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Shallow electron centers in silver halides
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Shallow electron centers in AQCl and AgBr have been studied by pulsed electron nuclear double resonance
at 95 GHz. Information about the geometric structure and the ground-state wave function is obtained, which
confirms that these centers consist of an electron loosely bound to a Coulombic trap. The microscopic models
for these Coulombic traps, to which we are led, differ from the ones suggested from previous optical studies.
It appears that the optical transition energies can be reasonably well accounted for by simple hydrogenlike and
guantum-defect methods. Owing to the similarity between shallowly trapped and conduction electrons, infor-
mation about the lowest state of the conduction band is derived, which reveals that this state is not mainly
silver s like, as is frequently assumed, but also includes a substantial amount of chéoGharacter.
[S0163-182696)05039-4

I. INTRODUCTION for the extrinsic SEC’s a very smal0.2% shift from
g~1.49 of the intrinsic SEC is reportédSince no hyperfine
In semiconductors, the incorporation of defects or impu-Or superhyperfine structure can be resolved, the EPR spectra
rities can strongly influence the electronic properties of theProvide practically no information about the microscopic

material. Depending on their charge state, such centers c&fucture of SEC’s.
act as Coulombic traps for electrons or holes. When the, ' & recent paper, we demonstrated that electron nuclear
double resonancéENDOR) spectroscopy at a microwave

screening of the Cpulompic charge by the_ Iattipe is small, theI"requency of 95 GHz can be applied to the study of SEC’s in
electron or hole will be tightly bound, giving rise to a deep AgCl® The superhyperfine interactions, which are unre-

donor or acceptor, respectively. Since for AGCl and AgBr thegqyed in EPR experiments, can be detected with this tech-
dielectric constant _is relatively Iarge,' 'electrons are Ioosel;hique' and enable one to derive the position of the center and
bound to centers with an excess positive charge. The resulgxtent of the delocalization of the shallowly trapped elec-
ing shallow donors or shallow electron cent¢BEC’S are  trons. In the previous paper we focused on the intrinsic SEC
believed to play an important role in the latent image forma+in AgCl, and argued that the model proposed by Sakuragi
tion process which occurs in the silver halides when they areand Kanzaki is incompatible with our results. In this publi-
irradiated with actinic light:> The study of SEC's is there- cation we give a more extensive description of the intrinsic
fore of technological interest, though, in view of the impor- SEC in AgCI, include the results obtained for the intrinsic
tance of centers in solids in general, their study is also stimuSEC in AgBr, and also those of the Cd- and Pb-related
lated by fundamental interest. SEC's in AgCl which were used in the previous paper but
Shallow electron centers in silver halides are created upoRot published so far. For shallow electrons bound to these
ultraviolet (uv) excitation, and can be studied at low tem- closed-shell divalent cations, we are again led to a model
peratures. They were first observed in nominally pure crysdifferent from that proposed by Sakuragi and Kanzaki. A
tals by Brandt and Brown using uv-induced infrared- Comparison _V\_/|II be made between the expt_—znmentally ob-
absorption spectroscopyln a subsequent study, Sakuragi served transition energies and the values which we calculate

and Kanzaki suggested that SEC’s in nominally pure mate{Sing effective-mass theoEMT) in combination with our
rials are of intrinsic nature, and consist of an electron shalENPOR data. According to EMT the wave function of a

shallowly trapped electron resembles that of a conduction
electron. The study of SEC’s can therefore yield information
oncerning the nature of the conduction band. It appears that
e quantitative results obtained in this study cannot be trans-
ted into a simplistic description of the AgCl and AgBr
onduction bands.

lowly trapped at an interstitial Agion.* When doped with
divalent cations like Ct or PE*, different SEC’s appear
which, according to these authors, are related to electror}
trapped at single Gd or PI¥* ions substituting for silver in
the lattice. Being paramagnetic, the SEC’s can be studied b
electron paramagnetic resonandPR experimentg. The
EPR glgnals from electro_ns_ shallowly trappe_d by the impu- Il EXPERIMENT

rities in AgCl are very similar to those obtained from the

intrinsic center and appear as an isotropic, structureless line ENDOR studies were performed using a pulsed scheme
at g~1.88. In AgBr the same features are observed thougintroduced by Mim$. Here am/2-m/2-T-7/2 microwave
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pulse sequence, applied resonantly with the EPR signal oAgCl:C?* crystal with an estimated doping level of a few
the SEC, produces the so-called stimulated g8t signal  hundred molar parts per milliofmppm) and further contain-
at time 7 after the third#/2 pulse. Nuclear transitions are ing approximately 0.65% of Br. Also a 'Cd-enriched
induced by a radio-frequendyf) pulse, given between the AgCl sample was studied with a similar doping level.
second and third microwave pulses, and monitored as AgCl:Pt’" and AgBr:PB" crystals, with doping levels of
change of the SE intensity. The ENDOR spectra were reabout 100 mppm, together with an undoped AgBr crystal,
corded via detection of the SE intensity as a function of thewvere provided by the Eastman Kodak Company.
radio frequency. For certain frequency regions, nuclear tran- In the experiments the sample was cooled from room tem-
sitions will not affect the SE intensity. These blind spots areperature to 1.2 K without exposure to light. The SEC’s were
a consequence of the pulsed nature of the experiment, arsdibsequently generated by ultraviolet radiation filtered from
their positions depend on the value of the electron §pamd  a 100-W mercury arc. All experiments were performed under
the value ofr choserf. For aS=1% system, the blind spots in continuous irradiation, because the EPR signal of the SEC'’s
the Mg=—3 and +3 sublevels are located at frequencigé  is known to decrease when the light is switched off as a
27) (n=0,1,2,..) above and below the nuclear Zeeman fre-result of recombination of shallowly trapped electrons with
guencies. To avoid the possibility of missing individual hole centers.
lines, all ENDOR spectra shown in this paper are constructed
from several recordings of small partg/pical widths of 1. RESULTS
0.5—-1 MH2 taken at optimum values af ) . .
The experiments were performed on a home-built pulsed The ENDOR spectra obtained for the various SEC's in
EPR and ENDOR spectrometer operating at 95 GHz and 1.29Cl and AgBr all show a similar pattern. They consist of a
K, which was described in detail elsewhér&he main ad- Multitude of lines symmetrically placed around the nuclear
vantage of the spectrometer for this work is the high spectrafeeman frequencies of the silver and halide ions. For the
resolution attained in the ENDOR spectra, because the EPREC in undoped AgCl the ENDOR spectra of silver, with
signal of the SEC’s appears at a high magnetic field of 3.6 Tuclear transitions 0f107{°~9(5| =3, 5320@ and 10999(' =3,
in AgCI (g=1.878 and of 4.6 T in AgBr(g=1.489. The rf  48%), and of chlorine, witt**Cl (1=3, 76% and *'Cl (1=
waves were generated by a computer-controlled Rohde angl 24%9 transitions, have been shown already in a previous
Schwarz signal generatémodel SMS in combination with  Publication® For a quantitative analysis only part of these
either an Electronic Navigation Industries rf power amplifier SPectra is needed and in Figgblland 2b) the relevant parts
(model 440 LA or an Amplifier Research amplifigmodel ~ are reproduced for th#°Ag and **CI spectra, respectively.
250L). These parts contain transitions at frequencies above the

Several undoped AgCl crystals were studied as well as Auclear Zeeman frequencies 4FAg and *CI which are
revealed by the dips at 7.156 and 15.057 MHz, respectively.

(a) AgCl:Pb?*
(b) undoped
AgCl
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FIG. 1. The high-frequency part of t18°Ag ENDOR spectrum FIG. 2. The high-frequency part of tH8Cl ENDOR spectrum
obtained for the shallow electron centers(a Pb-doped(b) un- obtained for the shallow electron centers(a Pb-doped(b) un-
doped, andc) Cd-doped AgCl crystals. All spectra have been re-doped, andc) Cd-doped AgCI crystals. All spectra have been re-
corded after storage of the samples in the dark at room temperatumerded after storage of the samples in the dark at room temperature
for a period of months. Thé%Ag nuclear Zeeman frequency is for a period of months. The nuclear Zeeman frequency®6f is
positioned at 7.16 MHz. Some of the lines are labeled with shelpositioned at 15.06 MHz. Some of the lines are labeled with shell
numbers as discussed in Sec. V. numbers as discussed in Sec. V.
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FIG. 3. The ENDOR transitions &°"Pb obtained for the SEC
in Pb-doped AgCI. This spectrum has been obtained after storage of
the sample in the dark at room temperature for a period of several
months.

ENDOR intensity (arb. units)

For comparison we included in these figures the spectra ob- 53 54 55 56
tained from the C#'- and PB-doped AgCl crystals. In the RF frequency (MHz)
latter crystal it was possible to record nuclear transitions of

297Ph (1 =3, 23%), and the spectrum is shown in Fig. 3. The  FiG. 5. The high-frequency parts of tAAg and®!Br ENDOR
spectra of the Cd- and PB'-doped AgCl crystals have spectra of the SEC in undoped AgBr. The corresponding Zeeman
been recorded after storage of the doped materials at rooffequency is present as a dip in the silver spectrum, but as a peak in
temperature in the dark for a long period. If one applies ahe bromine spectrum due to the high rf power that had to be used
heat treatment prior to the experiment, the spectra changéor the recording of this latter spectrum. Some of the silver and
This is illustrated in Figs. @) and 4c), where the'®Ag  bromine lines are labeled with shell numbers.

ENDOR spectra of the Bb-doped AgCl crystal are shown

after annealing the sample at 350 °C under Ar pressure for P ;
period of 1 and 22 h, respectively, followed by a rapid f](?)ﬁ epg%rlnlgaNdeglgeQS:c?t(rfn? pon heat treatment is observed

uench in water. Figure(d) resembles the spectrum of the . .
gndoped AgCl crys?al of Fig. (b), whereas Igig. b) is a The Sp.eCtra obtained from the SH%(Q: n ““d‘gf’ed A_g?r are
superposition of this spectrum and the one of the untreate e(;)mcted n .F'g' 5, where part of the"Ag and Br ( 2
Pb2+-doped AgCl shown in Fig. () and reproduced in Fig. 9%) tra'nsmons are shown. The spectral resolution in these
spectra is lower compared to that in the spectra of the AgCl

crystals, which results from the very low SE signal intensity
on which the ENDOR effect is measured. Consequently,
high rf powers had to be used to observe any effect at all
which in case of thé'Br ENDOR spectrum accounts for the
(0) appearance of the Zeeman frequency as a peak instead of a
dip.

The silver, chlorine, bromine, and lead ENDOR spectra

proved to be isotropic, apart from a few lines in the chlorine
(b) and bromine spectra which exhibit a quadrupole splitting.

These lines appeared when the magnetic field was oriented

along a cubic crystal axis as broad and low intensity lines.

When turning the magnetic field away these lines split, be-
come weaker, and broaden even further. Consequently it was
not possible to record their orientational dependence.

ENDOR intensity (arb. units)

(e)

IV. ANALYSIS
L | L L L L { 1 ) ) L 1 L L
7.5 8.0 8.5 The ENDOR spectra shown in Sec. Ill can be analyzed
RF frequency (MHz) using the Hamiltonian

FIG. 4. The dependence of the high-frequency part of-theg
ENDOR spectrum of the SEC in AgCl:Pb upon heat treatment. N
(a) was recorded after storage of the crystal at room temperature for _ B
a period of several monthé&) and(c) were recorded after anneal- H=0eBeBo- "+ Zl (= GnaBnBo-latass™ 14
ing the crystal at 350 °C under Ar pressure for periods of 1 and 22
h, respectively, followed by a rapid quench in water. +1,- Q. 1), (1)
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which describes an electron, with spin operaforcoupled to  function of the unpaired electron without consideration of
a collection ofN nuclei, each with spin operatdr,, in a the nodal structure inside the ion cores. Gourary and Adrian
static magnetic field,. The first term on the right describes argued that, by orthogonalizing a suitable envelope function
the isotropic electronic Zeeman interaction with ® to the cores of the lattice ions in order to allow for
0.=1.878+0.003 for AgCl andg,=1.489+0.004 for AgBr, the Pauli principle, the spin densit¥(a)]> on nucleusa
whereas the second term accounts for the nuclear Zeemanay be written as a proportionality constahj, times the
interactions withg,,, the g factor of the nucleus.. Here itis  density of the envelope function on that nucléd$.Thus
assumed that the nuclear factor g,,, has a positive sign |¥(a)*=A,|®(a)|?. A considerable simplification can be
which is the case for most nuclei, like chlorine and bromine.achieved if the envelope function remains approximately
However, for silver nucleig,, has a negative sign. The third constant within each ion core, which seems to be a reason-
term describes the isotropic hyperfiflef) and superhyper- able assumption for a shallow electron. For this situation,
fine (shf) interactions with the hyperfine constamj given = Gourary and Adrian showed that the value/yf will only
by depend on the nuclear species of ieand not on its position
in the lattice, i.e., for all silver ion#\, has the same value

_om " 2 5 which is different from the values ok, for all chlorine or

a 3 JeBeGnalnl V()] 2) bromine ions. Thus in a one-electron approximation we may

) ] ] rewrite Eq.(2) as
Here|¥(a)|° reflects the spin density on nucleasFrom the

ENDOR study of the self-trapped exciton in Ag€it has 8 )
been established that for silvay,<0 and for chlorinea,,>0. =3 JeBeUnaBnPal P(a)|*. 4
This implies, due to the signs of,,, that the density of a

shallowly trapped electron is positive on both silver and  Thijs description is confirmed by effective-mass theory,
chlorine nuclei. The traceless tensy, presentin the fourth  which specifically applies to a description of shallow donors

term of Eq. (1), reflects the quadrupole interaction of the jn solids!''? Here the wave functiot’ of the defect is ap-
chlorine and bromine nucleiboth 1 =%). As mentioned in proximated by

Sec. lll, it was not possible to resolve the orientational de-

pendence of the anisotropic transitions affected by the quad- W(r)=u(kg,r)-F(r), 5
rupole interaction in the AgCl and AgBr crystals. Therefore

we will not include the quadrupole interaction in the follow- With U(Ko,r) representing the lowest Bloch function of the
ing analysis. conduction band, an#(r) an envelope function equivalent

For an electron(s®=1) coupled to a single nucleus (I to the one mtroducezd above. 1’2he spir12density at.nudeiss
~1or ), from Eq.(1), when neglecting the quadrupole term then given byW(a)|*=|u(ko,a)*-[F(a)f, thus again by the
and using first-order perturbation theory, one derives that th8€nsity of an envelope function times a proportionality con-
ENDOR transitions’Am,=0 and AM,==1) occur at fre- stapt. Since Bloch fungtlons possess thg: perlodl_c[ty of the
quencies lattice, the proportionality constafi(ky,a)|, by definition,

has to be independent of the lattice position of éigrthough

its nature still depends on the nuclear species of that ion.
. (©)) At this point of the analysis we want to derive the spatial

distribution of the envelope functio® from the ENDOR
Thus each nucleus is expected to give rise to two ENDOR spectrum of a SEC. For this one needs to assign the lines in
transitions symmetrically placed above and below thethe ENDOR spectra to the lattice ions, i.e., to determine the
nuclear Zeeman frequency (4,,.8,Bo. This behavior is  position in the lattice of the ion giving rise to a particular
indeed observed, as may be verified in the total silver andENDOR transition. As a starting point we assumed that the
chlorine ENDOR spectra of the SEC in undoped AgCl pub-ground state of a SEC resembles a hydrogenlikesthte,
lished in our previous papérThe fact that a multitude of thus ®(r)~e ""o. We used a trial-and-error procedure in
lines is present in each of the ENDOR spectra indicates thavhich |®(a)[* was calculated on a large number of lattice
the electron interacts with a large number of lattice nucleipositions of the cubic silver-halide lattice, trying various cen-
and therefore is very delocalized. The isotropic behavior oter positions ofP and by optimizing the values &,gy, Acy,
the ENDOR transitions is a manifestation of the diffuse na-or Ag,, and the Bohr radius,, to match the observed shf
ture of the electron. frequencies.

According to Egs(2) and (3), each line in the ENDOR The results of the analysis of the various SEC’s in un-
spectra yields the spin densitf(a)?> on the nucleus of a doped, Cd*- and PB*-doped AgCl and undoped AgBr are
particular iona. In a one-electron model the spin density is given in Fig. 6, where the density of the envelope function
directly related to the wave function of the unpaired electronis shown as a function of the radius These results were
However in a many-electron system such a simple relationebtained by placing the center & on a Ag"-lattice position
ship is lost, and, in order to interpret the spin density, thewhich was the only position, for all SEC’s studied by us, that
Schralinger equation of the entire system, containing notenabled a consistent analysis of both the silver and the halide
only the unpaired shallow electron but also the core electronENDOR spectra. Accordingly one may define shells consist-
of the lattice ions, should be solved. In ionic crystals thising of nuclei with the same radius and the density ofb
many-electron problem is usually simplified to an effectivecould be derived on a large number of such silver and halide
one-electron problem by the introduction of an envelopeshells; some shells are indicated in the figure. The derived
function @, which refers to the average nature of the waveradial defendences for a large part display the expected expo-

aa

VEnDOR( @, M=+ 3) = N OnaBnBo~+ >
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0.0015 TABLE I. The experimentally determinegd@olumns 2, 3, 4, and
159 5) and theoretically predicte@olumns 6 and yfvalues of the pro-

(a) AgCl:PbZ* portionality constanfA,, which relates the approximate spin den-
6)( G g * . 2 a . . 2

(b) undoped sity |®(a)|* to the total spin density¥(a)|* on a nucleuse. The
. AqCl experimental derivation is discussed in Sec. IV, whereas the theo-
retical estimates obtained from the point-ion lattice approximation

I A2+
: (c) AgCl:Cd (PILA) and the effective-mass theo(gMT) are described in Sec.
N Rei 13, (d) undoped V C.
= AgBr
> : AgCl Calculated
ol AgBr —
o8 C* undoped PB" undoped PILA EMT
Ag
i Ang 2880 3200 2950 4490 820 1170
Ac 1260 1370 1270 680 850
Ag, 4220 1410

DOR spectra of the SEC in Pbdoped AgCl are compared
r/d with the recorded spectra. These figures show a good overall
) ) _agreement between the recorded and simulated spectra, espe-
F[G'_ 6. The density of the envelope function of the various igly in the region close to the nuclear Zeeman frequencies,
SEC’s in AgCIl and AgBr as a function afd with the interionic ¢ jjjystrated in the insets. However, the simulations do not
lattice distancel=2.7532 A(AC) or 2.864 A(AgBY) at 0 K (Ref. ccount for all features observed at frequencies above 8 MHz

36). The open circles and triangles denote the densities derive . P .
from the silver and halide ENDOR spectra, respectively. The radii Fig. 7(@) and above 15.8 MHz in Fig.(B). The transitions

of some silver(Ag) and halide K) shells are indicated. The solid n t?esef(;)egIogsthorlg:cnatedfro.mt.nucl;el tha;:] lie CIOS(:‘ EjoEﬂlgje
lines represent functiot6). The deviation in(b) between this solid center or, an erefore devialions Irom the expecte )

line and the derived density of the first chlorine shell atl sug- DOR frequ_enmes_ carry mform_atlon about_ th_e lattice dl_stor-

gests that, for the intrinsic SEC in AgCI, the TCions directly t'o_n in the 'mm_ed'ate surroun_dlng of the binding core. Simu-

neighboring the Coulombic trap are displaced. Similarly, the devialations of the silver and chlorine ENDOR spectra of the SEC
tions of the first and thirdat r =2.24d) chlorine shells in case of 1N undoped AgCl were already published in a previous

AgCI:PE™ [in (8] and of the third chlorine shell for AgCl:Gd [in paper’ and a comparison with the recorded spectra shows
(0)] suggests a displacement of the involved ions as well. the same features.

0.0000
o

nential behavior; however, at small radii a distinct deviation
is observed. The origin of the deviation from hydrogenic V. DISCUSSION

behavior will be discussed in Sec. V. _ In this section we first describe two semiempirical meth-
The radial dependences of Fig. 6 can be approximated byqs for the calculation of the energy levels of the SEC's
the combined expression studied by us. Both are based on envelope functions for the
(1+r/r))%e 271, r<R ground states f{hat were deriyed frqm ENDOR spectra. Mod-
a-2rrg r>RC (6) els for the various SEC'’s will be d_lscussed which are sup-

’ ¢ ported by the calculated and experimentally observed values
whererg, r,, andR, are parameters to be fitted to the ex- of the energy differences between the ground state and the
periment. The cuspless part fos R, describes the behavior first few excited states. We end with a more detailed discus-
of ® close to the binding core, whereas for shells at largesion of the wave function of the SEC from which, in prin-
radii the hydrogenlike & function is more appropriate. Al- ciple, information about the electronic structure of the lowest
though the combined functiori6) does not represent a level of the conduction band might be obtained.
smooth envelope function at R, it suits our purposes, and
we have sketched it in Fig. 6 for the various SEC’s. For the
SEC in undoped AgCl, we derivey=16.6 A, r;=9.7 A,
and R=16.5 A. After normalization of Eq(6) with these SEC's in silver halides form a typical example of a bound
parameters, we obtain a good match of the recorded ENDORolaron, i.e., a system composed of an electron bound to a
frequencies withA,;,=3200 andA¢=1370. The values of Coulombic center and interacting with the lattice polarization
Apxg and A or Ag, for the other SEC'’s in AgCl and AgBr field of the ionic crystal. Bound polarons have received
are derived in a similar way and collected in Table I. wide theoretical interest and are usually classified by two

To check the assignment of the ENDOR lines to the vari-dimensionless parametéfsThe first is the electron-phonon
ous shells we have made simulations of the recorded ENer Frohlich coupling constante, given by a=3[(1/e..)
DOR spectra. This was done by calculating the frequency of-(1/eo)J(€?)/[(h/2m* wo)*?](1/iw,), which only contains lat-
an ENDOR transition using Eq$6), (4), and (3), and by tice parameters and characterizes the interaction between the
taking the number of nuclei in a shell as a relative measuréound electron and longitudinal-opticélO) phonons. For
for the ENDOR intensity. An example is given in Figga)y ~ simplicity, all LO modes are represented by the single fre-
and 7b), where the simulations of th#°Ag and3°CI EN-  quencywy; €., and g, are the high-frequency and the static

|D(r)|2e

A. Description of the energy levels of shallow electron centers
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spectrum of the SEC in AgCl:Bb, obtained after storage of the
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and Clark** According to Stonehartt, the present case can
be best described by the variational approach of Buimistrov
and Pekar. Such a treatment has been applied by Brandt and
Brown, who included a model short-range potential to ac-
count for the spatial extension of the central Coulombic
trap? These authors find a reasonable agreement between the
observed and predicted energy levels if the fixed lattice mass
is replaced by a slightly reduced mass. However, the validity
of this finding is questionable since they used binding ener-
gies of 23.8 and 36.2 meV for AgBr and AgCl, respectively,
which according to a later publication by Uethaal 1® should

be around 28.5 and 45 meV, respectively. Adamowski ap-
plies a method of an optimized canonical transformation
which is valid for arbitrary values of the coupling constant
«.X® Since the ionization energies calculated by this method
are too large for SEC’s in silver halides, it is concluded that
the short-range potential neglected in the calculation must be
repulsive. Many other treatments exist for the bound polaron
problem?® In the variational methods, trial functions are in-
troduced to account for the unknown electronic wave func-
tions. Since we are able to derive the ground-state function
of a SEC from the ENDOR spectra, we have chosen to use a
semiempirical approach for the calculation of its correspond-
ing energy levels.

The simplest description of the energy levels of a shallow
electron center resembles that of atomic hydrogen, with an
electron of effective mas®* in a medium of dielectric con-
stante. The scaled radius of the lowess-like energy state
is given by

&

sample in the dark at room temperature for a period of severaind the binding energy equals

months.(b) A similar comparison for the high-frequency part of the

35CI ENDOR spectrum. The insets illustrate that a good agreement

is obtained even in the regions close to #i#g and**Cl nuclear

Zeeman frequencies at 7.157 and 15.062 MHz, respectively. The

transitions of the 68th silver shefat 33.3 A and of the 72nd
chlorine shell(at 37.9 A are indicated. We used Lorentzians to
represent ENDOR line shapes, and the calculated spectrum is m
tiplied close to the nuclear Zeeman frequency by the facto
{1—co9 27 (vrr— Vzeemad27]} t0 account for the frequency depen-
dence of the ENDOR effedRef. 37.

dielectric constants, andh* the effective band mass for
the rigid lattice. The second classification param&ajives

rO:F I’H, (7)
«_ H
Eb:RH:S_rO RH' (8)

Herer, is the Bohr radiug0.529 A), andR, represents the
Rydberg constant13.6 e\}. This so-called effective-mass

u<J;1'pproximation is appropriate wheg>d, the interionic lat-

tice distance. For AgCl, using the liquid-helium temperature
values of the polaron effective masg=0.431(mg) and the
static dielectric constani,=9.55}" one expects a radiug,

of 11.7 A. Due to the larger static dielectric constant
£,=10.64 and the smaller polaron masg=0.2897(m) in

the case of AgBr, shallow electron centers in AgBr should be

a measure of the Coulombic binding of the electron andnore delocalized, with, equal to 19.4 A.

is defined as the ratio between the effective RydbRfg
=(m*/e?)Ry and the LO-phonon energyiw,, i.e., R
=(R/fiwg).

The hydrogenlike & behavior is reflected in the tail of the
radial dependences of the various SEC’s shown in Fig. 6. In
Table 1l we have listed the values iof obtained from a fit of

The present case of SEC’s in silver halides belongs to théhese tails to an exponential function. The values gihdi-

difficult class of intermediate electron-phonon coupling
where3<a<6 and intermediate binding witR~1 (« equals
1.91 and 1.60, an®R equals 2.46 and 1.60, for AgCl and
AgBr, respectively,!* which makes a treatment in terms of
limiting cases inapplicable. For instance, Matsdtigointed

cate that SEC’s indeed are more delocalized in AgBr than in
AgCl, in agreement with the crude estimate given above.
With the help of Eq.(8) we can calculate the binding ener-
gies E,, based on the values of,. When using fore the
value of the static dielectric constant, the value€gfthus

out that the second-order perturbation method, which is conealculated for the SEC’s in undoped AgCl and AgBr corre-
sidered to be valid in the weak-coupling regime, should nospond closely to the values experimentally observed by uv-
be applied to the intermediate case of the silver halides aimduced infrared-absorption spectroscopy for the intrinsic
was suggested by the approximate results obtained by Baj§EC’s(Ref. 15 (see Table . Also, the calculated absolute
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TABLE Il. Comparison of the transition energies of shallow electron centers in AgCl and AgBr obtained from the two semiempirical methods discussed
in the text, and from experiment by uv-induced infrared-absorption spectro$Refy. 4 and 1b In the hydrogenlike moddédenoted by simple EMT in the
table), besides, obtained from the ENDOR data, only the static dielectric constant enters in the calculation. In the quantum-defect methodsye used
derived from the ENDOR data, together witm¥/e2)(1s)=(m*/s2)=4.726x10"% and (m*/£?)(np)=3.175x10"3 for AgCl, and m*/&?)(1s)
=(m}/e§)=2.559x10"3 and (*/&%)(np)=2.120x 10 3 in the case of AgBr.

Simple EMT Quantum-defect method Experimental val(Rsfs. 4 and 1p
fo Eb Elsfzp E1573p 518 Eb Elsfzp E1573p Eb E1572p Elsf3p
A (meV) (meV) (meV) (meV) (meV) (meV) (meV) (meV) (meV)
AgCl:C?* 14.7£0.8 51.2t2.8 38.4:2.1 - —0.125+0.010 50.84.8 40.0:3.8 - - 34.9 -
AgCliundoped 16.60.8 45.4t2.2 34.0:1.6 40.4:t1.9 -0.200:0.010 44.74.2 33.9:3.2 39.9:3.7 45.0 335 40.6
AgCl:PE" 18.2+1.1 41.5:25 31.1%1.9 - —0.244+0.010 41.53.9 30.72.9 - - 30.5
AgBr:undoped 24.82.3 27.3t25 20.5:1.9 24.3t2.2 —0.124+0.010 27.6:0.8 20.4-0.6 24.4:0.7 28.5 20.8 23.9

energy differenceg,s ,, between the hydrogenlikesland  ergy levels. Such a separation can be achieved in the

2p states By pp= 2E,) and E1s—3p between the hydrogen- quantum-defect method which therefore looks more realistic.

like 1s and 3 states Eq_zp= SE,) match the experimen- According to the quantum-defect method the energy lev-

tally observed values, suggesting that SEC’s in the undopeélls of a shallow donor are given by

materials studied by us are of intrinsic origin. To our knowl-

edge the binding energids, of Pb- and Cd-related SEC's 1 m*

have not been reported, but the valuegef ,, are knowrt* En, :m &2 R, ©

The value ofE;5_,,=30.5 meV reported for the Pb-related ’

SEC agrees reasonably well with the value 31119 meV  and the envelope function of anlike state can be approxi-

derived from our ENDOR results for the Pb-doped AgClmated by

crystal. For the Cd-doped AgCI crystal, a significant differ-

ence exists between the reported valuggf ,,=34.9 meV ;

and the value 3842.1 meV derived from our experiments. d(r)ocr" s texp —————|. (10

The latter value ofE;s ,, is larger than that reported (=5, & r

previously because the fit of the radial dependence of the s’ mx TH

envelope function changed by including additional data

points. We will return to this discrepancy below. Here the quantum defedt,| accounts for the short-range
Figure 6 illustrates that at small radii the spatial distribu-effect of the Coulombic binding center. From a fit of the

tion of the various SEC's deviates significantly from the hy-radial dependence of the density of the envelope function to

drogen X-like behavior. This deviation originates, first of Eq. (10) with n=1 and using the liquid-helium temperature

all, from the neglect of the influence of the chemical naturevalues of the static dielectric constasy and the effective

of the Coulombic center in the simple hydrogenlike approxi-polaron massn,, we obtain the value of, ;. The values for

mation. This introduces predominantly short-range effectshe various SEC'’s thus derived are listed in Table Il and,

which mostly affect the hydrogensdlike ground state. Sec- since they have negative signs, the short-range potential is

ond, the interaction of the shallowly trapped electron withrepulsive in agreement with the prediction made by

the lattice polarization field might also alter the spatial dis-Adamowski® For SEC’s in undoped AgCl and AgBr, we

tribution of the electron. According to Stonehatior the  find that the binding energies, calculated via Eq(9) with

situation of intermediate coupling<a<6) and tight bind- n=1 and &, ;=—0.200:0.010 andé, ;=—0.124+0.010 for

ing (R>1), a hydrogenlike & function is best when the AgCl and AgBr, respectively, closely match the experimen-

electron-phonon coupling is relatively weé®<R), but as  tally observed valuegsee Table . This result seems to

the coupling increases a cuspless form, with a radial depenustify the use of the polaron mass to account for the

dence described by the first part of E6), is to be preferred. electron-phonon interaction in thesdike ground state.

For the present case of intermediate coupling and binding Since the excitedip states are very delocalized and have

(R~1), we find however that the envelope functions of Fig.a node at the binding center, their corresponding guantum

6 are best described by a combination of these two functiondefect g, , is expected to be negligible. Assuming that the

as expressed by E). dielectric constant and effective masm* for the np states
The deviation of the density of the envelope functions inhave the same values as for the ground state, we can calcu-

Fig. 6 from exponential behavior is only about 5%. Appar-late via Eq.(9) the energy differenceBqs_,, and Eg_gp.

ently, this deviation is so small that, apart from the Cd-For the SEC in undoped AgCl we obtdis_,,=28.6 meV

related SEC in AgCl, the simplistic hydrogen model can sucand E;5_3,=37.5 meV, values which deviate significantly

cessfully be applied in the calculation of the energies of thdrom the experimentally observed energies of 33.5 and 40.6

SEC'’s in AgCl and AgBr. In this model the influence of both meV, respectively. A better correspondence is obtained when

the central cell and the electron-phonon interaction is effece and m* of the np states are allowed to have different

tively taken into account by the single radiys and it is not  values than in the 4 ground state. In principle, whesrand

possible to determine their separate contributions to the emn* are the same for thef2and 3 levels ands, ,~0, one
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can derive from Eq.9) that (m*/sz)(np)=35—"’><(Els_3p O ClI”
—E1s-2p)/Ry. In case of undoped AgCl using the ex-

perimental values ofE;s_,, and E;s_3,, this leads to (a)
(m*/£2)(np)=3.758<10 3 as compared toni*/e2)(1s)

=4.726x10 2 for the 1s-like ground state. Using these ra-

tios we obtainE;s_,,=31.9 meV andg;s_3,=39.0 meV, > ;
which is already closer to the observed values. If one lowers

the ratio M*/¢?)(np) even more to in*/e2)(np)

=3.175<10 3, the agreement becomes better as can be seen
in Table Il. With this latter ratio we also find a good agree-
ment between the calculated and observed valuds, of,,

for the SEC in AgCl:PB". In the case of AgCl:Cd a sig-
nificant deviation is found, similar to that given by the
simple hydrogen methotsee Table . For the SEC in un-
doped AgBr, similar features are found. The calculated
Eis—pp _and E;q 3, values using h*/£2)(np)

=(m*/e?)(1s)=2.559x 102 differ from the experimen- FIG. 8. The three split-interstitial geometries considered for the
tally observed values, and a better agreement is obtained iifitrinsic SEC in Sec. V B. Moddlg), which possessd3,, symme-
the lower value of 2.12010 2 is used for m*/¢,)(np). try, is not supported by the ENDOR spectra, which point to model

The results collected in Table Il indicate that the ground-(b) with D,, symmetry or geometryc) with Sg symmetry. The
state energy of the SEC’s in undoped AgCl and AgBr carlatter geometry is considered in the Hartree-Fock calculations of
be calculated reasonably well by the quantum-defecBaetzold and Eachugef. 19.
method using the polaron effective mass and the static di-
electric constant. The energies of the first excitgustates (3d°), FE* (3d® or CU*t (3d%), are expected to lead to
only r_natch the opt_ical datalwhen the effective mass or digec’s with a high-spinS>1) ground state, whereas EPR
electric constant is modified, which suggests that theynq ENDOR studies confirm that the SEC in undoped silver
electron-phonon coupling is different for these states than fof5jiges hasS=1. Also, halide contaminants can be ruled out
the ground state. because we find that the SEC must be centered on a

Ag*-lattice position.

B. Models for the various SEC'’s One of the simplest models that can be constructed for an
éntrinsic SEC consists of an electron loosely bound to a sil-
ver ion occupying an interstitial position. However, this
model is inconsistent with our result that the intrinsic SEC
must be centered on a Agattice position. To comply with
the latter condition, we suggest the model of a molecular
Ag," ion in which the electron is loosely bound to two ad-
d’acent Ag™ ions in a split-interstitial geometry, i.e., sym-
metrically placed around a singlezacanj cationic lattice

sition. Such molecular A§ ions have been observed in

ClI crystals doped with silver afteX irradiation at room
temperaturé® However, in KCI they form deeper electron
traps, probably due to the small static dielectric constant of
Cl (gg=4.81) as compared to AgCle,=9.55 and AgBr

Information about the charge of the cores of the variou
SEC'’s is obtained from the results of the ENDOR study
of the self-trapped excitodSTE) in AgCl.® The STE is
formed during ultraviolet excitation, and the ENDOR study
confirms that, in its lowest spin-triplet state, it is built up
from an electron loosely bound to a self-trapped HEEH).
The electron-spin distribution of the STE can be extracte
from the ENDOR data in an identical way as described in
Sec. IV and its radial dependence closely resembles that
the SEC’s shown in Fig. 6. At large radii the electron be-
haves like a hydrogenlike slelectron with a Bohr radius
ro=15.1+0.6 A. The close agreement of this value with the

ones derived for the SEC's in this study, and the fact that th .
STH is known to have an excess Cou%ombic charge-af £,=10.64.1" The model is supported by the results of recent

indicate that the cores of the SEC’s have the same CouIorrf—'artree":oCk calgu!anons_ _by Baetzold a_md E_ac’i?u%he_y
bic charge. ound that the split-interstitial geometry, in which two silver

ions lie along d111] crystal axis with their midpoint on a
. cationic position[see Fig. &)], forms a plausible structure,
1. SEC in undoped AgCl and AgBr and is slightly favored over the normal interstitial position in
We believe that the shallow electron centers in the unAgCl at low temperatures. Moreover, this species should act
doped AgCl and AgBr crystals studied by us are of an intrin-as a shallow electron trap.
sic nature and not related to impurities, though it is difficult The proposed split-interstitial structure should introduce
to prove this unequivocally. Support is found in the agree-an asymmetric lattice distortion in its direct surrounding, and
ment of the optical transition energies of intrinsic SEC’s ob-thereby lead to an asymmetry in the shf interactions with the
served experimentally by Sakuragi and Kanzaki, and the valions involved. For the intrinsic SEC in AgCl, the silver and
ues calculated by us using the two semiempirical methodshlorine ENDOR spectra clearly indicate the presence of
described above. Common trace impurities like?'Pb such an asymmetry. As an illustration, we markechwait2 in
(5d¥%s?) and Cd"(4d'% can be excluded, since Figs. 1 Fig. 1(b) the transition that, according to us, originates from
and 2 illustrate that electrons shallowly trapped at these dithe second silver shell. For cubic symmetry, all ions at the
valent cations give rise to different ENDOR spectra. Diva-six possiblg 200] positions of this shell would be equivalent,
lent cations with open valence-shell structures, like?Mn and therefore give rise to a single ENDOR transition. The
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TABLE Ill. The number of equivalent nuclei within the first few pair. In order to test this hypothesis&Ag-enriched AgCl
silver and chlorine shells surrounding a defect which is centered opowder was prepared in which th&Ag-1"°Ag pair should
a cationic lattice positioftaken ag000]). Several local symmetries pe dominant. However, this attempt failed because of the bad
are considered, of which the latter three correspond to the splitqua”ty of the powder. Also no information on the central
interstitial configurations shown in Fig. 8, and discussed in Secgjlyer ions could be obtained from the ENDOR spectra of the

VBL1 intrinsic SEC in AgBr owing to the low spectral resolution
. —  [see Fig. 8a)].
Shell  Shell umber of equivalent nuclel In principle, information concerning the hf interaction of
Nucleus number positon O, Dy Do, Ss the central split interstitial might be obtained from the EPR
linewidth of the intrinsic SEC’s. The full width at half maxi-
Cl 1 [100] 6 2:4 2:4 6 mum is gi\/en bﬁo
Ag 1 [110] 12 4:8 2:2:8 6:6
Cl 2 [111] 8 8 4:4 2:6 81n2 (1 +1)
Ag 2 [200 6 24 24 6 (AB1p)?=—— >, Ni&(a))? s
cl 3 [210] 24 888 44:88 12:12 GePe 1.
Ag 3 [217] 24 8:16 4:4:8:8 6:6:12

Here N, is the number of nuclei in théth shell, and§
reflects the relative natural abundance of the isotope. The
values of the isotropic shf interactian | for remote shells
observation of two transitions, with a ratio of 1:2, implies can be accurately estimated using E). with the envelope
that the cubic symmetry is broken. In Table 1ll we list the function(6), in which the parameters have been derived from
expected number of equivalent nuclei within each neighboreur analysis, and the values &f, for nearby shells are taken
ing shell for three possible defect symmetrigg,, D,,,, and  directly from the spectra. In this way we estimate
S¢ which correspond to the three possible orientations of the\B;,,=38.2x10 4 and 15% 10 * T for the intrinsic SEC’s
split-interstitial silver pair shown in Fig. 8. The table illus- in AgCl and AgBr, respectively, which should be compared
trates that the 1:2 ratio of the second silver shell is characto the experimental values 0f38.4+0.6)x10 % and
teristic of a symmetry oDy, or D,,,. The splitting of the  (160+5)x10 * T. It appears that the EPR linewidth at 1.2 K
transitions of the third chlorine shell containing 24 ions atis completely determined by the shf interaction of the shal-
[210] positions and marked wita 3 inFig. 2b), indicates lowly trapped electron with the lattice ions, and that the con-
that the symmetry is more likelR,,,. This suggests that the tribution of the central pair is negligible. It is to be noted that
split interstitial is oriented along &110] axis [Fig. 8b)], AByj, in AgBr is about four times larger than in AgCl as a
rather than thd111] orientation considered in the calcula- result of the large gyromagnetic ratio of bromine compared
tions of Baetzold and Eachus, which should reflggsym-  to that of chlorine; as a consequence of the relative small
metry. No characteristic splitting is observed for the ENDORSsilver gyromagnetic ratio the halide contributionAd,, is
transition of the first chlorine shell, marked i 1 inFig.  dominant(81% and 99% in AgCl and AgBr, respectivily
2(b). However, because the calculated shf value for this shell An important question is how intrinsic SEC'’s are formed
based on an unperturbed lattice is lower than the observeat low temperatures. The electron might be trapped on an
value, which is illustrated in Fig.(6) by the deviation of the interstitial silver ion that subsequently is converted to the
experimentally derived density at= 1d and the solid line, it  split-interstitial species. The ENDOR study of the STE in
seems likely that these Clions are displaced toward the AgCI, however, revealed that an electron with a Bohr radius
Coulombic trap. Unfortunately, we cannot find a unique as+, of 15.1 A is too diffuse to alter the geometric structure of
signment of the lines in both the silver and chlorine ENDORIts binding core® Therefore one does not expect for intrinsic
spectra which allows us to decide between the models showBEC's that the diffuse electron, with=16.6 A in AgCl and
in Fig. 8. The model of Fig. @ where the split interstitial is r,=24.8 A in AgBr, can induce such a conversion, and it
oriented along 4100] axis is not supported by the spectra. seems more likely that the split-interstitial structure already
Moreover, this configuration seems less favorable, as in thexists before the electron is captured. It can either be “frozen
other two models of Fig. ®) and &c) more space is avail- in” or created via Frenkel pair formation in the silver sub-
able for the silver pair. lattice induced by the ultraviolet irradiation. In alkali halides,
Unfortunately, it is not possible to identify the nuclear the formation of Frenkel pairs during ultraviolet irradiation
transitions of the two central silver ions, forming the split at low temperatures has been observed, but, in contrast to
interstitial, in the ENDOR spectrum. In principle, the threesilver halides, this process takes place in the halogen sublat-
possible combinations 1°/Ag-1Ag, 1%°Ag-1%Ag, and tice. It is known that in these materials the Frenkel pairs are
107pg-19°Ag should give rise to transitions with statistical created by the nonradiative decay of STE’# similar pro-
weights of 23%, 27%, and 50%, respectively. If we assumeess could be active in AgCl, but we doubt its efficiency at
that the electron density on each of the two central silver iongow temperatures since no indication of its existence could
is half of the density predicted by the radial dependence obe found in the ENDOR study of the STE in AgEBo it
Fig. 6(b) for a single ion atr =0, we estimate that the tran- seems more likely that the split interstitials are frozen in,
sitions of the central silver ions should lie in a region be-which also explains their presence in AgBr where no STE
tween 7.8 and 8.7 MHz. Such a sharing of electron densitegxists. The concentration of intrinsic SEC'’s is then expected
has been observed for the molecular,Adon in KCI.1® In  to depend on the experimental and sample conditions which
Fig. 1(b) we indicate with a question mark the lines that form might account for the weakness of the EPR signals we ob-
possible candidates for the assignment to the central silveserved for some of the undoped AgCI crystals. For instance,
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it has been reported that the amount of intrinsic SEC'’s de-
pends in part on the dislocation densify.

2. SEC’s in AgCI doped with divalent cations

We first consider the SEC in AgCl doped with #b
Though the EPR signals of the SEC in AgCPPland the
intrinsic SEC are similar, a comparison of the ENDOR spec-
tra indicates that we are dealing with two distinctly different
centers. First of all, the silver and chlorine ENDOR spectra
displayed in Figs. 1 and 2 show that all transitions for the
SEC in AgCl:PB" occur closer to the Zeeman frequency
than those of the intrinsic SEC. This indicates that the elec- FIG. 9. [100] projection of a PB"-vacancy cluster which pos-
tron densities are smaller and therefore that the electron isesses an excess Coulombic chargetdf and is centered on a
more delocalized, as can also be seen from the radial depeng®-lattice position. The arrows indicate the displacements of the
dences of Fig. 6. Second, there are some distinct differenced™ ions.
in the ENDOR spectra of the two SEC’s. In tH8Ag spec-
trum of the SEC in AgCL:PY the transitions of the second |tice ions retain their original lattice position. This would

and fp.urth silver neighboring shells are missing, whereas thBe in agreement with our observations. The ENDOR transi-
transitions of the other shells occur at their simulated posi:

. g . tions of remote silver and chlorine shells do not split, and
tions [see Fig. Ta]. In contrast, all chiorine shells can be therefore indicate that no long-range disturbances are intro-
traced back in thé°Cl spectrum shown in Fig.(B), though g-rang

the transitions of the first and the third chlorine neighboringd.uced n the lattice. The Ime_s of the flrgt, third, fifth, and
shells are shifted toward higher and lower frequencies, refigher silver shells can be simulated using an unperturbed
spectively, compared to the simulation. The simulation ig@ttice, indicating that the silver ions retain their original po-
based on an unperturbed lattice which evidently does notitions, whereas the shlft§ of the S|mL_|Iated tran_smons Wlth
represent the proper situation for these shells. Third, the o©€SPect to the observed lines of the first and third chlorine
servation of nuclear transitions 8fPb, shown in Fig. 3, shells suggest that the ions in these shells are displ@eed
proves that the SEC in AgCl:Pb is related to lead. From Fig. 7(b)].
the frequencies of these transitions we can derive from Eq. The model of Fig. 9 contains five Pbions, of which four
(3) that (@/2)(*°’Pb=13.20+0.08 MHz. are equivalent and symmetrically placed around the fifth and

Based on the results of optical experiments, the Pb-relatecentral PB*. For this situation, twe®®Pb ENDOR transi-
SEC was identified as an electron bound to a singl& Pb tions are expected on each side of the nuclear Zeeman fre-
ion.#?%In this model the divalent cation substitutes for silver quency, whereas only one transition is observed. Two pos-
and, though the surrounding ions might be slightly displacedible explanations are that either the transition of the single
from their lattice positions, they all should show up in thecentral PB* ion is just too weak for detection, or that an
ENDOR spectra. The observation that the second silver shediiternative model should be considered in which alf'Pb
(six ions at[200] positiong and the fourth silver shell12 ions in the cluster are equivalent. Calculations might be use-
ions at[220] positions are not present in th€°Ag spectrum  ful to check whether such small Pbvacancy clusters form
shown in Fig. Ta), suggests that the ions of these shells area stable configuration.
replaced either by vacancies or by other ions, most likely We can make a rough estimate of the size of the cluster
PE?*. This would indicate that the core of the Pb-relatedbased on the observed EPR linewidth. In a similar way as
SEC studied by us consists of a?Pbsacancy cluster rather described for the intrinsic SEC, we can calculate the full
than of a single P ion. In order to attract an electron, the width at half maximum caused by the observed shf interac-
number of vacancies in such a cluster must be one less thaions of the silver and chlorine lattice ions. The deviation
the number of PH ions involved. Moreover, the vacancies between this calculated value of 3%20 * and the experi-
and the divalent ions in the cluster must have a highly symmentally observed linewidth df34.6-0.5)x107* (at 1.2 K)
metrical distribution, since the analysis of the ENDOR datashould reflect the contribution of tf&Pb ions. Using Eq.
reveals that the binding core of the Pb-related SEC is cendll) together with &/2)(?°’Pb=13.200.08 MHz, we esti-
tered on a cationic lattice position. mate that the number of incorporatec?Plons is larger than

In Fig. 9, a possible structure for the binding core of theone, but smaller than six. This points to rather small
Pb-related SEC is sketched in which the silver ions of thePt*-vacancy clusters, in agreement with the observation
second and fourth shells are replaced by vacancies afid Pbthat only two silver shells are replaced and that effects up to
ions. A similar structure has been observed by x-ray studiethe fourth chlorine shellcontaining six ions af300] and 24
of NaCl:Cd* crystals by Suzulki? but no experimental ions at[221]) are present.
proof of its existence in silver halides has been reported so Further support for the clusterlike segregation of Pb
far. It is, however, believed that its presence accounts for thens and vacancies comes from the dependence of the EPR
observed behavior of the ionic conductivity of AgClZdat and ENDOR spectra upon heat treatment of the AgCGl:Pb
temperatures below 240 R.In NaCl, Suzuki found that crystal. Figure 4 shows th#°Ag ENDOR spectra before,
such a structure does not produce long-range disturbancesafter 1 h, and after 22 h of annealing at 350 °C under Ar
the NaCl lattice, but that the Clions inside this structure are pressure followed by a rapid quench in water. The annealing
slightly displaced toward the &d ions, whereas the Na  procedure is expected to break up the clusters, whereas the

0 vacancy
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rapid quench freezes in the distribution obtained. Such a bahe second, fourth, and sixth silver shells contain in total 26
havior is indeed reflected in Fig. 4. The spectrum of Fig.lattice positions, and since the sixth shell is only partially
4(a), characteristic of the clusterlike species, converts aftereplaced, we estimate an upper limit of 13?Cdons, which
22 h of annealing to the spectrum of Fidch} which closely  have to be accompanied by 12 silver vacancies to obtain the
resembles the spectrum of the intrinsic SEC in the undopetbtal Coulombic charge of-1.
crystal[see Fig. 1b)]. The spectrum of Fig.®) is seen to be Unfortunately, no ENDOR transitions oft'Cd (1=3,
a superposition of the two, and therefore illustrates thmat ~ 12.8%) were observed in the region up to tHéCd Zeeman
350 °C is too short to establish a complete conversion. Thérequency around 33 MHz in a specially prepared
conversion may also be monitored through $f@l ENDOR  *'Cd-enriched crystal. Therefore no direct information con-
spectrum and, moreover, since the EPR linewidth of a SECerning the core of the Cd-doped SEC could be obtained.
is mainly determined by the shf interaction, it is reflected byBecause the silver and chlorine ENDOR lines were consid-
the measured linewidth of the SEC after each treatment. Aferably broadened as compared to the normal sample, it might
ter storage of the sample at room temperature for severdle that the''!Cd transitions are smeared out as well, and
days, the cluster spectrum of Figia}#is retrieved, and ap- consequently not observable. This broadening of the EN-
parently the process of breaking up the clusters at high temDOR lines and the observation that the EPR linewidth nar-
peratures and growing back at room temperature is reversowed from (56+1)x10 % T for the normal sample to
ible. (53+1)x10 * T for the *Cd-enriched crystal suggests that

The result of the annealing treatment followed in Fig. 4the doping level in the latter one was so high that impurity
shows that the ENDOR spectrum characteristic of the intrinbands were created. An alternative explanation might be that
sic SEC finally becomes dominant. This appears to implythe low-frequency transitions of the Cd isotopes are hidden
that, at a high annealing temperature of 350 °C, most of thender the silver or chlorine ENDOR spectra.
P ions liberated from the clusters are accompanied by Table Il shows that the energy differenggs_,, calcu-
charge-compensatingationid vacancies and, therefore, af- lated for the C&"-related SEC by both the simple effective-
ter having been frozen in by the quenching procedure andhass approach and the quantum-defect method is in line with
cooled down to 1.2 K, they are unable to act as traps fothe trend observed for the various SEC's in AgCl, but that
shallow electrons. Support for the appearance of suckhe absolute value does not correspond with the observed
PtP*-vacancy pairs comes from the EPR study ofvalue reported by Sakuragi and KanzaKihis might be re-
PE*"-doped KCI, where these pairs are believed to exist aftetated to the small bromine contamination of the AgCFCd
a similar heat treatment has been applied to the safiplee  crystal studied by us, shown by the appearance of the
do not believe that isolated Pbions can give rise to the bromine-related STH in the EPR spectrum. Since the elec-
intrinsic spectrum, as recorded in undoped AgClI crystals thatron g factor for mixed AgC]_,Br, crystals is known to
have been stored at room temperature for months, becausghibit a linear relationship with concentratibme estimate
the observed SE intensity in the undoped crystal would rethe contamination level to be at most 0.65%, based on the
quire a concentration of the Pbions at which clusters small shift of theg value from 1.878(in the case of the
should already have been formed. Moreover, with its closedintrinsic and Pb-related SEQ'$o 1.876(for the Cd-related
valence-shell structure, the incorporation of a singl&"Ron ~ SEQ. In principle, the presence of bromine will affect the
is not expected to introduce a defect symmetry lower tharvalues of the static dielectric constant and the polaron mass
the cubic symmetry of the lattice. As discussed in Secinvolved in the energy calculations. However, since the con-
V B 1, the splitting of some of the lines in the intrinsic EN- centration is very small, we believe this effect to be of minor
DOR spectrum indicates that the defect symmetry is morémportance. It seems more likely that the discrepancy in the
likely Dy,. observed and calculated value Bfs_,, indicates that the

In the case of a SEC formed in AgCl:&d the results are  Cd-related SEC studied by Sakuragi and Kanzaki is not iden-
less clear. The ENDOR transitions of silver and chlorine ardical to the one studied by us. Since the ENDOR spectra
shifted further away from the corresponding Zeeman fresuggest that the central cluster in the Cd-related SEC is
guencies than those of the Pb-related and intrinsic SEC'krger than in the Pb-related SE@r which we obtain a
(see Figs. 1 and )2 This indicates that the SEC’s in good agreement between the optical and ENDOR reshls
AgCl:Cd" are more localized, as shown by the radial de-Cd-related SEC studied by us probably contains mor&" Cd
pendences of Fig. 6. Since the pattern of the chlorine ENions and silver vacancies.
DOR spectrum closely resembles that of the Pb-related SEC, In a AgBr crystal doped with 100 mppm Ph we re-
and because the transitions of the second and fourth silveorded a SEC signal with a linewidth (24+5)x104 T at
shells are again missing, the SEC’s in AgCl’Canost likely ~ a g value slightly higher(~0.1% than that of the SEC in
also consist of electrons trapped at’Caiacancy clusters undoped AgBr. Since the linewidth is considerably smaller
instead of being trapped at single Cdons substituting for  than the value 0f160+5)x10 “ T for the intrinsic SEC in
silver. The only marked difference is that, in contrast toAgBr, and because we have shown that the linewidth of a
AgCl:PK*", the ENDOR transition of the sixth silver shell, SEC is mainly determined by the shf interaction, we may
containing eight nuclei di222] lattice positions, appears to conclude that the Pb-related SEC is more delocalized than
be missing or perhaps shifted to a slightly higher frequencyhe intrinsic SEC, in agreement with the situation in AgCl.
[see Fig. {c)]. This suggests that the ions of the sixth silver Unfortunately, in the AgBr:Pt sample the spin-lattice re-
shell are partially replaced, and therefore thé Gdacancy laxation of the SEC turned out to be too fast to perform the
cluster should be larger than the ?bracancy cluster dis- pulsed ENDOR experiment, and moreover the coupling of
cussed above, i.e., it contains more than si¥'Cihns. As  the cavity to the microwave bridge appeared to be poor.
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TABLE IV. Columns 2, 3, and 4 contain the total silver, chlorine, and one assumes the wave function of the shallow electron to be
bromine shf interactions estimated from the ENDOR spectra of the varioupuilt up predominantly of the vacansrbitals of the Ad
SEC's in AgCl and AgBr. In the last three columns the isotropic hf interac- |gttice ions. The isotropic hf interaction for unit spin density
tions for unit spin density in atomic orbitalspecified by their quantum on the atomic § orbital of 1O7Ag has been calculated by
numbersn andl) are listed, derived from the values calculated by Morton _ .
ved T o By Moo porton and Preston fog,=2.0023% We included the value
and Prestor(Ref. 28. As explained in Sec. V C, the values in the sixth 1097 ~ - .
o for **®Ag in Table IV after correcting for the propegrvalues
column represent upper limits. .
of 1.878 and 1.489 of the SEC'’s in AgCl and AgBr, respec-

AgCl Ce* undoped PH 1®Ag(5s) *ci(4s) *ci3s)  tively. Though these calculated values are slightly smaller
than the total shf interactions estimated from the ENDOR
atotal'Ag) 1990 2220 2040 1974 spectra, the order of magnitude is similar for both AgCI and
(MH2) AgBr. Apparently, the observed total silver shf in both ma-
atota(**Cl) 1830 2000 1860 <447 5368 terials can be accounted for when the shallowly trapped elec-
(MHz) tron is mainly localized in Ag(5) orbitals. The observed
AgBr undoped 9g(5s) ®Br(5s) ®Br(4s)  SPIN density on chlorine might, in principle, result from the
overlap of the neighboring Ag@ orbitals with the chlorine
atotal(***Ag) 2170 1565 nucleus. We shall neglect such overlap, since it cannot ac-
(MHz) count for the large chlorine shf interactions observed. The
atotal(®'Br) 12060 <2103 25707 positive spin density on chlorine can then be explained if the
(MHz) shallow electron occupies the vacarg drbital of the CI'

ion. Though the isotropic hf interaction for unit spin density
on the CI'(4s) orbital is unknown, we can make an estimate
These two observations indicate that the 100-mppm dopinfrom the value for potassium calculated by Morton and
level of PB* is too high, and gives rise to conduction result- Prestorf® Owing to the higher nuclear charge of potassium
ing from the formation of an impurity band. In AgCl the (Z=19) compared to chlorinéZ=17), the 4s orbital will be
delocalization of trapped electrons is less than in AgBr, andnore strongly localized at the potassium nucleus compared
at a concentration of 100 mppm impurity bands are apparto the chlorine nucleus and the estimated value for chlorine
ently not yet formed. will consequently represent an upper limit. We included this
upper limit for **Cl(4s) in column 6 of Table IV, and it is
clear that the total chlorine shf interaction derived from the
ENDOR spectra is much larger. This suggests that some

Various methods have been applied to compute the elecharacter of lower-lying chlorins states is involved which
tronic band structures of silver halid¥sThe band structures induces much larger hf interactions, as illustrated by the
of AgCl and AgBr are qualitatively similar, and the lowest value for unit spin density of°CI(3s) listed in column 7 of
conduction band is believed to be simple antike with a  Table IV2®
minimum at thel” point. According to Fowler, the lowest Although, for bromine, the sign of the shf coupling is not
state of the conduction band even appears to be largely Agknown, a similar picture can be obtained from the total shf
like.?” Since EMT implies that a shallowly trapped electron interaction of bromine derived from the ENDOR of the SEC
strongly resembles a conduction electimee, for instance in undoped AgBr. The upper estimate for unit spin density
Eqg. (5)], the study of SEC’s in AgCl and AgBr will yield on the 5 orbital of Br , based on the value calculated for
information concerning the nature of the conduction bandsatomic rubidiun?® is much smaller than the value derived
EPR reveals that the SEC’s possessgalues ofg~1.88 in  from the experiment suggesting the participation of lower-
AgCl, and g~1.49 in AgBr, which deviate considerably lying s orbitals of Br (see Table VY. Therefore, as the sum
from g=2.00232 This implies that spin-orbit coupling is in- of the total shf interactions of the silver and halide ions is
volved, and indicates that the conduction band is not pugely much larger than the values estimated for unit spin density
like. The fact that in the present study the ENDOR spectra obn atomic orbitals, a description of the shallowly trapped
both the silver and halide ions are observed, shows that thelectron in terms of a simple one-electron wave function
shallowly trapped electron besides interacting with"Adso  consisting solely of Ag(5s) and CI'(4s) orbitals in the
interacts with the Cl and Bf™ lattice ions. This observation case of AgCl, and of A§(5s) and Br (5s) orbitals in the
demonstrates that not only Agtlike but also halides-like  case of AgBr, seems inappropriate. One needs at least to use
characters are involved in the lowest state of the conductioa many-electron approach in which the interaction between
band. In this section we will try to obtain a more gquantitativethe shallow electron and the core electrons of the halide lat-
description. tice ions is included.

In columns 2, 3, and 4 of Table IV, we list the total silver A possible many-electron description is th@ zeroth
and halide shf interactions which have been estimated fromrden the shallow electron occupies mainly Ag{)5orbitals,
the ENDOR spectra. These estimates are based on the enwehereas dfirst-ordep correction follows from the polariza-
lope functions(6) derived for the various SEC’s and the tion of the halides core electrons induced by the electron
proportionality constants of Table I. From the ENDOR studydensity on the neighboring silver ions. In this description, the
of the self-trapped exciton in Ag&lthe spin density of a order of magnitude of the observed total shf interactions of
shallowly trapped electron was concluded to be positive orsilver, chlorine, and bromine can be understood based on the
both the silver and chlorine lattice ions. In an atomistic pic-atomic Ag(5s), CI(3s), and Br(4s) orbitals. This approach
ture, the positive spin density on Agcan be understood if is reasonable when the atomic orbitals are not strongly modi-

C. Character of the lowest conduction-band state
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fied by the effects of the crystal potential and covalelcy. modeling studies of the silver mobility in AgCl indicate that
However, the inspectiofgiven below of the proportionality  the low activation energy can be attributed to this prop&tty.
constants of Ag, Cl, and Br listed in Table I, illustrates thatFor chlorine the observed proportionality constants deviate
these effects cannot be neglected for the silver halides, arenly about a factor of 2 from those calculated, which sug-
therefore that such a simplistic many-electron description igests that the orbitals of the free chlorine ion are not that
not justified. strongly altered in the crystal. From an ENDOR study of F
As mentioned in Sec. IV, the proportionality constants inCeNnters in NaCl, a proportionality constant of 967 has been

. : 4
ionic crystals can be obtained by orthogonalization of thederived for chiorine” The close correspondence between

envelope function of the shallow electron to the wave func-hiS value and the average value of 1301 derived by us indi-

tions of the core electrons of the lattice ions. In Table | Wec?tes ltha(‘; the dcorfz ortilrt]alsh oft(ihlgrlne NareCImdeEd CTO';: SO
included the values obtained by the Schmidt orthogonaliza§ rongly dependent on the nhost 1atlices a1 or AgL1. For

- - : : r~, a value of 1960 has been derived in NaBihe larger
tion procedure using the envelope functions derived fro P X -
experiment together with the functions given by Clementidev'at'on with the value of 4220 derived for AgBr suggests

and Roetti for the core electrons of free A, and Br that the bromine orbitals are more dependent on the host

ions?® For AgCl the calculated proportionality constant of lattice.
Ag is a factor 3.7 smaller than the experimentally derived
value, whereas for Cl this factor equals about 1.9. For AgBr,

the deviation of the calculated value with respect to the ob- The results of the ENDOR study presented in this paper
served one is again larger for Ag than for Br, a factor of 5.5reveal information about the microscopic structure of several
and 3.0, respectively. An alternative method which relies orCoulombic centers, which act as shallow traps for electrons.
the EMT description of the wave function of a shallow donor For all SEC's studied by us, the Coulombic core is centered
in a semiconductor confirms the values obtained for Ag andn a Ag"-lattice position. We propose that, in undoped AgCl
Cl. In EMT the proportionality constant for nucleusequals  and AgBr, the core is formed by a split-interstitial silver pair,
lu(ko,@)|? with u(ko,r), the lowest Bloch function of the con- though it is not really clear in which direction such a pair
duction band. If we follow the method introduced by Krum- should point. This model for the intrinsishallow) electron
hansl for KCI¥® in which the value ofu(ky,@) at the silver  center in silver halides can be viewed as the antipode of the
nucleus is given by the ratio of the atomic Ag{5orbital at  intrinsic electron center formed in alkali halides, which con-
the nucleus to its value at the outer maximum, we can calsists of an electron deeply trapped at an anion vacé&hey-
culate the value foju(k,,Ag)|? using the 5 orbital given by  cente}.®® In AgCl crystals doped with the divalent, closed-
Clementi and Roett? Gourary and Adrialf argue that this  shell ions PB" and Cd", small cation-vacancy clusters are
method is reasonable to account for the rapid oscillations oformed which can capture electrons as well. The results of a
u(ke,r) in the immediate vicinity of the nucleus. Dextér heat treatment applied to the AgCIPhcrystal suggest that
calculated in a similar method the proportionality constant ofthese clusters break up at high temperatures, thereby forming
chlorine based on the s4function of CI” determined by isolated PB" ions accompanied by charge-compensating cat-
Tibbs in case of NaCl? The values ofu(kg,a)|? for silver  jon vacancies. Such pairs are believed to be formed in
and chlorine are included in Table I, and these values agreRlt’*-doped KCI as welf®

with the trend and the order of magnitude of the proportion- The spin-density distribution derived from the silver and
ality constants calculated by the method valid for ionic crys-halide ENDOR spectra for the ground state of the various
tals. SEC's, largely resembles a hydrogenlike Hehavior. It ap-

The deviation between the calculated and observed prgeears that a simple hydrogen model can successfully be ap-
portionality constants of Table | reflects the fact that the fregplied for the estimation of the optical transition energies of
atomic and ionic orbitals, on which the calculations arethe intrinsic and Pb-related SEC in AgCl and of the intrinsic
based, apparently differ considerably from the orbitals of theSEC in AgBr. The more realistic quantum-defect method
ions in the crystal. Consequently, the interpretation of theconfirms that the short-range potential, introduced by the
observed total silver and halide shf interactions, listed inCoulombic trap, is repulsive, and shows that the polaron
Table 1V, in terms of the hf interactions for unit spin density mass and the static dielectric constant are appropriate for the
on free atoms, as given by Morton and Prestbseems very description of the $-like ground state.
unreliable. Though the results of Table IV reveal qualita- Theoretical work is needed for a detailed description of
tively that the wave function of the SEC’s in AgCl and AgBr the wave function of the SEC’s, which strongly resembles
is not mainly Ags like, but that a substantial amount of € the Bloch function of the lowest state of the conduction
character is involved as well, it is not possible to obtain aband. The observed silver and halide shf interactions cannot
more quantitative description. Any serious attempt to givebe accounted for in the usual one-electron or the discussed
such a detailed description of the wave function of a SEC in(simplistic many-electron approaches, where the hf interac-
silver halides, and thus of the lowest state of the conductiotions of free atoms are used as a reference. Owing to the
band, should be a many-electron approach leading to imeovalent character of the highly ionic silver halide lattice, the
proved ionic orbitals. ionic orbitals in the crystal are strongly modified, which

It may be noted that, since the silver proportionality con-makes these approaches very unreliable.
stants deviate more strongly than those of the halide ions, it
appears that the Agorbitals are more strongly modified in ACKNOWLEDGMENTS
the crystal than those of Cland Br . The silver ion is in- This work forms part of the research program of the
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