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Tunneling states in strained alkali-halide crystals containing CN ions
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Torsional oscillators 90 kHz) have been used between 0.06 and 100 K to study low-energy excitations
in strained alkali-halide hosts doped with KCN in the concentration range from 0.2 to 5 mol %. The tunneling
model, originally developed to describe the low-temperature thermal and elastic anomalies in amorphous
solids, has been found to describe our data very well. From the observation that the tunneling strength varies
linearly with the KCN concentration, we conclude that random internal stresses in the hosts, rather than
interactions between the dopant ions, lead to the tunneling states. Implications for the origin of the tunneling
states in amorphous solids and in highly disordered crystals, and also for their universality are considered.
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I. INTRODUCTION P2
Y
C=—=0.1. (3)
The vibrational anomalies observed in amorphous solids pv

at low temperaturéshave been successfully described with

the tunneling model® This model assumes that a certain However, this value is between two and three orders-of-
number of atoms or groups of atoms can move betweefagnitude larger than the one found experimentally (10
nearly equal potential minima by a tunneling process. Ran<C<10%).? In an attempt to remove this discrepancy, it
dom strains lead to some inequality of the potential minimawas therefore suggestédthat additional elastic dipoles
and also of the barriers through which the tunneling occursinight exist in the amorphous structure which do not tunnel,
and it was argued that these effects might lead to a constaltit which will lead to a limitation of the tunneling state
density of tunneling states, or more precisely, of what is nowdensity. ParshiH argued that by including oscillators vibrat-
called their spectral densify.* With the assumption that all "9 in quasiharmonic potentials as postulated in the soft po-
tunneling states in a given solid have the same coupling erfential model, Eq(3) could be satisfied, and the universality

ergy, v, to the lattice strains, a quantity, now called tun- exp!ained. For the purpose of t_he present investigation, it
neling strength, is defined suffices to say that an expression of the form of ED.

appears in the description of the tunneling states, regardless
=, of whether or not interaction between the defects is consid-
Py ered. This similarity raises the fundamental question as to the
C=— (1) : : X . - ;
role interactions play in the physical origin of the tunneling
states in amorphous solids.

wherep is the mass density, andis the speed of sound of In the present in.vestigation, we will try to answer experi-
the solid(subscripts signifying the polarization of the waves, mentally the question of whether random stresses by them-
| andt, have been omitted for simplicityC, together withP selves, W'thOUt any interactions between the defeisasic

and y, have been used to describe the vibrationalassumpt'on of @e tunneling mogletan lead to the constant
anomalie® 8 observed in these solids. spectral density. In order to do this, we will use crystals as

This model treats the tunneling defects as isolated anf0sts for molecular tunneling impurities. As the'tunneling
noninteracting, and it also makes no attempt to explain théléfects, we choose CNions. In many alkali-halide host
remarkable observation that in all amorphous solids the tunlattices, such as KCI or KBr, these ions form tunneling states
neling strength was found to have approximately the sam@s the dumbbell-shaped CNnoves between eight equilib-
magnitude, within an order of magnitude, regardless ofium orientations in the[111] directions on the lattice
chemical composition. This fact appears by now to be welSite.-“"~ These states have been studied extensively, for ex-
established experimentally, with very few exceptiéfidn ~ @ample, through specific-heat measurements, where they are
order to explain this universality it was suggestettat the ~ observed through a Schottky anomaly, or through thermal

tunneling defects, which distort the lattice, interact with eacHconductivity, where they cause phonon resonant scattering,
other, and will lead to a density of states of the tunnelingds reviewed in Ref. 14. Interactions between the Gdhs in

defects given by the KBr host have also been observed in recent work at con-
centrations as small as 1000 ppPor possibly even at 340
2 ppm:®+7
n(E)= % 2 It has been reported by Watson that the addition of CN
Y into the mixed host crystal (KBg)}(KCI) o 5 leads to entirely

- new effects even at small concentratidhsnstead of a nar-
Since n(E) is approximately ten times larger thd [for  rowly peaked Schottky anomaly, a specific-heat anomaly
details, see below, Eq9)] it follows from Eq. (2) that varying linearly with temperature was observed, and the
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thermal conductivity did not show a resonance “dip,” but Br’ K*
varied as the temperature squared. Watson showed that these ® ~ ®
together with some acoustic observations could be well de- O/ T -
scribed with the tunneling model. A similar conclusion was @
also reached by Ensst al. in a study of the rotary echo
signal in (RbBr) g KBr), 5 containing 70 ppm CN.1° Wat-
son suggested that random strains resulting from the random
mixing of the large Br ions with the smaller Cl ions were cl”
leading to the glasslike behavior. The work to be reported @ O
here follows from this investigation. We will study, in three
differently strained host lattices, the effect of Chbns as a
function of concentration. We will concentrate on elastic
measurements, which have been found to be particularly sen-
sitive to the predictions of the tunneling model. In the analy-
sis, however, we will include the earlier measurements by
Watson, including the thermal ones. Overall, we will vary the
CN™ concentration from 0.2 mol % to 5 mol %, well into the  FIG. 1. Sodium chloride structure of (KGL,(KBr), mixed
range in which interactions dominate all effects in unstrainecrystals doped with CN. The random substitution of Brfor CI~
host lattice<® and will explore how the tunneling strength leads to a disordered crystal with no glasslike excitations detected
varies with the CN concentration. in thermal-conductivity experimentgRefs. 53 and 18 For
The obvious question which must be addressed is what, #<Cl)1-x(RbCl),, which has the same structure, only thermal-
anything, can be learned about amorphous solids from Stud)?_or_ldgctlv!ty measurements exist fee=0.01, which are, however,
ing a doped crystal. Two answers can be givénMolecular ~ Indistinguishable from those of (KGJhdKBr) o, (Ref. 54, thus
dopants(e.g., NG ) have been introduced into amorphous ?hot Ig]l;/t{ng anz |tr.1td|§at|0ﬂ for glasslike excitations. The ClHnters
solids (e.g., BO3) in an attempt to modify the tunneling © lafiice substitutionally.
strength of C (reviewed in Ref. & No changes were
achieved, which is, of course, just another piece of evidence The crystals measured here were seed pulled from the
for the universality ofC. Thus, the use of any dopants in melt by Gerhard Schmidt in the Crystal Growth Facility of
amorphous hosts is not a promising avenue for the study dhe Cornell Center for Materials Research. The starting pow-
the effect of strains(ii) The vibrational anomalies first ob- ders of KCI, KBr, and RbCl were Merck Industries “super-
served in amorphous solids have since been observed inpure,” with nominal impurity levels of less than 1 ppm. A
wide range of chemically disordered crystalline solids, andcheck of the OH level in our crystal of “pure” KCI, via UV
have also been shown to be absent in s¢veey few) amor-  absorption §=2045 A), confirmed a concentration of
phous ones, as also reviewed in Ref. 9. The conclusior-0.5 ppm. The cyanide added to these crystals was taken
drawn from these observations is that the amorphous struérom one of two seed-pulled single crystals of KCN, grown
ture, by itself, is not the cause for the anomalies. Their originat Cornell and by F. Lty in the Crystal Growth Laboratory
might therefore as well be studied in crystalline matrices. at Utah, for which the starting powder had been vacuum
baked to remove §O. Even with these precautions, there are
[l. EXPERIMENTAL DETAILS still noticeable amounts of NCOin our doped crystalkde-
tected by infraredIR) absorptior}, present at the level of
~600 ppm in the samples doped with several percent KCN,
All of the CN™-doped crystals investigated here, KBr, to ~5 ppm in the “pure” undoped KCI and (KBi(KCI) 5
KClI, and the mixed crystals KBr, KCl,, and RbC]_,  samples(The latter amount of NCO in undoped samples
KClI, have the sodium chloride crystal structure in which theagrees with the amounts found in the “pure” samples of Ref.
elongated CN ion substitutes for a halide ion, as illustrated 22.)
in Fig. 1. It is possible to grow single crystals of Chloped The concentrations of CNin the crystals used in this
single host alkali halides over the full range of study were determined by IR absorption at room tempera-
compositior?* In the mixed host (KBr)_,(KCl),, however, ture. The fundamental stretching vibration of CNis
which is strained due to the random mixing of disparate ion~2100 cm* (wave numbersfor all crystal hosts used; the
sizes and lattice constanfsee Table), we have found that measured absorption peaks, especially with mixed host crys-
when adding over 4% or 5% KCN to this mixture, it becametals, were seen to be quite wide, however, and so the peak
difficult to pull a crystal from the melfthe crystal tends to absorption  value relationships of Seward and
pinch off, not wanting to add lattice planes to the startingNarayanamur? were not used here. Instead, a “standard”
seed crystal and so our mixed host data are limited to a 5%sample of (KBr)y(KCI) ;+3.0% CN (in the mel} was
CN™-dopant concentration. Interestingly, we found that oncemeasured for us by liy where he performed a careful IR
a strained host crystal is grown, the CNeems to act like scan and integrated the peak area, using the known oscillator
“glue” in keeping it together; (KBr)s(KCI) s with no CN~  strength of CN (to find in that crystal the concentration to
shatters readily, whereas increasing amounts of cyanidee 2.5%. Our measured absorption peak areas were com-
make the crystals more and more difficult to cleave. pared to this standard to determine TMoncentration. The

Q

A. Sample preparation
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TABLE I. Crystal structure reference values. The lattice constants and densities are taken from Landolt-
Bornstein tablegRef. 45, and the ionic radii from Ref. 46. The valié¢=4/a® is the number density of
halide sites, useful in converting CNconcentrations between numberfcamd mole fractior(or ppm.

Crystal a (A N (cm™3) p (g cm ) Crystal lonic

ion radius(A)
KCI 6.2929 1.6 1072 1.989 cr 1.81
KBr 6.5982 1.3% 107 2.750 Br 1.96
KCN 6.592 1.40%x 1072 1.60° K* 1.33
RbCI 6.5898 1.480 1072 2.803 Rb 1.47
(KBrP) 044 KCl) 054 6.434° 1.50x 10?2 2.365¢

%Reference 47.

PReference 20.

“Measured, this work.

dMass density based on lattice constant; note that our measured density of 2.42ig 2f% higher than this.

conversion factor, given below, is based on the peak area iliquid-nitrogen temperature, to avoid crackindhe sample
“absorbance” @bs) versus inverse wavelengthi (%) length was tuned to be one-half of a shear wavelength so
graphs, where absorbance is defined asqdg/l) andl, that the composite oscillator has a resonance frequency at
and | are the IR intensity values before and after passingoom temperature within 1% of the measured quartz-
through the sample: transducer resonance; this adjustment ensures that the epoxy
and indium joint between the quartz and sample has almost
peakarea  absxXcm~ 21% CN- 4 zero strain, and therefore contributes minimally to the ob-
sample length’ 7 em - ' ) served internal friction. The oscillator was driven by a set of
electrodes which form a quadrupole configuration around the
The density of each crystal was determined usingransducer and which simultaneously drive and detect its mo-
Archimedes’ principle by weighing each sample suspendedion. It was mounted in an insertable cryo$tdor tempera-
in air and in paraffin oil p=0.835 g/cmi). Lattice-constant tures above 1.5 K, and in a standard dilution refrigerator for
measurements were performed on an x-ray powder diffractdemperatures below. All measurements were taken at an an-
meter(Cu K« bean to determine the relative amounts of a gular strain amplitude betweenal0~° and 5108 as de-
mixed host crystal, e.g., (KBy).,(KCl),, by interpolating  scribed by Liuet al?” and by Thompsdf? to ensure that the
between values for each pure hdsegard's law’). Mea-  oscillators were driven in a strain-amplitude independent
sured lattice constants were the following 001 A): 6.294 range, as demonstrated through a line shape which was ac-
A for KCl—note this is 0.02% higher than the published curately Lorentzian.
value  given in  Table R 6.434 A for Calculation of the internal friction of the sample from that
(KBF) g4 KCI) g s,—called (KBr), §(KCl)o5 for simplicity ~ of the composite oscillator is given in detail elsewhere. Note

in the following; 6.378 A for (KBr),KCl)-; and 6.440 A  that in our analysis, for convenience even the background
for (RbCl)y g(KCl) o.5. (e.g., clamping losses are included in the sample internal

friction.?® We refer to the same publication for a review of
the tunneling model used to evaluate the measurements.

1

Ill. TORSIONAL OSCILLATOR MEASUREMENTS

AND ANALYSIS
IV. EXPERIMENTAL RESULTS

Internal friction and speed of sound were measured in
torsion near 90 kHz, using a composite oscillator technique
described in detail by Cahill and Van Clef®eThe crystal The internal friction of KCI depends strongly on tempera-
samples were cleaved alofd00 planes into rods of ap- ture and also on the CNdoping (Fig. 2. The undoped
proximately 2<2 mn? cross section, with lengths on the sample shows a narrow peak at 40 K, and a broad shoulder
order of 8 mm, depending on their transverse speed of soun@eaking at 0.2 K. When instead a pure quartz or fluorite
The sample and quartz transducer were then formed into erystal sample was attached to the quartz transducer, with an
composite torsion bar: The cylindrical transducer was firsindium foil of similar thickness as that used for the KCI
attached to a thin BeCu pedestal with a drop of Stycastample epoxied in between, no such broad shoulder or peak
2580FT epoxy(less than 1.0 mg The sample was then ep- were seerR® We therefore conclude that these are caused by
oxied to the other end of the transducer, after epoxying arace impurities. The dash-dotted line indicates our estimate
~0.25-mm thick indium foil (~0.38 mm for the strained of the low-temperature internal friction background of a per-
mixed crystaly between sample and transducer to cushiorfect, pure KCI sample.
the differences in thermal contraction between théBven Doping with as little as 45-ppm CNcompletely changes
with the indium foil, the temperature of the strained latticethe internal friction of the sample. Two peaks, one~&.5,
crystals must be changed very slowly, especially abovehe other at~1.5 K, increase the damping by as much a

A. Unstrained hosts
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FIG. 2. Internal friction of pure and CNdoped KCI. Even the KCl + 0.037% CN ] -
undoped crystal shows damping which peaks at 0.2 K, 40 K, and —0.010 bl — il
170 K, believed to be caused by residual impurities. The peaks lie 0.1 1 10 100
on top of a background internal friction which rises continuously temperature (K)

with temperature, most likely due to clamping losses.
FIG. 4. Comparison of internal friction and change in speed of

factor of 7, while the 40-K peak disappears. When the dopTsound for two CN concentrations. Reference velocity,for Av/v

ing level is increased by another factor of 8, to 375 ppmIS measured at the lowest temperature.

(0.037%, the two low-temperature peaks increase by a fac- ) S

tor of 4 or 5, with a small, but discernible shift in the tem- host lattice does not seem to play a significant role.
perature of the 0.5-K peak. Two new, narrow peaks arise at 6 AS expected, the speed of sound changes together with the
K and at 90 K. When the CN concentration increases by internal friction, as shown in Fig. 4 for the two smallest CN
another order of magnitude, to 0.467%, the 1.5-K peak infoncentrations, and in Fig. 5 for 0.47% doping in KCI. The
creases by almost two orders of magnitude, while its positiolgXtremely large decrease observed in Fig. 5 as the tempera-
shifts to~2 K, while the low-temperature peak disappears

under a broad shoulder extending below 0.1 K. The 6-K peak 0.10 —r———rT—————ry
increases drastically, as does the 90-K peak, and another new Kol beok .
peak arises at 14 K. The main features observed on the KClI 0.05 |- jgr"“n |
with the highest doping level remain nearly unchanged when T T T T eeeeee ety
the host is changed to KB?;**as shown in Fig. 3. Thus, the seseepoeset atiseacasy
0.00 RVl S
KCl + 0.037% CN L0 i
AAAA **
[T T T T T T T T ™] _005 | “}tAA « |
KCl + 0.47% CN - :
107% ¢ E > £ f
- S L N E > -0.10 | KBr + 0.3% CN i * |
<4 L xBr + 0.3% o EX 1 < ae “AA} e *
C‘: - N n L apn & AA :
g b 1 A : —0.15 ¢ Lo I
N L. ] £
— I 4 b -0.20 | AAAAA K * b
g r ] /‘“ KBr + 0.8% CN
-4t Y E *
E 10 E o R E —0.25 | KCl + 0.47% CN * 4
=] [ a ]
5 w 1 _030 sl T | i0 sl T | PR
107 ¢ 3 0.1 1 10 100
Corin L L1l Ll L1 temperature (K)
0.1 1 10 100 ) _ )
temperature (K) FIG. 5. Drastic lowering of the torsional speed of sound for KCI

and KBr containing small CN concentrations. KCl, this work; KBr
FIG. 3. Internal friction is fairly independent of the host, KCl or + 0.3% CN(Ref. 30, 80 kHz; KBr + 0.8% CN(Ref. 31, 10 MHz.
KBr, in particular below 10 K. Reference velocity is measured at 300 K.
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0.05 j ' j E CN- in (KBr)s(KCl) +
KCl background
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eerertnren. /KCI + 0.037% CN &
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A g
KCl + 0.029% CN =
\‘ (Byer and Sack) = 107% b
2 E E
>-005F 4 1 £
a A It
RN £
\ Ol R ;
E [« ¥ y + 2.5% - 1
KCl + 0.47% CN F a (KB:),:(KC]),Z + 4.6% CN-
kN [ * (KBr)s(KCl)s + 0.72% CN-
—0.10 & J [
W
A
\a 10-6 sl NI NPT P
Vi
A 0.1 1 10 100
A temperature (K)
—0.15 A . ) .
0.0 0.1 0.2 0.3 0.4 0.5 L. . .
1/T (K- FIG. 8. Internal friction of CN in (KBr)s(KCl)q ;. The solid

curves are tunneling model fits; parameters listed in Table 1l below.
FIG. 6. Same softening in speed of sound as shown in Fig. 5For comparsion, two sets of data have been added for doped
from 50 K to lower temperatures, but plotted against the inversgKBr) 5 (KCI) 5. They have been taken from Fig. 7.
temperature. Solid line represents measurements by Byer and Sack
(Ref. 32 at 30 MHz. also show theT ~! dependence reported by Byer and Sack.
(The question of whether the slightly smaller slope we ob-
ture decreases, is also observed in the KBr host for similagerve for the larger concentration—instead of the other way
doping levels®3! These velocity changes demonstrate aaround—is caused by accidental impurities in our samples
very large softening extending to below 0.1 K. which have blocked the motion of some of our Chons, or
In one of the first investigations of alkali halides dopedwhether the error lies in the determination of the Tbbn-
with alkali cyanides, Byer and Sa"ékreported a speed of centration, must be left open.
sound in KCI:.CN varying proportionally to the inverse tem-  The dynamic response of an isolatgd 1] quantum im-
perature, which they explained with the relaxation of classipurity has recently been studied by Nalbaathal.2® and has
cal elastic dipoles. Some of their data are reproduced in Figgeen applied to these data. They were able to explain the
6, using an inverse temperature scale, together with our owsound velocity for the smallest CNdoping in KCI, 45 ppm,
data for KCI containing 0.037% and 0.47% CNOur data  shown here in Fig. 4, and in particular the peak at 0.5 K

observed in internal frictior{Fig. 2). However, they could

T T T T
102 E E| T T T T
CN- in (KBr)s(KCl})s 1072 # (KBr)s(KCl)s + 2.1% CN- | 7
2 E * (KBr)s(KCl)s + 0.72% CN- | ]
o (KBr)s(KCl)s ]
n 103 1
n RbC1) 5(KC1 1.4% CN- b
it T o | (ROCDSEDs + i
§ B ;
5 g
£ 104 g
— “s:: 10—4 L
©
b —_
& g
= ol
& 19-5 4 -
10 : 2 s
% 2.1% 5 L
¢ 0.9% (Watson) 10
* 0.72%
o 0.33%
o 0%
107¢ £l ——xal 3
E 1 1 1 1 b 10—6 1 1 1 1
0.1 1 10 100 0.1 1 10 100
temperature (K) temperature (K)

FIG. 7. Internal friction of the mixed crystal system FIG. 9. Internal friction of CN -doped (RbCI) (KClI) ;5 com-
(KBr) ¢.5(KCl) o 5 containing six different CN concentrations. The pared to data obtained in doped (KBgKCIl)y5. Note that the
0.9% data are from Ref. 18. The three solid curves are tunnelingndoped strained hosts have very similar internal friction, showing
model fits, whose parameters are given in Table Il below. no sign of a temperature-independent plateau.
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FIG. 10. Speed of sound in all doped mixed hosts in which T T R

measurements extended below 1 K. The 0.9% data are taken from
Ref. 30. 0.1 1 10 100

temperature (K)

not explain the second peak of the internal friction at 2 K,
gnd concluded_that it might. be thg first evidence for defec Ref. 54 and of (KBr)KCl)os above 1 K (open and filled
interactions which becqme increasingly more pronounced Squarey taken from Ref. 53. Data below 1 Hilled circles on the
the CN" concentration increases. To summarize, the acoustifyived crystal from Ref. 18. The solid line through the latter data,
measurements on KCI:CN and KBr:CN demonstrate the repeiqy 0.6 K, is the Casimir prediction for boundary scattering for

markable impact of even small cyanide concentrations, bukis sample(Ref. 18. Thermal conductivity of (KB s KCN) o1
also reveal a rich complexity indicative of defect interac- (pjus signs from Ref. 20, with corrected composition according to

tions. Ref. 48. Data on the strained host (KBgKCI) 4 5 containing 0.2%

and 0.9% CN (open and filled triangles, respectivelifom Ref.

B. Strained hosts 18. The solid lines through the latter ddtselow 1 K) areT? fits to

. . . the dat Eq5).
CN™ doping of strained mixed-crystal hosts leads to en- e data, see Ed5)

tirely different and simpler results, at least beleviO K, as  be repeated here. By adjusting the tunneling stre@gtand
shown in Figs. 7-10. The internal friction of the undopedthe coupling energy,, best fits to each of the experimental
mixed crystals is only somewhat larger in (KBJKCl)gs  curves were achieveldhe subscript indicates that the mea-
than in KCI, and is similar to that of (RbGIYKCl)gs. In surements were performed with transverse whvEle fits
these mixed crystals, only few additional relaxation pro-are shown in Figs. 7 —10 as solid or dashed lines, and they fit
cesses seem to exist. Similarly, the speed of sound varighe data so well that some of them are difficult to discern
very little with temperature, by less than 10 ppm between Xrom the data. The only significant difference between the
K and the lowest temperature of measurement, 0.06 K, angrediction of the model and the data is observed for the
as such has not been shown in Fig. 10. speeds of sound, Fig. 10, close to and above 1 K, where the
The addition of CN ions completely changes this: The data decrease more rapidly than predicted as the temperature
internal friction becomes independent of temperature, until iincreases. However, even this discrepancy is known for
begins to decrease below0.5 K, and this plateau value amorphous solids, as shown, for example,de8iO, in Ref.
appears to increase linearly with the CNoncentration. The 29. It is concluded that the low-temperature acoustic anoma-
speed of sound increases noticeably with decreasing tenties observed in the doped strained hosts are fit very well by
perature, and subsequently decreases bel@l5 K. The the tunneling model. The parameters determined from the fits
observed steepness Ab/v increases with increasing CN  are listed in Table II.
concentration. Watson had shown that both the low-temperature thermal
The behavior observed in the doped mixed crystals reeonductivity and the specific heat of the doped strained crys-
sembles that observed in amorphous solids, except, dhls resembled that of amorphous solids. In order to compare
course, the dependence on the amount of doping. We havhe tunneling model parameters obtained from those mea-
tested this resemblance by fitting the data to the prediction afurements with those determined from the acoustic measure-
the tunneling model. Since the fitting procedure has beements, we reproduce Watson’s thermal data héNate,
described repeatedly in recent publicatih®> it will not however, we calculate tunneling model parameters from our

FIG. 11. Thermal conductivity of undoped KGHiamond$
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show (KBr), 5(KCl) o5 containing 0.9% CN. Open triangles are FIG. 13. Tunneling strengtiC, (left axis and P (right axis
0.2% CN, measured above 1.7 K only. All measurements abovedrimarily from internal friction measurements, for the three strained
1.7 K are from Ref. 30; below, from Ref. 18. Note that the humphosts (insed, as listed in Tables Il and lll. TweC, values from
occurring at~15 K in the strained crystal is not changed in the thermal conductivity are labelel, and oneP value from specific
doped crystals. Pure KBRef. 48 is shown here by crosses. The heat is labele€, . Lines through each data set are guides to the eye
dashed line is pure KBr, measurements from Ref. 20, wiogre of sjope one[The lowest data point foP is notably lower than the
=(70£7)x1077 Jg *K™% 6=167 K, vp=1.85 km/s. The (est, for which we have no good explanation, other than to point out
dash-dotted line is pure KCI, after Ref. 1dee Fig. 28 thereld  tnat it is derived from Watson'sRef. 18 only internal friction
wherecp=46x 107 Jg * K™%, §=225 K, vp=2.37 km/s; note  measurement of these strained host crystals. Interestingly, her speed
a numerical error off in that. figure. (b) Specific heat of the of sound data on the same crystal would give a value of much
(KBr)°-5(K2C|)°-5 sample con_talnlng 0.9% CN pIotte_d asC, /T better agreement with the current work, see TablgThe double
VerSlﬁ‘ T,‘l lirzom the ~intercept we determinec,=6.4 5.0 jndicates the range ofC, obtained for mixed
X107 Jg K™, and from the slope,cs+cp=(0.2+5.4) (KBr) ;_4(KCN), crystals in which glasslike excitations have been

—6 114 ; ;
glod Jg dK ’ TTe Dlebye ternZwD, IS obta|nh§d frolm th? un- observed(from Tables Il and Il}. Note that only internal friction
oped mixed-crystal value near 2 KSee(a).] This value ofco . thermal conductivity were considered for this range.

corresponds t@=195 K, andvp=2.11 km/s. In order to avoid
misunderstandings, it is emphasized that the value of the ascissa in -~ 3 1,3
Fig. 12b) extends to a maximum value of 10 Jg 1 K2, Aog=3.8x107 T= W cm =KK™, ®

for the 0.2% and the 0.9% CN-doped crystal, respectively.
own fits of the model to her dajaFigure 11 compares the Using the usual simplifying assumptions of averaging over
thermal conductivity of undoped (KBs)(KCl)s and that ~sSpeeds of sound, and over coupling energiesgitudinal
of the 0.2% and 0.9% CN-doped mixed crystals with that and transvergeas explained in Refs. 34 and 20, the tunnel-
of pure KBr and of the mixed crystal (KBfKCN)o4,. NG strengthsC; have been derived from E¢5), and are
The latter belongs to the mixed series (KBr)(KCN),, in  entered in Table lil. B
which glasslike low-temperature lattice vibrations have been In Fig. 12, Watson's specific-heat déta® have been re-
convincingly established for 02x<0.62°% The thermal drawn in order to faC|I|tat_e both the comparison of the doped
conductivity of the undoped mixed crystal (KB(KCl)o5  VErsus the u_ndoped str.a.med crystal data, and qlso the extrac-
shows no phonon scattering beid. K other than Casimir tion of thg linear specific-heat term _observed_ in the doped
boundary scattering, and abovel0 K the well-known scat- sample. Figure 1(2) shows the specific heat divided by the
tering by a resonant modé.By contrast, the CN-doped temperature cubed, below 50 K. Pure KBr at t_he lowest tem-
(KBr)5(KCl) o5 mixed crystals show phonon scattering perature, 1.7 K, approaches the Debye regime and agrees
leading to a thermal conductivity varying ag: well with Iower-ter_nperature measuremefftsndicated as

the long-dashed line. The measurements on the undoped

mixed crystal(circles are very similar;Cp/T3 is almost in-

Agao=13.0<10"2 T2 W cm 1K 3, dependent of temperature below 2 K, and the rise at the
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TABLE II. Tunneling model parameters for the CNloped alkali-halide mixed host crystals. Elastic measurements from this work,
except as indicated: Parameters frQm?® data are given first, those frofw/v data are reported in parentheses. Also shown is the coupling
energyvy; of CN in KClI in the dilute limit from Ref. 33. Values for (KBf) ,(KCN), anda-SiO, are included for comparison.

Material p (glcn?) vy, 1K (km/9) (Py2lpv?)x 10° 7 (eV) P (1047 1m™3)

(KBr) g(KCI) 5 host

...1+0.33% CN 2.43 1.46 0.25 a a

...+0.72% CN 2.44 1.42 0.78..0 0.1610.14 5.619.3

...+0.9% CN 247 1.47 0.47{0.74 0.1810.14 2.9(7.6)

...+2.1% CN 2.42 1.43 18 a a
..+2.9% CN 2.42 1.35 25 a a

... +4.6% CN 2.41 1.31 5.47.6) 0.15{0.17 39:(44)

(KBr) 5(KCI) ; host

...+2.5% CN 2.25 1.46 3.14.0 0.1710.16 20431

...+4.9% CN 2.25 1.36 5.83.9 0.1410.16 47,55)

(RbCI) 5(KCl) 5 host

...+1.4% CN 2.44 1.38 2.83.2 0.1610.16 1922

(KBr) ; _4(KCN), mixed crystals

C.x=019f 2.59 1.09 f(25)

. .x=0.428f 2.3% 1.0° 4.7(5.6)

...x=0.78 4.5

KCI:.CN

45 ppm 1.989 1.7 not available 0.192 not available

Amorphous silica

a-Sio, ! 2.20 3.78 3.33.3 0.941.2) 4.8(3.4

Measurements were not taken at temperatures low enough tCIh§yf/pvf from Av/v, or y, from either measurement. The internal
friction value forC, is simply found from the plateau valu@,gl:(w/Z)Ct.

PMeasurements from Ref. 18.

‘Reference 30, p. 160, measured at 300 K.

dExtracted from elastic measurements, this work.

®Elastic measurements by Bergital. (Ref. 36, on two samples with nominally=0.25 andx=0.50. Tunneling model fits were performed
by us, without the use of an additional parametej (ised in Ref. 36.

fComposition redetermined by Watsehal. (Ref. 48.

9Reference 48.

NAttenuation measured below 1 K only.

'Reference 49.

IK. Knorr supplied the absolute scale for this measurement.

KDetermined from the data shown in Figaof Ref. 33.

'Reference 34.

lowest temperatures of measurement, below 0.2 K, is bewhere we find
lieved to be caused by the experimental addenda. Their effect

(the solid ling has been estimated, and has also been com- €,;=6.4x10 7 Jg 1K ?
pared through measurements on a high-purity KBr sarfple.
Note in Fig. 1Za) the addenda heat capacity has not been (c3+Cp)=5.6x10"8 Jg tK™4

subtracted from the measured data. In the “Gidped
strained crystalC,/T? rises rapidly below 1 K, and at the The Debye term¢p,, taken from the average value ©f,/T?
lowest temperatures completely masks any effect the adsf the undoped sample around 2[&ee Fig. 129)] gives
denda might have.

In Fig. 12b), C, of the 0.9% CN -doped strained crystal Cp=5.4x10"% Jg 1K 4
is plotted a<C,, /T vs T2 on linear scales. A best-fit line to the

data (rms deviation 1.6410°7) reveals from the ordinate making thec; value negligibly small, as also seen in fluorite

intercept the magnitude ot;, the linear specific-heat cr_ystals by Cahilf® (Note that our best-fit coeffi_cients are
anomaIF;/, and the %Iope of thel line gives e cF())efficient. slightly different from those re_ported by Watson in Ref.)18.
The formula of the line is then Using the tunneling modeR can be extracted from the
value ofc;. A linear temperature dependence of the specific
heat indicates a constant, energy-independent density of

Cp
T statesn(E), and for two-level systenis

T Cl+(c3+CD)T21 (6)

064204-8



TUNNELING STATES IN STRAINED ALKALI-HALIDE . .. PHYSICAL REVIEW B 66, 064204 (2002

TABLE lll. Tunneling model parameters for the CNdoped alkali-halide mixed host crystals calculated
from thermal measurements. Values for (KBr) (KCN), anda-SiO, are included for comparison.

Material p (glen?) v LK (kmi  (PyZpu?)x10t % (V) P (1043 tm )
(KBr) ¢ 5(KCl) ¢ 5 host

...+0.2% CN 2.43 1.46 0.18

...+0.9% CN 2.49 1.42 0.62 9.9
(KBr)lfx(KCN)xe

...x=0.19 2.59 1.08 2.69

...x=0.41 2.3% 1.0 2.0°

...x=0.60 2.0% 1.03 4.9

Amorphous silica

a-Sio, 2.20 3.78 30 1.0

aSame crystal boule as for 0.33% elastic measurements.

PThermal conductivity data from Ref. 18. Tunneling stren@tlis calculated according to E¢B) of Ref. 35.
‘Reference 30.

dHeat-capacity data from Ref. 30. The valueRois our calculatiod Eq. (9)] from the low-temperature linear
specific-heat valug;; =6.4x10"7 J g 'K~ 2. As stated in the text, the uncertainty of the logarithmic term
in Eqg. (8) also affects this value.

€Composition redetermined by Watsehal. (Ref. 48.

'Reference 48.

9Thermal-conductivity measuremeriRef. 20.

hThermal-conductivity measuremen(®ef. 50.

iApproximate value £20%), based on a critical review of many investigati¢Refs. 51 and 52 Note,
however, a fundamental problem caused by a suspected minimum tunnel splitting.

7T2k§ from the internal friction measurements. The values taken
n(E), (7)  from the speed of sound have not been plotted, since it was
6p .
decided that the small temperature range of measurement
wherekg is Boltzmann’s constant, ang the mass density. below the maximum(Fig. 10 made the analyses less reli-
n(E), however, is dependent on the measuring timgince  able. However, even inclusion of these values would not
during that time only states with relaxation times shorter tharchange the plots significantly. The value taken from the ther-
t will be observed. The connection betwe®(E) andP and ~ Mal measurements are labeled “for thermal conductivity,
the measuring time is given By and “C," for specific heat. The straight lines indicate linear
proportionality, and it appears quite clear that bGthand P
P vary proportionally to the CN concentration over the entire
n(E)= E'n[‘””m(E)]' ) doping range studied. We will return to this important point
in the next section.
where,(E) is the shortest relaxation time for states of en-  Although our discussion will concentrate on the elastic
ergy E at the measuring temperature. Experimentally, duringand thermal data below 10 K, we want to mention briefly the
normal long-time thermal measurements, the logarithmigelaxation peak observed in the CMloped (KBr),  KCI) 5
term has been found to range between 5 and 20, and is oftefiystals at~40 K. It is a single Debye relaxation peak, and
taken as 10see Ref. 4 which we also will do here. Com- s described well with the parameters given in Fig. 14. It is
bining this with the experimental value e and Egs.(7)  remarkable that this peak appears to be entirely unaffected
and(8), we find by the random stresses in the host. Since it does not scale
with the CN™ concentration, as shown in Fig. 8, it is prob-

C]_:

2L2
6.4x10°7 Jg L K 2= B 0. ) ably not connected with relaxation involving these ions.
6p 2
The valueP=9.9x10°® J-*cm™3 determined from this is V. DISCUSSION

also I|§ted n Table llwherep is alsolllsted. The fits of the experimental data to the tunneling model
By inspection of Tables Il and I, it is seen that bdth  jascribed in the previous chapter also yield the coupling en-

andP increase with the CN doping. Figure 13 shows this ergy y, of the tunneling centery, is, with remarkably little

graphically. Plotted on the abscissa is the mole fraction ofcatter, 0.16 eV, very close to the value determined from

CN™ in solid solution, on the left axis the tuTeling strength optical dichroism measured on the CNon (0.15 eV\).*®

C., and on the right axis, the spectral dendityof the tun-  This is taken as convincing evidence that the tunneling enti-

neling states. The unmarked symbols indicate values taketies observed here are indeed Chbns. The same conclu-
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sion has been reached previously during numerous investigas CN~ in the NaCl host lattic&! At concentrations of 2.5%
tions on CN -doped alkali halides in small concentratidfis, and below, the tunnel splitting is so small that no phonon
and also, perhaps somewnhat less convincingly, on mixegcattering is observed in low-temperature thermal-
alkali-halide cyanide crystafs. conductivity experiments, i.e., the potential barriers are high.
In order to determine the number density of the tunnelingyet, at higher concentrations, the mixed crystals show lattice
CN™ ions, we turn to the specific-heat measurement. Fronyibrations similar to those found in amorphous solidsy., a
Eq. (7), and the measured value of, we find the density of  thermal conductivity varying a%2). Yet another example are
states, mixed alkali-cyanide crystals. Pure KCKRef. 20 and
_ 9 1. 3 NaCN (Refs. 41 and 4phave low-temperature specific heats
n(E)=4.9<10% J-tem >, (100 obeying the Debye law. The CNions are frozen in, in an
antiferroelectric phase. In the mixed crystal (KGN)
(NaCN),, however, the lattice vibrations are clearly glass-
like, as shown by both thermal conductiityand specific
heat. Based on what we have seen in the present study, we
suggest that in both NaCl:NaCN and NaCN:KCN random
stresses are the most likely cause for the tunneling states.
Nrs=Nn(E)X10 Kkg=6.8x10" cm 3, (11  The natural extension of these observations is the idea that
the variable spacing of the atoms or molecules in amorphous
for the sample containing 0.9% CNons. The number den-  solids will also lead to tunneling states with a constant spec-

. . . . . 2 _ 3 _
sity of halide ions in the host is 2:610° cm™® (Table ), 41 gistribution,P. This is the assumption which forms the
and therefore, 0.9% equals a number density basis of the tunneling mod&?

The internal friction plateau extends t810 K. Hence,P
and thusn(E) are expected to remain constant up to that
temperature. Thus, the maximum energybs 10 Kkg,
and thereforentg, the number density of tunneling CN
ions observed up to 10 K, is

Non=1.4% 102 cm™3, (12) _ While this work. explains the existenc_e of tun.neling stateg
in amorphous solids, regardless of their chemical composi-
which is equal to tion, it offers no clue about their universality, or more pre-
cisely, about the universality of their tunneling strengi@s,
~2007s. (13 In fact, the data shown in Fig. 13 give no hint of a saturation

1% of th¥ith increasing CN concentration, although the tunneling
dissolved CN' ions can tunnel below 10 K, while the ma- Strength appears to exceed those observed in the mixed crys-
S . . — . tal (KBr);_4(KCN), in which glasslike excitations have
jority is frozen in. Since we have found th@ scales with been studied extensivel§? The range ofC measured on
CN™ concentration(see Fig. 1% and sinceP also scales these crystals is listed in Tables Il and Ill, and is also indi-
with n(E) [Eq. (8)], which in turn scales witinrs[Eq. (1],  cated on the left axis of Fig. 13. This may be taken as evi-
it follows that the fraction of tunneling ions is the same for gence that random stresses alone cannot lead to a saturation
all doping levels investigated. Thus, what determinesyf the tunneling strength within the universal range, and that
whether the CN ions can tunnel is their immediate environ- another mechanism is needed, e.g. interaction between the
ment, i.e., the random local strains, and not the dbhs i CN~ quadrupoles, as has been discussed by Sethna and
their neighborhood. Pairs or larger clusters of CNns do  Chow;* based on quadrupolar interactions first suggested by
not show up in the strained crystals, because their influencgjein et al° For the saturation of the tunneling strength in
would lead to nonlinearity.

The observations described here show that in these doped,

This means that in the strained host, less than

. . . ) T (K)
strained crystals noninteracting tunneling states are formed 50 40 30
with the spectral distribution as postulated in the tunneling 0.014 ' ' '
model. Thus, crystals such as (KBE)(KCI)q5:CN can be (KBr)s(KCl)s + 2.5% CN-
viewed as experimental models for testing a theoretical 0.012 1
model proposed for amorphous solids. Beyond that, these 0010 L Eativation = 600 K|
experiments also show clearly that random stresses alone, ‘ To=5x 102 5
not interactions, can lead to glasslike excitations in a crystal. 0.008 | |
In this particular case, the role of the stresses is to spread the 7 Tpesx = 39.5 K
tunneling frequencies of the CNions, while immobilizing 0.006
their majority. Similarly, it appears reasonable to expect that
random stresses will lead to tunneling in crystals in which 0.004
such motion does not occur in the unstressed lattice. In
(BakR,)_y(LaFs)y, for example, the relaxation rate of the 0.002
interstitials at small concentrations is consistent with a bar- - o
rier height of~0.5 eVPwhichis in turn consistent with the 000 e 0020 0025 0030 0035  0.040
observation that isolated defects do not contribute to low- L/T (K-Y)

temperature internal friction, i.e., they are frozen in. Yet, as FIG. 14. Relaxation peak observed in (KB§KCI) o+ 2.5%
the concentration increases, the internal friction approachesN~. The solid curve is a fit to a Debye relaxation, with the pa-
that characteristic of amorphous solf$?Another example  rameters as shown in the figure.
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ion-implanted silicor* an alternative explanation has beenthe picture that random stresses, or the variation of inter-
suggested: As the random stresses build, the yield stress asomic spacings, are the cause for these states. Whether they
finally locally exceeded. This will lead to a rearrangement ofalso cause the universality of the tunneling strength remains
the atoms, which will limit the formation of more tunneling a tempting, yet so far unanswered, question.
states. In pursuing this picture, we note that in our mixed
crystals the random stresses are dominated by the host atoms
which, however, have not exceeded the yield stress. There-
fore, the tunneling strength and spectral density increase in
linear proportion with the CN doping. Saturation will re- Many discussions about this work with Drs. Susan Wat-
quire larger random stresses as produced, for instance, ®pn and David Cahill, are gratefully acknowledged. This
increasing the CN concentration in excess of those we havework was supported by the Cornell Center for Materials Re-
been able to prepare. In the mixed crystals such asearch, Award No. DMR-9121564. Special thanks are due to
(BaR)_«(LaFs),, which we reviewed above, this yield Gerhard Schmidt for sample preparation and Drs. John Hunt
stress may have been exceeded for lagdeading to a satu- and E. Lobkowsky for x-ray measurements. We thank Dr. F.
ration of the tunneling strength. Luti (University of Utah for help with determining the CN

In conclusion, doped mixed crystals have been used sugoncentration. The financial support by the National Science
cessfully to create tunneling states with the same spectr&doundation, Grant No. DMR-9115981, is also gratefully ac-
distribution as observed in amorphous solids, thus supportingnowledged.
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