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Experimental study of Raman-active two-level systems and the boson peak
in LaF3-doped fluorite mixed crystals
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A broad spectral distribution of two-level systems~TLS! displaying onlyA1g symmetry, notEg or T2g , is
observed in the low-frequency, low-temperature Raman spectra of fluorite single crystal hosts doped with large
amounts of LaF3 . The observed range of each TLS spectrum is found to be independent of the dopant
concentration although each of the three crystalline hosts, CaF2 , SrF2 , and BaF2 , displays a slightly different
cutoff frequency. In a somewhat higher frequency range but still far below the Brillouin Zone TA phonon mode
frequency, a boson peak, showingEg symmetry, is also observed and its strength is proportional to the
defect-induced vibrational Raman activity for the three crystal lattices. A surprising property is that for all three
host crystals the boson peak center frequency increases with increasing lattice disorder. The strengths of the
TLS spectra show distinctively different La31 concentration dependencies in each host, which is also different
from that observed for the boson peaks. By comparing the density of state of TLS derived from the Raman

scattering to theP̄ density of states value determined from the earlier specific heat measurements, the number
density of Raman-active TLS is separated from the coupling coefficient. When the total number density of
Raman-active TLS is examined versus different physical properties it is found that lattice disorder, not the LaF3

concentration per se, is the important variable. The experimental results are consistent with a model where the
TLS number density is controlled by the law of mass action with the ‘‘effective’’ temperature associated with
the production of TLS determined by the frozen-in lattice disorder. Good agreement is found for the number
density of TLS versus concentration as determined from the present Raman scattering data and the previous far
infrared measurements when the far infrared dipole moment is used as a single fitting parameter. However, in
contrast with the far infrared studies, no TLS excited state transitions are observed in Raman scattering. The
overall findings from this study suggest that the Raman and infrared active TLS distributions, which extends up
to about 2 meV, are associated with extended entities.

DOI: 10.1103/PhysRevB.66.094206 PACS number~s!: 61.43.Fs, 63.50.1x, 78.30.2j
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I. INTRODUCTION

Although the early Raman scattering measurements of
vibrational properties of defects in fluorite crystals focus
on their low-temperature properties,1–3 the next decade gav
rise to a number of high-temperature Raman studies4–7

mainly because both pure and doped fluorite crystals exh
superionic conduction behavior above a certain tempera
Tc , which is well below the melting point. This transitio
has been identified with the effective melting of the ani
sublattice. In recent years, the low-temperature propertie
these fluorite mixed crystals have again attracted much a
tion since the discovery of a continuous distribution of tw
level systems~TLS! in the low-temperature specific heat
yttrium-stabilized cubic zirconia.8 A similar TLS behavior
was first found in fluorite mixed crystals of the typ
(MF2)12x(RF3)x , where M is an alkaline-earth ion and R
a rare-earth ion by means of microwave resonant absorp
measurements.9 Because of the apparent similarity betwe
these excitations and those previously identified
glasses10–13 and the simplicity of the fluorite crystal struc
ture, the low-temperature dynamical properties of the mix
fluorite crystals have now been probed with a variety of
perimental techniques. These include therma14

mechanical,15,16 far-infrared absorption spectroscopy,17–19

Raman scattering,20–22 and the infrared~IR! persistent hole
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burning technique.23 In addition to a TLS spectrum there i
some evidence that these fluorite mixed crystals also dis
a Raman-active boson peak in the vibrational region,24,25

very similar to the boson peak found in glasses.26–29 Recent
theoretical studies,30,31 based on models of random forc
constants in crystals, suggest that this feature may fol
directly from lattice disorder so there is added interest
testing this idea experimentally.

It is important to recognize that thermal and mechani
techniques probe the low-frequency dynamics of TLS
fluorite mixed crystals while far-IR absorption and Ram
scattering probe their high-frequency properties. The deta
low-temperature Raman scattering study of heavily dop
mixed fluorite crystals presented here complements the
lier far-IR absorption studies18,19 and brings forth a numbe
of important general features of TLS. One is that the Ram
scattering from TLS only exists up to the meV energy ran
similar to that found for the far-IR measurements; anothe
that the total number density of Raman-active TLS can
identified and estimated. Surprisingly this total number d
sity of TLS not only depends on the LaF3 dopant concentra-
tion but also on the resultant frozen-in lattice disorder.
also incorporating x-ray measurements into this study i
demonstrated that the width of the Raman-activeT2g phonon
mode can be used to identify an ‘‘effective disorder tempe
ture’’ for each crystal. This effective disorder temperatu
©2002 The American Physical Society06-1



en

e
t

ur
n

r
f

o
t

-
m
s
u
im
d
.

le

ta
on-
be

ay
ea-

lec-
er-
all
lue

re-

r-
ven

n
tter-
ic

hen

are
d.
and

XY
on

was
si-

fre-

ra-
ults.
ed:

re
the
ent.
-
im-

est
he
rs: a
ed
cali-
the

era-
ple
. An
m-

ing

each

s.
ra
n
g

y,

J. J. TU AND A. J. SIEVERS PHYSICAL REVIEW B66, 094206 ~2002!
plays an important role in determining the total number d
sity of Raman-active TLS for the LaF3 doped crystals. Here
it is shown that the unusual concentration dependence m
sured for the Raman-active TLS can be characterized by
law of mass action when this frozen-in disorder temperat
is used in place of the sample temperature. Since the stre
of the boson peak is found to scale with the LaF3 concentra-
tion while the TLS total number density does not, our expe
ments demonstrate that these two Raman signatures o
disordered state are uncorrelated.

Section II outlines the experimental details, focusing
the x-ray and Raman procedures. Section III presents
experimental results for the LaF3-doped crystals. These in
clude the x-ray measurements, and low-temperature Ra
measurements spanning the vibrational region, the bo
peak, and the low-lying TLS. The data analysis and disc
sion are presented in some detail in Sec. IV. Here an est
tion of the total Raman-active TLS number density is ma
for each crystal. The summary and conclusions in Sec
complete the picture.

II. EXPERIMENTAL DETAILS

The (MF2)12x(LaF3)x samples, where M5Ca21, Sr21,
Ba21, and 0<x<0.45, and the doped BaSrF2 alloy crystal
samples used for this work are listed in Table I. The samp

TABLE I. Identification of the mixed crystal fluorite sample
Column 1, the impurity concentration as determined from x-
fluorescence; column 2, the sample code identifier; and colum
the spectral densitygTLS(0) obtained from the Raman scatterin

measurements. This last result can be compared withP̄. The
samples were either purchased commercially from Optivac~Brook-
field, MA!, or grown for us by Campbell, University of Canterbur
New Zealand.

Sample Code
gTLS(0)

(1032 erg21 cm23)

(CaF2)0.99(LaF3)0.01 CAL.01.JC.1 0.0
(CaF2)0.95(LaF3)0.05 CAL.05.JC.1 2.1
(CaF2)0.90(LaF3)0.10 CAL.10.JC.1 2.9
(CaF2)0.80(LaF3)0.20 CAL.20.OP.1 3.8
(CaF2)0.67(LaF3)0.33 CAL.33.OP.1 4.0
(CaF2)0.56(LaF3)0.44 CAL.44.OP.1 3.9
(BaF2)0.95(LaF3)0.05 BAL.05.JC.1 0.73
(BaF2)0.85(LaF3)0.15 BAL.15.JC.1 1.4
(BaF2)0.75(LaF3)0.25 BAL.25.JC.1 2.2
(BaF2)0.65(LaF3)0.35 BAL.35.JC.1 2.7
(BaF2)0.55(LaF3)0.45 BAL.45.JC.1 3.1
(SrF2)0.95(LaF3)0.05 SRL05.OP.1 0.22
(SrF2)0.90(LaF3)0.10 SRL10.JC.1 0.46
(SrF2)0.85(LaF3)0.15 SRL15.OP.1 0.65
(SrF2)0.75(LaF3)0.25 SRL25.OP.1 0.92
(SrF3)0.65(LaF3)0.35 SRL35.OP.1 1.14
(BaF2)0.70(SrF2)0.30 BASR.30.OP.1 0.0

(BaSrF2)0.99(LaF3)0.01 BASRLA.01.JC.1 0.82
(BaSrF2)0.95(LaF3)0.05 BASRLA.05.JC.1 3.44
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were either purchased commercially from Optivac~Brook-
field, MA! or grown for us by Campbell. The Raman da
obtained on samples from the two different sources are c
sistent with each other, and therefore, no distinction will
made between them in the Results section.

The impurity concentration is determined using x-r
fluorescence produced by an electron microprobe. The m
surements were performed at Cornell using a General E
tric OL733 machine. This analysis technique could det
mine the molar ratio of the host to dopant ions and this is
that is required to deduce the dopant concentration. Its va
is double checked with x-ray power diffraction measu
ments.

X-ray diffraction of the samples was used for two pu
poses:~1! to insure that the samples were single crystals e
at the highest dopant concentrations and~2! to determine the
lattice constant, when in powder form. The x-ray diffractio
of single crystal samples was carried out in Laue backsca
ing geometry using a grid-wire detector. Crystallograph
axis are found in this way and single crystal samples are t
cut into approximately 5 mm cubes along^100&, ^011&, and
^01-1& cubic axis using a diamond saw. The sample cubes
polished mechanically until optical quality is achieve
Small pieces of the samples are ground into fine powders
x-ray diffraction is done using a 2u x-ray diffractometer.
These measurements were also performed at Cornell.

The Raman spectra have been measured with a Dilor
211 system using the 514.532 nm excitation line of an arg
ion laser. For each experimental run, the monochromator
properly calibrated with the laser line so that the zero po
tion of the monochromator was centered on the laser
quency. The liquid N2 cooled charge coupled device~CCD!
detector consists of an array of 51231024 photodiodes and
this allows a wide frequency range of more than 700 cm21 to
be covered at once. In total, eight 90° scattering configu
tions are possible and some of them yield the same res
Four 90° scattering configurations are actually us
^001&^001& gives the 4/3Eg1A1g spectrum;̂ 001&^011& the
T2g spectrum;̂ 011&^01–1& the Eg spectrum, and̂011&^011&
the 1/3 Eg1T2g1A1g spectrum. Three configurations a
used to separate the three different contributions and
fourth one is use to check if the assignments are consist

An Oxford Variox optical cryostat is used for the low
temperature measurements. The samples can either be
mersed in superfluid helium 4 or in helium gas. The low
temperature accessible with pumped helium 4 is 1.4 K. T
temperatures are monitored by three temperature senso
commercially calibrated rhodium-iron thermocouple plac
on the heat exchanger near the sample, a commercially
brated Lakeshore silicon diode thermocouple mounted on
sample holder, and a 1000V Allen Bradley resistor also
mounted on the sample holder. The most accurate temp
ture sensor is the Si-diode thermocouple on the sam
holder and the other thermometers are used as checks
Oxford ITC503 temperature controller is used to fix the te
perature of the heat exchanger at desired temperatures.

Each spectrum is typically taken in a 600 s duration us
200 mW of laser power with 2.10 cm21 resolution. Both
Stokes and anti-Stokes spectra have been recorded at

y
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EXPERIMENTAL STUDY OF RAMAN-ACTIVE TWO- . . . PHYSICAL REVIEW B 66, 094206 ~2002!
temperature. Low-temperature readings were checked
comparing the temperature values obtained from the Sto
and anti-Stokes spectra with the sample thermometer r
ing. In addition, no change was observed in the thermom
readings with the laser on or off, thus no laser-induced th
mal heating of the samples is observed in these experime
To check for thermal hysteresis, the temperature depend
of each sample is repeated twice: once with increasing t
peratures and then with decreasing temperatures. The c
bination of these techniques shows that the temperature m
sured by the thermometer is the actual temperature of
scattering volume, even at low temperatures. In each c
several spectra have been averaged to eliminate the effec
cosmic rays and other noise factors.

III. EXPERIMENTAL RESULTS ON LaF 3-DOPED
FLUORITE MIXED CRYSTALS

A. X-ray and density measurements

X-ray powder diffraction results for the LaF3 concentra-
tion dependence of the percentage change in lat
constant and density for the three fluorite mixed crys
systems, (CaF2)12x(LaF3)x , (BaF2)12x(LaF3)x , and
(SrF2)12x(LaF3)x , are given in Fig. 1. X-ray 2u scans are
taken from 20° to 60° for these mixed crystal powders. Ty
cally, four or five Bragg peaks are observed in this regi
The 2u positions are analyzed according to the regular fl
rite structure and no additional peaks have been obser
which indicates that the fluorite structure is well preserv
and that there is no phase separation even at high LaF3 con-
centrations. The lattice constant is calculated with the hel
the following formula:

FIG. 1. LaF3 concentration dependence of the percenta
changes in lattice constant and density in three fluorite mixed c
tal systems.~a! The percentage changeDa/a and~b! the percentage
change in Dr/r. Squares for (CaF2)12x(LaF3)x , circles
(SrF2)12x(LaF3)x , and triangles for (BaF2)12x(LaF3)x .
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wherel51.540 562 Å is the wavelength of the CuKa line
and~h,k,l! are the Miller indices. The lattice constant valu
calculated from different Bragg peaks are averaged to g
the final lattice constant used in Fig. 1~a!. The lattice con-
stants we have obtained for the pure CaF2 , BaF2 , and SrF2
crystals agree exactly with the literature data.32 From the
LaF3 concentration dependence ofDa/a, it is clear that
with the addition of LaF3 , (CaF2)12x(LaF3)x , and
(SrF2)12x(LaF3)x undergo lattice expansion whil
(BaF2)12x(LaF3)x undergoes contraction. This finding
consistent with the LaF3 concentration dependence of th
shift of the Raman-activeT2g phonon in these three system

The results of the density measurements for the th
LaF3-doped mixed crystal systems, (CaF2)12x(LaF3)x ,
(SrF2)12x(LaF3)x , and (BaF2)12x(LaF3)x are shown in Fig.
1~b!. The calculated densities for the pure CaF2 , BaF2 , and
SrF2 crystals agree precisely with the literature data. T
reason that bothDa/a and Dr/r display a nonlinear LaF3
concentration dependence is because these fluorite m
crystals are interstitial systems,32 i.e., to maintain charge
neutrality an interstitial F2 ion is produced for each La31 ion
introduced.

B. Influence of disorder on theT2g phonon mode

For disordered materials, thek-vector selection rule used
for crystalline materials no longer holds. Using the results
Shuker and Gammon describing the low-frequency Ram
scattering from vibrational states33 in glasses, the Rama
Stokes~anti-Stokes! intensity from phonons should be pro
portional to the phonon density of states,gph(v) and a light-
phonon coupling coefficient,Cph. The result is a
temperature-dependent Raman Stokes intensity of the f
given below:

I ph
S ~v,T!5@n~v,T!11#H gph~v!

Cph

v J , ~2!

wheren5(e\v/kBT21)21 is the Bose–Einstein thermal fac
tor. For the Raman anti-Stokes intensity, one simply repla
the @n(v,T)11# factor in Eq. ~2! by n(v,T). Note that
because of the local field correctionCph5cph@(«12)/3#4

5cph L, where« is the optical dielectric constant andL the
local field correction factor.

The low-temperature polarized Raman spectra
(CaF2)12x(LaF3)x are shown in Fig. 2 for the whole spectr
region ~5–715 cm21! examined. For the case of the pu
crystal there should be only one Raman-activeT2g phonon
mode observed in first order;34 however, due to various de
polarization effects, such as finite collection angle, imperf
sample alignment, and strain in the cryostat windows, a
percent of the strongT2g signal leaks into other scatterin
symmetries, as illustrated in the inset of Fig. 2~b!. With the
addition of LaF3 , defect-induced Raman scattering appe
in all scattering symmetries and it increases with increas

e
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x. Also the mainT2g phonon peak broadens and shifts
lower frequencies. The other two mixed crystal syste
show similar behavior with the mainT2g phonon peak shift-
ing to lower frequencies for (SrF2)12x(LaF3)x but shifting to
higher frequencies for (BaF2)12x(LaF3)x . These results are
consistent with single mode behavior of mixed crystals35 for
the lattice constant changes presented in Fig. 1~a!.

The low-temperature Raman spectra of theT2g phonon in
the (CaF2)12x(LaF3)x mixed crystal systems are shown
Fig. 3. TheT2g phonon peak broadens and shifts to low
frequencies monotonically as the LaF3 concentration in-
creases. Similar broadening behavior is observed for

FIG. 2. Polarized Raman spectra of (CaF2)12x(LaF3)x at 1.4 K
for six different doping levels.~a! T2g spectra and~b! A1g14/3Eg

spectra. The inset shows that about 5% of the strongT2g mode leaks
into theA1g14/3Eg spectra.~Note that theT2g mode is resolution
limited at 1.4 K.! The resolution is 2.1 cm21.

FIG. 3. The Raman-activeT2g phonon in (CaF2)12x(LaF3)x at
1.4 K for four different doping levels. The resolution is 2.1 cm21.
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other two mixed crystal systems (BaF2)12x(LaF3)x and
(SrF2)12x(LaF3)x , where the LaF3 concentration depen
dence also has been systematically studied over the e
range. We have found that theT2g phonon line shape of thes
LaF3-doped fluorite mixed crystals at 1.4 K is remarkab
similar to the defect-induced line shape previously measu
for pure fluorite crystals at high temperatures~;800 K! as
described in Ref. 4. This comparison provides direct e
dence that there could be a connection between the diso
measured at high temperature and the frozen in disorder
amined at low temperature. The importance of this obser
tion will become apparent in Sec. IV when an ‘‘effective
disorder temperature for these LaF3-doped fluorite mixed
crystals is identified.

C. Boson peaks and impurity-induced Raman scattering

In the acoustic region, below the TA zone boundary ph
non mode frequency, a universal glass feature, namely,
boson peak, has been reported in this type of mix
crystal.24,25 Our systematic Raman study of the boson pe
for the crystals listed in Table I shows that this feature o
appears inEg symmetry. To bring out this spectral feature
is customary to use the ‘‘reduced’’ Raman intensity, defin
as

I red~v,T!5
I ~v,T!

@n~v,T!11#v
, ~3!

wheren(v,T) is the Bose–Einstein thermal factor.
Figure 4~a! shows the three symmetry types observed

Raman scattering for (BaF2)0.85(LaF3)0.15. These results are
characteristic of all such La31-doped mixed crystal samples
A peak is observed only inEg and the scattering strengths
this frequency region have the following trend:Eg.T2g
.A1g . Figure 4~b! shows the Raman spectra for a simp

FIG. 4. Reduced Raman spectra in the boson peak region a
K for different scattering symmetries.~a! A (BaF2)0.85(LaF3)0.15

mixed crystal and~b! a (BaF2)0.70(SrF2)0.30 mixed crystal.
6-4
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EXPERIMENTAL STUDY OF RAMAN-ACTIVE TWO- . . . PHYSICAL REVIEW B 66, 094206 ~2002!
mixed crystal system (BaF2)0.70(SrF2)0.30, with isoelectronic
substitution. Now a weak maximum at;90 cm21 can be
seen in bothEg and A1g symmetry types but here theT2g
symmetry scattering is the strongest.

The reducedEg Raman spectra for the (BaF2)12x(LaF3)x
mixed crystal system showing the boson peak region ve
x are presented in Fig. 5~a!. ~The x50 trace is on the ab
scissa.! The corresponding reducedEg Raman spectra versu
x for a high-frequency defect-induced Raman resonant m
are shown in Fig. 5~b!. These twoEg spectral features ar
correlated in the sense that the reduced Raman intensitie
both bands increase with increasing LaF3 concentration in a
similar manner. The center frequencies also appear to be
related with the mainT2g phonon peak, which shifts to
higher frequencies for (BaF2)12x(LaF3)x , but as we shall
see that this is not a general effect.

Figure 6 shows the frequency shift of the boson pe
versusx for all three mixed crystal systems. A distinguishin
property is that the peak frequencyvBP increases with in-
creasing LaF3 concentration for all three systems ev
though the T2g phonon peak decreases for th
(CaF2)12x(LaF3)x , and (SrF2)12x(LaF3)x mixed crystal
systems but increases for (BaF2)12x(LaF3)x . In contrast the
high-frequency resonant mode position@see Fig. 5~b!# has
the standard behavior, i.e., versus concentration it follows
correspondingT2g phonon frequency in all three mixed cry
tal systems.~See Chap. IX of Ref. 35 for a description of th
single mode behavior of these mixed crystals.!

Another specific experimental test of the random fo
constant models comes from our low-frequency Ram
results obtained for (BaSrF2)0.95(LaF3)0.05. The boson
peak ~BP! is observed at 62 cm21. Within the experi-
mental uncertainty this frequency agrees with Vegar

FIG. 5. LaF3 concentration dependence of the reduced Ram
intensity of the Boson peak and an impurity-induced Raman re
nant mode in theEg spectra of (BaF2)12x(LaF3)x at 1.4 K.~a! The
boson peak region~note thex50 curve coincides with the horizon
tal axis! and ~b! the impurity induced Raman resonant mode.
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law35,36 if (BaF2)0.95(LaF3)0.05 (BP557 cm21) and
(SrF2)0.95(LaF3)0.05 (BP568 cm21) are assumed to be th
two end points. Clearly the lattice disorder is larger for t
BaSrF2 crystal than for either of the two end points an
hence the frequency should have been substantially sm
than the Vegard law prediction according to the random fo
constant models.30,31

D. Raman scattering in the low-frequency TLS region

It is possible to identify the Raman-active TLS spectru
because its temperature dependence is quite different f
that associated with defect-induced scattering in the vib
tional spectrum. The temperature dependence of the St
Raman intensity due to TLS for splitting\v is given by37

I TLS
S ~v,T!}@n~v,T!11#tanhS \v

2kBTD
5

1

11exp~2\v/kBT!
5nTLS

S ~v,T!, ~4!

where nTLS
S (v,T) is the ground-state population factor o

TLS ~excited state population numbernTLS
A 512nTLS

S ) and
v.0 for Stokes andv,0 for anti-Stokes Raman scatterin
The population fractionsnTLS

S (v,T) and nTLS
A (v,T) are de-

termined by Boltzmann distribution. In analogy with the R
man scattering from the vibrational states33 given in Eq.~2!,
the Raman Stokes~anti-Stokes! intensity from TLS should
be proportional to the density of states of TLS,gTLS(v), a
light-TLS coupling coefficient,CTLS ~where againCTLS
5cTLSL) and the temperature-dependent factor given in
~4!. The result is a temperature-dependent Raman scatte

n
o-

FIG. 6. Boson peak frequency versus dopant concentrat
squares for (CaF2)12x(LaF3)x , circles for (SrF2)12x(LaF3)x, and
triangles for (BaF2)12x(LaF3)x . For all three lattice systems th
boson peak frequency increases with dopant concentration,
though the lattice constant decreases for BaF2 and increases for the
other two.
6-5
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J. J. TU AND A. J. SIEVERS PHYSICAL REVIEW B66, 094206 ~2002!
intensity of the form given below, wherej 5S or A stands for
Stokes or anti-Stokes, respectively,

I TLS
j ~v,T!5@nTLS

j ~v,T!#H gTLS~v!
CTLS

v J . ~5!

Since the only temperature-dependent quantity on
right-hand side of Eq.~5! is the TLS population number
nTLS

j , the Raman Stokes and anti-Stokes intensities sho
be proportional to population numbers as a function of te
perature. As temperature increases,nTLS

S decreases from 1 to
0.5 andnTLS

A increases from 0 to 0.5; hence the reson
interaction with TLS decreases with increasing tempera
on the Stokes side and increases on the anti-Stokes side.
is the characteristic temperature dependence of Raman
tering from TLS. At higher temperatures, relaxational p
cesses come into play and eventually become the domi
factor as discussed in Ref. 26. For the present work,
focus is the low-temperature region (T,20 K) where the
Raman scattering due to relaxational processes can be
glected.

At the lowest frequencies, Raman scattering from TLS
observed, but only for one symmetry type. For the perf
fluorite crystal there is one strongly allowed Raman mode
T2g symmetry but no first-order scattering allowed inA1g
and Eg symmetries. With the addition of LaF3 only low-
frequencyA1g Raman scattering is observed at low tempe
tures. In the frequency region below 20 cm21 the Raman
intensities in the two other symmetriesEg andT2g are found
to be about a factor of;100 weaker thanA1g intensity. We
suspect that these very weak contributions are probably
duced by systematic errors caused by depolarization eff
produced by~1! the finite collection angle,~2! imperfect
sample alignments, and~3! strains in the cryostat windows

The low-temperatureA1g Raman spectra of LaF3-doped
(BaF2)12x(LaF3)x fluorite mixed crystals at 1.4 K are dis
played in Fig. 7. Six (BaF2)12x(LaF3)x samples withx50,
0.05, 0.15, 0.25, 0.35, and 0.45 are shown. Both the Sto
and anti-Stokes sides are displayed. To ensure that the e
Rayleigh scattering does not influence the Raman spectr
the mixed crystals, a lower limit of 5 cm21 is used and as a
result asymmetric spectra are obtained for the Stokes
anti-Stokes region at low frequencies. On the Stokes side
Raman intensity increases with increasing lanthanum c
centration, while on the anti-Stokes side no Raman signa
observed at 1.4 K for any of the six fluorite mixed crysta
These asymmetric spectra demonstrate that elastic Ray
scattering plays no significant role in our measurements,
cause it would enter into both the Stokes and anti-Sto
spectra with equal strength. Another reason for examin
the anti-Stokes spectra is to make sure that there is no b
ground due to thermal luminescence. None is observed h
Similar properties are found in all the mixed crystal samp
measured in this work.

The temperature dependence of the RamanA1g spectra
from 1.4 to 20.0 K of four LaF3-doped fluorite mixed
crystals representing the four fluorite system
(CaF2)12x(LaF3)x , (SrF2)12x(LaF3)x , (BaF2)12x(LaF3)x ,
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and (BaSrF2)12x(LaF3)x , are displayed in Figs. 8~a!, 8~b!,
8~c!, and 8~d!. The data for (CaF2)0.67(LaF3)0.33 is shown
in Fig. 8~a!, for (SrF2)0.65(LaF3)0.35, in Fig. 8~b!,
for (BaF2)0.55(LaF3)0.45, in Fig. 8~c!, and for
(BaSrF2)0.95(LaF3)0.05, in Fig. 8~d!. The low-frequencyA1g
spectra of both the Stokes and anti-Stokes sides are displ
to extract the maximum amount of information from th
temperature-dependent spectra. From 1.4 to 20 K, the Ra
intensities for all four fluorite mixed crystals decrease w
increasing temperature on the Stokes side and increase
increasing temperature on the anti-Stokes side. This cha

FIG. 7. Low-frequency Raman A1g spectra of
(BaF2)12x(LaF3)x mixed crystal system at 1.4 K. Both Stokes a
anti-Stokes spectra are shown. The resolution is 2.1 cm21.

FIG. 8. Temperature dependence of the low-frequency Ram
A1g spectrum for different mixed crystal systems from 1.4 to 20
Both Stokes and anti-Stokes spectra are shown. The resolutio
2.1 cm21. ~a! (CaF2)0.67(LaF3)0.33, ~b! (SrF2)0.65(LaF3)0.35, ~c!
(BaF2)0.55(LaF3)0.45, and~d! (BaSrF2)0.95(LaF3)0.05.
6-6
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EXPERIMENTAL STUDY OF RAMAN-ACTIVE TWO- . . . PHYSICAL REVIEW B 66, 094206 ~2002!
teristic temperature dependence of Raman scattering f
TLS is observed for all the fluorite mixed crystals studied

IV. DATA ANALYSIS AND DISCUSSION

A. T2g phonons and the lattice strainDaÕa

The LaF3 concentration dependence of both theT2g pho-
non and the lattice strainuDa/au show similar trends as see
in Figs. 1~a! and 3. To explore this connection further, th
full width half-maximum ~FWHM! and frequency shift of
theT2g phonon versus the lattice strain are plotted in Fig.
Figures 9~a! and 9~b! demonstrate that both the shift an
half-width of theT2g phonon depend linearly on the lattic
strain uDa/au at low LaF3 concentrations. These propertie
are well described by optical strain broadening theory,38,39

which leads to a Lorentzian-shaped phonon line whose
quency shift and half-width are proportional torA andruAu,
respectively. The connection betweenrA and Da/a, the
fractional lattice parameter change, is

Da

a
54pH 12s

11sJ rA, ~6!

whereA is the ‘‘elastic strength’’ of the impurity,s is Pois-
son’s ratio, andr is the density of the strain sources. Th
both the frequency shift and half-width vary linearly wi
Da/a. The factors of proportionality depend on the stra
coupling parameters of the particular defect-lattice sys
being studied.40

B. Raman scattering from TLS

The parameters associated with the temperature de
dence of Raman scattering from the resonant interaction
TLS at low frequencies can be examined in some detail

FIG. 9. The behavior of the shift and linewidth of theT2g pho-
non as a function of the lattice strainuDa/au in four LaF3-doped
mixed crystal systems at low dopant concentrations.~a! vFWHM /v
versusuDa/au and ~b! uv2v0u/v0 versusuDa/au.
09420
m

.

e-

m

n-
th
s-

ing Eq. ~5!. Since the only temperature-dependent quan
on the right-hand side of Eq.~5! is the TLS population num-
bersnTLS

j , then by plotting the Raman intensity data vers
the population numbernTLS

j for either Stokes or anti-Stoke
scattering, a linear dependence becomes the characte
feature of the TLS spectroscopic measurement.

The observed linear dependence of the Raman TLS s
tering versus population of the appropriate state is dem
strated experimentally in Figs. 10 and 11. The tempera
dependence of the RamanA1g anti-Stokes intensity for a
(CaF2)0.67(LaF3)0.33mixed crystal is shown from 1.4 to 20 K
in Fig. 10~a!; for a (SrF2)0.65(LaF3)0.35 in Fig. 10~c!; for a
(BaF2)0.55(LaF3)0.45 in Fig. 11~a!, and for a
(BaSrF2)0.95(LaF3)0.05 in Fig. 11~c!. The corresponding de
pendencies of the Raman Stokes intensity onnTLS

S are plotted
in Figs. 9~b!, 9~d!, 10~b!, and 10~d!. Clearly both measured
Raman anti-Stokes and Stokes intensities depend linearl
nTLS

j for the four crystals shown. Because both the tempe
tures and the frequencies are measured, only the slop
each data set is an experimental free parameter to be d
mined. Behavior similar to that shown here is found for
the fluorite mixed crystals listed in Table I. An importa
advantage of the Raman technique is that both Stokes
anti-Stokes scattering can be examined separately so tha
slope is over determined when fitting the experimental d
to Eq. ~5!. The same slope is found using the Stokes or
anti-Stokes data for a particular mixed crystal. The end re
is that the low-frequencyA1g Raman spectrum in fluorite

FIG. 10. Temperature dependence of the low-frequency Ra
A1g spectra from 1.4 to 20 K as a function of TLS population fac
for different mixed crystal systems.~a! (CaF2)0.67(LaF3)0.33 Raman
anti-Stokes intensity versusnTLS

A , ~b! (CaF2)0.67(LaF3)0.33 Raman
Stokes intensity versusnTLS

S , ~c! (SrF2)0.65(LaF3)0.35 Raman anti-
Stokes intensity versusnTLS

A , and ~d! (SrF2)0.65(LaF3)0.35 Raman
Stokes intensity versusnTLS

S .
6-7
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J. J. TU AND A. J. SIEVERS PHYSICAL REVIEW B66, 094206 ~2002!
mixed crystals can be convincingly identified with scatteri
from the direct interaction with a broad distribution of TLS

C. Absence of excited state TLS transitions
in Raman scattering

The far-infrared absorption study18 of these same fluorite
crystals has shown both a TLS spectrum extending up
about 20 cm21 and also excited state TLS transitions
higher frequencies, from 20 to 40 cm21. The identification
with excited-state transitions was made possible by
temperature-dependent study over a broad frequency reg
As the low-frequency TLS absorption spectrum becom
weaker with increased temperature the absorption coeffic
corresponding to higher-frequency excited-state transiti
becomes stronger over a restricted frequency region in su
way that the oscillator strength sum rule remained const
Since this sum rule is quite general and applies to any an
monic arrangement of levels,41 including those involving
tunneling, the corresponding temperature-induced a
changes in the absorption coefficient in the different f
quency regions provides a unique signature.

Figure 12 shows the temperature-dependent Raman s
tra for ~a! (CaF2)0.67(LaF3)0.33, ~b! (SrF2)0.65(LaF3)0.35, and
~c! (BaF2)0.55(LaF3)0.45 but now plotted asvI (v,T)/(n
11) so that any Raman-active excited-state population
fect would display the same area as the TLS effect. At l
frequencies the TLS temperature effect is evident for

FIG. 11. Temperature dependence of the low-frequency Ra
A1g spectra from 1.4 to 20 K as a function of TLS population fac
for different mixed crystal systems.~a! (BaF2)0.55(LaF3)0.45 Raman
anti-Stokes intensity versusnTLS

A , ~b! (BaF2)0.55(LaF3)0.45 Raman
Stokes intensity versusnTLS

S , ~c! (BaSrF2)0.95(LaF3)0.05 Raman
anti-Stokes intensity versusnTLS

A , and ~d! (BaSrF2)0.95(LaF3)0.05

Raman Stokes intensity versusnTLS
S .
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three systems. However, in the frequency region 20 to
cm21 no change in the spectrum is observed over this imp
tant temperature range. This temperature-independent be
ior at these higher frequencies is consistent with that
pected for defect-induced Raman scattering from harmo
excitations. These results indicate that TLS excited state
these mixed crystals, while IR active, are not Raman act

D. Boson peak and its correlation
with a defect-induced Raman band

In analyzing the boson peak data it is helpful to start fro
the low concentration end. For the three host cryst
CaF2 :SrF2 :BaF2 the BP band centers 82:68:57 cm21 appear
below the lowest TA frequency at theL point 146:100:66
cm21. @Note that theseL point values are for room tempera
ture and hence they would be a bit~;10%! larger at 1.4 K.#
These BP frequencies should be compared with the ea
low-temperature Raman results3 for (SrF2)0.995(EuF2)0.005
and (BaF2)0.995(EuF2)0.005since the mass and ionic radius
both defects are very similar. The former crystal has anEg
impurity-induced resonance at 83 cm21 while the latter has
one at 70 cm21. Since both resonant and localized defe
modes typically stem from zone boundary frequencies,
appearance of resonances in the vicinity of the TA freque
at theL point associated with heavy defect ions such as La31

and Eu21 is not surprising.35 However, it should be noted

an
r FIG. 12. Temperature-dependent examination of normalized
man intensity in the TLS frequency region for three different mix
crystals.~a! (CaF2)0.67(LaF3)0.33, ~b! (SrF2)0.65(LaF3)0.35, and~c!
(BaF2)0.55(LaF3)0.45. This presentation of the scattering data de
onstrates that there are no Raman-active TLS excited-state tr
tions.
6-8
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EXPERIMENTAL STUDY OF RAMAN-ACTIVE TWO- . . . PHYSICAL REVIEW B 66, 094206 ~2002!
that for cubic lattice models with only nearest-neighbor fo
constant changes and a heavy impurity ion theEg resonance
drops out of the La branch.42

The unusual property of the BPEg feature in the La
mixed crystals is the observation that the frequency increa
with molar concentration~see Fig. 6! independent of whethe
this LaF3 doping causes the average lattice constant to
crease or decrease as shown in Fig. 1. Earlier studies43 on
low-frequency resonances in mixed ionic crystals ha
shown that the resonant frequency increases or decrease
cording to Vegard’s law. Disorder is one obvious prope
that does increase with increased LaF3 concentration.

The dynamical features associated with lattice disor
have been studied numerically over many years. Of part
lar interest for our experiments is the work of Payton a
Visscher44 who calculated the density of vibrational mod
for a three-dimensional~3D! diatomic lattice. The mode
consisted of 636340 particles~NaCl structure! connected
by central and noncentral nearest-neighbor force consta
The disorder is introduced by randomly choosing the va
for the force constant within a specified range. They fou
that with increasing disorder the peaks in the distribut
moved to lower frequencies. More recent numeri
studies,30,31 which have focused explicitly on the origin o
the boson peak in systems with lattice disorder, confirm th
early results in that increased disorder lowers the densit
modes. In addition, Ref. 31 proposes that with increas
disorder the BP drops out of the lowest van Hove singular
which for our mixed crystal system would be the TA fr
quency at theL point.

In comparing our experimental results with the lattice d
order models the BP for the LaF3-doped fluorite mixed crys-
tals is indeed at frequencies lower than the TA frequenc
the L point, but the fact that the frequency increases w
increasing disorder does not agree with any of these mod
Particularly interesting from this perspective are the lo
temperature experimental Raman results
(BaF2)0.70(SrF2)0.30, which show the development of a wea
BP for both A1g and Eg symmetries centered at about 9
cm21, a frequency much larger than the BaF2 TA frequency
at theL point.

A different kind of comparison of lattice disorder com
from the (BaF2)0.95(LaF3)0.05, (BaSrF2)0.95(LaF3)0.05, and
(SrF2)0.95(LaF3)0.05 series. Here the disorder in the midd
system is much larger than for either pure host yet the
frequency of this mixed crystal still agrees with Vegard’s la
prediction in which the effective lattice constant and hen
frequency only depends on the relative concentration and
lattice constants at the two end points.35 If lattice disorder
was the controlling factor in determining the frequency p
sition of the BP then for the BaSrF2 mixed crystal case it
should have appeared at a frequency much smaller than
dicted by the virtual crystal model.

Another property that does increase with increasing L3
concentration for all three host crystals is the density. If
increased density is associated with a resonant mode ex
tion then its frequency would decrease. If the increased d
sity is associated with an increase in the average crystal m
and not with the excitation then again for a resonant m
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the frequency still decreases.45 @See Eq.~6.15! in Ref. 35.#
Figure 13 presents plots of the BP frequency shifts versus
density change, i.e.,

S vD
2

v0
221D versusS Dr

r0
D

for the three mixed crystal systems. The starting densityr0 is
for x50.05. Clearly the frequency shift is correlated with t
density even though the effect has the opposite sign from
expected for a defect resonance. The BP responds like it
a negative mass. We conclude that the BP must be ano
feature of the disorder and not simply a defect mode.

Our Raman scattering experiments demonstrate that t
is a direct proportionality between the strength in the bos
peak region and that in the high-frequency defect-indu
resonant mode region. At the same time we find no s
proportionality between the scattering strength in the bo
peak region and that in the TLS region for different ho
systems. These findings are quantified by means of the
comparisons shown in Fig. 14. In Fig. 14~a! the integrated
intensity of the TLS region is graphed versus the integra
intensity of the high-frequency defect-induced resonant b
@see, e.g., Fig. 5~b!# as a function of LaF3 concentration for
the three mixed crystal systems. No direct proportionality
observed and the TLS intensity tends to saturate at high d
ing levels, which is particularly obvious for the CaF2 series.
In Fig. 14~b! the integrated intensity of the boson peak r
gion is graphed versus the same abscissa. The linear de
dence between the integrated intensity in the boson p
region and the integrated intensity in the higher-frequen
defect-inducedEg band for the different LaF3 concentrations
is apparent. These two Raman spectral features are in
correlated to each other and the results suggest that they
a common origin. The lack of such a correlation between

FIG. 13. Boson peak frequency shift versus crystal den
change. The initial (r0 ,v0) values are taken at thex50.05 mole
fraction point. For each host the frequency~from Fig. 6! increases
with increasing density, opposite to the shift predicted for a re
nant mode with a mass increase in the host lattice.
6-9
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J. J. TU AND A. J. SIEVERS PHYSICAL REVIEW B66, 094206 ~2002!
Raman scattering from the boson peak and that from the
is an important find. Apparently the TLS spectrum and
boson feature do not have a common origin in these fluo
mixed crystals.

E. Separating the number density of Raman-active TLS
from the coupling coefficient

An estimate of the number density per unit frequency
terval of Raman-active TLS states can be obtained from
data by comparing the ratio between the scattering found
TLS with that found for the first-orderT2g phonon scattering
from the pure system. This should provide a reasonable
timate since the defect-induced Raman polarizability
pends mainly on the surrounding host lattice.46,47

FIG. 14. Comparison of the integrated intensity in the TLS
gion and in the boson peak region with the integrated intensity
defect inducedEg band in the LO region for three mixed cryst
systems at 1.4 K.~a! The integrated intensity in the TLS regio
versus the integrated intensity in a defect induced Raman ban
the LO region, and~b! the integrated intensity in the boson pe
region versus the integrated intensity in a defect induced Ra
band in the LO region.
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The first approximation is to setCTLS'CT2g
5constant,

whereCT2g
is the light-T2g phonon coupling coefficients o

the host material and (nT2g
11)51 atT51.4 K is the appro-

priate Bose–Einstein thermal factor forT2g phonons. Given
that TLS appear to be one-dimensional~1D! objects in 3D
crystals this is a reasonable starting point. SettingCTLS
'constant cannot be correct for all frequencies since
observed Raman scattering from TLS only extends ove
finite frequency range and since TLS, which are not Ram
active, may occur up to much larger frequencies. By foc
ing only on the Raman-activegTLS(v) we include the cutoff
in its frequency dependence. The appropriate ratio is

v~ I TLS
S /nTLS

S !

*dv v~ I T2g

S !
5

gTLS~v!

*dv gT2g~v!
5

gTLS~v!

ST2g

, ~7!

where the total number density ofT2g phonon modesST2g
is

related to the formula unit number density. For fluorite cry
tals, such as CaF2 , there are three atoms per unit cell, so t
number of unit cells per unit volume is equivalent to t
number of formula units per unit volume. For three atom
per unit cell, there are nine modes in total, three acoustic
six optic. Among the six optic modes, there are threeT2g
modes~triply degenerate!, one LO and two TO modes tha
are IR active (T1u). So the number density ofT2g phonon
modes is equal to 1/3 of the number density of formula un
The values are given in column 6 of Table II. For th
(BaSrF2)0.95(LaF3)0.05 and (BaSrF2)0.99(LaF3)0.01 mixed
crystals the molar composition of the pure materials are u
for the average values.

Since the experimental ratio on the left-hand side of E
~7! is known for each sample, as isST2g

, the total number

density ofT2g phonon modes, the value ofgTLS(v) can be
determined explicitly to be

gTLS~v!5ST2g

v~ I TLS
S /nTLS

S !

*dv v~ I T2g

S !
. ~8!

In Figs. 15~a! and 15~b!, the density of states per un
frequency range of Raman-active TLS is plotted versus
quency for two (BaF2)12x(LaF3)x crystals. Each of the dot

-
a

in

an
perature

e

TABLE II. Collection of data on fluorite mixed crystals. Columns 2, 3, and 4: the lattice constants, density, and the Debye tem
uD . Column 5: the Raman active optical phonon frequencyvR . Column 6: the number density of Raman activeT2g modeST2g

. Column 7:
the temperature parametera used in Eq.~11!; columns 8, 9, 10: the fitting parametersz, c, andTa used in the law of mass action, Eq.~10!.
Column 11: the effective temperature for the different crystals doped with 5% LaF3 . Column 12: the dipole moment of TLS as given in th
expression for infrared absorption~see Fig. 21!.

Host
crystal

Lattice
constant

~Å!
Densitya

~g/cm3!
uD

a

~K!
vR

a

~cm21!

ST2g

(1022/
cm3!

a
(1025/

K!

z
~assoc.
deg.!

c
(31025)

Ta

~K!

Teff

~5% La!
~K!

m
~Debye!

CaF2 5.463a 3.18a 519a 321.5a 0.82 4.38 850 5.0 730 221 0.64
SrF2 5.800a 4.24a 380a 285.5a 0.68 3.97 700 7.3 680 57 0.74
BaF2 6.200a 4.83a 282a 241.0a 0.56 5.91 960 8.9 1100 134 1.54

BaSrF2 6.011 4.55 265.2 0.63 4.94 870 6.7 870 983

aReference 32.
6-10
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EXPERIMENTAL STUDY OF RAMAN-ACTIVE TWO- . . . PHYSICAL REVIEW B 66, 094206 ~2002!
ted curves displayed in Figs. 15~a! and 15~b! represents a
least-square fit togTLS(v) using a three parameter functio
of the form g(v)5a/$exp@b(v2d)#11%, wherea, b, andd
are the fitting parameters. Because of the frequency de
dence ofgTLS(v), we need to estimate thegTLS(0) values in
order to compare these values with theP̄ values~density of
states of TLS! derived from the specific-heat measuremen
Such a comparison is shown in Fig. 15~c! for
(BaF2)12x(LaF3)x crystals. This renormalization is nece
sary to address some of the limitations associated with
approximationCTLS'CT2g

. The specific-heatP̄ values for

these mixed crystals are taken from Ref. 14. ThegTLS(0) and
P̄ have similar concentration dependence
(BaF2)12x(LaF3)x crystals is illustrated in Fig. 15~c!. How-
ever, the RamangTLS(0) values are a factor of 6.2 large
than the specific-heatP̄ values.~Note the local-field correc-
tion for the Raman scatteringL53.75 accounts for part o
this difference.! Since the specific-heatP̄ values are deter
mined without any coupling assumptions, the simple Ram

FIG. 15. Comparison of the density of state of TLS derived fro
Raman scattering with that from specific heat in t
(BaF2)12x(LaF3)x mixed crystal system.~a! Frequency dependenc
of the density of state of TLS from Raman scattering
(BaF2)0.55(LaF3)0.45, ~b! frequency dependence of the density
state of TLS from Raman scattering in (BaF2)0.95(LaF3)0.05, and~c!

gTLS(0) values from Raman scattering compared toP̄ values from
specific heat~Ref. 14! in the (BaF2)12x(LaF3)x mixed crystal sys-
tem. The dotted curves in~a! and~b! are the least-square fits to th
density of states of TLS.
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approximationCTLS'CT2g
needs to be modified. We now se

CTLS56.2CT2g
so that the RamangTLS(0) values and the

specific-heatP̄ values agree in (BaF2)12x(LaF3)x crystals.
This new relationship between the coupling constants
more robust albeit the frequency dependence inCTLS is ne-
glected. The same correction factor is used for all ot
mixed crystal systems.

The density of states per unit frequency range of Ram
active TLS is plotted versus frequency for thre
(CaF2)12x(LaF3)x crystals in Fig. 16~a!. Similar behavior is
seen in Fig. 16~b! for the (SrF2)12x(LaF3)x system, and in
Fig. 16~c! for the (BaF2)12x(LaF3)x system. Since the dat
are quite smooth the three parameter fit has been use
characterize all of these Raman results. The fit values for
spectral densitygTLS(0) are given in Table I, column 3. An
interesting discovery is that although the height of ea
curve depends on the LaF3 concentration, the width of the
TLS spectrum does not.

Figure 17 presents the fitted Raman density of TLS
height frequency valued versus the LaF3 concentration for
the three different host crystals. Within the experimental u
certainties of the experiments the TLS spectral width is
dependent of the LaF3 concentration, of the crystal densit
of whether the lattice has expanded or contracted, and of
increase in the effective disorder.

FIG. 16. The frequency dependence of the density of state
TLS in three fluorite mixed crystal systems doped with differe
molar fractions of LaF3 at 1.4 K ~a! (CaF2)12x(LaF3)x , ~b!
(SrF2)12x(LaF3)x , and ~c! (BaF2)12x(LaF3)x . The dotted curves
in ~a!–~c! are the least-square fits to the density of states of TL
6-11



th
r

d

a

y

ea

te
e
of
d
n
LS

ous
hy-
ribu-

e of
the

18

rite

hat
r
e

d
us-

that
.
F
sity
sts

lly.
in
re-

th
t

w-
e

a

J. J. TU AND A. J. SIEVERS PHYSICAL REVIEW B66, 094206 ~2002!
F. The total number density of Raman active two-level systems

Because of the existence of a high-frequency cutoff in
Raman activegTLS(v), we can calculate the total numbe
density of Raman-active TLS,STLS . Since the fits shown in
Figs. 16~a!, 16~b!, and 16~c! are quite good, we use the fitte
function of gTLS(v) to calculateSTLS . The integrated area
under each curve from 0 to 100 cm21,

E dv gTLS~v!5STLS , ~9!

provides an estimate of the total number density of Ram
active TLS,STLS .

Figure 18 presents the measured total number densit
Raman-active TLS,STLS ~left ordinate! for the different hosts
as a function of LaF3 molar fraction at 1.4 K.~The dotted
line provides an aid to the eye.! Note that for the CaF2 host
STLS saturates at high LaF3 molar fraction~.0.2! while the
dependence for the other systems is only slightly nonlin
Also for a given specific LaF3 molar fraction theSTLS values
are quite different for different hosts. Specifically, theSTLS
values for the 0.05 molar fraction of LaF3 :SrF2 has the
smallest value, BaF2 is somewhat larger, CaF2 larger still,
while the BaSrF2 mixed crystal has the largestSTLS value of
all.

This last observation is a key result since it demonstra
that the number densitySTLS depends more generally on th
disorder in the lattice, not simply on the molar fraction
LaF3 alone. The variability of the number density for fixe
concentration and the independence of the high-freque
cutoff with concentration are two indicators that these T

FIG. 17. The Raman-active TLS density of states half-wid
frequency valued versus LaF3 concentration for the three differen
hosts. Squares, (CaF2)12x(LaF3)x ; circles. (SrF2)12x(LaF3)x ; and
triangles. (BaF2)12x(LaF3)x . The value depends on the host, ho
ever is essentially independent of the LaF3 concentration and henc
the disorder.
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are not simply the result of strain-induced inhomogene
broadening of standard defect-induced tunneling levels, a
pothesis that has been used to characterize broad dist
tions of molecular tunneling states such as CN2 in mixed
alkali halide crystals.48–52

In an attempt to find the connection betweenSTLS and
lattice disorder we focus on the measureduDa/au as an indi-
cator of lattice strain. We shall use it as a simple measur
the disorder in these fluorite mixed crystal systems over
entire molar fraction range of LaF3 studied. The x-ray results
giving uDa/au are described by the dashed curves in Fig.
~right ordinate! as a function of the LaF3 molar fraction. The
nonlinear dependence ofuDa/au with respect to LaF3 is a
consequence of the interstitial behavior of these fluo
mixed crystals. For LaF3-doped SrF2 , BaF2 , and the BaSrF2
mixed crystals there is a fairly good correlation betweenSTLS
and the lattice disorder parameteruDa/au, while for CaF2 the
comparison looks completely different. The end result is t
the total number density of TLSSTLS and the lattice disorde
parameteruDa/au exhibit similar concentration dependenc
with LaF3 for only three of the four different systems.

It should be emphasized that theSTLS value does not de-
pend on whether the lattice undergoes expansion$as for
(CaF2)12x(LaF3)x and (SrF2)12x(LaF3)x% or contraction$as
for (BaF2)12x(LaF3)x%. Defect dynamics of tunneling an
nontunneling systems have been studied for many years
ing hydrostatic pressure and the results always show
increased pressure decreases the likelihood of tunneling53,54

From that point of view one would expect that the Ba2
system would show a decrease in the total number den
with decreasing lattice constant while the other two ho
would show an increase ofSTLS with increasing lattice con-
stant. However, this is not what is observed experimenta
The fact thatSTLS depends on the magnitude of the stra
demonstrates that strain inhomogeneity, which is directly

FIG. 18. The dependence of the TLS densitySTLS and the lattice
strain uDa/au on LaF3 molar fraction for three fluorite hosts;
(BaSrF2)0.95(LaF3)0.05, and a (BaSrF2)0.99(LaF3)0.01 mixed crystal.
6-12
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lated to the strain magnitude but not its sign, is the k
parameter rather than a uniform hydrostatic strain.

G. Frozen in disorder and the law of mass action

From these measurements there are four unusual ex
mental signatures that stand out.~1! The STLS value is many
orders of magnitude smaller than the nominal La-defect c
centration.~2! As a function of the lattice disorder paramet
uDa/au, STLS saturates for the (CaF2)12x(LaF3)x mixed
crystals.~3! For CaF2 , SrF2 and BaF2 crystals doped with
<0.01 molar fraction of LaF3 , the TLS number density is
too small to measure while it is not for the BaSrF2 crystal.
~4! As the defect concentration is varied the impurit
induced Raman scattering in the Boson peak region is
portional to that in the LO region while the TLS scattering
not.

All of these results can be accounted for with one mo
if the disorder parameter is taken quite literally to be a m
sure of an effective high temperature and the law of m
action is used to describe the number of TLS in this hig
temperature equilibrium situation. This disorder is frozen
presumably during cooling while the crystal is being grow
At high temperatures the superionic conducting anion sub
tice provides the natural component that could beco
pinned out of equilibrium during the cooling process. App
ing the law of mass action to the reaction~unassociated
TLS1unassociated defect^5& associated defect-TLS com
plex! gives

p

~12p!2 5zcexpS Ta

Teff
D , ~10!

where p equals the degree of association,z represents the
number of distinct orientations of the associated complexcp
is the molar concentration of the complex, andkTa is the
Gibbs free energy of association.55,56The quantity to be com-
pared directly with the experimentalSTLS values is c(1
2p), the molar concentration of the unassociated TLS a
given temperatureTeff . Since this effective temperature
proportional to the lattice disorder parameteruDa/au, which
is measured, only the constant of proportionality remains
be determined.

The low-temperature line shape of the Raman allow
T2g optic mode in these mixed crystals is quite similar to th
found for the pure systems at high temperatures.4 Figure 19
shows the comparison for the CaF2 system. To identify a
nonequilibrium temperature our assumption is that when
FWHM of the T2g optic mode for the mixed crystal
Dvd(Teff) at 1.4 K equals the FWHM of the pure hos
Dvp(T) at some elevated temperatureT, then this deter-
mines the effective temperature of the mixed crystal, i
Teff[T. Since we have shown in Fig. 9~a! that Dvd(Teff) is
directly proportional to the lattice disorder parameteruDa/au
determined from x-ray measurements, then the effective t
perature is also proportional to this same parameter. Only
constant of proportionality remains to be determined. In t
way we finds the effective disorder temperature for all
mixed crystals to be given by
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1

a UDa

a U. ~11!

The differenta values are listed in column 7, Table II.
In Fig. 20~a!, the experimental values forSTLS are com-

pared with least-square fits toc(12p) obtained from Eq.
~10!. The three fitting parameters for each curve are listed
columns 8, 9, and 10 in Table II.@Column 11 in Table II
illustrates for a specific LaF3 concentration~5%! how Teff

FIG. 19. Comparison of RamanT2g phonon of a fluorite mixed
crystal at 1.4 K with that of the pure CaF2 crystal at an elevated
temperature.~The high-temperature data are taken from Ref. 4!.

FIG. 20. Experiment and model values forSTLS for three fluorite
hosts with LaF3 impurity, a (BaSrF2)0.95(LaF3)0.05, and a
(BaSrF2)0.99(LaF3)0.01 mixed crystal.~a! High concentration region
and ~b! low concentration region.
6-13



-
th

ac

f
-
-

S

LS
t

an
ow
tio

b
m
fo

d
re
-
ta

e

of
ing
dy
ded
cy
ese
is-

his
LS

this

bo-
ced
vi-

s to
t of
ew

t the
are
are

Ra-

The
re-

ase
BP
ve

the

al
uch
ive
with
xed
der.
re

re-

key
aw
by
a-
tra-

ea-
on
eak
the
or-
ery
he

y

ote

re

s t

J. J. TU AND A. J. SIEVERS PHYSICAL REVIEW B66, 094206 ~2002!
varies with the crystal disorder.# The natural agreement be
tween the high concentration experimental data and
model predictions including the saturation ofSTLS for the
(CaF2)12x(LaF3)x mixed crystals is evident.

The absence of Raman-active TLS in the low molar fr
tion region of (CaF2)12x(LaF3)x shown in Fig. 20~b! is con-
sistent with thec(12p) predictions. Note that for the case o
(BaSrF2)0.99(LaF3)0.01, mixed crystal TLS are indeed de
tected since theTeff in this case is now much larger. It ap
pears that the LaF3 doping provides nucleation sites for TL
but that Eq.~10! actually controlsSTLS once a sufficient
number of nucleation centers are available.

H. Comparison of the Raman and far-IR results
on the number density of TLS versus concentration

The observed cutoff frequency of the Raman-active T
spectrum is about the same as previously observed for
far-IR results and independent of the La31 concentration.18

Since both the number density per unit frequency range
the total number density of Raman-active TLS are n
known and the results described by the law of mass ac
with an effective disorder temperature, these findings can
compared with the far-IR data for the same crystal syste
By using the far-IR dipole moment as a single parameter
each crystal system, the concentration dependence foun
the two different spectroscopic techniques can be compa
The far-IR resultsG(v)TLS and the law of mass action pre
dictions and solid lines, which agree with the Raman da
are shown in Fig. 21. For SrF2 and BaF2 hosts the results ar
quite close; however, the La doped CaF2 at low concentra-

FIG. 21. Concentration dependence of the number densit
states times the IR dipole moment squared for the LaF3 impurity in
the three fluorite host lattices. The triangles den
(BaF2)12x(LaF3)x , the open circles (SrF2)12x(LaF3)x , and the
squares (CaF2)12x(LaF3)x . These far-IR experimental data a
compared with the law of mass action results~solid curves! deter-
mined from the Raman experiments. The one new parameter i
IR dipole moment, given in the last column of Table II.
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tion does not agree either with the Raman data or the law
mass action prediction. This discrepancy is not too surpris
since an earlier low concentration far-IR absorption stu
showed that a set of defect-induced levels, which depen
linearly on the La concentration, occurs in this frequen
range, and that with increasing dopant concentration th
sharp transitions gradually lost strength to a broad TLS d
tribution, which appeared at higher concentrations.19 Since
the far-IR probe measures both kinds of transitions in t
frequency region it is not possible to separate out the T
contribution of interest here, hence the discrepancy for
particular system at low concentrations.

V. SUMMARY AND CONCLUSIONS

The correlation between the Raman scattering in the
son peak region and in the higher-frequency defect indu
Eg resonant mode region connects the boson peak with
brational properties; however, the fact that the peak move
higher frequencies with increasing disorder, independen
whether the lattice expands or contracts, is an important n
and unexpected signature. These results do not suppor
proposal that the boson peak in fluorite mixed crystals
resonant vibrational modes in the acoustic region that
quasilocalized in the vicinity of dopant clusters24,25 or that it
is associated with TLS excited-state transitions. A recent
man study of TLS in glasses57 also shows no correlation
between the strengths of the boson peak and the TLS.
experimental results also do not agree with theoretical p
dictions that increasing the lattice disorder would decre
the frequency of the boson peak or that, in general, the
frequency is necessarily below the lowest van Ho
singularity.30,31

Of the three Raman-active symmetry types present in
fluorite crystal, the low-lying TLS display onlyA1g symme-
try, not Eg or T2g type. In addition, there is no experiment
evidence of Raman-active excited-state transitions for s
TLS. The strengths of these TLS spectra show distinct
concentration dependencies in the three crystal lattices,
CaF2 standing out as the most unusual. This same mi
crystal system shows the largest amount of crystal disor
This result, together with the fact that the low-temperatu
line shape of the first-order Raman allowedT2g optic mode
in these mixed fluorite crystals is quite similar to those p
viously found for the pure systems at high temperatures,4 led
us to assign this disorder to an effective temperature. A
result is that the TLS number density is controlled by the l
of mass action with the effective temperature determined
the frozen-in lattice disorder. An important universal sign
ture is the absence of TLS below a certain dopant concen
tion. Because of the nonlinear behavior of Eq.~10! with Teff ,
the TLS Raman scattering is not proportional to the m
sured impurity-induced Raman scattering in the LO phon
region. The fact that the TLS scattering and the boson p
have different symmetries, and that they do not scale
same way with defect concentration or with the lattice dis
der parameter, is another indication that they involve v
different dynamical properties of the disordered solid. T
experimentally measured values forSTLS of ;1017/cm3 are

of

he
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obtained by assuming that the possible orientations of
associated complex are very large (z.700), a result suggest
ing that such complexes may have many degrees of freed
It follows that the resulting TLS studied here may be as
ciated with correlated motion of many atoms at low tempe
tures. It should be noted that this high effective temperat
activation picture would be expected to apply to all the hig
temperature superionic systems.

In conclusion, our experiments indicate that TLS in t
mixed fluorite crystals are a feature of the high-temperat
system remaining out of equilibrium upon cooling. Th
locked in mixed crystal anion lattice disorder simply perm
the observation of the high-temperature law of mass ac
.
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properties at low temperatures. A feature of the result
nonequilibrium configuration of the crystal is the TLS spe
trum. Although the strength of the Raman-active TLS sp
trum depends on the degree of this disorder, the surpris
that its width does not.
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