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Low-frequency dielectric susceptibility of Li *-doped KCI
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We report measurements of the complex dielectric susceptibility of lithium defects in potassium chloride
(KCI:Li). Experiments were performed at a frequency of 10 kHz and at temperatures between 10 mK and 10
K on single crystals doped with eithéti or “Li. The lithium concentrations ranged from 4 ppm to 1100 ppm.

At concentrations of a few ppm the lithium defects are well described as isolated tunneling systems. For the
samples containing 60 ppm or more, we surprisingly observe that the dielectric susceptibility does not scale
with the Li concentration. Moreover, we find a relaxation contribution, which indicates collective motion of the
defects. Comparing our results with a recent theory based on a Mori approach, we find the motional spectrum
of the defects to exhibit a crossover from coherent one-particle tunneling at concentrations below a few ppm
to collective incoherent relaxation above 600 ppm. This dissipation mechanism is quite different from the
usually considered relaxation based on the interaction with the phonon bath. Without any adjustable param-
eters, the theory accounts well for several measured quantities.

[. INTRODUCTION sides a shift to higher energy, the experimental curve was
considerably broadened and therefore related to a spectrum
Quantum tunneling in solids has been a subject of conef excitations instead of the single energy splittifug.
tinuous research for over 30 years. Besides the tunneling Very early it was realized that the dipole-dipole interac-
excitations in various amorphous materials such as glasse¢i®n of adjacent defect ions was responsible for the observed
and polymers, tunneling systems may arise from substituanomalies. Kleil? and Lawles¥ calculated independently
tional defects in crystafs? Lithium ions dissolved in KCI the correlations between classical dipoles and pointed out
crystals(KCI:Li) form an example with a particularly simple how their interaction would lead to “frozen” dipole pairs,
structure, and are thus considered as a model for the tunnedausing a reduction in the dielectric constant. Baur and
ing of substitutional defects. Salzman* took quantum tunneling into account and per-
Early works gave a now generally accepted picture for gormed a virial expansion. As an essential simplification they
single, isolated defect in its symmetrical crystal environmentgpstituted the actual complicated eight-state system by a

The considerably smaller lithium ion substitutes a potassiurréimmer two-state system. In a comprehensive study, Fiory

ion in the fcc lattice. Instead of occupying a centrosymmetri-gp o\ yed for various defect systems the existence of a thresh-
cal lattice site, it prefers to dwell in one of eight equivalent

it in the' 11 tal direction@ A h dinol old concentration, below which interaction was unimportant.
positions in thg(111) crystal directions. A huge dipole mo- Moreover, he observed very slow relaxation processes on the

ment is as_s_omated W't.h the ion placed in one of these Off:[ime scale of minutes. In a series of papers Klein refined the
center positions, pointing towards a space diagonal and "odel of Baur and Salzman and calculated various static and
sulting in a strong coupling to external electric fields.

The properties of an isolated defect are well described b _ynamical quantitieS>**Kranjc solved the dynamical equa-

a theoretical modélthat is based upon the tunneling motion 10N Of @ pair of two-level defects by considering the tunnel-
between localized states. Quantum tunneling partially liftd"d motion as a small pe.rturbatldﬁRecen.tIy. Terzidis ob-
the eightfold degeneracy of the ground state, leading to foufdined the exact dynamics and the statistical operator for
equidistant energy levels with degeneracies 1-3-3-1. Receftich a paif.
parae|ectric resonance experimémowed excellent agree- These works suffer from their truncation of the virial ex-
ment with this model and allowed an accurate determinatiofpansion after the first two terms. Because of this approxima-
of its parameters. tion, their results are valid only at low concentrations. How-
Whereas the thermal properties of samples with very lonever, very interesting phenomena occur at high
lithium concentration could be explained by the tunneling ofconcentrations, where the thermodynamic properties of the
isolated defectge.g., Ref. 6, serious discrepancies appeareddefects are significantly affected by the dipolar interaction,
at concentrations above about 100 ppm. In both the statithus demanding a strong-coupling theory. A recent mode-
dielectric constant of KCI:Li and in the complex dielectric coupling approach permits one to study the dynamical be-
response of various other defects in KCI additional featurewavior of the defects in the whole range of
were reported1° Furthermore, measurements of the specificconcentration$®?° The cases of both weak and strong
heat and the thermal expansion by Dobbs and Andétsoncoupling(i.e., low and high concentratipmre treated on an
showed deviations from the expected Schottky anomaly. Beequal footing. At low concentrations the mode-coupling
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theory yields the same results as obtained previously from
the virial expansion.
In the present paper we report measurements of the com-

plex dielectric constant of KCI crystals doped with different c
Li isotopes. In order to study the influence of interactions

S . . . ® K
between the Li ions on the dielectric properties, we have
investigated samples with concentrations ranging from 4 ° Li

ppm to 1100 ppm. The experimental results are discussed in
the framework of the mode-coupling theory cited above.
Preliminary results of this work have been published in
Ref. 2122

6.3A
Il. THEORY

ey g ; ; _ FIG. 1. The elementary fcc cell of KCI, the center K ion is
Quantum tunneling in KCILi leads to quite different dy eplaced by an Li ion. lon radii are reduced by a factor 1/5 for

gﬁ%gzkﬁgegﬁ)g:gadgﬁepggd{';g c\),\r/'le'hh %gggﬁ&; goggeirslgg[t'ggiisibility. The arrow indicates the direction of the dipole moment.
tunneling centers with tunneling amplitudg, whereas with
rising concentratiort interactions between the lithium ions
become more important.

In this section we first review the properties of an isolated
defect and discuss the two-state approximation. Followinqh
this we present relevant theoretical models, which take th
dipole-dipole interaction into account. Finally we summarize
the main results of a recent approach based on Mori’s reduc-

The amplitudes along the face and space diagonals are neg-
ligible because of the higher barriers and the longer distance
between the states involvéd.

The energy eigenstates are irreducible representations of
e point group,, ; they are constructed as superpositions of

e localized states with appropriate phase factors,

. i
tion method. k)=8"122 ex i leBy), (©)
aBy
A. Isolated tunneling defect where the entries of the vectkimay take the values 0 and 1.
1. Energy spectrum ;k;e eight states are distributed among four equidistant lev-
Tunneling defects in KCI:Li are formed by substituting a ’

potassium ion in the fcc lattice of KCI with a Li The E(Ayg)=—37,
difference between their ionic radil.33 A for K™ and 0.60 _

S X o g E(Tiw)=—,
A for Li ), as well as their local polarization and repulsing (4)
ion core forces, is the reason why the centrosymmetrical E(Tag) =7,
(former K*) position is not the energetically favored posi- E(A,)= 37,

tion for the substituent. Indeedb initio calculationé® reveal

off-center posmons_tr(]) be en_ergetlclally S%Tn(;;e. fayorab_lehandwhich are labeled according to their transformation behavior.
moreover, agree with experimental re icating eight 1o three-dimensional  representations correspond  to

localized equivalent positions lying along ti&ll) crystal i eefold-degenerate energies, which in terms of the vector

symmetry directions, k= (k, Kk, k,) read
x 1Ry Rz
d A,: (0,00;
=5 (@), & i (9909
Tlu: (1!0101 (011!Q| (01011), (5)

with a,8,y= =+ 1. These eight positions form a cube of side Ta: (1,10, (1,0, (01;
lengthd= 1.4 A, as is schematically illustrated in Fig. 1. Ayl (1,1,
Because of its net charge, the lithium ion moving between
these states carries a bare dipole monen.63 D> The ground staté0,0,0 is totally symmetric and nondegen-

Quantum tunneling between the off-center positions leadsrate, as expected.
to a splitting of the ground state. According to Gone¢al.*
there are three different amplitudes for tunneling along the 2. Selection rules for dipole transitions
edges of the cube, along a face diagonal, and along a space
diagonal. It turns out, however, that only the former is rel-
evant. Denoting the states localized at the positidnsby
|aBy), this amplitude is given by the nondiagonal matrix
element of the potentia¥ of the lithium ion between any
two adjacent states,

Spectroscopy essentially relies on a linear coupling of the
tunneling defect to a time-dependent elastic or electromag-
netic field,

W=F(t)-r, (6)

wherer is the defect's position operatgl) and F(t) is a
7=(111V|11-1). (2)  periodic function of time. With(3) one easily derives that the
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perturbation potentialV induces only transitions between 1 _ 1 o
eigenstates whosle vectors differ by unity with respect to H= 2 EAOU'XJF 2 E‘]ijo'lzajz: (14
their absolute values: ' (LD
1 where the sum in the coupling term runs over all pairs.
[(K[r[k'y|==d for |k—k'|=1. 7) ~ The random configuration of the defects on the host lat-
2 tice leads to a distribution in the coupling enerdy, de-
This selection rule results in a simple behavior for thePending on both the distaneg and the relative orientation
position-position correlation function of the vectorsd;, d;, andr;;. In order to simplify the dis-
tribution function forJ;; , we suppress the dependence on the

1, relative orientation ofi;, d;, andr;;, and write
(r(t)ry= Zd cog2nt), (8)

where the angular brackets denote the thermal average (19

(- -)=tr---exp(—H/kgT)/tr exp(—H/KgT).

3. Two-level approximation

1 1 p?
2 47T880 I‘”

instead of(13). Assuming in first approximation a continu-

ous distribution in the distanag; , the distribution function
For incident waves of sufficiently low amplitude, the po- of the interaction energy reads

tential (6) may be treated in lowest Born approximation or

linear response theory. In this regime the lithium ion moving 133, 1

between its eight off-center positions cannot be distinguished P(Jij)= P ﬁ 2 (16)

from a two-level tunneling system with energy splitting .

27. Thus one is led to replace this complicated eight-statéor J;<|J;j|<J,. For N, lattic sites one obtains

system by a §|mpler two-state system, which is most eaS"}L:Jz/NO.lS’lgThe upper cutoffl, is fixed by the condition

described using Pauli matrices,=|L){(R|+|R){L| and [d3:P(J;)=1. One finds

,=|L){L|—|R)R|, where|L) and|R) are localized states neAme

in a double-well potential, and,= £1 accounts for the de- 1 1

fect dwelling in the left and right wells, respectivefy.
Replacing the energy splitting by an effective tunneling

amplitudeAy= 27, the Hamiltonian for an isolated defect is

2

p
2 27 Aree, as

(17)

with  a being determined through the volume

given by (4m/3)a=VINg=c/n. [Cf. the Appendix of Ref. 19. The
1 definitions(15) and (17) differ from the notation used there
H= EAon- (9) by afactor of 2] Heren denotes the number densiiye., the

number of defects per voluhand p the absolute value of
The essential dynamical information is contained in the symthe bare dipole momer(.2).
metrized two-time correlation function For very close neighbors the continuum approximation
(16) is not well justified since the possible spacings between
lattice sites lead to discrete values of the coupling energy
Jij - Note that for KCI:Li the cutoff valuel, is somewhat
) larger than that of nearest neighbor sitégs=6.3Jy . Both
whose spectrum can be calculated most easily W#hby  are by several orders of magnitude larger than the tunneling

1
G(t—t,):E(O'Z(t)O'Z(t,)‘f‘O'Z(t,)O'Z(t», (10

Fourier transformation, amplitudeA,.*°
an
G"(w)= EE SwEAg/h). (11 C. Dynamics
B 1. Pair model
B. Dipole-dipole interaction At sufficiently low concentration, most lithium defects

may be considered as isolated tunneling systems. The few

An ion with chargeq moving between two localized o . : ) .
remaining ones are involved in pairs; larger clusters compris-

states at=3;da, carries a dipole moment ing three or more defect ions occur with negligible probabil-
ity. This assumption is an essential feature of most theoreti-
- 1 cal works on interacting tunneling defeéfs?®
p=qr=§qdoz, (12 9 g :

Considering a single pair of two-level systems with cou-
energy |J;J=J one finds as the relevant level
15

thus giving rise to a dipolar interaction between neighborin
ging b g ds)pacing§4

defectsi,] at a distance;;=R;—R;,

1 pi'pjri2j_3(pi'rij)(pj'rij) 1 o , 1,1
e P = / 232413
dmeeg r _ZJIJO'zo'z- (13 N+ A0+4J 2J, (18)

ij

Accordingly the interacting tunneling defects are describedaccordingly the correlation spectrum exhibits four
by the Hamiltonian resonance&



53 LOW-FREQUENCY DIELECTRIC SUSCEPTIBILITY OF Lii-... 12097

a 7+ The amplitudes}; do not vary uniformly withu and the
G'(w)= EZ m[b‘(fv— N lf)+8(w+n./h)]. spectrumG/(w) depends on the defect site through the in-
DA (19) teraction energy
For most pairs we havd<A; and hence the resulting |_2§2 72 (22)
i - ij -
]

resonances differ little from the bare splitting

1 . .
@imAOiEJ) and (19 is equwalelnt o the spectrum of a Calculation of observable quantities requires an appropriate
single defect, Eq(11). A sm_all fraction szthe defects inter- average with respect g and the corresponding distribution
acts strongly §,<J), leading to »_~Ag/J and 5. ~J. function read<Q(1)=cJ,l ~2exg c(1—J,/1)].
Note in particular the presence of low-energy excitations The coupled density of states
n_<<Ay. Strongly coupled pairs of tunneling states with
very small energy splittings have been observed recently in
various experiment&~28 D(E)=2, (1-R)8(E—E)) (23)

I

2. Mori theory is displayed in Fig. 1 of Ref. 20 fqe=1,2,3. There are two

With rising concentration the defects can no longer bewell-separated features at energies abb\K and well below
considered as isolated pairs, and interaction to more than 200 mK. The first one arises from single defects interacting
single neighbor has to be taken into account, indicating thevith several neighbors at some average distance. Accord-
break down of the pair model. As the most striking feature ofingly the energy splitting is shifted from the bare valig
such a many-body problem with disorder, correlation andowards higher energies with an average value of about
response functions exhibit an important quasielastic or relaxA,\/1+ u2. The low-energy peak is due to collective tunnel-
ational contribution. The spectral weight of the finite-energying of pairs of nearby defects with tunneling amplitude
excitations decreases accordingly. A3/1;. In the limit of very low concentration, the density of

In the framework of Mori’s reduction method with a states(23) reduces to a sharp peak at the bare tunneling
mode-coupling approximation, the motional spectrum arisingsplitting, D (E) = §(E— Ao) for n—0.
from Hamiltonian(14) has been shown to exhibit both reso-
nant and relaxational features. By applying a decoupling
scheme on a continued fraction representation and solving
the resulting integral equations self-consistently, an analyti- For a weak external field all relevant dynamical informa-
cal expression for the spectral function has been deriv&d. tion on the system is contained in the averaged linear re-

According to this approach, the dynamics changes signifisponse function
cantly with rising concentration or number density This

D. Susceptibility

dependence is best discussed in terms of the dimensionless N 1 [ , N
coupling parametéf x(t—t)=3y i PO, PO -t"); (24
_c)h 2 np? the sum runs over all defects present in the sample of volume
K=Ay 3 eephy’ 20y, [For a discussion of correlation®;(t)p;(t’)), see Ref.
18]
which measures the average interaction energ§f4mee, Fourier transformation gives the dynamical susceptibility

in terms of the tunneling amplitud&,. For very low con-  y(w) whose spectrum is connected () through the fluc-
centration oru<1, the mode-coupling theory yields a spec- tuation dissipation theorem
trum which is essentially identical to that of the pair model,
Eq. (19).2° With rising concentration, the correlation spec- 2 1—
trum develops an additional pole at zero frequency and dis- X' ()= §np2tanf’(ﬁw/2kBT) ng’(w), (25
plays an effective three-pole structiffe,

where the overbar indicates the average over all defects,

" Vi 1 I —=(1MN)Z;(---), and where we have used the number
Gi(w)=Ri—7 ¥2 + E; (1= Ri)(wi E/7)2+T2 densityn=N/V. Thus the frequency dependencey{o) is
(22) essentially determined by the spectr(2i).
The two parts of21) result in quite different features in

Thus the spectrur®{(w) is comprised of a pair of complex the dynamical response function. The first term gives rise to
poles atil'; = E; /% and a relaxation poley; . Both the poles a relaxational contribution whose real and imaginary parts
and the residues depend on concentration or, equivalently, afisplay characteristic relaxation peaks as functions of tem-
the dimensionless parameter For smallw the defect mo- perature. In the relevant frequency range, the second term
tion is dominated by weakly damped oscillations and accordeontributes mainly to the redbr reactive part of the sus-
ingly the relaxation amplitude is smalR;<1. With rising  ceptibility. For historical reasons, it is usually called the
concentration relaxation becomes more importantuAtl  resonant contribution.
the amplitudesR; strongly increase for most systems. For  We thus write
u>1 one finds with +-R;<1 the motional spectrum to be
dominated by relaxation. X(®)= xred @)+ Xrel( @), (26)



12 098 C. ENSSet al. 53

where the real and imaginary parts of(w)=x'(w) cordingly the average relaxation amplitude increases from
+ix"(w) are connected by the Kramers-Kronig relation.  zero to unity in going fromu<<1 to u>1.
The resonant part is determined by the well-known quan-
tities (1—R;) and E;,?° and thus permits a thorough com- 2. Relaxational susceptibility
parison with experiment. The relaxational contribution N6 we turn to the relaxation contribution which arises
strongly depends on the ratg$, and since these are cOM- oy the quasielastic part of the correlation spectr(@f).
plicated function of the dipolar couplingk; , the theory is  The second term ii26) depends strongly on the relaxation
confined to qualitative statements with respect to relaxation.gte 1k,= 1, , contrary to the resonant part, where the width
At very low defect concentration the dipolar interaction is T, could be neglected in the frequency range of interest.
negligible, and the susceptibility is simply that of_ isolated gacause of the random defect configuration, the rate
two-level defects. For further use we note that in this case thenqws a broad distribution: as a consequence the average of

static susceptibility is given by the relaxation susceptibility turns out much more compli-
2 np? Ag cated than that of the resonant part.
Xisg 0=0)= 7 —— tan)‘(—) ) (27) Here we resort to an approximate treatment which permits
3 0o 2kgT an explicit evaluation ofy,¢(w). First we use a simplified

o expression for the relaxation rate derived in Ref. 20,
1. Resonant susceptibility

At low frequenciesw<E;, we may evaluate the resonant ;= mfD(E;)[COSHE;/2kgT)] " *=f§;, (32
part of (26) at zero frequency. Moreover, usidg<E; we with fD(Ei):Ej‘]izj 5(E;~E;). The quantityf is distributed

find according to P¢(f)=In(fa/ f min) ~1f "1=K/f where the
p? 1 i upper cutoff is given byf maxch% and the lowerf , is
Xred 0=0)= 33_VE (1-R)g tanl‘(2k ) (28 smaller by many orders of magnituéfeThe last factor in
or ! ! B (32 leads to an Arrhenius type of temperature dependence
(The imaginary part vanishes far<A3/J,.) for T<E,. As a second approximation we replace the ener-
The main peak in the density of statb{E) results in a  giesE; by the mean valu& =Ag\1+ 2.
plateau for the resonant susceptibility. The low-energy exci- We start with the real part of the relaxational susceptibil-
tations withE; <Ay, however, are relevant only at very low ity. Using#Z w/kgT<<1 and summing over all defects we ob-
temperatures, but their spectral weight is small compared ttain
that of the main peak above 1 K. For this reason we have
discarded the low-energy exciations when calculating the , p? 1 yiz
plateau valuey,{0) atT=0. Xrel( @) = 3eqV kB_TZ Ri L (33
The solid line in Fig. 8, below, is derived from a simpli- '
fied analysis using the following approximate expressionsinserting(32) and averaging with respect fowe find
the distribution functiorQ(l)=cJ,/1? for cJ,<I<J,, the
energykg;= \/A02+ I zi , and the residue (1 R;) =A§,/Ei2 (for a %2
>R ?:Z RifdfPf(f)f
I

discussion, cf. Refs. 19 and 20Ve thus obtain "wZty 21 w2/ 2

2

2np® (% CclAd r(JAéﬂz) . 1 022,80
Xfes—s £ cl, |2(Ag+|2)3/2 an 2|(BT . ( ) :Ei R'EKIHW (34)

tanh(Ao\/1+ 1%/2kgT), which does not depend dn inte- &= mwD(E)coshE/2kgT) 2,
gration yields in a straightforward fashion

1 np? 1 w?+f2 22
2 np? (\/1+,[2_,L)2t ) Agy1+ u? 0 X;e,(w)=§8—roKﬁ|nT§a§2, (35)
Xres_3 £0lo \/1_1_—#2 a 2kgT . 0 B w min

wherer o= (1/N)Z;R; denotes the averaged relaxation ampli-
tude. From(35) we obtain the correct high-temperature limit

X' =3np?roleokgT for T>T*, as expected from more gen-

In the limit of low concentratiorn— 0, Eq.(30) reduces to
the result for isolated defects, EQ7).
At zero temperature the relaxational contributjgg van-

ishes; using27) we find the ratio eral considerations. Thug'(w) increases from zero at
T=0, goes through a maximum &t , and falls off as I at
x (V14 p?—pw)? high temperature.
e N at T=0, (31 Now we turn to the dissipative part
which accounts for the concentration dependence of the zero- " p> 1 WY
temperature static susceptibility. In the limit of low concen- Xrell®)= 3goV kB_TEI "UZT%Z (36)

tration (c<J,/Ay or w<<l), Eq. (31 is equal to unity,
whereas in the opposite limit it decreases with®. Thus the whose main contribution stems from systems with- ;.
resonant susceptibility per defect diminishes for1. Ac-  Proceeding as above, we find
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the opposite case u>1). The second factor
K=In(frax/fmin) ~* arises from the distribution of the relax-
ation ratev.

In order to illustrate the emergence of a relaxation peak,
we show in Fig. 2 the real part of the susceptibility as a
function of temperature, as given by E¢30) and(35). The
parameters are chosen in view of experimental data pre-
sented below; we have pui=10 kHz, 7f,D(E)=1C°
Hz, andK=10"3,

In the limit of zero temperature, the susceptibility is given
by the resonant contributio(80), whereas the relaxational
part results in maximum at about 100 mK. The relaxation

peak is hardly visible foru<3;; it gets more pronounced
with rising concentration. We remark that the rate distribu-
tion discussed below E¢32) is probably too sharply peaked
and thus results in too narrow a relaxation maximuy@ur
neglecting the low-energy excitations leads to a sharp cutoff
below about 100 mK.Though it might modify some special
features, a more detailed analysis is expected to leave invari-

FIG. 2. Real part of the dielectric susceptibility calculated ac-gnt the general features shown in Fig. 2.

cording to Eqs(30) and (35).

" p2 K fmaxgi fmingi
Xrel( @)= EPRY; kB—TEI R arctanT—arctanT .

(37)
The second term is negligible fdr,,&/w<<1. For a single
energyE=Aq\1+ u?, Eq. (37) becomes

fmaxg

1 1
" 2
Xrel(@)= 3eg np rOK—kBT arctan—-—. (38

As the real party ., exhibits a maximum, with the crossover
temperature being determined by,,,¢é= w,

. AO \/1+,Ll,2
kg™ = In[ 7f maD (E)/4w]” 39

IIl. EXPERIMENTAL TECHNIQUE

All samples investigated in our measurements were KClI
single crystals doped with different concentrations of Li as
grown from the melt at the Crystal Growth Laboratory of the
University of Utah in Salt Lake City. The starting materials
had been pretreated to reduce the Ohlhpurity concentra-
tion to typically less than 0.2 ppfi.The “Li introduced to
the melt was a natural isotope mixture containing 7.4%
8Li, while the °Li introduced to the melt was reported to be
>95% SLi. The actual Li concentrations were determined by
flame emission spectroscopy. The samples containing 60
ppm “Li and 70 ppm°®Li have been investigated previously
in specific heat and thermal expansion experinérgsmd
were provided by A. C. Anderson, University of lllinois, for
our dielectric measurements. All other samples were spe-
cially grown for the work discussed in this article.

The logarithmic variation with frequency is a general and To obtain flat disks about 2 mm thick and 15 mm in

well-known feature of a thermally activated relaxation pro-

diameter, necessary for our dielectric experiments, we have

cess; in the present case the activation energy is provided jeaved the crystals along t{&00) direction. Since aging

Ag1+ 12, restricting validity of the lawm39) to tempera-
tures well below 1 K.

At very low temperature the Arrhenius behavior (82)
leads to a sharp decrease gf,. In the opposite limit all
rates fulfill o<y, ; then the factor () results in a decrease
with inverse temperaturéAt still higher temperature fulfill-

effects on KCI:Li crystals have been reported earieve
heated the samples briefly over 350 °C and quenched them to
room temperature immediately before the experiments. Next
the samples were mounted in a sample holder, attached to the
mixing chamber of a dilution refrigerator, and the cool down
was started. The crystals containing 4 ppm, 60 ppm, and 600

ing fLiné> w, the dissipative part decreases even more rapppm Li have been measured both before and after quenching.

idly.) According to Egs{(33) and (36) both real and imagi-
nary parts exhibit a relaxation maximum.

We did not observe any difference caused by this treatment
for the 60 ppm and 600 ppm samples, while the total varia-

The classical high-temperature susceptibility for dipoletion of susceptibility of the 4 ppm sample was reduced by

relaxation is given bynp?/3eokgT, Whereas Eqs(33) and

(38 involve additional factorsry and K. Proceeding as
above the averaged relaxation amplitudg=(1/N)Z;R;

reads

r0=,u(g—arctarq,u) . (40

Accordinglyry vanishes in the limit of zero concentration or
ro=pumml2 for u<1, and it reaches unity ag=1—pu 2 in

about 5% after quenching.

The dielectric susceptibility of the KCI:Li samples was
measured using a noncommercial bridge circuit. It consists
of an inductive voltage divider, a resistance decade, and a
lock-in amplifier as null balancing detector. To improve the
resolution of our measurement we have integrated the refer-
ence capacitor, a sapphire disk 3 mm thick and 20 mm in
diameter with evaporated gold electrodes, into the sample
holder. The high symmetry and stability of this design results
in a very low level of pickup noise. At temperatures below



12100 C. ENSSet al. 53

20 K the dielectric constant of sapphire is independent of T— T ——
temperature and its dielectric loss is negligible. This has
been verified by a run without a sample. In balance the real
part of the dielectric constant is determined by the setting of
the voltage divider and the dielectric loss is compensated by
the resistance decade. The temperature was measured using a
carbon resistance thermometer attached to the sample holder
and by the magnetic susceptibility of a cerium magnesium
nitrate (CMN) thermometer located in the mixing chamber.

IV. RESULTS

A. Local field correction

Because of the permittivity of the KCI:Li crystal, the elec- 0.0
tric field experienced by the defect ions is not the same as the
external field applied to the sample. In order to conclude
from a macroscopic quantity such as the dielectric function
on the microscopic behavior of a given tunneling system, the : , I
polarization of both the host crystal and the neighboring de-, G- 3. Real part of the dielectric susceptibility of KCI crystals

. doped either with 4 ppriLi and 6 ppm®Li at 10 kHz. Solid lines
fects has to be taken into account. Indeed the quantum ME: . theoretical curves using EGO)
chanical response functid@4) is calculated with respect to '

the local field. When comparing the measured dielectric I . . . )
function with the dynamical susceptibility defined in Sec. Il, of the limiting expressions is not well defined. For the analy

the data are always plotted taking into account correction§aining 4 ppm and 6 ppm Eq41) is valid, since the total

for the local field. - . o Il oth
A simple way to derive an approximate expression for thevarlatlon of & was only in the.order of 2%. For all other
. samples we have used E@2) in order to account for the
local field F\,; has been developed by Lorer(see, for ex- local field correction
ample, Ref. 3D For the limits of low and high defect con- '
centration, different corrections have to be applied. At very
low concentration the contribution of the tunneling ions to B. Temperature dependence
the local field can by neglected, because their dlpole field Figure 3 shows the temperature dependence of the real
vanishes at large distances. Therefore the correction is detgsart of the dielectric susceptibility at 10 kHz of two KCI
mined by the polarization of the host crystal. In this limit one crystals doped with a few ppm of different Li isotopes
obtains an expression for the dielectric susceptibility similar(6|_i, “Li). As discussed in the previous section the data are
to the well-known Clausius-Mossotti equation, where onlypjotted taking into account the local field correction, which
the dielectric constant of the vacuum is replacecehy, : allows a direct comparison with E¢30), which in fact is
identical to Eq.(27) at such low concentrations. The solid
3(e—exa) lines are theoretical curves for the dielectric susceptibility of
X=—F". (41  isolated Li tunneling systems calculated using the values
gkert2 Ao /kg=1.1 K, 5Ay/k 5= 1.65 K, andp=2.63 D from Ref.
533 The Li concentrations used in our fits agree with those
Hereec, denotes the low-temperature value of the dielectricdetermined by flame emission spectroscopy within the error
constant of a pure KCI crystal. From our measurements wémits of this technique. The very good agreement of the
obtainekc=4.49 d 4 K in agreement with values reported calculated curves and the data demonstrates the validity of
earlier®** This value has been used in the analysis of outhe two-level description for isolated Li tunneling states.
data. As shown in Fig. 4 the susceptibility observed for the
At high Li concentration the tunneling dipoles contribute samples with 60 ppniLi and 70 ppmSLi at a frequency of
significantly to the local field, and the susceptibility is given 10 kHz looks still very much like that of isolated defects.
by The temperature dependence is well described by a hyper-
bolic tangent. However, in both cases the prefactor is smaller
than expected for isolated tunneling systems. This and the

(42 appearance of a tiny maximum around 200 mK are first signs
that the interaction among the Li tunneling states become
relevant.

In the case of KCI:Li the numerical values of the suscep- The imaginary party”(w) provides additional evidence
tibility obtained using Eqs(41) and(42) differ roughly by a  for the importance of the dipolar interaction. In the fre-
factor of 2; i.e., at high concentrations one would expect thatjuency range of our experiments the dielectric absorption
the differences — e« per defect is about twice as high as arises exclusively from relaxational contributions. As dis-
for low concentrations. The behavior for intermediate con-cussed in Sec. Il, one would not expect any relaxation ab-
centrations is difficult to calculate, and the range of validitysorption for isolated Li tunneling systerpsf. Eq. (27)]. Fig-

ul s Lol PN AT g 1l
.01 0.1 1 10
Temperature (K)

sis of our data we have assumed that for the samples con-

_ 9(e—eka)
X~ (6+2)(sxat2)’
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FIG. 4. Real part of the dielectric susceptibility of KCl crystals ~ FIG. 6. Real part of the dielectric susceptibility of KCI crystals

doped with different Li isotopes at 10 kHz. Solid lines are fits usingdoped with four different'Li concentrations at 10 kHz. Solid lines
Eq. (30). are guides for the eyes.

ure 5 shows the temperature dependence’ &t 10 kHz for C. Concentration dependence

samples containing different isotopes. For both samples an A ding to the th di din Sec. Il th
absorption peak below 200 mK is observed, which clearly, \cecording o the theory discussed in Sec. 1, the concen-
ation of the tunneling dipoles is an essential parameter. In

indicates the occurrence of relaxation. The magnitude of the: ; : Lo
absorption and the temperatures at which the peaks occiigs: 6 and 7 the dielectric susceptibility is displayed for four

depend on the Li isotope. Surprisingly the absorption of thégifferent concentrations of each isotope. Let us start with the
sample with lower lithium concentration is higher in the Li samples(Fig. 6. Although at a first glance all curves

whole temperature range. Since relaxational absorption prd2kK similar, it is immediately evident that the susceptibility
cesses are most effective for systems fulfilliag: y;, this does not scale linearly with the Li concentration. This be-

result indicates that the relaxation rate depends on the jsGomes most obvious by comparing the results for .th('a 60 ppm
tope mass in a complicated manner and the 600 ppm samples, where the total variatiory of

At still higher concentrations we find more pronounceddlffers only by a factor of 1.5, whereas the_rat|o of the Li
concentrations is 10. Clearly at concentrations above 100

relaxation contributions. The absorption maximum gets h ios of KCI-Li be d ibed dil
broader and extends to the lowest temperatures investigat(-;-gxomt e properties o LI cannot be described as a dilute

thus indicating the existence of systems with small excitatio efect system. We pbserve very similar results for the
samples shown in Fig. 7. Here the low-temperature value of

energies.
! A AR R T T T T
5f KCLLi 1 0.4} KOS -
10 kHz
0.3} E
5, 4 .
o 60 ppm -
= 70 ppm o2} -
' ¢ 1100 ppm
2 i A 210 ppm
O 70 ppm
01 F E
a 6 ppm
o-'"l  —— —— - OO O'O :.l MRS WAt | M XTI | bt 1t P |_
01 0.1 ! 10 .01 0.1 1 10

Temperature (K) Temperature (K)

FIG. 5. Imaginary part of the dielectric constant of KCl crystals  FIG. 7. Real part of the dielectric susceptibility of KCI crystals
doped with different Li isotopes at 10 kHz. Solid lines are guidesdoped with four differenfLi concentrations at 10 kHz. Solid lines
for the eyes. are guides for the eyes.
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FIG. 8. Normalized low-temperature value of real part of the FIG. 9. Imaginary part of the dielectric constant of KCI doped
dielectric susceptibility of KCILi y/xxo as a function of with four different “Li concentrations at 10 kHz. Solid lines are
. ISO .
w=(2npd)/(3e50A0). The solid line is a theoretical curve calcu- 9uides for the eyes.
lated with Eq.(31).
at temperatures well below 1 K. According to the theory of

the susceptibility is even smaller for the 1100 ppm sample agec. Il this indicates a broad distribution of relaxation rates.
compared to the crystal containing 210 ppm. In addition the
expected shift of the T/ dependence towards higher tem- D. Time and frequency dependences

peratures according to E(BO) is clearly visible in this case. During the measurements on samples with high defect

, In F',g‘ 8 the r.10.r.mal|zed Iow-temperatu_re value of theconcentrations we noticed that at low temperatures it took as
dleleg:trlc susceptlbllltwlxiso of all samples is plotted as a long & 3 h toreach a stationary value af after the tem-
function of the dimensionless parametefcf. Eq.(20)]. The  yerature has being changed. An example of this unexpected
solid line in Fig. 8 represents the theoretical curve calculategenayior is shown in Fig. 11. Let us look for instance at the
using Eq.(31). Given the fact that no parameter is adjustableyariation of the dielectric constant when the temperature of
theory and experiment agree remarkably well. From this wehe sample is increased from 42 mK to 52 mK. Although the
conclude that the Mori approach discussed in Sec. Il allows gemperature has already reached a steady value after a few
quantitative understanding of the defects in KCI:Li. minutes, the dielectric constant is still varying well over an

As a second unmistakable indication for the presence offiour later. The fact that the system reaches thermal equilib-
an interaction among the tunneling states, we find an increas-
ing relaxation contribution with rising Li concentration. In
the temperature dependence of the real part of the suscepti- DL L A
bility this leads to a maximum between 100 mK and 500 10F KCI:8Li 10 kHz
mK. Note that the peak becomes more pronounced with in- )
creasing concentration. Analogous observations have been

made previously by Fiofyin measurements of the dielectric ° ¢ 1100 ppm
constant of KCI:Li and other defect systems at much lower A 210 ppm
frequencies of about 0.016 Hz. Since the temperature where W 6} O 70 ppm
the maximum occurs was found to be proportionai fi3, he o o 6 ppm
concluded that the electrical dipole-dipole interaction among T,

the tunneling states is responsible for its occurrence.

Our measurements of the imaginary part of the dielectric
constant confirm that the maximum in the real part is due to oL
relaxation processes. In Figs. 9 and 10 the results of such
measurements are displayed for four different concentrations

of each isotope. Within the error of our experiments we find 0 |, Beooogronpes I e
no dielectric absorption for the samples with the lowest con- .01 0.1 1 10
centrations(4 ppm and 6 ppmin the whole temperature Temperature (K)

range. This again proves that the Li tunneling states at such

low concentration may be considered as isolated systems. FIG. 10. Imaginary part of the dielectric constant of KCI doped
For samples with higher defect concentrations we find anvith four different °Li concentrations at 10 kHz. Solid lines are
increasing relaxational absorption, which is most significanguides for the eyes.
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FIG. 11. Upper curve: time dependence of real part of the di-
electric constant of a KCI crystal containing 600 ppitd while FIG. 12. Temperature dependence of the real part of the dielec-
changing the temperature. Lower curve: temperature of the samplgic susceptibility of KCI:Li at different frequencies. The data at
as a function of time. 0.016 Hz are from Ref. 7. Solid lines are guides for the eyes.

rium so slowly indicates that a considerable fraction of theflects simply the difference in lithium concentration. In

tunneling states has extremely long relaxation times. contrast, we find a strong frequency dependence for the high-
From the concentration dependence we may conclude thgoncentrated samples, indicating that collective relaxation

this behavior is an intrinsic property of the defect system androcesses dominate the dielectric susceptibility of these

not due to any technical problems. For samples with 60 pprsamples.

a delay of the dielectric constant is hardly noticeable, but

with increasing concentration the the time needed to reach V. DISCUSSION

the equilibrium value of the dielectric constant becomes

longer and longer. At first glance one might be surprised that

we see contributions of such slow relaxing systems at all, The theory sketched in Sec. Il provides a crossover from

because our measuring frequency is 10 kHz, and we ther@ne-particle tunneling at low concentrations to collective dy-

fore observe mainly systems which fulfill the condition namics for sufficiently high defect density, occurring at

w<7"1. However, since any changes of the polarization ofs=1. (This condition is met at concentrations of=600

the crystal will change the local field, the susceptibility of ppm for ’Li and atc=1050 ppm for®Li.)

fast tunneling states will be modified by slowly relaxing Several novel features in the motional spectrum have been

neighboring states via the variation of the local field. shown to arise from the dipolar coupling to adjacent iths.
The fact that we observe dielectric absorption at 10 kHZ irst, the one-particle excitations are shifted from the bare

and simultaneously tunneling states with relaxation times atunneling splittingA, to higher values at abouty\/1+ u?

long as an hour proves that at high Li concentrations a verycf. Eq. (30)]. Second, for a small number of nearby pairs of

broad distribution of relaxations times exists. This agreeslefects, the strong coupling leads to tunneling motion with a

well the nearly constant distribution of relaxation rates ob-energy splitting which is much smaller than the bare tunnel-

served in frequency-dependent measurements of the dieleittyg amplitudeA,. Third, and most significantly, the interac-

tric function reported previously in Ref. 7. Such a wide dis-tion gives rise to collective motion of the defect ions, result-

tribution of relaxation times and especially the extension ofing in a zero-frequency peak in the motional spect(@b;

the relaxation spectrum to very long time scales have beeaccordingly the dynamical susceptibility exhibits a relaxation

derived theoretically as discussed in Sec(dl. Ref. 20. peak.

Based on this theory we can interpret the relaxation mecha- The most convincing picture for relaxational motion in-

nism as a collective motion involving many tunneling sys-volves reorientation of a large number of interacting dipoles.

tems. Note that such a process is quite different from th&herefore it is dominant at sufficiently high concentrations,

usually considered one-phonon proc#&ss. where the average interaction energy exceeds the tunneling
To demonstrate the frequency dependence of the dieleenergyA, i.e., whereuw>1 holds.

tric susceptibility at different Li concentrations we have plot-  In the samples with lowest concentrations, 4 ppm’ bif

ted Fiory's daté together with our results in Fig. 12. Al- and 6 ppm of°Li, the defects are well described as isolated

though the measuring frequencies differ by more than fivawo-level tunneling systems. With rising concentration, in-

orders of magnitude, we find hardly any frequency depenteractions become more important. As the most striking sig-

dence for the 60 ppm and the 68 ppm samples. The someature, we note the appearance of a relaxation pefakigs.

what higher total variation of for the 68 ppm sample re- 6 and 7.

A. Collective dynamics
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B. Finite-energy excitations neling amplitudeAy; at higher concentration it is shifted to

According to the emergence of a zero-frequency featurethe larger valuedgy1+ u”.
the relative spectral weight of the finite-energy excitations
decreases when augmenting the defect density; at the same 2. Comparison with specific heat data
time the average excitation energy increases. When measuring the specific heat arising fréii and
The shift to higher energies of the one-particle excitations?| j defects at various concentrations ranging from 60 to 200
may be explained by the molecular field of the surroundingopm, Dobbs and Anderson observed a broadening of the
defects. The interaction enerdy, Eq. (22), acts as a dy- Schottky peak and a shift to higher temperature with rising
namical asymmetry, leading to the characteristic dependencgefect density® A fit with the pair model performed by
of the excitation energf; = A3+ 17 and the corresponding these authors required too large values for the bare tunneling
residue in the correlation spectruﬁﬁ/Eiz. For the average splitting. They deducedA,/kg=1.8 K and "Ay/kg=1.25
excitation energy we find K instead of 1.65 K and 1.1 K as reported earlier.
- According to(18), the pair model yields energieg. ful-
2np filling »_<Ay<w%.. The broadening of the Schottky peak
AgV1+p®= A(2)+(§ g) (43 is easily explained by the distribution of the coupling param-
eter J. However, its shift is weak since the effects of the
The change of the excitation spectrum with defect densmaller energies;_ and the larger oneg.,. cancel in linear
sity, as shown in Fig. 1 of Ref. 20, agrees well with both theorder in J. Only the second order yields a finite shift to
temperature dependences of the resonant susceptibilijigher temperature.
shown in Figs. 6 and 7, and with specific heat measurements On the other hand, Mori theory yields a net increase of the

by Dobbs and Andersoft. average excitation energy even at low concentrations, be-
sides the broadening of the energy distribution. Thus both
1. Resonant susceptibility effects are well accounted for by the density of states derived

. . from Mori theory.
For isolated defects one expects the resonant susceptlbllr— y

ity, Eq. (27), to increase linearly with concentration. Taking
the dipolar interaction into account results in smaller resi-
dues of the one-particle excitations, and thus in a strong re- The reduction of the static susceptibility with rising con-
duction of the resonant contribution to the susceptibility, ascentration(cf. Fig. 8 is mainly due to the decreasing spectral
given by Eq.(31). (Hence the decrease @f xis, iS a conse- weight of finite-energy excitations. The sum rule
guence of the reduced spectral weight of excitations with dwG"(w) = = requires the appearance of an additional fea-
energy above 1 K.In fact, such a behavior is found experi- ture in the spectrum. In fact one finds, both theoretically and
mentally: Figures 6 and 7 show the resonant susceptibility texperimentally, a relaxation peak whose intensity increases
vary much weaker than linearly with defect density, and atwith concentration, according to the decrease of the weight
the highest concentration investigated, it even decre@ées of the excitations in the rang&y\1+ 2.

Fig. 7). As discussed above, the factdfsandr,, Eq. (40), ac-

In Fig. 8 we compare the theoretical res(8l) with ex-  count quite well for the intensity of the relaxation peak in
perimental data as a function of the dimensionless couplingFigs. 6, 7, 9, and 10. Fqu<1 its relative weight increases
parametenw, and thus of the defect density according to  according to(40); yet even at the highest concentrations,
(20). At low concentration o<1, the susceptibility is that corresponding tqu~1, the resonant contribution in Figs. 6
of isolated defects. With rising concentration interactions beand 7 exceeds by far the relaxational one. This may be ex-
coming more important, and as soon as the average dipol@tained by the small value for the parametgrarising from
energynp?/4mee, is comparable to the bare tunneling split- the broad distribution of the rates.
ting A, (corresponding tqu~1), we observe a strong de- Besides the height of the relaxation peak, the frequency
crease in the resonant susceptibility. Figure 8 shows an aldependence of the susceptibilitifig. 12 hints on such a
most perfect agreement of the experimental data with théroad distribution of relaxation rates. This is displayed most
theory given in Sec. II; this is valid for both isotopélsiand  clearly by the variation with time of the dielectric function
®Li. (Because of the larger tunneling amplitude of the latter after a sudden temperature change. At the lowest temperature
a somewhat higher defect density is required in order to fulinvestigated, the system needs more than an hour in order to
fill w=1.) reach equilibriumFig. 11). Such a relaxation spectrum cov-

We would like to emphasize that the dipole moment ering many orders of magnitudes, and including very slow
and the tunneling amplitudd, are the only parameters of motions, has been derived theoretically from the dipolar in-
our theory and that the values used for the fits have beeteraction(cf. Fig. 4 of Ref. 20.
taken from the literature. The relaxational susceptibility exhibit a maximum at

At finite temperature, resonant and relaxational contribu-about 100 mK. For reasonable parameters the logarithm in
tions may be separated through their different temperaturthe denominator of39) takes a value betweegy and =5,
dependences. The resonant susceptibility as a functidn of leading to the observed temperatdré at which the maxi-
reflects the thermal occupation of the energy levels. Figuremum occurs.

3, 4, 6, and 7 exhibit a variation according to taBkgT) According to(33), (39) relaxation should sharply disap-
as expected from the two-level tunneling model. At low con-pear when decreasing the temperature well belgw Ex-
centrations the characteristic energyis given by the tun- perimentally one rather finds a smooth maximum and signifi-

C. The relaxation peak
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cant relaxational absorption even at the lowest temperatures VI. SUMMARY
investigated, T=10 mK. This discrepancy may be traced

back to our neglecting of the low-energy excitations When4 ppm and 1100 ppm, we have shown the existence of a

deriving (33) and (38). The single activation energ re- ¢ qq50ver in the dynamical behavior from coherent tunneling
tained there leads to a sharp decrease of all relaxation rates jsolated defects to collective relaxational motion, as pre-
and thus of the relaxation susceptibility. dicted by Mori theory. The essential parameter is given by
the ratio of the average dipolar interaction energy and the

D. Low-energy excitations bare tunneling splitting. Here we briefly summarize the main

The calculated density of states exhibits additional exci-reSUItS' .
(a) At very low concentration we observe exactly the be-

tations at low energies, besides the main peak above 1 l$1avior expected for isolated defects in two-level approxima-

CG(),,mpr's?r? a .f?W perfcenthoft F[he hcorrbelatlonh Spectrum'rjon. However, the susceptibility per defect is reduced dras-
(w). The existence of such states has been shown eXperﬁbally, when rising the defect concentration above 100 ppm.

mentally by means of rotary echoes arising from a strongjg re g shows a remarkably good agreement between
external field with appropriate frequenty/Here we merely theory and experiment

note that the low-temperature absorption indicates the pres- (b) The relaxation peak indicates collective motion. Both

ence of excitations with energy well below 1 K. the maximum temperature and the height are at least quali-
tatively accounted for by theory.

(c) Comparing the data fofLi and ’Li reveals a charac-

The KCI:Li systems permit a thorough study of the de-teristic isotope effect, which for most quantities agrees with
pendence on the defect mass by comparing samples dopétpt derived theoretically.
with similar concentrations ofLi and 7Li, respectively. In (d) For high concentration, both time- and frequency-
the two-level descriptiori14), only the bare tunneling split- dependent measurements indicate a broad spectrum of relax-
ting A, varies with the defect mags. In the semiclassical ation times, including values of abblli h at thelowest tem-
WKB approximation, one finds Ia()e— m, which ac- Peratures |nv'est|g'ated, in accord.ance Wlth' the. relaxation
counts qualitatively for the observed valuag=1.1 K for ~ SPectrum derived in a mode-coupling approximation.
7Li and Ay=1.65 K for SLi. ~ There remain two open questions: First, a more thorough

Here we discuss the isotope effect(af the susceptibility investigation of the relaxation spectrum,.both theorenca_lly
of isolated defects at low concentratih) the crossover to and experimentally, would permit a detailed understanding
relaxation dynamics, ant) the maximum temperature of of the_ collectlve defect motion. This seems parﬂcu!arly in-
the relaxation peak. teresting since at Io_W temperature, the simple KCI:L_l system

(a) According to(27), the static susceptibility of isolated Shows features which are typical for glassy dynamics. Sec-
defects scales with A} at low temperaturésT<A,, and is ond, up to now little is known aboup thg density of states in
independent of\, in the opposite limitAg<kgT. This be- the energy range far below 1 K, which is governed by exci-
havior is displayed in Fig. 3. Despite the slightly higher con-tations of_ nearby pairs of Ilthlum defepts. These pairs consti-
centration ofSLi, the low-temperature susceptibility of the tUt€ @ unique system showing tunneling of strongly coupled
SLi sample is smaller due to the factorAl/in (27), whereas ~ &toms.
at high temperature the susceptibility is proportional to the
defect concentration.

(b) The crossover to relaxation dynamics is governed by The authors would like to thank the Crystal Growth Labo-
the ratiou of average coupling energy and bare tunnelingratory of the University of Utah for growing the samples and
splitting, which scales with ;. Figure 8 confirms the iso- A.C. Anderson for providing two crystals previously inves-
tope effect expected fror20). tigated at the University of lllinois. We are grateful to F.

(c) At not too high defect concentration, the maximum Lity, R.O. Pohl, M.v. Schickfus, and G. Weiss for many
temperature of the relaxation pedk, Eq. (39), varies lin-  useful discussions. Part of this work has been financially
early with the tunneling splittingd,. Figure 5 provides supported by the Deutsche Forschungsgemeinsdkafh-
strong evidence for the validity of this law. tract No. En299/1-1

Investigating crystals with defect concentrations between

E. Isotope effect
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