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Ionized donor pairs and microwave and far-infrared absorption in semiconducting CdF2

S. A. Kazanskii, D. S. Rumyantsev, and A. I. Ryskin
S. I. Vavilov State Optical Institute, 12 Birzhevaya Line, 199034, St. Petersburg, Russia

~Received 4 December 2000; revised manuscript received 20 June 2001; published 10 April 2002!

The dielectric permittivity«5«12 i«2 of semiconducting CdF2 :In, CdF2 :Ga, and CdF2 :Y crystals was
studied over the frequency range from 34.0 to 37.5 GHz at temperatures from 1.8 to 100 K. The photoinduced
transition from a semi-insulating to a conducting state in photochromic CdF2 :In and CdF2 :Ga crystals results
in a significant increase of both the dielectric constant~by D«150.5 to 1.4! and the dielectric-loss factor~by
about an order of magnitude!. The low-field dielectric-loss factor in these photodecolored crystals and in
CdF2 :Y ~«250.1 to 0.3! may be decreased by approximately an order of magnitude with an increase in the
microwave-field power at 1.8 K. However,«2 ceases to depend on the field atT.4 K. These features are
explained by the theory of Tanakaet al. for resonant-saturated absorption of ionized donor pairs. We have
modified this theory to cover the far-IR range of the absorption spectrum of semiconductors with various
degree of compensation. Results following from the modified theory were compared with those obtained by
three other groups, namely, Blinowski and Mycielski, Efros and Shklovskii, and Baranovskii and Uzakov. We
have shown that the ionized donor pairs are responsible for the far-IR absorption in semiconducting CdF2

studied experimentally by Eisenberger, Pershan, and Bosomworth. The role of impurity clusters in storage of
an ‘‘excess’’ impurity and as a source of interstitial F2 ions during thermochemical treatment of as-grown
crystals~which determines the ultimate semiconductive properties of CdF2! is also discussed.

DOI: 10.1103/PhysRevB.65.165214 PACS number~s!: 72.20.Jv, 72.80.Jc, 77.22.Ch, 77.22.Gm
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I. INTRODUCTION

CdF2 is the only fluorite-type crystal and the only high
ionic crystal that can be converted into a semiconduct
state via doping with column-III elements of the period
table and subsequent annealing in reducing atmosphere
instance, in Cd vapor.1 During this additive coloration pro
cess interstitial fluorine ions F2, which are charge compen
sators of the excess ‘‘11’’ charge of the dopants, diffuse ou
of the volume of the crystal to the surface where they reco
bine with the reducing agent~Cd!. The charge neutrality o
the crystal is maintained by an opposite current of electr
into the volume. These electrons are localized in the cond
tion band or at hydrogenic donor orbitals (ehydr) centered on
the dopant, embracing at least 12 nearest cations, rather
at the inner atomiclike orbitals of the dopants, as it occ
during additive coloration of other fluorite-type crysta
(CaF2 ,SrF2 ,BaF2) doped with these elements.2 Various au-
thors estimate the Bohr radius of this orbital as 4–16 Å.3–8

The donor state in CdF2 has a binding energy of;100 meV.
This is well above the corresponding energy in conventio
semiconductors~for comparison, in most of the III-V crys
tals, this energy is about several meV and in II-VI crystals
amounts to 10–30 meV!. The donor state in CdF2 is respon-
sible for the IR photoionization absorption band (lmax
'7 mm), which extends to the visible range of th
spectrum.4,6,9

The room-temperature electronic conductivity of ad
tively colored CdF2 crystals can be as high as 1
Ohm21 cm21. However, the maximum attainable concent
tion of free electrons does not exceed;1019 cm23.3,10,11At
low temperatures, this conductivity turns into hopping co
ductivity between the donor levels.10,12

Electron paramagnetic resonance~EPR! measurements o
semiconducting CdF2 crystals with diamagnetic Lu and Y
0163-1829/2002/65~16!/165214~12!/$20.00 65 1652
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dopants reveal free-electron resonances with ag factor of
about 2 at room temperature. At low temperatures, stron
broadened spectra of electrons at donor levels are detec9

Neither free nor donor electrons are observed in EPR
CdF2 crystals doped with paramagnetic rare-earth~RE! ions,
probably due to their interactions with 4f electrons of the
dopants.13 It was found that additive coloration of the crys
tals decreases the EPR signal of paramagnetic RF
in cubic sites14 by 10–40 %. This means that only 10 to 40
of these ions participate in the reduction process. It w
also found that an increase of the dopant concentration f
0.01 to 0.3 mol %, i.e., by a factor of 30, results only in
threefold increase in concentration of electrons in the ad
tively colored crystals.9 That is, the concentration of elec
trons introduced into the crystal during its coloration can
noticeably smaller than that of the dopant. Similar saturat
phenomena were also observed in the IR absorption
CdF2 :Y.3 In this case, the intensity of the 7-mm photoion-
ization absorption band tended to saturate as the activ
concentration was increased above;0.01 mol %.

By analogy with Ca, Sr, and Ba fluorides,15,16 one may
assume for CdF2 that a limiting concentration of
;1020 cm23 of RE and Y ions can be introduced into CdF2
as statistically distributed substitution~cubic! centers. The
‘‘redundant’’ impurities, whose solubility in CdF2 is as high
as 10 mol % or more, form impurity-fluorine clusters, whic
are readily observed in the optical spectra of RE ions
concentrations of;0.1 mol % or more in the fluorite-type
crystals,15 including CdF2 .17 The high solubility of some
other impurities in CdF2 , such as In,18 suggests that the clus
ter formation is a general phenomenon typical for most
column-III impurities in this compound. Probably, that
these clusters which impede the complete removal of in
stitial F2 ions from doped CdF2 crystals during additive col-
oration. The inevitable presence of the interstitial F2 ions in
©2002 The American Physical Society14-1
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semiconducting CdF2 crystals is the main result of this stud
Therefore, the coexistence of the impurity-fluorine clust
and isolated defects, involving their dynamic interaction d
ing the coloration process, allows us to explain the rest
tions imposed on the maximum attainable electron conc
tration;1019 cm23, which were reported in Refs. 3, 10, an
11. According to the results of the EPR study,9 this concen-
tration is likely to be about 10–40 % of that of the cub
impurity centers in any ‘‘normal’’ semiconducting CdF2
crystal.19

Among donor impurities in CdF2 , Ga, and In play a spe
cial role, because these dopants form bistable centers in
reduced~semiconducting! crystals. Along with the ‘‘shal-
low’’ hydrogenic state, they also have a ‘‘deep’’ strongly l
calized state featuring a large lattice relaxation, i.e., a la
shift in the corresponding configuration coordinate.20–22 As
is shown in Refs. 23–26, the deep state is a two-elec
state. The relaxation overcompensates the Coulomb re
sion of the two electrons with opposite spins at the sa
orbital. Such a large lattice relaxation is typical for tw
electron metastable centers~DX centers! in conventional
semiconductors with ionic-covalent bonds.27,28 In the pre-
dominantly ionic CdF2 , this relaxation essentially arise
from an increase in the covalence induced by the column
~B subcolumn! dopants. On the contrary, the column IIIb~Sc
subcolumn! dopants increase the ionicity of the bond~see
Ref. 29 for details!.

The microscopic nature of theDX centers in CdF2 :Ga and
CdF2 :In was recently identified through direct first-princip
calculations.30 The formation of the deep state is accomp
nied by a@100#-axis displacement of a donor from the no
mal cation position~surrounded by a cube of eight F2 ions!
into an adjacent empty cube of anions. This large lattice
laxation is responsible for the appearance of the energy
rier, which separates the deep state from the metastable
stitutional~shallow donor! state. The barrier height is;1 eV
for Ga and is less than 0.1 eV for In.23

When cooled in the dark, reduced CdF2 :Ga and CdF2 :In
crystals are semi-insulating ones because electrons in
duced into the crystals during the coloration are predo
nantly localized at the deepM11 centers (M5Ga,In). Illu-
mination of the crystals by the light matching the UV-VI
photoionization absorption band of the deep centers res
in releasing electrons into the conduction band and their s
sequent trapping by ionized~‘‘empty’’ ! centers, which gives
rise to the formation of neutral~shallow! donors. In addition,
the ionized deep centers spontaneously transform into
shallow state. Thus, the photoionization of the deep cen
proceeds as follows:

M111M311hn→2~M311ehydr!. ~1!

The quantum yield of this reaction, being equal to two, w
experimentally confirmed in Ref. 23.

As a result of reaction Eq.~1!, the UV-VIS band disap-
pears, and instead, the 7-mm IR band arises in the absorptio
spectrum of CdF2 :M crystals.~Below we refer to this reac
tion as the ‘‘photodecoloration process.’’! Due to the above
barrier, the photoinduced neutral donors are stable aT
16521
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,40 K for In and atT,200 K for Ga.23 With an increase in
temperature, their thermal decay proceeds according to
reaction

2~M311ehydr!1kT→M111M31. ~2!

In this work, we study the low-temperature complex p
mittivity of semiconducting CdF2 :Ga, CdF2 :In, and
CdF2 :Y crystals in the microwave range nearl'8 mm and
discuss an important role of the ionized donor pairs in f
mation of the dielectric response of these crystals in the
crowave and far-IR ~FIR! spectral regions. The low
temperature ~down to 1 K! microwave absorption in
semiconducting CdF2 in magnetic fields up to 100 kG wa
studied in Ref. 8. Dielectric properties of undoped fluori
type crystals, including CdF2 , were reported in Ref. 31 for a
wide spectral range.

II. EXPERIMENTAL

Crystals were grown from a melt using a modifie
Stokbarger-Bridgemen technique. In and Y were introduc
into the mixture as fluoride compounds. The distribution c
efficients of these dopants in CdF2 are sufficiently large
~0.34 and 1.38, respectively!. The concentrations of In and Y
ions in the grown crystals,;231020 cm23, were deter-
mined by mass-spectrometric analysis. Ga shows low s
bility in this crystal ~the distribution coefficient being 0.05!,
and its concentration was;231019 cm23. The additive col-
oration was performed in a mixture of K1Cd vapors in a
chamber which provided separate temperature control of
crystal sample and the metal evaporator. In our typical c
oration procedure, a temperature of;500 °C was maintained
for 30–40 min at the sample. Then the sample was coo
during ;1 h in a He gas flow. When the coloration param
eters were varied in a wide range~by increasing the sample
temperature, the Cd vapor pressure, and the coloration tim!,
no increase in the concentration of the reduced impurity
more than 50% was observed, but the optical quality of
crystal deteriorated. The concentration of electrons injec
into the crystals during coloration~which is equal to the
maximum concentration of the neutral donorsNsh

0 at low
temperatures! was determined from the absorption in th
7-mm IR band to an accuracy of;50%.3,5 For CdF2 :Ga,
CdF2 :In, and CdF2 :Y crystals under study, the electron co
centrations were Nsh

0 '731017, 331018, and 2
31018 cm23, respectively, being much lower than the tot
content of the corresponding impurities in the crystals.

The microwave real («1) and imaginary («2) parts of the
dielectric permittivity of CdF2 :In, CdF2 :Ga, and CdF2 :Y
crystals were measured in a frequency range from 34.0
37.5 GHz at temperatures from 1.8 to 100 K. The cylindric
crystal samples, 2.0–2.5 mm in diameter, were placed
cylindrical reflex resonator operating in theTE011 mode ~b
'6 mm andH'7 mm being, respectively, the radius and t
height of the microwave cavity!. The empty cavity, its loaded
Q factor beingQLO'5000, was coupled to a waveguid
transmission line and utilized almost the whole input mic
wave power~;98%! supplied from a Klystron. At the reso
4-2
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IONIZED DONOR PAIRS AND MICROWAVE AND FAR- . . . PHYSICAL REVIEW B 65 165214
nance frequency of the cavity, the input microwave power
;10 mW corresponded to an average amplitude of the
crowave electric fieldE'100 V/cm in the empty cavity and
could be decreased by 0–30 dB with a calibrated attenua

The cavity perturbation technique used in these exp
ments is based on measuring both the loadedQ factor QLS
and the frequency shift of the cavity, which occurs when
CdF2 sample is inserted into the resonator. Dielectric los
in the sample caused lowering of theQLS factor and decou-
pling of the resonator with the waveguide transmission li
This could increase the microwave power reflected from
resonator by up to 100%.

The measurements were made atT51.8 K both in the
dark and after illuminating the samples with UV-VIS ligh
until the deep-to-shallow conversion of the photochrom
centers in CdF2 :In and CdF2 :Ga crystals was completed
The most detailed measurements of the dark«1 and its shift
upon illumination of the crystalD«1 were carried out for
CdF2 :Ga atT51.8 K. A cylindrical rod of;2 mm diameter
and ;10 mm length was made from the crystal and fix
inside the resonator along its axis in piston holes. In t
case, the problem of finding«1 from the frequency shift of
the cavity can be solved exactly.

When measuring«2 ~and also «1 for CdF2 :In!, the
samples were partly inserted into the cavity along its axis
screwing them out of the hole in the upper piston of t
resonator by 1.5–2.5 mm. The values of«1 andh ~h being
the filling factor, which is equal to the ratio of the energy
the electrical component of the microwave field in the wh
volume of the resonator to that in the sample! were deter-
mined from the frequency shift by the perturbation-theo
calculations. Solutions of the equation for the radial com
nent of the electric field in theTE011 resonator with the cy-
lindrical sample were found as the series

E~r ,z!5(
i 51

L

(
j 51

L

Ci j J1~Xir /b!sin~pz j/H !, ~3!

where r and z are the cylindrical coordinates of the cavi
~0<r<b and 0<z<H!, andXi is the i th root of the first-
order Bessel functionJ1 of the first kind. The number of the
variable coefficientsCi j to be determined,LL550350, was
restricted by the computer capacity.

It was assumed that, in the dark,«158 ~see Ref. 31!
when its value was not determined experimentally. The v
ues of«2 were determined from the ratio

«2 /«15tand5h~QLS
212QLO

21!. ~4!

At T51.8– 4.2 K, as-grown~uncolored! CdF2 crystals
appeared to have no noticeable dielectric losses and did
react to the illumination in any way. However, even in t
dark all the reduced samples showed substantial diele
losses. The microwave dielectric properties of semicond
ing CdF2 :Y crystal are independent of illumination. In con
trast, upon illumination of photochromic CdF2 :Ga and
CdF2 :In samples~cooled to a low temperature in the dark! in
the microwave resonant cavity, both a monotonic decreas
the resonator frequency~down to a few hundreds of mega
16521
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hertz! and a monotonic increase of the dielectric losses~by
about an order of magnitude! were simultaneously observed
These changes reached saturation after continuous illum
tion. Thus, a substantial increase of both the real and im
nary parts of the complex permittivity was detected duri
illumination of photochromic CdF2 :Ga and CdF2 :In crys-
tals. Cessation of the illumination at any time fixed the sh
of the complex permittivity at the magnitude reached. T
rate of change and, consequently, the time interval that
needed to achieve the maximum permittivity under illumin
tion are governed by the light intensity, as expected for
photodecoloration process.

At T51.8 K, the saturation of the dielectric losses wi
the microwave power increase was observed both for n
photochromic CdF2 :Y and at any stage of the photodeco
oration process in photochromic CdF2 :Ga and CdF2 :In crys-
tals. In the range of the microwave frequencies studied,
measured value of«2 could be decreased by about an ord
of magnitude with an increase in the input microwave pow
from the minimum level of 30-dB attenuation~see Figs.
1–3!. These saturation effects disappeared when the t
perature was increased to;4 K.

The temperature dependence of the dielectric loss fa
«2(T) at various attenuations of the input microwave pow
was studied both in the dark and under illumination of sem
conducting CdF2 . In the most interesting temperature ran
1.8–4.2 K, the dielectric losses were measured in one fi
position of the sample in the resonant cavity. This ensu
the maximum reliability of the results. As the temperatu
increased, a growing value of«2 called for readjustment o
the sample in the cavity. The experimental dependen
«2(T) for CdF2 :Ga at various microwave power levels a
shown in Figs. 4 and 5.

The dielectric permittivities of the samples studied at lo

FIG. 1. Normalized frequency dependences of klystro
generated microwave power reflected from the resonant cavity
CdF2 :Ga crystal in the dark at different attenuations of the inp
power ~a! 30, ~b! 27, ~c! 25, ~d! 23, ~e! 20, and ~f! 17 dB. T
51.8 K. h'3.2.
4-3
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microwave fields and the maximum changes in their val
observed after illumination atT51.8 K are given in Table I.
Within experimental error, all the above results were ind
pendent of microwave frequency throughout the freque
range studied.

FIG. 2. Normalized frequency dependences of klystro
generated microwave power reflected from the resonant cavity
CdF2 :Y crystal at different attenuations of the input power~a! 30,
~b! 20, ~c! 15, ~d! 10, ~e! 5, and~f! 0 dB. T51.8 K. h'39.

FIG. 3. Values of«2 for CdF2 :Y vs microwave powerP stored
in the resonant cavity with the sample~in units of the
Pmax-microwave power stored in the empty cavity at the 0-dB
tenuation!. Solid line is the least-square fit with the functio
«2(P)5«2H1«2R

; (P) to the experimental data depicted by do
The field-independent part«2H and the field-dependent pa
«2R

; (P)5«2R /(11P/Pc)
1/2, of the dielectric loss factor are due t

the hopping conductivity and to the resonant absorption, res
tively. Dashed lines show the levels of«2H and («2H1«2R). The
measurements were made with 36 GHz microwaves atT51.8 K
andh'39.
16521
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III. DISCUSSION OF RESULTS

We have to explain two phenomena observed~i! the satu-
ration of dielectric losses with an increase in the microwa
power in semiconducting CdF2 at T,4 K and ~ii ! the sub-
stantial change of the dielectric permittivity of photochrom
CdF2:Ga and CdF2 :In after illumination~see Table I!. It is
shown below that both effects are due to resonant absorp
of ionized donor pairs.32,33

All the permittivity changes observed after illumination
photochromic CdF2 , which are listed in Table I, are appa
ently due to the deep-to-shallow conversion of the impur
centers in accordance with Eq.~1!. The cessation of illumi-
nation atT,40 K for In and atT,200 K for Ga ‘‘freezes’’
these changes, because the reverse reaction@see Eq.~2!# pro-
ceeds only at higher temperatures. Semiconducting CdF2 :Y

-
th

-

c-

FIG. 4. «2(T) dependence for CdF2 :Ga crystal in the dark, mea
sured with 36 GHz microwaves. Attenuation of the input micr
wave power:~a! 0 dB and~b! 30 dB.

FIG. 5. «2(T) dependence for CdF2 :Ga crystal after illumina-
tion, measured with 36 GHz microwaves. Attenuation of the in
microwave power~a! 0 dB, ~b! 7 dB, ~c! 15 dB, and~d! 25 dB.
4-4
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TABLE I. Experimental parameters of semiconducting CdF2 crystals. Permittivity was measured with 8-mm microwav
at T51.8 K .

Sample

Total
content of
impurity Nsh

0 (cm23)
« l in the

dark
D« l after

illumination

«2
b,c

in the dark after
illumination

CdF2 :Ga (261)31019 (763)31017 7.660.1a 0.560.1a 0.0160.005 0.160.05
CdF2 :In (261)31020 (361)31018 1.460.4b 0.0260.01 0.160.05
CdF2 :Y (261)31020 (261)31018 0.360.1

aA cylindrical rod-shaped sample of;2 mm diameter was fixed inside the cavity along its axis in the piston holes of the resonator.
bA cylindrical sample was partly inserted into the cavity along its axis by screwing it out of the hole in the upper piston of the reson
1.5–2.5 mm.

cMeasured at attenuation of the input microwave power of 30 dB.
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crystal is not photochromic, and its illumination does n
produce any changes in its dielectric response.

Upon completing the photodecoloration process at a
temperature, photochromic CdF2 :Ga and CdF2 :In crystals
have no deep centers, and, in terms of their electrical p
erties, they are the same objects as any other semicondu
CdF2 , including nonphotochromic CdF2:Y. All these crys-
tals may be treated as compensatedn-type semiconductors
with donors having an electron bound to a hydrogenic
bital. Below we assume its Bohr radiusa57 Å ~see Ref. 5!.
The donors are partly compensated by interstitial F2 ions.
We further assume that clusters, though they do exist, do
manifest themselves in electron processes.~The role of clus-
ters will be discussed below.!

Thus, the model of semiconducting CdF2 crystal at low
temperatures, which is discussed below, involves the neu
and ionized~positively charged! donor centers with concen
trationsNsh

0 and Nsh
1 , respectively. Interstitial F2 ions with

concentrationNF5Nsh
1 act as ionized acceptors. It is obviou

that Nsh
0 is also the concentration of electrons injected in

the crystal in the process of its conversion into the semic
ducting state. By introducing the degree of compensation
the semiconductorK and the total concentration of dono
centersND[Nsh

0 1Nsh
1 , Nsh

0 , andNsh
1 can be represented a

follows: Nsh
0 5ND(12K), Nsh

1 5NDK.
The dielectric response of a semiconductor is strongly

fluenced by the nearest pairs of neutral and ionized don
which are referred to as the ‘‘ionized donor pairs.’’ The res
nant absorption of the microwave field by the ionized don
pairs was discovered by Tanaka and Fan in Si.32 A theory of
this phenomenon was developed by Tanakaet al.,33 and by
Blinowski and Mycielski34 who also found that the resona
absorption shows a maximum at the energy of a quantum
electromagnetic field\vmax in the FIR region~lying within
10 to 200 cm21!.34 These FIR bands were experimenta
revealed by Milward and Neuringer35 and studied in detail in
weakly doped Si and Ge~for example, see Ref. 36!.

The theory of Blinowski and Mycielski34 is valid only in
the low-compensation case (K<0.2). Its version proposed
by Baranovskii and Uzakov37 is based on the calculation o
the distribution function of the ionized donor pairsF(V,r ),
so that 4pr 2F(V,r )drdV gives the probability to find in the
unit volume the pair of ionized and neutral donors with t
16521
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distance between them lying in the range (r ,r 1dr) and with
the energy difference lying in the range (V,V1dV). ~The
definition of the energyV is given below.!

The theory of Tanakaet al.33 also applies to the low-
compensation case. However, unlike the theory of Blinow
and Mycielski, it involves the simplifying assumption that a
the pairs withV<\v equally contribute to the absorption a
the frequencyv.

For the intermediate-compensation case 0.1<K<0.9 no
analytical solution is available. Nevertheless, rigorous th
retical estimates of the spectral dependence of the absorp
coefficient for low and high frequencies relative to the pe
vmax are possible. These estimates were discussed in det
Efros and Shklovskii’s review38 and are used in our study. I
Ref. 39, theF(V,r ) function was calculated numerically b
simulating the impurity band with the Monte Carlo techniq
for discrete values ofK50.1 to 0.9. The absorption coeffi
cient was then found for discrete frequencies\v/2ED
50.025 to 0.175, whereED5e2/«1r D is the energy width of
the impurity band andr D5ND

21/3 is the average distance be
tween the donor centers.

Below, basing on the theory of Tanakaet al.,33 we pro-
pose simple analytical expressions for the microwave
FIR absorption coefficient for the intermediate-compensat
case over the frequency range in which the donor-pair the
is applicable.~Gaussian cgs units are used.! The results are
compared with Efros and Shklovskii’s estimates38 for fre-
quencies both larger and smaller thanvmax. The spectral
dependences calculated according to our modification of
theory of Tanakaet al.33 are compared with numerical value
calculated using tables of Ref. 39 and also with the exp
mental data of Eisenberger, Pershan, and Bosomworth7 on
the FIR absorption in semiconducting CdF2 . Experimental
values of «2 at \v51.2 cm21, which corresponds to the
microwave quantum energy in the frequency range un
study, are compared with those calculated according to
modification of the theory of Tanakaet al., within the
Colomb-gap theory38 and the linear conductance theory.40

Provided the nearest-neighbor donors are identical,
single electron of the ionized donor pair has an equal pr
ability to be found at each of these donor centers. The s
ation is similar to that for the molecular H2

1 ion. The doubly
degenerate ground state of such a system splits into a lo
4-5
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bonding and excited antibonding states separated by an
ergy intervalW. These two states are described by the sy
metric (1/&)@CA(r )1CB(r )# and the antisymmetric
(1/&)@CA(r )2CB(r )# wave functions, respectively. Here
CA(r ) andCB(r ) are the hydrogenic wave functions of th
electron at the isolated donor centersA andB that compose
the pair. Depending on the distancer v between the donors in
the pair, the ‘‘quantum repulsion’’~splitting! energy W,
which is resonant to the frequencyv of the electromagnetic
field, for r v.a can be fairly accurately represented as33

\v5W~r v!'~4e2/3«1a!
r v

a
exp~2r v /a!. ~5!

The matrix element of the electric-dipole transition reads

Pe5erv/2, ~6!

wheree is the electron charge.
For the following consideration, it is necessary to defi

the majority and minority donor concentrations of the tw
types of donor centers in question:Nmaj5max(Nsh

0 ,Nsh
1) and

Nmin5min(Nsh
0 ,Nsh

1).41 In the statistical distribution of the do
nors, the probability of any minority donor to find the neare
majority donor within the spherical layer of radiusr and
thicknessdr is as follows:

d f~r !5
3r 2

R̄3
expF2S r

R̄
D 3Gdr, ~7!

where R̄5( 4
3 pNmaj)

21/3 is the average separation betwe
the majority donors. The density of states for the ioniz
donor pairs is then

n~v!5Nmin

d f~r !

dr

dr

dv
5\Nmin

d f~r !

dr
S dW

dr
D 21

>Nmin

3r v
2

R̄3
expF2S r v

R̄
D 3G a

v
. ~8!

The donor pairs located within the resonant separationr v

,R̄ can be considered as isolated ones. However, we
pose that a significant concentration of the interstitialF2

ions and, possibly, of other charged centers causes detu
of the resonance between the energy levels of the pair
the amount42

V[V~r v ,R,sinq!5
e2

«1RB
2

e2

«1RA
>

e2

«1R2 ~RA2RB!.

~9!

HereRA , RB , andR are the distances from theF2 ion to the
A and B donors and to their center of gravity, respective
andu is the angle ofR with the perpendicular to theA-B axis
~see Fig. 6!. Then, the energy separation between the t
lowest levels of the pair is33

z5~W21V2!1/2. ~10!
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If V@W, the matrix element of the electric-dipole transitio
Pe decreases with increasingV as

Pe5~W/V!erv/2. ~11!

Let us restrict our discussion to an ionized donor pair a
the nearest interstitial F2 ion ~or any other charge center!.
We assume that they may be considered separately from
remaining ensemble of the impurities. This means the fulfi
ment of the inequalityr v,Rp , whereRp is the average dis-
tance between the pair and the nearest perturbing impu
whose total concentrations isNp>NF . It is very likely that
in ‘‘ordinary’’ semiconductorRp5R̄ ~see below!. By analogy
with Tanakaet al.,33 we assume that all the pairs withV
<W5\v contribute equally43 to the resonant absorption o
the donor pairs at frequencyv, and their resonant lengthr v

andPe values are defined by Eqs.~5! and~6!. For any given
v and R, we can find the limiting angleu lim (0<u lim
<p/2) for which V5W, as well as the limiting distance

Rmax~v!>S e2r v

«1\v D 1/2

, ~12!

for which u lim5p/2. The perturbing influence of the charg
impurity can evidently be neglected atR>Rmax. Let us de-
fine the function F(v,r )5sin(ulim) at R<Rmax and
F(v,r )51 atR>Rmax. The relative number of all the dono
pairsSp(v)<1, with the separationr v , which contribute to
the resonant absorption at the frequencyv is then

Sp~v!5E
0

` 3x2

Rp
3 exp@2~x/Rp!3#F~v,x!dx. ~13!

Finally, the frequency dependence of the imaginary p
of permittivity «2(v) related to the resonant absorption
ionized donor pairs can be written as44

FIG. 6. Schematic diagram of the ionized donor pairA-B per-
turbed by an interstitial F2 ion.
4-6
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«2~v!5
4p2

3\
Nminn~v!Sp~v!Pe~v!2

3~11E2/Ec
2!21/2tanhS \v

2kT
D

5
p2

\v
NminSp~v!e2R̄aS r v

R̄
D 4

expF2S r v

R̄
D 3G

3~11E2/Ec
2!21/2 tanhS \v

2kT
D . ~14!

Here,k is the Boltzmann constant,E is the amplitude of the
ac electric field, andEc is its critical value. Using the relation

a~v!5&
v

c
@~«1

21«2
2!1/22«1#1/2>

v

c

«2~v!

A«1

, ~15!

one can also derive the frequency dependence of the op
absorption coefficienta~v!.

It should be noted that Eq.~14! is valid in a wide range of
frequencies, in contrast to the basic formula for the ac c
ductivity s(v)5v«2(v)/4p, derived in the work of Tanaka
et al.33 in the low-frequency approximation45 ~see below!.

Thus, the ionized donor pairs feature a continuous
fairly broad energy spectrum. Since the energy splittings
tween their bonding and antibonding states are much sm
than the donor ionization energy, at low temperatures th
pairs can be considered as ‘‘electron’’ two-level syste
~TLS’s! with the effective spinS5 1

2 , which are formally
similar46 to the well-known ‘‘ion’’ TLS’s observed in
glasses47 and crystals.15,48This similarity allows us to derive
Eq. ~14! for the dielectric loss factor on the basis of the TL
theory.44,49 However, we use then(v), Sp(v), and Pe(v)
dependences andEc parameter that are specific for the io
ized donor pairs.

The conventional ‘‘ion’’ TLS’s are produced by atoms
groups of atoms tunneling in amorphous dielectrics or
glass-like features of the crystals with extended ‘‘porou
defects. In particular noteworthy are the studies of the
TLS’s in dielectric crystals with the fluorite-typ
structure,50–52in which a broadband resonant microwave a
FIR absorption was also found. All the experimental fa
discussed here are clear evidence of the electronic natu
the observed TLS. Among these facts are the existence o
resonant absorption only in reduced samples and its sig
cant increase after illumination of photochromic CdF2 crys-
tals ~due to an increase in concentration of electrons at
shallow donor levels!.

The experimental dependences of the microwave abs
tion on temperature and microwave power can be explai
using Eq.~14! in terms of TLS theory.44,49 In the absence o
the electromagnetic field, the thermal equilibrium leads
the Boltzmann population of the TLS. High-power fieldE
@Ec can be eliminate the differences in population of t
levels whose splittings are resonant with the field. As a
sult, a ‘‘hole’’ appears in the broad absorption spectrum
16521
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the TLS. Its width is proportional to;E;P1/2 ~whereP is
the microwave power stored in the resonant cavity!. The mi-
crowave power absorbed by the TLS increases by the s
square root law. However, the ratio of absorbed to input
crowave powerPin accordingly decreases as;E21;P21/2

;Pin
21/2. This explains the saturation of the dielectric lo

factor with increased microwave power observed at temp
tures from 1.8 to 4 K~see Figs. 4 and 5!. The same processe
are responsible for the ‘‘improvement’’ of the resonator cur
with an increase in the input microwave power~see Figs. 1
and 2!. In this case, theQLS factor of the cavity with the
sample increases, the resonator coupling with the waveg
transmission line is partly restored, and the microwa
power reflected from the resonator decreases.

The saturation of dielectric losses with increasing inp
microwave power is evidence of the mainly resonant abso
tion of the ionized donor pairs at 1.8 K. Figure 3 shows th
the decrease in the field-dependent part of the dielectric
factor with an increase of the microwave power agrees w
with the theoretical dependence@Eq. ~14!# for the resonant
absorption in a wide range ofP values.53 It should be noted
that the saturation phenomenon discards the suppositio
Ref. 9 about the quasi-free motion of electrons in some
stricted areas in semiconducting CdF2 at low temperatures.54

In all the crystals studied, the saturation of the dielect
losses disappears atT.4 K ~see Figs. 4 and 5!. Here, the
resonant absorption~which must fall with increasingT as
;\v/kT! is evidently replaced by the relaxation absorptio
The latter is due to phonon-assisted hopping of electr
between energy levels of the polar pairs with lengthr and
energy gapz;kT modulated byDz'2e(r•E) in the ac
electric field.12,33,44

It is interesting to compare the resonant absorption of
nor pairs in CdF2 and in a conventional semiconductor, e.
in the n-type Si ~see Refs. 32–34!. The small compensation
of such a semiconductorK,0.1 is obtained via introduction
of small amount of acceptorsNA (NA!Nsh

0 ). At low tem-
peratures, all the acceptors are charged by trapping elect
from the donors, and a hopping conductivity of the sa
amount of the electron vacanciesNA over donor levels can
arise (Nsh

1 5NA). After trapping an electron, each of theNA

acceptor acquires an effective charge ‘‘21,’’ which attracts
an electron vacancy~a hole! to the nearest donor, rendering
ionized. Since the same charge perturbs the ionized do
pair formed by this ionized donor and the next-nearest n
tral donor, the donor pairs in then-type Si are ‘‘tied’’ to the
perturbing impurities. Consequently, in this caseRp5R̄, i.e.,
the average distance between the pair and the nearest
turbing impurity~acceptor! is equal to that between the neu
tral ~majority! donors (Nmaj5Nsh

0 ). The same appears t
hold for donor pairs in semiconducting CdF2 at Np5NF

5Nsh
1 ,Nsh

0 , where interstitial F2 ions act as ionized accep
tors. However, the concentration of the perturbing impur
in semiconducting CdF2 usually exceeds that of the neutr
donors, i.e.,Np5NF5Nsh

1 .Nsh
0 . In this case,Rp5R̄ as

well, because the average distance between the pair an
nearest perturbing impurity is determined by the concen
4-7



en
i-

de

ty

ti

-

a

ty

n

,

oth
b-
ka
at

qs.

38
een
en-
rmi
te-

-

ncy
ce is
air

rs
he
s-

ich
ex-

rm
-
of

S. A. KAZANSKII, D. S. RUMYANTSEV, AND A. I. RYSKIN PHYSICAL REVIEW B 65 165214
tion of the ionized~majority! donors (Nmaj5Nsh
1 ). Thus, the

equalityRp5R̄ appears to be true at any degree of comp
sation, andSp(v) is independent of concentration of the m
nority donorsNmin . Hence, it follows from Eqs.~14! and
~15! that, for a given value ofNmaj, the spectra«2(v)/Nmin ,
anda(v)/Nmin are independent ofNmin .

The donor-pair approach is known to be applicable un
the following conditions:38

r v!r D , \v!ED , and \v!e2/«1r v . ~16!

These conditions are evidently equivalent to the inequali

W~r D!!\v!ED . ~17!

Let us compare spectral dependences of FIR absorp
given by Eqs.~14! and ~15! at variousK with Efros and
Sklowskii’s estimates38 obtained in the low- and high
frequency approximations.

Low-frequency range: \v!EDr v /r D . The low-
frequency range condition is equivalent to the inequalityR̄
!Rmax(v). ~It is this condition which was used by Tanak
et al.33! One can easily see that, fromR̄2!Rmax

2

5e2rv /«1\v, it follows that \v!e2r v /«1R̄2;EDr v /r D .
The main contribution to the integral for the functionSp(v)
in Eq. ~13! comes from the areax;Rp5R̄!Rmax. Finally,
we have

V>
e2

«1R2 ~RA2RB!>
e2r v

«1R2 sin~q lim!5\v,

F~v,R!'
«1\v

e2

R2

r v
5

R2

Rmax
2 ,

Sp~v!'
«1\v

e2

Rp
2

r v
GS 5

3D'
«1\v

e2

R̄2

r v
5

R̄2

Rmax
2 ~v!

. ~18!

It follows from Eqs. ~12!, ~14!, ~15!, and ~18! that at \v
@kT andE!Ec :

a~v!5
p2

c
A«1

a

R̄
vr v

3 Nmin

5S 4

3
p D 1/3

p2

c
A«1avr v

3 NminNmaj
1/3

5S 4

3
p D 1/3

p2

c
A«1avr v

3 ND
4/3K1~12K1!1/3

'
4p3

6c
A«1avr v

3 ND
4/3K~12K !. ~19!

Here,K15min(K,12K) and the latter approximate equali
is fairly accurate in the whole range 0<K<1. Equation~19!
is similar to Efros and Shklovskii’s estimate

a~v!5
4p3

6c
A«1avr v

3 ND
4/3K f ~K !, ~20!
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where f (K) is a function of the compensation.38

High-frequency range: \v@EDr v /r D . This condition is
equivalent toR̄@Rmax(v). In this case, the main contributio
to the integral for the functionSp(v) in Eq. ~13! comes from
x;Rp5R̄@Rmax. Here, F(v,x)'1 and, consequently
Sp(v)'1. Finally, we have

a~v!5
p2e2

\cA«1

a

R̄3
r v

4 Nmin5
4p3

3

e2

\cA«1

arv
4 NminNmaj

5
4p3

3

e2

\cA«1

arv
4 ND

2 K~12K !, ~21!

which is again similar to Efros and Shklovskii’s estimate

a~v!5
4p3

3

e2

\cA«1

arv
4 ND

2 K f ~K !. ~22!

Thus, the spectral dependences of FIR absorption in b
the low-frequency and high-frequency approximations o
tained according to our modification of the theory of Tana
et al. are very close to Efros and Shklovskii’s estimates
any value ofK. However, Eqs.~14! and~15! describe optical
absorption in the whole spectral range determined by E
~16! and ~17!, and we will use them further.

Very-low frequency range. This is the range in which the
donor-pair approach is inapplicable. It was shown in Ref.
that, due to the long-range electrostatic interaction betw
impurity centers in weakly doped semiconductors, the d
sity of electron states decreases in the vicinity of the Fe
level, and the Coulomb gap arises. For the intermedia
compensation case, the width of the gapDc is of the same
order of magnitude as the width of the impurity band (ED).
For very low frequencies, when\v!e2/«1r v!Dc , which
is equivalent to the conditionr v@r D , the frequency depen
dence of the absorption coefficient is given by38

a~v!;v/r v . ~23!

This relationship corresponds to the super-linear freque
dependence of the absorption coefficient. This dependen
;r v

4 times steeper than that predicted by the donor-p
theory for the low-frequency range@see Eqs.~19! and~20!#.

However, experimental data are available36 that show lin-
ear dependence ofa(v) on the frequency in semiconducto
with really statistical and homogeneous distribution of t
dopant, as in thep-type Ge prepared with the neutron tran
mutation doping technique:

a~v!;v. ~24!

Phillips40 has proposed a linear conductance theory wh
employs an electron compartmentalization model and
plains this dependence at frequencies down tov→0.

Note the presence of the exponential te
exp@2(rv /R̄)3#, in Eq. ~14!, which provides an abrupt de
crease of the absorption at the boundary of applicability
the donor-pair theory atr v.R̄;r D due to the allowance for
4-8
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TABLE II. Some numerical parameters for semiconducting CdF2 with ionized donor pairs (a57 Å).

Nsh
0 5731017 cm23 Nsh

0 5231018 cm23

K50.1 K50.3 K50.5 K50.7 K50.9 K50.1 K50.3 K50.5 K50.7 K50.9

ND (1018 cm23) 0.78 1.0 1.4 2.3 7.0 2.2 2.9 4.0 6.7 20
NF (1018 cm23) 0.08 0.3 0.7 1.6 6.3 0.2 0.9 2.0 4.7 18

R̄ ~Å! 70 70 70 53 34 49 49 49 37 24

r D ~Å! 109 100 89 75 52 77 71 63 53 37
W(r D) ~cm21! 0.008 0.025 0.10 0.62 11.7 0.53 1.2 3.1 10.5 75
ED ~cm21! 132 144 161 191 276 188 204 229 271 391
r v max

T ~Å! 37 37 37 34 28 33 33 33 29 22
\vmax

T ~cm21! 71 71 71 106 210 117 117 117 180 368
\vmax

BM ~cm21! 73 118
r v /r D

a 0.65 0.70 0.79 0.93 1.3 0.92 1.0 1.1 1.3 1.9
Sp

a 0.0077 0.0077 0.0077 0.0056 0.0043 0.0053 0.0053 0.0053 0.0045 0.00
«2

Ta 0.044 0.171 0.400 0.175 631024 0.038 0.145 0.339 0.014 2310210

«2
BMa 0.050 0.181

«2
ESa 0.019 0.053 0.065 0.052 0.010 0.046 0.098 0.102 0.094 0.051

«2
Pa 0.024 0.066 0.083 0.068 0.014 0.060 0.130 0.138 0.131 0.093

aParameters are given for the microwave electromagnetic field with\v51.2 cm21.
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only ‘‘isolated’’ donor pairs. This is the fundamental diffe
ence between the theory of Tanakaet al.33 and the theory of
Blinowski and Mycielski.34,37 The latter allows also for
‘‘nonisolated’’ pairs, and the exponential factor does not a
pear there.

Table II shows the parameters of the theory and the res
of calculations for semiconducting CdF2 crystals with two
different electron concentrationsNsh

0 '731017 cm23 and 2
31018 cm23, and the degrees of compensation ranging fr
0.1<K<0.9. These parameters are the following: the to
donor concentrationND , the concentration of the interstitia
F2 ions NF , the average distance between donorsr D , the
average distance between majority donorsR̄, the energy of
the resonant splittingW(r D) of the donor pair with the sepa
rationr D , the width of the impurity bandED , the position of
the maximum of the FIR absorption calculated from E
~14! and ~15! (\vmax

T ) and according to Blinowski and My
cielski’s theory34,37 (\vmax

BM ), and the separationr v max
T at

which the equality\vmax
T 5W(rv max

T ) holds.
For the microwave electromagnetic field with\v

51.2 cm21, the following quantities are also given: the rat
r v /r D , the fractionSp5Sp(v) of all the donor pairs with
the resonant separationr v for which the inequalityV<\v
is satisfied, the dielectric loss factor calculated from Eq.~14!
(«2

T) and according to Blinowski and Mycielski’s theory34,37

(«2
BM), Efros and Shklowski’s theory of Coulomb gap38

(«2
ES), and Phillips’ theory of linear conductance40 («2

P). In
the latter two cases, the extrapolation of ‘‘exact’’ valu
found using Baranowski and Uzakow’s tables39 for the mini-
mum frequency of\v/2ED50.025 to those for a microwav
field with \v51.2 cm21 was made using Eqs.~23! and~24!.

One can see from Table II that, for a fixed concentrat
of electrons at the donor levelsNsh

0 the dielectric loss factor
«2 has a maximum at the compensationK'0.5 and de-
creases noticeably for both larger and smaller values oK.
16521
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Experimental results~see Table I! reveal no correlation be
tweenNsh

0 and«2 in the crystals under study. Apparently, th
is due to variation in their compensations. For photodec
ored CdF2 :Ga and CdF2 :In crystals, and for CdF2 :Y, the
experimental values of«2 in low microwave fields at 1.8 K
agree within an order of magnitude55 with this quantity cal-
culated in any approach~see Table II! in the range of com-
pensation degree from 0.1<K<0.9.

In Ref. 8, in which the microwave absorption of don
pairs in semiconducting CdF2 was discussed, the effect o
perturbing impurity was ignored. The magnitude of the p
rameterSp given in Table II shows, however, that its influ
ence is essential. It lowers the microwave dielectric losse
semiconducting CdF2 by more than two orders of magnitude

So far we have considered photochromic CdF2 :In and
CdF2 :Ga crystals after completion of the photodecolorati
process when the stationary concentrationsNsh

0 andNsh
1 are

established. Now, we will briefly discuss the photodecolo
tion stage atT51.8 K. In a partly decolored crystal, i.e., in
crystal with partial deep-to-shallow center conversion,
neutral- and ionized-center concentrationsÑsh

0 and Ñsh
1 are

variable quantities. Their values depend on the degree
photodecoloration of the deep centersg, where 0<g<1:

Ñsh
0 5gNsh

0 ,

Np5Ñsh
1 5NF1

12g

2
Nsh

0 . ~25!

Here, the parameterNsh
0 is, as before, the maximum attain

able concentration of the neutral donors in the crystal. In
dark,g'0, Ñsh

0 '0, the degree of compensationK is close to
unity, and the ionized donor pairs are~almost! absent. After
switching the UV-VIS illumination on,g changes continu-
ously from 0 to 1. Photodestruction of the deep cent
4-9
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causes an increase in the neutral donor concentrationÑsh
0

→Nsh
0 and a decrease in concentration of the perturbing

puritiesNp5Ñsh
1 →NF . The degree of compensationK falls

as the ratioÑsh
1 /(Ñsh

0 1Ñsh
1 ). It can be easily seen that, in th

process of photodecoloration, the total concentration of
ionized donor pairs and corresponding changes in dielec
response would reach their maximum upon attainingK
50.5, and then would go down with concentration of t
minority donors~in the case ofNF,Nsh

0 !. However, the ex-
perimentally found monotonic increase of both the dielec
loss factor and the dielectric constant under illumination
photochromic CdF2 :Ga and CdF2 :In crystals testify clearly
to the fact that value ofK50.5 is not passed over. Thus, w
find thatNF>Nsh

0 andK>0.5 in photodecolorated CdF2 :Ga
and CdF2 :In crystals.

Eisenberger, Pershan, and Bosomworth7 observed the FIR
absorption band from;10 to ;150 cm21 in a number of
semiconducting CdF2 crystals and found an approximate
linear dependence of its intensity on the electron concen
tion. The FIR absorption was initially ascribed to the polar
effect7 and, later on, to the resonant absorption of the ioni
donor pairs.8 Our calculations support the latter suggestio

Figure 7 shows spectral dependences of the FIR abs
tion calculated from Eqs.~14! and ~15!, according to Bli-
novski and Mycielski’s theory34,37 and to Baranowskii and
Uzakov’s model39 for a crystal withNsh

0 5731017 cm23 and
K50.1. One can see a similarity of all these curves.

In Figs. 8 and 9, the solid lines show spectral dependen
of the FIR absorption calculated from Eqs.~14! and~15! for
two CdF2 crystals with Nsh

0 5731017 cm23 and 2
31018 cm23, andK50.1, 0.3, 0.5, 0.7, and 0.9. Dots depi
the absorption coefficients for the same parametersNsh

0 and
K calculated according to Baranovskii and Uzakov’s mo

FIG. 7. FIR absorption spectra of CdF2 with Nsh
0 57

31017 cm23 andK50.1 as calculated according to~a! Blinowski-
Mycielski’s theory ~Refs. 34,37!, ~b! Eqs. ~14! and ~15!, and ~c!

Baranovskii-Uzakov’s model39 for a57 Å.
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for four discrete frequencies within\v/2ED50.025 to
0.175, which are listed in Ref. 39. The available tabula
data for r v /r D50.1 to 1.1 were extrapolated to the actu
value of this ratio for each of these frequencies. ForNsh

0

5231018 cm23 and K50.9, the absorption coefficient
were calculated only for three frequencies~see Fig. 9!, as far
as the ratior v /r D exceeds 1.1 for\v/2ED50.025. Unfortu-
nately, Baranowskii and Uzakov made the calculation39

FIG. 8. FIR absorption spectra of CdF2 with Nsh
0 57

31017 cm23 as calculated by Eqs.~14! and ~15! ~solid lines! and
according to Baranovskii-Uzakov’s model~Ref. 39! ~dots! for a
57 Å at various compensations~a! K50.1, ~b! K50.3, ~c! K
50.5, ~d! K50.7, and~e! K50.9.

FIG. 9. FIR absorption spectra of CdF2 with Nsh
0 52

31018 cm23 as calculated by Eqs.~14! and ~15! ~solid lines! and
according to Baranovskii-Uzakov’s model~Ref. 39! ~dots! for a
57 Å at various compensations~a! K50.1, ~b! K50.3, ~c! K
50.5, ~d! K50.7, and~e! K50.9.
4-10
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only for frequencies below the maximum of the FIR abso
tion. Nevertheless, from Figs. 7–9, one can see a fair ag
ment between spectral dependences of the FIR absorptio
K50.1 obtained from Eqs.~14! and ~15! and those calcu-
lated according to Baranowskii and Uzakov’s model. F
largerK50.3 to 0.9, only qualitative agreement is achieve
Both approaches give similar displacements of the FIR sp
tra to higher frequencies with an increase ofK from 0.1 to
0.9 and reveal crossing of the spectral curves for variouK
values in the low-frequency range.

The spectral dependences of the FIR absorption ca
lated by Eqs.~14! and ~15! for the degree of compensatio
from 0.5<K<0.9 @see Figs. 7~c!–7~e! and 8~c!–8~e!# well
agree, both in the band shape and in the absorption co
cient values, with the experimental spectra~see Ref. 7! of
semiconducting CdF2 crystals with concentration of the neu
tral donors of;1018 cm23. Thus, our calculations of the
FIR absorption may be considered as direct evidence for
moderate compensation degree 0.5<K<0.9 of the trivalent
impurity in additively colored CdF2 crystals.

From analysis of the microwave and FIR absorption,
have obtained restrictions on the degree of compensa
that is, 0.5<K<0.9 in semiconducting CdF2 crystals. Now,
we can estimate the concentration of interstitial F2 ions and
the total concentration of donors in the crystals studied. T
concentration of the interstitial F2 ions, NF5Nsh

0 K/(1
2K), in the crystals under study does not exceed;3
31019 cm23. The total concentration of donors in CdF2 :Y
crystal studied, which is equal to the concentration of ‘‘is
lated’’ Y31 ions in CdF2 lattice, ND5Nsh

0 /(12K),3
31019 cm23, appears to be at least by a factor of 5 sma
than the total content of this impurity in the crystal (;2
31020 cm23). This means that more than 80 % of Y31 ions
are bound to clusters. Similar reasoning shows that no m
than 30% of In ions form the simple cubic centers that ma
up the donor levels and participate in electron processe
CdF2 :In crystals under study. The remaining more than 7
of In ions are bound to clusters and do not act as donors.
clusters seem to clear the crystal lattice of the ‘‘redunda
impurity.

It is necessary to determine a source of the appreci
increase of the real part of permittivityD«1 after illumina-
tion of photochromic CdF2 :Ga and CdF2 :In crystals ~see
Table I!. Using the Kramers-Kronig relations, it is possible
estimate the expected value ofD«1(v) associated with a
substantial photoinduced growth of the number of electr
on the donor levels

D«1~v!5
2

p E
0

` x«2~x!

x22v2 dx>
2

p
cE

0

` A«1~x!a~x!

x22v2 dx.

~26!

It follows from Eq.~26! that the photoinduced buildup of th
7-mm absorption band of the shallow donor centers yie
D«1(v→0)'431022. It is by an order of magnitude
smaller than the experimental value. However, with due
count of the FIR absorption band either calculated~see Figs.
8 and 9! or experimentally recorded in Ref. 7, we obta
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D«1(v→0);2 ~for Nsh
0 ;1018 cm23 and K50.5!, which

agrees with the experimental data.

IV. CONCLUSIONS

The occurence of microwave and FIR broadband abso
tion, as well as the saturation of the microwave absorption
high electromagnetic fields observed in semiconduct
CdF2 crystals are due to the coexistence of the neutral
charged donors, which form ionized donor pairs. The cha
of dielectric response upon illumination of photochrom
CdF2:Ga and CdF2 :In crystals at low temperatures is caus
by the photoinduced increase in concentration of donor e
trons, and, consequently, by the increase in concentratio
donor pairs.

It is possible to estimate the degree of compensationK of
semiconducting CdF2 from the dielectric-loss factor and th
FIR absorption spectrum. The value of the dielectric-lo
factor at low temperatureT51.8 K, the monotonic characte
of variation of the complex permittivity throughout photod
coloration of photochromic crystals, and the spectral dep
dence and value of the FIR absorption coefficient are e
dence that the degree of compensation is restricted by
inequality 0.5<K<0.9 for typical semiconducting CdF2 .
These restrictions on theK value are in good agreement wit
the results of the EPR study of Eisenberger and Pershan9 ~see
the Introduction!. Hence, in semiconducting CdF2 , the con-
centration of the ionized donors~equal to the concentration
of the interstitial F2 ions! exceeds that of the neutral donor

Thus, this study demonstrates that during additive colo
tion of CdF2 doped with column-III elements, total chemic
reduction of the impurity and, consequently, total removal
the interstitial F2 ions from the crystal lattice, is unachiev
able. This inference~which is confirmed by the experimenta
data of Refs. 3, 9, and 10! implies the presence of som
sources in doped CdF2 that supply the crystals with F2 ions
during chemical reduction of the impurity. Evidently, the
sources are the impurity-fluorine clusters, which are s
posed to scavenge interstitial F2 ions.17 The clusters already
exist in the crystal lattice of as-grown CdF2 when the latter is
in the semi-insulating state and, possibly, undergo some
structuring during the thermochemical process
conversion.17

The clusters~whose structure may be different for variou
dopants! appear to be responsible for the high solubility
many column-III elements in CdF2 . A substantial part of the
donor impurity is certainly collected into clusters. Hence,
is impossible to obtain a semiconducting CdF2 crystal with
the compensation degree of less than 0.5 and with con
tration of free or weakly bound electrons exceedi
;1019 cm23.
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