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Experimental study of Raman-active two-level systems and the boson peak
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A broad spectral distribution of two-level systeifid.S) displaying onlyA;, symmetry, notEy or T,g, is
observed in the low-frequency, low-temperature Raman spectra of fluorite single crystal hosts doped with large
amounts of Lak. The observed range of each TLS spectrum is found to be independent of the dopant
concentration although each of the three crystalline hosts, Caif, and Bak, 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, showifi 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 84 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 the® 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 LaF
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.
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. INTRODUCTION burning techniqué® In addition to a TLS spectrum there is
some evidence that these fluorite mixed crystals also display
Although the early Raman scattering measurements of tha Raman-active boson peak in the vibrational regfefi,

vibrational properties of defects in fluorite crystals focusedvery similar to the boson peak found in glasé®&€° Recent
on their low-temperature properti€s: the next decade gave theoretical studie¥®! based on models of random force
rise to a number of high-temperature Raman stutiiés, constants in crystals, suggest that this feature may follow
mainly because both pure and doped fluorite crystals exhibidirectly from lattice disorder so there is added interest in
superionic conduction behavior above a certain temperatureesting this idea experimentally.
T., which is well below the melting point. This transition It is important to recognize that thermal and mechanical
has been identified with the effective melting of the aniontechniques probe the low-frequency dynamics of TLS in
sublattice. In recent years, the low-temperature properties dfuorite mixed crystals while far-IR absorption and Raman
these fluorite mixed crystals have again attracted much atterscattering probe their high-frequency properties. The detailed
tion since the discovery of a continuous distribution of two-low-temperature Raman scattering study of heavily doped
level systemgTLS) in the low-temperature specific heat of mixed fluorite crystals presented here complements the ear-
yttrium-stabilized cubic zirconi&.A similar TLS behavior lier far-IR absorption studié&'®and brings forth a number
was first found in fluorite mixed crystals of the type of important general features of TLS. One is that the Raman
(MF,);_(RR;)4, where M is an alkaline-earth ion and R is scattering from TLS only exists up to the meV energy range
a rare-earth ion by means of microwave resonant absorptiosimilar to that found for the far-IR measurements; another is
measurement$Because of the apparent similarity betweenthat the total number density of Raman-active TLS can be
these excitations and those previously identified inidentified and estimated. Surprisingly this total number den-
glasse¥’* and the simplicity of the fluorite crystal struc- sity of TLS not only depends on the LaBopant concentra-
ture, the low-temperature dynamical properties of the mixedion but also on the resultant frozen-in lattice disorder. By
fluorite crystals have now been probed with a variety of ex-also incorporating x-ray measurements into this study it is
perimental  techniques. These include therffial, demonstrated that the width of the Raman-acliyg phonon
mechanical®!® far-infrared absorption spectroscofy!® mode can be used to identify an “effective disorder tempera-
Raman scatterintf 22 and the infraredIR) persistent hole ture” for each crystal. This effective disorder temperature
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TABLE I. Identification of the mixed crystal fluorite samples. were either purchased commercially from Opti@rook-
Column 1, the impurity concentration as determined from x-rayfield, MA) or grown for us by Campbell. The Raman data

fluorescence; column 2, the sample code identifier; and column Jptained on samples from the two different sources are con-

the spectral densitgr s(0) obtained from the Raman scattering gistent with each other, and therefore, no distinction will be
measurements. This last result can be compared WithThe made between them in the Results section.

samples were either purchased commercially from Optiaaook-

The impurity concentration is determined using Xx-ra
field, MA), or grown for us by Campbell, University of Canterbury, purtty 9 y

New Zealand.

fluorescence produced by an electron microprobe. The mea-
surements were performed at Cornell using a General Elec-
tric OL733 machine. This analysis technique could deter-

Sample Code (10329&55—(9 ():m—s) mine_ the mplar ratio of the host to dopant ions al_nd this is all
that is required to deduce the dopant concentration. Its value
(CaRy)god LaFs) .01 CAL.01.JC.1 0.0 is double checked with x-ray power diffraction measure-
(CaR)g o LaFs)0 05 CAL.05.JC.1 2.1 ments.
(CaR)o.0d LaFs)0.10 CAL.10.JC.1 2.9 X-ray diffraction of the samples was used for two pur-
(CaR)o.sdLaFs)0.20 CAL.20.0P.1 3.8 poses{1) to insure that the samples were single crystals even
(CaR) 64 LaFs)0.33 CAL.33.0P.1 4.0 at the highest dopant concentrations &Rxto determine the
(CaR) o se LaFs)o.44 CAL.44.0P.1 3.9 lattice constant, when in powder form. The x-ray diffraction
(BaF,) o of(LaF3)0.05 BAL.05.JC.1 0.73 of single crystal samples was carried out in Laue backscatter-
(BaF,) o4 LaFs)0.15 BAL.15.JC.1 14 ing geometry using a grid-wire detector. Crystallographic
(BaF,) 074 LaFs)o.0s BAL.25.JC.1 29 axis are found in this way and single crystal samples are then
(BaFy)o ed LaFs)o o BAL.35.JC.1 57 cut into approxlmat.ely 5 mm cubes aloft00), (011), and
(Bapz)olsiLan)o;s BAL 45.JC.1 31 <01.—J> cubic axis using a dlamond'saw. The_ sample cu_bes are
(SrF2)0.9i|—aF3)o.05 SRLO5.0P 1 022 pohsheql mechanically until optical ql_Jallty_ is achieved.
(STFy) ‘ (LaF,) : SRL10.JC.1 0.46 Small p_leces_of th_e samples are ground |nto_f|ne powders and
(SFF)O.gdLaFS)O.lO SRL15.OP1 0.65 x-ray diffraction is done using a@x-ray diffractometer.
2/08 37015 el ' These measurements were also performed at Cornell.
(SrR)o7dLaFs)o.zs SRL25.0P.1 0.92 The Raman spectra have been measured with a Dilor XY
(SrR)oedLars)oas SRL35.0P.1 114 211 system using the 514.532 nm excitation line of an argon
(BaR,)o.7d Sr)o0.30 BASR.30.0P.1 0.0 ion laser. For each experimental run, the monochromator was
(BaSrh)oedLaFs)oo1  BASRLA.01.JC.1 0.82 properly calibrated with the laser line so that the zero posi-
(BaSrR)oedLaFs)o0s BASRLA.05.JC.1 3.44 tion of the monochromator was centered on the laser fre-

qguency. The liquid N cooled charge coupled devi¢ECD)
detector consists of an array of 542024 photodiodes and
plays an important role in determining the total number denthis allows a wide frequency range of more than 700 tio
sity of Raman-active TLS for the LgRloped crystals. Here pe covered at once. In total, eight 90° scattering configura-
it is shown that the unusual concentration dependence megpns are possible and some of them yield the same results.
sured for the Raman-active TLS can be characterized by thegyr 90° scattering configurations are actually used:
law of mass action when this frozen-in disorder temperaturep01y(001) gives the 4I3E4+ A4 spectrum;(001}011) the
is used in place of the sample temperature. Since the strengﬁlzg spectrum;011)(01-1) the E, spectrum, and011)(011)
of the boson peak is found to scale with the babncentra- the 1/3 Eq+Tag+As, Spectrum. Three configurations are
tion while the TLS total number density does not, our experi-ysed to separate the three different contributions and the
ments demonstrate that these two Raman signatures of thgyrth one is use to check if the assignments are consistent.
disordered state are uncorrelated. An Oxford Variox optical cryostat is used for the low-
Section Il outlines the experimental details, focusing ontemperature measurements. The samples can either be im-
the x-ray and Raman procedures. Section Ill presents thgersed in superfluid helium 4 or in helium gas. The lowest
experimental results for the Lafloped crystals. These in- temperature accessible with pumped helium 4 is 1.4 K. The
clude the x-ray measurements, and low-temperature RamaBmperatures are monitored by three temperature sensors: a
measurements spanning the vibrational region, the bosogbmmerecially calibrated rhodium-iron thermocouple placed
peak, and the low-lying TLS. The data analysis and discuspn the heat exchanger near the sample, a commercially cali-
sion are presented in some detail in Sec. IV. Here an estimayated Lakeshore silicon diode thermocouple mounted on the
tion of the total Raman-active TLS number density is madesamp|e holder, and a 1000Allen Bradley resistor also
for each crystal. The summary and conclusions in Sec. \nounted on the sample holder. The most accurate tempera-
complete the picture. ture sensor is the Si-diode thermocouple on the sample
holder and the other thermometers are used as checks. An
Il EXPERIMENTAL DETAILS Oxford ITC503 temperature controller i_s used to fix the tem-
perature of the heat exchanger at desired temperatures.
The (MR);_,(LaF;), samples, where MC& ", SP™, Each spectrum is typically taken in a 600 s duration using
Ba®", and 0<x=<0.45, and the doped BaSrR&lloy crystal 200 mW of laser power with 2.10 cm resolution. Both
samples used for this work are listed in Table I. The sampleStokes and anti-Stokes spectra have been recorded at each
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VhZ+k2+12, (1)

wherex=1.540562 A is the wavelength of the @ line

7 and(h,k,)) are the Miller indices. The lattice constant values
calculated from different Bragg peaks are averaged to give
. the final lattice constant used in Fig(al The lattice con-
stants we have obtained for the pure €aBaF,, and Srk

a= 2 sind

N

]
N

Aa/a (% change)
=

-4 : : t : crystals agree exactly with the literature dtaErom the

401 A BaFqla ) LaF; concentration dependence dfa/a, it is clear that
-0 CaFyila with the addition of Lak, (Cak),_,(LaF;),, and

sof (O S.a . (SrR);_«(LaF;), undergo lattice expansion while

(Bak,);_y(LaF;), undergoes contraction. This finding is
consistent with the Laf-concentration dependence of the
N shift of the Raman-activé,y phonon in these three systems.

Ap/p (% change)
3

or B i The results of the density measurements for the three
(g . . . LaFs;-doped mixed crystal systems, (Q&E_X(La!zg)x.,
56 o1 oz o3 o4 o5 (StR)1-x(LaFs),, and (Bak),_(LaFs), are shown in Fig.
LaF, Molar Concentration 1(b). The calculated densities for the pure GaBaF,, and

. SrF, crystals agree precisely with the literature data. The
FIG. 1. Lak concentration dependence of the percentaggegson that bottha/a and Aplp display a nonlinear LaF
changes in lattice constant and density in three fluorite mixed cryszoncentration dependence is because these fluorite mixed
tal systems(a) The percentage changea/a and(b) the percentage  .rysials are interstitial systerid,i.e., to maintain charge

change in Aplp. Squares for (Caff,;_.(LaF;),, circles . : o N :
(StFy)1_(LaF.),, and triangles for (Bafj,. (LaFs), ir;ﬁ:g(rijlgg(?n interstitial F ion is produced for each B4 ion

temperature. Low-temperature readings were checked by
comparing the temperature values obtained from the Stokes ) ] ]
and anti-Stokes spectra with the sample thermometer read- For disordered materials, thevector selection rule used
ing. In addition, no change was observed in the thermometdPr crystalline materials no longer holds. Using the results of
readings with the laser on or off, thus no laser-induced therShuker and Gammon describing the low-frequency Raman
mal heating of the samples is observed in these experimentgcattering from vibrational stat¥sin glasses, the Raman
To check for thermal hysteresis, the temperature dependen&dokes(anti-Stokes intensity from phonons should be pro-
of each sample is repeated twice: once with increasing tenfortional to the phonon density of stateg,(w) and a light-
peratures and then with decreasing temperatures. The cordbonon coupling coefficient,Cy,. The result is a
bination of these techniques shows that the temperature metgmperature-dependent Raman Stokes intensity of the form
sured by the thermometer is the actual temperature of th@iven below:

scattering volume, even at low temperatures. In each case

several spectra have been averaged to eliminate the effects of

B. Influence of disorder on theT,4 phonon mode

cosmic rays and other noise factors. Con
’ 150 D=0, D+ 1l gal@) -2, @
Ill. EXPERIMENTAL RESULTS ON LaF 5-DOPED wheren=(e"®/*eT— 1)1 is the Bose—Einstein thermal fac-
FLUORITE MIXED CRYSTALS tor. For the Raman anti-Stokes intensity, one simply replaces

the [n(w,T)+1] factor in Eq.(2) by n(w,T). Note that
because of the local field correctiad,,= cph[(s+2)/3]4
X-ray powder diffraction results for the LaFeoncentra-  =cgy, L, wheree is the optical dielectric constant ahdthe
tion dependence of the percentage change in latticeocal field correction factor.
constant and density for the three fluorite mixed crystal The low-temperature polarized Raman spectra of
systems, (Cafj;_,(LaFR)y, (Bak);_(LaFs)y, and (Cak);_y(LaR;), are shown in Fig. 2 for the whole spectral
(SrR,);_(LaFs),, are given in Fig. 1. X-ray &scans are region (5-715 cm?) examined. For the case of the pure
taken from 20° to 60° for these mixed crystal powders. Typi-crystal there should be only one Raman-acffyg phonon
cally, four or five Bragg peaks are observed in this regionmode observed in first ordéf;however, due to various de-
The 29 positions are analyzed according to the regular fluopolarization effects, such as finite collection angle, imperfect
rite structure and no additional peaks have been observedample alignment, and strain in the cryostat windows, a few
which indicates that the fluorite structure is well preservedpercent of the strond,q signal leaks into other scattering
and that there is no phase separation even at high taf~  symmetries, as illustrated in the inset of Figb2 With the
centrations. The lattice constant is calculated with the help o&ddition of Lak, defect-induced Raman scattering appears
the following formula: in all scattering symmetries and it increases with increasing

A. X-ray and density measurements
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FIG. 2. Polarized Raman spectra of (GaF ,(LaFs), at 1.4 K
for six different doping levels(@) T,q spectra andb) A4+ 4/3E,
spectra. The inset shows that about 5% of the stiigggnode leaks
into the A,4+ 4/3E, spectra(Note that theT,4 mode is resolution
limited at 1.4 K) The resolution is 2.1 ciit.
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FIG. 4. Reduced Raman spectra in the boson peak region at 1.4
K for different scattering symmetriesa) A (BaF,)qgdLaFs)g 15
mixed crystal andb) a (Bak)q 7 SrF)q.30 Mixed crystal.

other two mixed crystal systems (Bak_,(LaF;), and
(SrR)1_y(LaRs)y, where the Lak concentration depen-
dence also has been systematically studied over the entire

x. Also the mainT,, phonon peak broadens and shifts torange. We have found that tiigy phonon line shape of these
lower frequencies. The other two mixed crystal systemd-aF;-doped fluorite mixed crystals at 1.4 K is remarkably

show similar behavior with the maifi,4 phonon peak shift-
ing to lower frequencies for (Sgl, _«(LaFs), but shifting to
higher frequencies for (Bal, _.(LaF;),. These results are
consistent with single mode behavior of mixed crysfaler
the lattice constant changes presented in Fg). 1

The low-temperature Raman spectra of Thg phonon in

similar to the defect-induced line shape previously measured
for pure fluorite crystals at high temperatures800 K) as
described in Ref. 4. This comparison provides direct evi-
dence that there could be a connection between the disorder
measured at high temperature and the frozen in disorder ex-
amined at low temperature. The importance of this observa-

the (Cak),_,(LaF;), mixed crystal systems are shown in tipn will become apparent in Sec. IV when an “effe_ctive”
Fig. 3. TheT,, phonon peak broadens and shifts to lowerdisorder temperature for these laffoped fluorite mixed

frequencies monotonically as the Lakoncentration in-

crystals is identified.

creases. Similar broadening behavior is observed for the
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FIG. 3. The Raman-activé,4 phonon in (Cak),_,(LaF;), at
1.4 K for four different doping levels. The resolution is 2.1 ¢m

C. Boson peaks and impurity-induced Raman scattering

In the acoustic region, below the TA zone boundary pho-
non mode frequency, a universal glass feature, namely, the
boson peak, has been reported in this type of mixed
crystal®*?® Our systematic Raman study of the boson peak
for the crystals listed in Table | shows that this feature only
appears irE; symmetry. To bring out this spectral feature it
is customary to use the “reduced” Raman intensity, defined
as

l(w,T)

Ired(w’T):[n(w,T)+l]w’

)
wheren(w,T) is the Bose—Einstein thermal factor.

Figure 4a) shows the three symmetry types observed in
Raman scattering for (Baly g5(LaFs)q 15. These results are
characteristic of all such [2a-doped mixed crystal samples.
A peak is observed only i&, and the scattering strengths in
this frequency region have the following trenBy>T,,
>A,4. Figure 4b) shows the Raman spectra for a simple
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FIG. 5. Lak concentration dependence of the reduced Ramargduares for (Cafj,_(LaFs)y, circles for (Srk),,(LaFs),, and
triangles for (Bak),_,(LaFs),. For all three lattice systems the

intensity of the Boson peak and an impurity-induced Raman reso < ! :
boson peak frequency increases with dopant concentration, even

nant mode in thé&, spectra of (Bap);_(LaF;)4 at 1.4 K.(a) The ; .
boson peak regiofmote thex=0 curve coincides with the horizon- though the lattice constant decreases for Bafd increases for the
other two.

tal axig and(b) the impurity induced Raman resonant mode.

mixed crystal system (Bal, 7d StF) o.50, With isoelectronic  1aw*>*® if  (BaF,)gedLaFs)o0s (BP=57cm ') and

substitution. Now a weak maximum at90 cmi! can be  (SrR)godLaFs)g0s (BP=68 cm ') are assumed to be the

seen in bothE, and A;; symmetry types but here tHE,,  two end points. Clearly the lattice disorder is larger for the

symmetry scattering is the strongest. BaSrF, crystal than for either of the two end points and
The reducedE, Raman spectra for the (Baf_,(LaF;), ~ hence the frequency should have been substantially smaller

mixed crystal system showing the boson peak region versugan the Vegard law prediction according to the random force

x are presented in Fig.(&. (The x=0 trace is on the ab- constant model&>%*

scissa. The corresponding reduceég Raman spectra versus

x for a high-frequency defect-induced Raman resonant mode p. Raman scattering in the low-frequency TLS region

are shown in Fig. &). These twoE, spectral features are

correlated in the sense that the reduced Raman intensities of 't S po§5|ble o identify the Raman-a_lctlve_ TLS. spectrum
both bands increase with increasing Lafncentration in a because its temperature dependence is quite different from

similar manner. The center frequencies also appear to be cotn_r-‘at associated with defect-induced scattering in the vibra-
related with the mainT,y phonon peak, which shifts to tional spectrum. The temperature Qe_pend_enc_e of the7 Stokes
higher frequencies for (Bal,,(LaFs)y, but as we shall Raman intensity due to TLS for splittinfyw is given by

see that this is not a general effect. 5
Figure 6 shows the frequency shift of the boson peak s w
versusx for all three mixed crystal systems. A distinguishing Ims(o T=n(e, T+ 1]tan)'( 2kBT)
property is that the peak frequenagp increases with in- 1

creasing Lak concentration for all three systems even —

though the T,; phonon peak decreases for the 1+exp —fol/kgT)

(Cak), _«(LaFR3),, and (Srk);_4(LaF3), mixed crystal s ] .

systems but increases for (BAE_4(LaFs)y. In contrast the Wheré n7 s(w,T) is the ground-state populatlog factor of

high-frequency resonant mode positifsee Fig. )] has  TLS (excited state population numbaf, s=1-n3 ) and

the standard behavior, i.e., versus concentration it follows the>0 for Stokes ana <0 for anti-Stokes Raman scattering.

corresponding ,, phonon frequency in all three mixed crys- The population fractionsi? s(w,T) andn? s(w,T) are de-

tal systems(See Chap. IX of Ref. 35 for a description of the termined by Boltzmann distribution. In analogy with the Ra-

single mode behavior of these mixed crystals. man scattering from the vibrational stategiven in Eq.(2),
Another specific experimental test of the random forcethe Raman Stokeganti-Stoke$ intensity from TLS should

constant models comes from our low-frequency Ramarbe proportional to the density of states of Tlgy, s(w), a

results obtained for (BaSgkyofLaFs)ogs. The boson light-TLS coupling coefficient,Cy s (where againCq s

peak (BP) is observed at 62 cnt. Within the experi- =crsk) and the temperature-dependent factor given in Eq.

mental uncertainty this frequency agrees with Vegard'd4). The result is a temperature-dependent Raman scattering

= n'SI'LS(wiT)v (4)
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intensity of the form given below, whejje=S or A stands for ' ' ! ' '
Stokes or anti-Stokes, respectively,
300} -
j i ( CTLS}
is(@, T) =[N g(@, T) ]| gris(w@) : 5 % — x=0
= - - x=0.05
g --— x=0.15
s | | - x=0.25
Since the only temperature-dependent quantity on the 2 200 | X098 .
right-hand side of Eq(5) is the TLS population numbers £
n; s, the Raman Stokes and anti-Stokes intensities should £
be proportional to population numbers as a function of tem- §
perature. As temperature increasmz%_,S decreases from 1 to & 100k i i
0.5 andn%,s increases from 0 to 0.5; hence the resonant Anti-Stokes 1§ Stokes
interaction with TLS decreases with increasing temperature i ‘
on the Stokes side and increases on the anti-Stokes side. This \
is the characteristic temperature dependence of Raman scat- SN f\'};'. . J
tering from TLS. At higher temperatures, relaxational pro- e 0 o 10 20
cesses come into play and eventually become the dominant Frequency (cm”')
factor as discussed in Ref. 26. For the present work, the
focus is the low-temperature regio €20 K) where the 7. Low-frequency Raman A;, spectra of

Raman scattering due to relaxational processes can be n@aF,);_.(LaFs;), mixed crystal system at 1.4 K. Both Stokes and

glected.
At the lowest frequencies, Raman scattering from TLS is

anti-Stokes spectra are shown. The resolution is 2.I%m

observed, but only for one symmetry type. For the perfecta d (BaS LaF displaved in Eias.(8). 8(b
fluorite crystal there is one strongly allowed Raman mode irg?c) (ar?d %Eé)l__-?(hea dsgl;‘é ?Or:e (ézgii?( L;rlle,)(l,ggji(s),shc()v?/’n

Tog Symmetry but no first-order scattering allowed Aq
and E; symmetries. With the addition of LgFonly low-

in Fig. 8@a),
(BaR,)gsfLaFs)g4s, 1IN

for (Srk)oedLaFs)o 35,

Fig.

in

80),

Fig. 8b),
and for

frequencyA;4 Raman scattering is observed at low tempera’(BaSer)o95(LaF3)005, in Fig. &(d). The low-frequencyA,

tures. In the frequency region below 20 ¢hthe Raman
intensities in the two other symmetrigg and T,y are found
to be about a factor of-100 weaker tham,4 intensity. We

spectra of both the Stokes and anti-Stokes sides are displayed
to extract the maximum amount of information from the
temperature-dependent spectra. From 1.4 to 20 K, the Raman

suspect that these very weak contributions are probably pronensities for all four fluorite mixed crystals decrease with

duced by systematic errors caused by depolarization effec
produced by(1) the finite collection angle(2) imperfect
sample alignments, an@) strains in the cryostat windows.
The low-temperaturé\,;; Raman spectra of LaFdoped
(Bak,)_y(LaFs)y fluorite mixed crystals at 1.4 K are dis-
played in Fig. 7. Six (Bap)1_y(LaRs), samples withx=0,
0.05, 0.15, 0.25, 0.35, and 0.45 are shown. Both the Stokes
and anti-Stokes sides are displayed. To ensure that the elastic
Rayleigh scattering does not influence the Raman spectra of
the mixed crystals, a lower limit of 5 crl is used and as a
result asymmetric spectra are obtained for the Stokes and
anti-Stokes region at low frequencies. On the Stokes side, the
Raman intensity increases with increasing lanthanum con-
centration, while on the anti-Stokes side no Raman signal is
observed at 1.4 K for any of the six fluorite mixed crystals.
These asymmetric spectra demonstrate that elastic Rayleigh
scattering plays no significant role in our measurements, be-
cause it would enter into both the Stokes and anti-Stokes
spectra with equal strength. Another reason for examining
the anti-Stokes spectra is to make sure that there is no back-
ground due to thermal luminescence. None is observed here.
Similar properties are found in all the mixed crystal samples

Raman Intensity (counts)

ﬁcreasing temperature on the Stokes side and increase with
increasing temperature on the anti-Stokes side. This charac-
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measured in this work. FIG. 8. Temperature dependence of the low-frequency Raman
The temperature dependence of the Ramay spectra A, spectrum for different mixed crystal systems from 1.4 to 20 K.

from 1.4 to 20.0 K of four Lak-doped fluorite mixed Both Stokes and anti-Stokes spectra are shown. The resolution is

crystals representing the four fluorite  systems,2.1 cml (a) (CaR)eALaFs)oss (0) (SrR)oedLaFs)os, (C)

(CaR,); x(LaFs)y, (SrR); x(LaFs)y, (Bak); y(LaRs)y, (BaR,)osdLaFs)g.4s5, and(d) (BaSrk)g o LaFs)o os-
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mixed crystal systems at low dopant concentratigals w gy / @
versus|Aa/a| and(b) |o— wg|/wg versus|Aa/al.

S
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FIG. 10. Temperature dependence of the low-frequency Raman
A4 spectra from 1.4 to 20 K as a function of TLS population factor
'0r different mixed crystal system&) (Cak,)( gALaF;)q 33 Raman
anti-Stokes intensity versu&#LS, (b) (CaR)qeALaFs)q.33 Raman
Stokes intensity versusy, s, (C) (SrF)gedLaFs)o.35 Raman anti-

IV. DATA ANALYSIS AND DISCUSSION Stokes intensity versus’T*LS, and (d) (SrF,)qefLaF;)q35 Raman
Stokes intensity versusy, s .

teristic temperature dependence of Raman scattering fro
TLS is observed for all the fluorite mixed crystals studied.

A. T4 phonons and the lattice strainAa/a

The Lak concentration dependence of both fhg pho-  ing Eq. (5). Since the only temperature-dependent quantity
non and the lattice straim a/a| show similar trends as seen on the right-hand side of E@D) is the TLS population num-
in Figs. Xa) and 3. To explore this connection further, the bersn, 5, then by plotting the Raman intensity data versus
full width half-maximum (FWHM) and frequency shift of the population numben, ¢ for either Stokes or anti-Stokes
the T,4 phonon versus the lattice strain are plotted in Fig. 9.scattering, a linear dependence becomes the characteristic
Figures 9a) and 9b) demonstrate that both the shift and feature of the TLS spectroscopic measurement.
half-width of theT,, phonon depend linearly on the lattice  The observed linear dependence of the Raman TLS scat-
strain|Aa/al at low LaF; concentrations. These properties tering versus population of the appropriate state is demon-
are well described by optical strain broadening theébry, strated experimentally in Figs. 10 and 11. The temperature
which leads to a Lorentzian-shaped phonon line whose fredependence of the Ramak,y anti-Stokes intensity for a
quency shift and half-width are proportionalgé andp|A|,  (CaR)qeALaFs)o33mixed crystal is shown from 1.4 to 20 K
respectively. The connection betwee and Aa/a, the in Fig. 10@); for a (Srk)qefLaFs)g3s in Fig. 10c); for a
fractional lattice parameter change, is (BaR)ossLaFs)pss in  Fig. 11a, and for a
(BaSrk)g of LaFs) .05 in Fig. 11(c). The corresponding de-
6) pendencies of the Raman Stokes intensityngn, are plotted
in Figs. 9b), 9(d), 10(b), and 1@d). Clearly both measured
whereA is the “elastic strength” of the impurityer is Pois- Raman anti-Stokes and Stokes intensities depend linearly on

son’s ratio, andp is the density of the strain sources. Thus nk s for the four crystals shown. Because both the tempera-

both the frequency shift and half-width vary linearly with turés and the frequencies are measured, only the slope in

Aal/a. The factors of proportionality depend on the straine‘?Ch data set is an experimental free parameter to be deter-

coupling parameters of the particular defect-lattice systerﬁmned' Behav!or similar o that sh.own here is fognd for al
being studied?® the fluorite mixed crystals listed in Table I. An important

advantage of the Raman technique is that both Stokes and
anti-Stokes scattering can be examined separately so that the
slope is over determined when fitting the experimental data
The parameters associated with the temperature depetoe Eq. (5). The same slope is found using the Stokes or the
dence of Raman scattering from the resonant interaction witlnti-Stokes data for a particular mixed crystal. The end result
TLS at low frequencies can be examined in some detail usis that the low-frequencyA;; Raman spectrum in fluorite

Aa
— =47
a

1-o

1ro|PH

B. Raman scattering from TLS
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FIG. 11. Temperature dependence of the low-frequency Raman

Aqq4 spectra from 1.4 to 20 K as a function of TLS population factor  F|G. 12. Temperature-dependent examination of normalized Ra-
for different mixed crystal system&) (BaF,)osLaFs)o4s Raman  man intensity in the TLS frequency region for three different mixed
anti-Stokes intensity versusy s, (b) (BaR,)oss(LaFs)o4s Raman  crystals.(a) (CaRy)o e LaFs)oss (0) (SrF)oedLaFs)oss, and(c)
Stokes intensity versusfs, () (BaSrR)oesLaFs)oos RaMan  (Bak,), s LaFs;)o4s. This presentation of the scattering data dem-
anti-Stokes intensity versusf, g, and (d) (BaSrR)oefLaFs)oos  onstrates that there are no Raman-active TLS excited-state transi-
Raman Stokes intensity verso . tions.

mixed crystals can be convincingly identified with scattering,[hree systems. However, in the frequency region 20 to 30
from the direct interaction with a broad distribution of TLS. em ! no change in the spectrum is observed over this impor-

tant temperature range. This temperature-independent behav-
C. Absence of excited state TLS transitions ior at these higher frequencies is consistent with that ex-
in Raman scattering pected for defect-induced Raman scattering from harmonic
The far-infrared absorption stutfyof these same fluorite excitations. These results indicate that TLS excited states in

crystals has shown both a TLS spectrum extending up tthese mixed crystals, while IR active, are not Raman active.

about 20 cm?® and also excited state TLS transitions at
higher frequencies, from 20 to 40 ¢t The identification
with excited-state transitions was made possible by the
temperature-dependent study over a broad frequency region.
As the low-frequency TLS absorption spectrum becomes In analyzing the boson peak data it is helpful to start from
weaker with increased temperature the absorption coefficierthe low concentration end. For the three host crystals
corresponding to higher-frequency excited-state transition€ak,: SrF,:BaF, the BP band centers 82:68:57 chappear
becomes stronger over a restricted frequency region in suchl@low the lowest TA frequency at tHe point 146:100:66
way that the oscillator strength sum rule remained constantm™ .. [Note that thesé point values are for room tempera-
Since this sum rule is quite general and applies to any anhature and hence they would be a bit10%) larger at 1.4 K]
monic arrangement of leveld, including those involving These BP frequencies should be compared with the earlier
tunneling, the corresponding temperature-induced arelw-temperature Raman resdltfor (SrF,)q god EUR)0 005
changes in the absorption coefficient in the different fre-and (Bak)q g9 EUF) ¢ 005 Since the mass and ionic radius of
guency regions provides a unique signature. both defects are very similar. The former crystal hassgn
Figure 12 shows the temperature-dependent Raman speepurity-induced resonance at 83 chwhile the latter has
tra for (a) (Cak) oA LaFs)o 33, (D) (SrF)oedLaFs)oss and  one at 70 cml. Since both resonant and localized defect
(c) (BaR)gsgLaFs)g45 but now plotted aswl(w,T)/(n modes typically stem from zone boundary frequencies, the
+1) so that any Raman-active excited-state population efappearance of resonances in the vicinity of the TA frequency
fect would display the same area as the TLS effect. At lowat thel point associated with heavy defect ions such a5'La
frequencies the TLS temperature effect is evident for alland EG" is not surprising® However, it should be noted

D. Boson peak and its correlation
with a defect-induced Raman band
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that for cubic lattice models with only nearest-neighbor force 7
constant changes and a heavy impurity ion Byeresonance 08
drops out of the La brancff.

The unusual property of the BE, feature in the La
mixed crystals is the observation that the frequency increases
with molar concentratioisee Fig. & independent of whether
this Lak; doping causes the average lattice constant to in-
crease or decrease as shown in Fig. 1. Earlier sttides
low-frequency resonances in mixed ionic crystals have
shown that the resonant frequency increases or decreases ac-
cording to Vegard's law. Disorder is one obvious property
that does increase with increased La®ncentration.

The dynamical features associated with lattice disorder
have been studied numerically over many years. Of particu-
lar interest for our experiments is the work of Payton and
Visschef* who calculated the density of vibrational modes
for a three-dimensiona{3D) diatomic lattice. The model
consisted of & 6x40 particles(NaCl structurg connected
by central and noncentral nearest-neighbor force constants. FIG. 13. Boson peak frequency shift versus crystal density
The disorder is introduced by randomly choosing the valuehange. The initial §5,w,) values are taken at the=0.05 mole
for the force constant within a specified range. They foundraction point. For each host the frequerniésom Fig. 6 increases
that with increasing disorder the peaks in the distributiorwith increasing density, opposite to the shift predicted for a reso-
moved to lower frequencies. More recent numericalnant mode with a mass increase in the host lattice.
studies’®3* which have focused explicitly on the origin of
the boson peak in systems with lattice disorder, confirm thesthe frequency still decreas&s[See Eq.(6.15 in Ref. 35]
early results in that increased disorder lowers the density dfigure 13 presents plots of the BP frequency shifts versus the
modes. In addition, Ref. 31 proposes that with increasinglensity change, i.e.,
disorder the BP drops out of the lowest van Hove singularity,
which for our mixed crystal system would be the TA fre- (a)i 1)versu%Ap)

(e faog)>-1]

0.00 0.10 0.20 0.30
Aplpy

guency at the. point. w_g_
In comparing our experimental results with the lattice dis-
order models the BP for the Lgfloped fluorite mixed crys- for the three mixed crystal systems. The starting densjtg
tals is indeed at frequencies lower than the TA frequency afor x=0.05. Clearly the frequency shift is correlated with the
the L point, but the fact that the frequency increases withdensity even though the effect has the opposite sign from that
increasing disorder does not agree with any of these modelexpected for a defect resonance. The BP responds like it has
Particularly interesting from this perspective are the low-a negative mass. We conclude that the BP must be another
temperature experimental Raman results forfeature of the disorder and not simply a defect mode.
(Bak,) o 7d SrF) 0.30, Which show the development of aweak  Our Raman scattering experiments demonstrate that there
BP for bothA;, and E; symmetries centered at about 90 is a direct proportionality between the strength in the boson
cm™?, a frequency much larger than the BaFA frequency  peak region and that in the high-frequency defect-induced
at theL point. resonant mode region. At the same time we find no such
A different kind of comparison of lattice disorder comes proportionality between the scattering strength in the boson
from the (Bak)g o LaFs)g0s, (BaSrk)gedLaks)oos, and  peak region and that in the TLS region for different host
(SrR) g o LaRs) .05 series. Here the disorder in the middle systems. These findings are quantified by means of the two
system is much larger than for either pure host yet the BRomparisons shown in Fig. 14. In Fig. (8 the integrated
frequency of this mixed crystal still agrees with Vegard’s lawintensity of the TLS region is graphed versus the integrated
prediction in which the effective lattice constant and hencedntensity of the high-frequency defect-induced resonant band
frequency only depends on the relative concentration and thesee, e.g., Fig. ®)] as a function of Lag concentration for
lattice constants at the two end poifitsf lattice disorder the three mixed crystal systems. No direct proportionality is
was the controlling factor in determining the frequency po-observed and the TLS intensity tends to saturate at high dop-
sition of the BP then for the BaSgHmixed crystal case it ing levels, which is particularly obvious for the Cageries.
should have appeared at a frequency much smaller than prét Fig. 14b) the integrated intensity of the boson peak re-
dicted by the virtual crystal model. gion is graphed versus the same abscissa. The linear depen-
Another property that does increase with increasingsLaF dence between the integrated intensity in the boson peak
concentration for all three host crystals is the density. If theregion and the integrated intensity in the higher-frequency
increased density is associated with a resonant mode excitdefect-induced, band for the different Laj-concentrations
tion then its frequency would decrease. If the increased deris apparent. These two Raman spectral features are indeed
sity is associated with an increase in the average crystal massrrelated to each other and the results suggest that they have
and not with the excitation then again for a resonant mode common origin. The lack of such a correlation between the

Po
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The first approximation is to sefq g~ Cng:constant,
?‘B’Zﬁjt: WhereCT2 is the lightT,4 phonon coupling coefficients of

O A i the host material anm(rngr 1)=1 atT=1.4 K is the appro-
A priate Bose—Einstein thermal factor fog; phonons. Given
that TLS appear to be one-dimensioriaD) objects in 3D
crystals this is a reasonable starting point. Settidg g
~constant cannot be correct for all frequencies since the
observed Raman scattering from TLS only extends over a
> finite frequency range and since TLS, which are not Raman-
active, may occur up to much larger frequencies. By focus-
ing only on the Raman-activigr s(w) we include the cutoff
in its frequency dependence. The appropriate ratio is

7.5x107

T
o
. =
-

TLS Integrated Area

w“%s/n%s) _ grs(w) _ grs(w) @
Jdw w(l-srzg) Jdw gTyy(w) Sng ,

BP Integrated Area

0.00d .
000 025 050 075  1.00 where the total number density &5, phonon modeS;_ is
Impurity Region integrated Area . . 29
related to the formula unit number density. For fluorite crys-

FIG. 14. Comparison of the integrated intensity in the TLS re-tals, such as CaF there are three atoms per unit cell, so the
gion and in the boson peak region with the integrated intensity of aaumber of unit cells per unit volume is equivalent to the
defect inducecEy band in the LO region for three mixed crystal number of formula units per unit volume. For three atoms
systems at 1.4 K(a) The integrated intensity in the TLS region per unit cell, there are nine modes in total, three acoustic and
versus the integrated intensity in a defect induced Raman band igix optic. Among the six optic modes, there are thff%
the LO region, andb) the integrated intensity in the boson peak modes(triply degeneratg one LO and two TO modes that
region versus the integrated intensity in a defect induced Ramagre |R active T1.). So the number density dF,, phonon
band in the LO region. modes is equal to 1/3 of the number density of formula units.

The values are given in column 6 of Table Il. For the
Raman scattering from the boson peak and that from the TLEBaSrF), o4 LaF;)0s and (BaSrk)ood LaFs)oo; Mmixed
is an important find. Apparently the TLS spectrum and thegrystals the molar composition of the pure materials are used
boson feature do not have a common origin in these fluoritgor the average values.
mixed crystals. Since the experimental ratio on the left-hand side of Eq.
(7) is known for each sample, as 8‘;29, the total number

density of T,y phonon modes, the value gf, s(w) can be

E. Separating the number density of Raman-active TLS

from the coupling coefficient determined explicitly to be
An estimate of the number density per unit frequency in- w(1S,.JnS o)
terval of Raman-active TLS states can be obtained from the gris(@) =Sy, —=> & (®)
data by comparing the ratio between the scattering found for 2 [do w('ng)

TLS with that found for the first-order,4 phonon scattering
from the pure system. This should provide a reasonable es- In Figs. 1%a) and 1%b), the density of states per unit

timate since the defect-induced Raman polarizability defrequency range of Raman-active TLS is plotted versus fre-
pends mainly on the surrounding host lattféé’ quency for two (Bak);_,(LaF;), crystals. Each of the dot-

TABLE II. Collection of data on fluorite mixed crystals. Columns 2, 3, and 4: the lattice constants, density, and the Debye temperature
0p . Column 5: the Raman active optical phonon frequengy Column 6: the number density of Raman acfivg modeSng. Column 7:
the temperature parameterused in Eq(11); columns 8, 9, 10: the fitting parametezsc, andT, used in the law of mass action, E4.0).
Column 11: the effective temperature for the different crystals doped with 5%.L@6lumn 12: the dipole moment of TLS as given in the

expression for infrared absorptigeee Fig. 21

Lattice Sty a z Tert
Host constant Density* 65?2 wr? (1%  (10°%  (assoc. c Ta (5% La) "
crystal R) (glcnT) (K) (cm™ cn) K) deg) (x107%) (K) (K) (Debye
Cak 5.463 3.18 519 321.8 0.82 4.38 850 5.0 730 221 0.64
Srk, 5.80¢" 4.24 3802 285.8 0.68 3.97 700 7.3 680 57 0.74
BaF, 6.20C 483 282 241.G¢ 0.56 5.91 960 8.9 1100 134 1.54
BaSrk 6.011 4.55 265.2 0.63 4.94 870 6.7 870 983

%Reference 32.
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FIG. 15. Comparison of the density of state of TLS derived from  FIG. 16. The frequency dependence of the density of states of
Raman scattering with that from specific heat in theTLS in three fluorite mixed crystal systems doped with different
(BaFR,);_.(LaF;), mixed crystal syster(a) Frequency dependence molar fractions of Lak at 1.4 K (a) (Cak);_x(LaFs)y, (b)
of the density of state of TLS from Raman scattering in (SrF);_x(LaFs)y, and(c) (BaF,);_(LaF;),. The dotted curves
(BaR,)sdLaFs)g4s5, (b) frequency dependence of the density of in (8)—(c) are the least-square fits to the density of states of TLS.
state of TLS from Raman scattering in (Bd§ogLaFs) .05, and(c)
g7.5(0) values from Raman scattering comparedPtgalues from  approximationCr s~ Cng needs to be modified. We now set
specific heatRef. 14 in the (Bak);_,(LaF;)x mixed crystal sys- Crs=6.2Cr, so that the Ramagr s(0) values and the

tem. The dotted curves i@ and(b) are the least-square fits to the " — .
density of states of TLS. specific-heatP values agree in (Balr; _,(LaF;), crystals.

This new relationship between the coupling constants is
_ o more robust albeit the frequency dependenc€4g is ne-

ted curves displayed in Figs. & and 1%b) represents a glected. The same correction factor is used for all other
least-square fit t@r s(w) using a three parameter function mixed crystal systems.
of the formg(w)=a/{exgb(w—d)]+1}, wherea, b, andd The density of states per unit frequency range of Raman-
are the fitting parameters. Because of the frequency depenctive TLS is plotted versus frequency for three
dence ofgr s(w), we need to estimate thg 5(0) valuesin  (CaR),_,(LaFs), crystals in Fig. 16a). Similar behavior is
order to compare these values with tRevalues(density of  seen in Fig. 1@) for the (Srk);_(LaFs), system, and in
states of TL$ derived from the specific-heat measurementsFig. 16(c) for the (Bak);_,(LaF;), system. Since the data
Such a comparison is shown in Fig. (&b for are quite smooth the three parameter fit has been used to
(Bak,)_y(LaFs), crystals. This renormalization is neces- characterize all of these Raman results. The fit values for the
sary to address some of the limitations associated with thepectral densitgy 5(0) are given in Table I, column 3. An
approximationCTLS%Cng. The specific-heaP values for  interesting discovery is that although the height of each
these mixed crystals are taken from Ref. 14. Ghey(0) and curve depends on the Lgkoncentration, the width of the

P h il . q d . TLS spectrum does not.
ave  simiar cqnc_entratlon __dependence —in Figure 17 presents the fitted Raman density of TLS 1/2
(Bak,);_x(LaFs), crystals is illustrated in Fig. 16). How-

he R 0 | f £ 6.2 | height frequency valué versus the Laf concentration for
ever, e ama@TLS(—) values are a factor of 6.2 larger o three different host crystals. Within the experimental un-

than the specific-hed values.(Note the local-field correc-  certainties of the experiments the TLS spectral width is in-
tion for the Raman scattering=3.75 accounts for part of dependent of the LaFconcentration, of the crystal density,
this difference. Since the specific-hed® values are deter- of whether the lattice has expanded or contracted, and of the
mined without any coupling assumptions, the simple Ramaincrease in the effective disorder.
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FIG. 17. The Raman-active TLS density of states half-width(BaSrk)q e LaFs)q g5, and a (BaSrk) g of LaFs) .01 Mixed crystal.
frequency valuel versus Lak concentration for the three different

E?;;Z'less?u(gfg)’l(jﬁ%()lfﬁz’Vi{ﬁfi'e(gfgé’grﬁLti';?’)hxo’sinﬁow_ are not §imply the result of st.rain—induced inhomogeneous
ever is essentially independent of the La®ncentration and hence broadening of standard defect-induced tunneling levels, a hy-
the disorder. pothesis that has been used to characterize broad distribu-
tions of molecular tunneling states such as CM mixed
F. The total number density of Raman active two-level systems ~ alkali halide crystal§®->2
In an attempt to find the connection betwe®f s and
tice disorder we focus on the measufad/a| as an indi-
cator of lattice strain. We shall use it as a simple measure of
the disorder in these fluorite mixed crystal systems over the
entire molar fraction range of Lafstudied. The x-ray results
giving |Aa/a| are described by the dashed curves in Fig. 18
(right ordinate as a function of the Lafmolar fraction. The
nonlinear dependence oAa/al with respect to Lafis a
f dow gris(®) = Syis, (9)  consequence of the interstitial behavior of these fluorite
mixed crystals. For Laj~doped Srk, BaF,, and the BaSrj-
provides an estimate of the total number density of Ramanmixed crystals there is a fairly good correlation betw&gns
active TLS,Sys. and the lattice disorder parametdra/a|, while for Cak, the
Figure 18 presents the measured total number density @omparison looks completely different. The end result is that
Raman-active TLSSy g (left ordinatg for the different hosts  the total number density of TLSy s and the lattice disorder
as a function of Laf molar fraction at 1.4 K(The dotted parameteijAa/al exhibit similar concentration dependence
line provides an aid to the eyeNote that for the CafFhost  with LaF; for only three of the four different systems.
St.s saturates at high LaFmolar fraction(>0.2) while the It should be emphasized that t8g, 5 value does not de-
dependence for the other systems is only slightly nonlineapend on whether the lattice undergoes expangiam for
Also for a given specific Lafmolar fraction theSy g values  (CaR);_.(LaFs), and (Srk),_,(LaF;),} or contraction{as
are quite different for different hosts. Specifically, tBgs  for (BaR,), ,(LaF;),}. Defect dynamics of tunneling and
values for the 0.05 molar fraction of LaFSrF, has the nontunneling systems have been studied for many years us-

Because of the existence of a high-frequency cutoff in thqat
Raman activegr s(w), we can calculate the total number
density of Raman-active TLSy 5. Since the fits shown in
Figs. 16a), 16(b), and 16c) are quite good, we use the fitted
function of g1 s(w) to calculateSy 5. The integrated area
under each curve from 0 to 100 ¢

smallest value, BaFis somewhat larger, CaHarger still,  ing hydrostatic pressure and the results always show that
while the BaSrg mixed crystal has the largeSt, s value of  increased pressure decreases the likelihood of tunnetitfg.
all. From that point of view one would expect that the BaF

This last observation is a key result since it demonstratesystem would show a decrease in the total number density
that the number densit$y, s depends more generally on the with decreasing lattice constant while the other two hosts
disorder in the lattice, not simply on the molar fraction of would show an increase & g with increasing lattice con-
LaF; alone. The variability of the number density for fixed stant. However, this is not what is observed experimentally.
concentration and the independence of the high-frequencyhe fact thatSy, 5 depends on the magnitude of the strain
cutoff with concentration are two indicators that these TLSdemonstrates that strain inhomogeneity, which is directly re-
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lated to the strain magnitude but not its sign, is the key T ' '
parameter rather than a uniform hydrostatic strain. T,

G. Frozen in disorder and the law of mass action

IS

(o]

S

[«
T

From these measurements there are four unusual experi-
mental signatures that stand o(it) The Sy, 5 value is many
orders of magnitude smaller than the nominal La-defect con-
centration.(2) As a function of the lattice disorder parameter
|Aa/al, Sy saturates for the (Cafy_,(LaF;), mixed
crystals.(3) For Cak, SrF, and Bak crystals doped with
=<0.01 molar fraction of Laf, the TLS number density is
too small to measure while it is not for the BaSrérystal.

(4) As the defect concentration is varied the impurity-
induced Raman scattering in the Boson peak region is pro-
portional to that in the LO region while the TLS scattering is
not. 50 000000 |

All of these results can be accounted for with one model 00 100 200 300
if the disorder parameter is taken quite literally to be a mea-
sure of an effective high temperature and the law of mass
action is used to describe the number of TLS in this high- g5 19. Comparison of Ramafy,, phonon of a fluorite mixed
temperature equilibrium situation. This disorder is frozen-iNgrystal at 1.4 K with that of the pure CaRrystal at an elevated

presumably during cooling while the crystal is being grown.temperature(The high-temperature data are taken from Rgf. 4
At high temperatures the superionic conducting anion sublat-

— (CaFylosellaFs)g 4

O Pure CaF,

2000

Raman Intensity (counts )

[e]

(o]

Frequency (cm™)

tice provides the natural component that could become 1|Aa
pinned out of equilibrium during the cooling process. Apply- Tei=—|— (11
ing the law of mass action to the reactignnassociated ala

TLS+unassociated defe¢t=) associated defect-TLS com- The differenta values are listed in column 7, Table II.

plex) gives In Fig. 20@), the experimental values f@& 5 are com-

pared with least-square fits ©(1—p) obtained from Eg.
:zcexy{ E) (10) (10). The three fitting parameters for each curve are listed in
Tei)’ columns 8, 9, and 10 in Table I[Column 11 in Table I

illustrates for a specific Laj-concentration(5%) how T
where p equals the degree of associatiantepresents the

p
(1-p)?

number of distinct orientations of the associated compipx, T T T .

is the molar concentration of the complex, akd, is the _ 15 @ '2 Cararalo T

Gibbs free energy of associatiéh>® The quantity to be com- e O SFoaF,

pared directly with the experiment& g values isc(1l o= 10 3

—p), the molar concentration of the unassociated TLS at a 2

given temperaturdl .. Since this effective temperature is o 5} 3

proportional to the lattice disorder parameltéra/al, which 3

is measured, only the constant of proportionality remains to a L ! !

be determined. 00 01 02 03 04 05
The low-temperature line shape of the Raman allowed ~ LaF,(molar fraction )

T,4 Optic mode in these mixed crystals is quite similar to that : . . .

found for the pure systems at high temperatdrBgure 19 10 ) [ car slaF, ]

shows the comparison for the GaBystem. To identify a
nonequilibrium temperature our assumption is that when the
FWHM of the T,y optic mode for the mixed crystal,
Awy(Te) at 1.4 K equals the FWHM of the pure host,
Aw,(T) at some elevated temperatufe then this deter-
mines the effective temperature of the mixed crystal, i.e.,
Te#=T. Since we have shown in Fig(&# that A wy(Teg) is © ? PE— : 5102
directly_ proportional to the lattice disorder paramétlea{a| LaF, ( molar fraction )

determined from x-ray measurements, then the effective tem-

perature is also proportional to this same parameter. Only the F|G. 20. Experiment and model values @ s for three fluorite
constant of proportionality remains to be determined. In thishosts with Lak impurity, a (BaSrg)godLaFs)ees, and a
way we finds the effective disorder temperature for all the(BaSrR), of LaFs;) o, mixed crystal(a) High concentration region
mixed crystals to be given by and (b) low concentration region.

& BaSrF,+LaF,

Ss (10"7/em®)
[$2]

094206-13



J. J. TUAND A. J. SIEVERS PHYSICAL REVIEW B6, 094206 (2002

T ' ' T tion does not agree either with the Raman data or the law of
mass action prediction. This discrepancy is not too surprising
since an earlier low concentration far-IR absorption study

showed that a set of defect-induced levels, which depended
linearly on the La concentration, occurs in this frequency

range, and that with increasing dopant concentration these
sharp transitions gradually lost strength to a broad TLS dis-
tribution, which appeared at higher concentratibhSince

the far-IR probe measures both kinds of transitions in this

frequency region it is not possible to separate out the TLS
contribution of interest here, hence the discrepancy for this
particular system at low concentrations.

0.3

0.2

FIR G()7.s

0.1

V. SUMMARY AND CONCLUSIONS

The correlation between the Raman scattering in the bo-
son peak region and in the higher-frequency defect induced
E4 resonant mode region connects the boson peak with vi-
brational properties; however, the fact that the peak moves to

FIG. 21. Concentration dependence of the number density ofigher frequencies with increasing disorder, independent of
states times the IR dipole moment squared for theslimfpurity in ~~ Whether the lattice expands or contracts, is an important new
the three fluorite host lattices. The triangles denoteand unexpected signature. These results do not support the
(BaR,);_«(LaF;),, the open circles (Sgf,_,(LaF;),, and the proposal that the boson peak in fluorite mixed crystals are
squares (Cafy,_,(LaF;),. These far-IR experimental data are resonant vibrational modes in the acoustic region that are
compared with the law of mass action resu#telid curves deter-  quasilocalized in the vicinity of dopant clust&°or that it
mined from the Raman experiments. The one new parameter is the associated with TLS excited-state transitions. A recent Ra-
IR dipole moment, given in the last column of Table II. man study of TLS in glassésalso shows no correlation

between the strengths of the boson peak and the TLS. The
varies with the crystal disord¢iThe natural agreement be- experimental results also do not agree with theoretical pre-
tween the high concentration experimental data and thdictions that increasing the lattice disorder would decrease
model predictions including the saturation 8f ¢ for the  the frequency of the boson peak or that, in general, the BP

1
0.0 0.1 0.2 0.3 0.4 0.5

0. 1

LaF; molar fraction

(Cak),_y(LaFs), mixed crystals is evident. frequency is necessarily below the lowest van Hove
The absence of Raman-active TLS in the low molar frac-singularity>°-3!
tion region of (Cak),_,(LaRs), shown in Fig. 2(b) is con- Of the three Raman-active symmetry types present in the

sistent with thec(1— p) predictions. Note that for the case of fluorite crystal, the low-lying TLS display onlj,, symme-
(BaSrk)god LaF;)g01, mixed crystal TLS are indeed de- try, notEy or T,4 type. In addition, there is no experimental
tected since th@ 4 in this case is now much larger. It ap- evidence of Raman-active excited-state transitions for such
pears that the Lafdoping provides nucleation sites for TLS TLS. The strengths of these TLS spectra show distinctive
but that Eq.(10) actually controlsSy s once a sufficient concentration dependencies in the three crystal lattices, with
number of nucleation centers are available. CaF, standing out as the most unusual. This same mixed
crystal system shows the largest amount of crystal disorder.
This result, together with the fact that the low-temperature
line shape of the first-order Raman allowégl, optic mode
in these mixed fluorite crystals is quite similar to those pre-
The observed cutoff frequency of the Raman-active TLSviously found for the pure systems at high temperatfies,
spectrum is about the same as previously observed for thés to assign this disorder to an effective temperature. A key
far-IR results and independent of the®[laconcentratiot®  result is that the TLS number density is controlled by the law
Since both the number density per unit frequency range andf mass action with the effective temperature determined by
the total number density of Raman-active TLS are nowthe frozen-in lattice disorder. An important universal signa-
known and the results described by the law of mass actioture is the absence of TLS below a certain dopant concentra-
with an effective disorder temperature, these findings can bgon. Because of the nonlinear behavior of EX0) with T,
compared with the far-IR data for the same crystal systemghe TLS Raman scattering is not proportional to the mea-
By using the far-IR dipole moment as a single parameter fosured impurity-induced Raman scattering in the LO phonon
each crystal system, the concentration dependence found foggion. The fact that the TLS scattering and the boson peak
the two different spectroscopic techniques can be comparetiave different symmetries, and that they do not scale the
The far-IR resultsG(w)1 s and the law of mass action pre- same way with defect concentration or with the lattice disor-
dictions and solid lines, which agree with the Raman datader parameter, is another indication that they involve very
are shown in Fig. 21. For Syfand Bak hosts the results are different dynamical properties of the disordered solid. The
quite close; however, the La doped Gadt low concentra- experimentally measured values f8f g of ~10'/cm® are

H. Comparison of the Raman and far-IR results
on the number density of TLS versus concentration
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obtained by assuming that the possible orientations of thproperties at low temperatures. A feature of the resulting
associated complex are very large700), a result suggest- nonequilibrium configuration of the crystal is the TLS spec-
ing that such complexes may have many degrees of freedortrum. Although the strength of the Raman-active TLS spec-
It follows that the resulting TLS studied here may be assotrum depends on the degree of this disorder, the surprise is
ciated with correlated motion of many atoms at low temperathat its width does not.

tures. It should be noted that this high effective temperature
activation picture would be expected to apply to all the high-
temperature superionic systems.

In conclusion, our experiments indicate that TLS in the
mixed fluorite crystals are a feature of the high-temperature The authors thank J. B. Page and R. H. Silsbee for helpful
system remaining out of equilibrium upon cooling. The comments and J. A. Campbell for providing many of the
locked in mixed crystal anion lattice disorder simply permitssamples. Supported in part by NSF-DMR, NASA, and the
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