sublevel. The observed
spectral feature is assigned to the mean of the two strongly allowed (DF5DJ511) L-doublets.

eNot included in the least-squares fitting.
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ence between the observed magnetic hyperfine splitting of
the spectral features associated with thee-parity andf -parity
levels in theX 2P1/2 subband. The three optimized magnetic
hyperfine fitting parameters were taken as the linear combi-
nationsh1[a2 1

2(bF12c/3), h2[a1 1
2(bF12c/3), andh3

[bF2c/3~[Frosch and Foleyb!. The parametersh1 andh2

are directly proportional to the2P1/2 and2P3/2 diagonal ma-
trix elements in acase abJ basis set and are well determined.
The parameterh3 is associated with only off-diagonal ele-
ments and accordingly is not well determined because the
energy level pattern of AgO (X 2P) is that of a nearly pure
case abJ molecule. The optimized parameters and associated
errors produced from a nonlinear least squares fitting proce-
dure are presented in Table II along with those from Ref. 16
for comparison. Although the rms of 22 kHz and 23 kHz for
the 107AgO and109AgO data sets, respectively, suggest that
the fitting model is adequate, there is a slight deficiency in
the region where the hyperfine splitting is comparable to the
L-doubling. Specifically, the twoL-doublets for theJ59.5
←J58.5 rotational transition of the2P3/2 sublevel are pre-
dicted to be separated by approximately 600 kHz, yet the
observed spectral feature has a line width of approximately
800 kHz and is not severely distorted. Furthermore, three

features were omitted from the fit~see Table I! because their
deviation from the calculated value was slightly larger than
the estimated precision of 60 kHz.

IV. DISCUSSION

A. Fine structure parameters

The primary objective of this study is to determine the
significance of the three open shell configurations of Eqs.~3!
and~4! in describing theX 2P i state of AgO and to make a
comparison with CuO. It will now be shown that both
the sign and magnitude of theL-doubling and the magnetic
hyperfine parameters are consistent with assuming that
the three open shell configurations makes a significant,
if not dominant, contribution to theX 2P i state. This is
inconsistent with the current theoretical predictions for
AgO.18

The mm-wave spectrum could be equally well reduced
to L-doubling fitting parameters (p12q) and q of either
sign depending upon the assignment. These parameters are
dominated by second order contributions, which assuming
the unique perturber, identical potential approximations are29

p54

^(X2P i~L511,S52 1
2!u

\2

2mR2 L1uA2S 1
2

1
~S52 1

2!&^X
2P 1

2
~L511,S52 1

2!u( iai
1
2~ l i

1si
2!uA2S 1

2

1
~S51 1

2!&

E~X 2P i !2E~A 2S1!
, ~7!

q52

u^X 2P i~L511,S52 1
2!u

\2

2mR2 L1uA2S 1
2

1
~S52 1

2!&u2

E~X 2P i !2E~A 2S1!
. ~8!

TABLE II. Spectroscopic parameters for theX 2P i state of AgO~in MHz!.a

Parametersa

107AgO 109AgO

mm-wave FTIRb mm-wave FTIRb

B 9 035.497 1~59! 9 034.79~55! 9 013.971 3~55! 9 013.95~56!
D 0.013 800 91~113! 0.013 754~162! 0.013 7.34 14~101! 0.013 9.70~186!
A 28 073 882c 28 073 882~49! 28 073 915c 28 073 915~56!
AD 48.144 99~142! 48.360~90! 48.029 79~136! 48.443~132!
AH 20.000 100 80~149! 20.000 098 32~140!
gD 20.062 4~113! 20.091 4~198!
p 2175.667~37! 2171.8~26! 2175.216~34! 2182.2~29!
pD 0.006 848~53! 0.005 19~132! 0.006 892~50! 0.009 14~144!
q 21.039 9~119! 20.91~36! 21.082 1~109! 20.79~41!

h1
d 2108.4~114! 2109.8~77!

h2 69.9~36! 75.7~21!
h3 206~101! 93~65!

aThe number in parentheses represent two standard deviation error in the last quoted figure.
bReference 16.
cHeld fixed to the FTIR value.
dh1[a2

1
2(bF12c/3), h2[a1

1
2(bF12c/3), andh3[bF2c/3.
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A sign for (p12q) consistent with that determined from the
FTIR analysis,16 but opposite to that determined for CuO
~Ref. 30! and that implied by the theoretical prediction,18

was used. The negative sign determined for (p12q) from
the FTIR analysis is based upon assuming aS1 symmetry
for the excited electronic state associated with the observed
band system. Such an assumption is consistent with the ob-
served intensities and with the theoretical prediction18 for the
energy separation between theX 2P i andA 2S1 states. If it
is assumed thatX 2P i and A 2S1 states are dominated by
the configurations of Eqs.~1! and ~2! ~i.e., a hole in the
2p-orbital centered on O2! then the matrix elements in Eqs.
~7! and ~8! can be approximated as

^X 2P i~L511,S52 1
2!u

\2

2mR2 L1uA2S 1
2

1
~S52 1

2!&

5B•^2su l 1u2p&'2BA2 ~9!

and

^X 2P 1
2
~L511,S52 1

2!u( iai
1
2~ l i

1si
2!uA2S 1

2

1
~S51 1

2!&

5^2su 1
2a~ l 1s2!u2p&' 1

2apA2, ~10!

where ap[^2pualzu2p& and B is the rotational constant.
Substitution into Eqs.~7! and ~8! give the commonly used
approximate expressions29

p5
4Bn A

E~X 2P i !2E~A 2S1!
, ~11!

q5
4Bn

2

E~X 2P i !2E~A 2S1!
, ~12!

whereA is the spin–orbit parameter. As noted in the analysis
of the FTIR spectra,16 expression~12! predicts that theL-
doubling fitting parameter (p12q) should be positive for
AgO, contrary to observation. The predicted sign of theL-
doubling fitting parametersq is consistent with observation.

Expressions analogous to Eqs.~11! and ~12! for states
arising from the three open shell configurations of Eqs.~3!
and~4! are readily derived. The spin adapted wave functions
for the inverted2P i(V51 1

2) substate arising from these
configurations is31

C~2P i~V51 1
2!!5

1

A6
~2u1s̄2p12p̄12p̄23s2s2s̄u

2u1s̄2p12p̄12p̄23s̄2s2s̄u

2u1s2p12p̄12p̄23s̄2s2s̄u). ~13!

The ‘‘ ’̄’ over the orbital indicates ab spin function. The
spin adapted wave function for two2S1 states arising from
the configuration associated with the promotion of an elec-
tron from the 2s orbital to a 2p orbital are

C~2S~V51 1
2!!5

1

A2
~ u1s2p12p̄12p̄23s̄2s2p2u

2u1s̄2p12p̄12p̄23s2s2p2u),
~14!

C~2S1~V51 1
2!!

5
1

A6
~2u1s2p12p̄12p̄23s2s̄2p2u

2u1s2p12p̄12p̄23s̄2s2p2u

2u1s̄2p12p̄12p̄23s2s2p2u). ~15!

The wave functions for the two2S1(V52 1
2) states are sim-

ply derived by interchanging thea andb spin functions on
the unfilled orbitals. Using these spin adapted functions and
the rules for evaluating the matrix elements between Slater
determinants32 the unique perturber, pure precession, identi-
cal potential, expressions become

p5
23BA

E~2P i !2E~2S1~Eq. 14!!
, ~16!

p5

1
3BA

E~2P i !2E~2S1~Eq. 15!!
, ~17!

q5
3B2

E~2P i !2E~2S1~Eq. 14!!
, ~18!

q5
B2

E~2P i !2E~2S1~Eq. 15!!
. ~19!

Thus it can be seen from Eqs.~16!–~19! that the negative
values for theL-doubling fitting parameters (p12q) andq
are consistent with the three unpaired configuration. Using
the values of theA and B values of theX 2P i state and
DEPS from the FTIR analysis (528294 cm21),16 and as-
suming that the wave function for theA 2S1 is given by Eq.
~14! gives (p12q)52870 MHz andq524.8 MHz. This
simple prediction gives the correct sign for theL-doubling
parameters, but magnitudes that are approximately a factor
of 4 too large. The implemented ‘‘identical potential’’ as-
sumption, which implies a vibrational overlap integral of
unity, will force the model to over estimate the interaction
between theX 2P i and A 2S1 states. A more reasonable
estimate for the magnitude of the vibrational overlap integral
is between 0.70 and 0.30 given thatDvÞ0 transitions in the
A 2S1→X 2P i band system were observed and that the dif-
ference in bond distances for the two states is approximately
0.07 Å.16 Thus theL-doubling parameters indicate that the
X 2P i state is dominated by the three open shell configura-
tions.

A comment on the unusually large centrifugal distortion
to the spin–orbit parameter,AD , is warranted. This ‘‘effec-
tive’’ parameter also has contributions from the spin–
rotation interaction,g. The values forAD for the two iso-
topes are almost exactly in the ratio of their inverse reduced
mass. This implies that the contribution from the spin–
rotation interaction is negligible.
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B. Hyperfine structure parameters

The magnetic hyperfine parameters are extremely sensi-
tive to the nature of the electronic wave function. Atomic
information and the assumed nature of the open shell 1s, 2p,
and 3s orbitals will be used to estimate the hyperfine param-
eters as a test of the proposition that the three open shell
configuration is important in describing theX 2P i state. The
three open shell orbitals are approximated as are linear com-
binations of the 4d, 5s, and 5p Ag atomic and the 2p O
atomic orbitals,

c~1s!'4d0~Ag!, ~20!

c~3s!'5s~Ag! ~21!

c~2p!'c12p61~O!1c24d61~Ag!1c35p61~Ag!.
~22!

Using the rules for calculating the matrix elements involving
Slater determinants32 the predicted hyperfine parameters as-
sociated with the wave function of Eq.~13! are

a/Hz51.4137310223 m3 s21 gI^2pur 23u2p&, ~23!

bF /Hz51.1843310222 m3 s21 gI~2 1
3!^3sud~r !u3s&,

~24!

c/Hz52.123310223 m3 s21 gI~
2
3!

3F ^2puS 3 cos2 Q21

r 23 D u2p&

1^1suS 3 cos2 Q21

r 23 D u1s&G , ~25!

d/Hz52.143310223 m3 s21 gI~
2
3!^2pu

sin2 Q

r 23 u2p&.

~26!

The 3s orbital contributes only tobF , the 2p orbital con-
tributes only toa andd, whereas both the 2p and 1s orbitals
contribute toc. In this analysis the use of the experimental
information for the neutral atom, Ag, for the estimating the
expectation values in Eqs.~23!–~26! is necessitated because
of the lack of such information for the ion, Ag1. The appro-
priate atomic expectation values33–36 and atomicgI values37

for 107Ag, 109Ag, and63Cu are given in Table III. The theo-
retical prediction18 gives no information from which the co-
efficientsc1–c3 of Eq. ~22! can be estimated. The predicted
magnetic hyperfine parameters for the three limiting cases
~i.e., c151, c25c350, etc.! are collected in Table IV.

TABLE III. The Ag and Cu atomic information used to estimate the magnetic hyperfine parameters.

107Ag 109AgO 63Cu

gI 20.227 14a 20.261 38a 1.482 2a

^nsud(r )uns& 6.3631031 m23 b 6.3831031 m23 b 3.33431031 m23 e

^ndur 23und& 5.7131031 m23 c 5.7231031 m23 c 2.431031 m23 e

^(n21)pur 23u(n21)p& ¯ 2.1231031 m23 d 0.5331031 m23 e

^p61u(3 cos2 Q21)up6& 22/5 22/5 22/5
^p61usin2 Qup61& 4/5 4/5 4/5
^d0u(3 cos2 Q21)ud0& 4/7 4/7 4/7
^d61u(3 cos2 Q21)ud61& 2/7 2/7 2/7
^d61usin2 Qud61& 4/7 4/7 4/7

aReference 35.
bReference 33.
cReference 32.
dReference 34.
eReference 36.

TABLE IV. Estimated magnetic hyperfine parameters for AgO(X 2P i) ~in MHz!.a

107AgO 109AgO

2p'2p61b 2p'4d61c 2p'5p61d 2p'2p61b 2p'4d61c 2p'5p61d

a 0 2183 268 0 2211 278
bF 571 571 571 655 655 655
c 2104 278 2157 2120 289 2180
d 0 105 255 0 120 263

a1
1
2(bF12c/3) 250 77 165 288 86 190

a2
1
2(bF12c/3) 2250 2442 2301 2288 2510 2346

bF2c/3 605 597 623 695 684 715

aCalculated using Eqs.~23!–~26! and data of Table III.
bCalculated assumingc151, c250, andc350 in Eq. ~22!.
cCalculated assumingc150, c251, andc350 in Eq. ~22!.
dCalculated assumingc150, c250, andc351 in Eq. ~22!.
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It is satisfying that the determined sign for fitting param-
eters ofh1 , h2 and h3 are consistent with the values pre-
dicted for the proposed three open-shell configuration given
in Table IV. Furthermore it is noted that the ratio
hi(

107AgO)/hi(
109AgO) is5gI (107AgO)/gI(

109AgO! within
the experimental error indicating that the model is not merely
phenomenological. The combinationh11h2 indicates that
a'220 MHz. The determined small value fora, and the
observation thatd is negligible, indicates that the 2p orbital
is essentially a 2p61 O2-centered orbital with little backdo-
nation from O2 centered charge into Ag 5pp and/or 4dp
orbitals. A much more significant contribution from back
donation of O electrons into Cu 4pp and 3dp orbitals was
required to explain the determined hyperfine parameters for
CuO.14 This observation is consistent with the trend in the
1S((n21)d10) –3D((n21)d9ns1! separation for Ag1 ~'5.0
eV! and Cu~'1.5 eV!. The comparison of the spin–orbit
parameter of AgO with O2 ~Ref. 16!, was previously used to
also argue that the 2p orbital is essentially a
2p61 O2-centered orbital. Therefore, a comparison of the
determined parameters with those predicted under the as-
sumptionc151, c25c350 ~i.e., the first column of Table
IV ! is most appropriate. The most striking observation from
this comparison~i.e., obs. uh1u'uh2u'90 MHz; calc: uh1u
5uh2u5250 MHz! is the implied relatively large contribu-
tion of the three open shell configurations given in Eqs.~3!
and ~4!. This comparison suggest that the three open shell
configuration is nearly as important as the singly unpaired
electron configuration. Finally, although not well determined
the combination ofh1 , h2 , and h3 gives a value forc of
'228 MHz. A comparison with the predicted value of
2104 MHz~see column 1 of Table IV! also suggest a similar
contribution from the three open shell configurations to the
description of theX 2P i state as did the comparison of the
predicted observed values foruh1u and uh2u.

V. CONCLUSION

The fine and hyperfine interactions in theX 2P1 state of
AgO have been analyzed. The unusual sign of theL-
doubling and magnetic hyperfine fitting parameters can be
rationalized if it is assumed that a three unpaired electron
configuration makes a significant if not dominant contribu-
tion. These results imply that the excited metal ionic con-
figuration M1((n21)d9ns1) is more important in AgO than
in CuO even though the1S((n21)d10) –3D((n21)d9ns1)
separation for Ag1 ~'5.0 eV! is much larger than for Cu1

~'1.5 eV!. These observations are not in qualitative agree-
ment with the recentab initio prediction for the nature of the
X 2P i state.

The determination of the complete set of magnetic hy-
perfine parameters for theX 2P i state would be helpful for
further elucidating bonding. The parameters provided in the
present study should facilitate any future FT-microwave
measurements from which those parameters could be de-
rived.
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