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Though the existence of two-level syste($.S) is widely accepted to explain low temperature anomalies
in the sound absorption, heat capacity, thermal conductivity and other quantities, an exact description of their
microscopic nature is still lacking. We performed computer simulations for a binary Lennard-Jones system,
using a newly developed algorithm to locate double-well poten{@®/P) and thus two-level systems on a
systematic basis. We show that the intrinsic limitations of computer simulations like finite time and finite size
problems do not hamper this analysis. We discuss how the DWP are embedded in the total potential energy
landscape. It turns out that most DWP are connected to the dynamics of the smaller particles and that these
DWP are rather localized. However, DWP related to the larger particles are more collective.
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I. INTRODUCTION what obscure because experimentally it is very difficult to

It is well known that most kinds of disordered solids show characterize their microscopic nature. o
anomalous behavior at very low temperatures as compared to Formally, a TLS corresponds to a pair of local minima, or
their crystalline counterparts. Many of the observed featureg double-well potentialDWP), on the potential energy land-
can be explained by the Standard Tunneling Ma&iM)12  scape(PEL). The minima need to have an energy difference
and its generalization which is the Soft-Potential Motél. less thanksT and a small distance in configuration space
The basic idea of the STM is the existence of a broad distribecause otherwise no tunneling would occur. One may won-
bution of Two Level SystemgTLS). The TLS can couple to der whether computer simulations might help to elucidate the
strain and electric fields and therefore influence quantitieselevant properties of TLS and thus to prove their existence.
like the heat capacity, thermal conductivity, sound absorptiorfComputer simulations are strongly limited in several direc-
and dielectric response; see Ref. 7 for a review. The STMions: (a) Typically rather small systems have to be used to
predicts a linear dependence of the heat capacity on temperanalyze the PEL. This may give rise to significant finite size
ture and a quadratic dependence of the thermal conductivitgffects;(b) due to finite simulation times the cooling process
on temperature. The STM gives a good general agreemeiy extremely fast so that the resulting glassy structure may be
with experimental results down to temperatures aroundastly different as compared to the experimental situation.
100 mK. This may strongly influence the properties of the TLS ob-

So far it has not been possible to derive a theory of theained by computer simulationgg) due to possible imper-
glass transition or of the low-temperature anomalies fronfections of the search algorithm to identify TLS one may
first principles, i.e., from the Hamiltonian of the glassy sys-possibly miss a significant fraction of TLS.
tem. This means, that, except for the few cases where pos- In this contribution we will show that these problems are
sible TLS have been successfully identified by means ofot relevant for the problem of locating TLS and that it is
computer simulation? the STM and the recent develop- indeed possible to obtain detailed and unbiased information
ments, mentioned above, are almost purely phenomenologibout the nature of TLS. A particular challenge is the sys-
cal. In particular researchers wanted to explain why thaematic search of TLS. Most of the early computer simula-
nearly constant ratio of the density of TLS and their couplingtions in this field®-?2did not attempt to systematically find
to phonons, if compared for very different glasses, is SODWP. In this work we present computer simulations on a
similar!?® Already one decade ago this has been interprete¢hodel glass formetbinary Lennard-Jongso systematically
by Yu and Leggett!? and Coppersmitif as an indication identify the TLS. A first step in this direction has been al-
that the observed TLS are highly collective excitations ofready published a decade atjo?®At that time, however, it
many underlying microscopic TLS, resulting from the inter- was not possible to exclude that any of the above-mentioned
action among TLS. In the meantime, however, it has beeproblems might hamper the analysis. With improved algo-
shown that the interaction is only relevant in the mKrithms and faster computers this has become possible nowa-
regime'#-1® An alternative scenario has been proposed byjays. Furthermore the TLS are related to the properties of the
Lubchenko and Wolyne¥. They consider the glass as a mo- glass transition. Qualitatively, one may say that TLS probe
saic of frustrated domain walls, separating individual cellsthe PEL on a very local scale whereas for the understanding
In their model the collective tunneling process finally in- of the glass transition much larger regions of the PEL are
volvesO(10?) molecules which only move a fractiah/aof  relevant. Here we would like to mention that in recent years
a nearest-neighbor distan¢@, /a)?~0.01). Unfortunately, —computer simulations succeeded in extracting many impor-
the object of these theories, namely the TLS, are still sometant features of the PEL of supercooled liquifs’
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Il. TECHNICAL values; see below®’5) Repeat this procedur® times for

different initial random numbers. The values B, and

Nsearch @re chosen to give the largest number of nearby

As a model glass former we chose a binary mixtureminima per starting inherent structure.

Lennard-Jones system with 80% A-particles and 20% |n the final step the transition states for the generated pairs

B-particles(BMLJ).2>-8 It is supposed to represent nickel- of minima are located by a modified version of the nonlocal

phosphoroug80% ®*Ni; 20% 'P)*® but with a 20% higher  ridge method® This algorithm is very robust to identify

particle density, this system was first used by Kob andirst-order saddles between pairs of minima. In case that no

Anderson. The used potential is of the type such saddle exists the new minimum is dismissed. In particu-

_ 12 6 lar this may occur if the path to the second minimum in-

Vap=4 - €apl(00g/1) "= (00’1 + @+ D-1), (1) | o1ves ransitions of twgor more independent TLS during

with 045=0.80aps 055=0.880aa €ag=1.5€an, €g5=0.5€an,  th€ Ngearcn MD-steps. This is the standard situation for very

mg=0.5m,. Periodic boundary conditions were used and thdarge systems. As a result we obtain for every starting mini-

linear functiona+b-r was added to ensure continuous ener-mum a set of minima characterized by asymmeirydis-

gies and forces at the cutoff,=1.8. The units of length, tanced and barrier heigh¥. We explicitly checked that all

mass and energy are,,, My, ean the time step within these minima have 0 and all transitions states 1 negative eigenfre-

units was set to 0.01. The simulation cell was a cube with g&uency.

fixed edge length according to the number of particles and an This algorithm is superior to the TLS-search algorithm,

exact particle density ob=1.2. Molecular dynamicéMD)  used in previous worké2® because no indirect assumptions

simulations, using the velocity Verlet algorithm, have beenare made with respect to the number of particles participating

used to generate independent configurations and as part of a TLS-transition or with respect to the distargte

the DWP location algorithm. For the case of Nickel- Beyond the direct euclidian distancebetween configu-

Phosphorous the energy unit corresponds to 933.9 Koapd rations(or correspondingly the distancemoved by particle

is 2.2 A. We analyzet=65, 2x 65, 130, 2x 130, 195, 260 i), we use mass weighted distanaks, between two con-

particle systems. The>265 and the X 130 systems denote figurations:

two noninteracting systems sharing one simulation box. N

It is known for the same system that the dynamics above 2 (> o2y _ 2 2 2y M

the mode-coupling temperatuife as well as structural prop- Ol T,72) = 2 (dxrdy+dy) —. 2

erties like the pair correlation function are basically indepen-

dent of system size foN= 652238 Therefore one may hope Furthermore one can define the mass weighted reaction path

that even for the very small systems finite size effects for thépproximation between two minima via

TLS can be neglected. It will turn out that this is indeed the Ghmarp = P2 Franssatd) + e Fransotato F2): 3)

case.
where ry,1,, Mansstate ar€ the particle positions of the two
_ . minima and the transition statd,, is defined similarly as
B. Systematic location of TLS dmwrp UL Without mass-weighting. The mass-weighted reac-
We have developed a new algorithm for a systematidion path is introduced because it enters the WKB-term to
search of TLS. Formally, the problem is to identify two calculate the tunneling matrix element. For comparison with
nearby local minima on the potential energy landsa@iel) literature it is necessary to have also direct Euclidian dis-
of the system. In the first step a set of equilibrium configu-tances. In the subsequent analysis we have attempted to em-
rations is generated via MD simulations at constant temperaploy for every type of analysis the appropriate distance. In
ture Teqi Configurations at different times are taken andany event, due to the similarity of all definitions, none of our
used as starting configurations for subsequent minimizatiofesults would change on a qualitative level if different dis-
via the Polak-Ribiere conjugate gradient algorithm, yieldingtances had been used.
a corresponding set of local minimum energy structures, de-
notedinherentstructures? In the second step the goal is to
locate nearby minima for these inherent structures. To search
for these nearby minima we proceed as folloylg:Reset all As the ultimate goal one is looking for pairs of minima,
particle velocities with random numbers according to a nori.e. double-well potential$DWP), in the high-dimensional
mal distribution at a fixed temperatulig.,.ch (2) Perform a  potential energy landscape with/kg<<1 K, corresponding
fixed numbeMNge,.cn0f MD steps in the NVE ensembleon-  to 0.001 in LJ-units. They are expected to be relevant for the
stant number of particles, constant volume and constant etew-temperature anomalies around 1 K and thus act as TLS.
ergy). (3) Minimize the resulting structurg4) Accept the  Qualitatively, one would expect that many more DWP exist
new minimum if the distancel and the asymmetnA be-  with asymmetries of the order of the glass transition tem-
tween both minima in configuration spage below for an  perature rather than 1 K. Restricting the search to DWP with
exact definitiopn fulfil 0 =~d,,<d<dn. @and O such a small asymmetry is somewhat problematic because
=~Anin<A<Ana respectively. We introduced very small TLS are a very rare species and thus it is very difficult to find
minimum cutoffs, because minima cannot be distinguishedhem numerically. Therefore we use as a standard choice a
below numerical precision. For the choice of the cutoff-relatively large asymmetry ok,,,,=0.5. From the resulting

A. Computational details

C. Double-well potentials vs TLS
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FIG. 1. The histogram of the distribution of distances for all
DWP with A<<0.02(20 K for NiP). FIG. 2. The histogram of how often a nearby minimum was
found for the 65 particle system aftbt=400 attempts per starting

data se(6522 DWP forN=65, 2911 forN=130 and 428 for mipimum. The triangles correspond to data Iimited to participation
~ . . ratios above averag@/3 of all found and are included here for
N=260) we may easily analyze subsets of almost symmetri ter use
DWP which are relevant for the low-temperature properties. '
As shown in previous work also the range of very asymmetfinding probabilities of the DWP are continuous, i.e. there is
ric DWP contains important information about the propertiesnot a second class of invisible DWP, strictly separated from
of TLS. In particular the choicd,,,/ks=20 K (0.02 in LJ- the DWP found in our simulations. F&t=65 particles the
units) is small enough as compared to the glass transitionlistribution of TLS counts is shown in Fig. 2 for botfy, .
temperature but large enough so that we get sufficient statis=0.5 andA,,,=0.02. Already for the first choice it turns out
tics. We always ChOOS@mwmmax:OB for reasons mentioned that the distribution has its maximum at a count above 15
below. For the selection of the starting minima we choosednd the likeliness for lower counts decreases rapidly. Thus
Tequi=0.5 which is slightly above the critical mode-coupling most minima are indeed found with a high probability and
temperature off,=0.453538 the search is therefore almost complete. For the DWP with
A <0.02 this effect is even more pronounced. This compari-
son also shows that DWP with smaller asymmetry are found
more easily than DWP with larger asymmetry. Furthermore
A. Completeness of the search and finite size effects we analyzed whether for the system sizeNaf65 finite size
effects are present. As already mentioned above, general fi-
nite size effects are absent for the dynamics abiqvé turns
out that all properties of DWmpartly presented in this work,
0partly in a subsequent publicatipwere identical in the ob-

IIl. RESULTS

From previous work it is known that the different param-
etersA, d, andV are strongly correlated. For example one
finds in agreement with intuition that DWP with smaill
typically have a rather small asymmetry. Thus one woul o o .
gxppectythat most DWP which mgy act gs TLS at low tem_servedN—range between 65 and 260 within statistical noise.
perature are restricted to some regiordefalues. Therefore There is, h_o_vvever, one exception. Within the parameter
we have checked whether the DWP with<0.02 indeed '2N9€. 5P¢9'f'ed above, we found on average 0‘6.5 DWP per
display this restriction ird. For N=65 we have found 301 starting minimum fONZGS and 0.94 DWP per starting mini-
DWP in this range. The result is shown in Fig. 1. It turns outmhum forszliobV'\\I/?:erlz\lc_)q%gm#? have expﬁcted tw;]ce
that the d-distribution shows a peak around=0.3 and the number or | o= s ,”.“ea”S that or; the
strongly decreases for larger For N=130 we get very simi- per-particle basis the number of TLS’ is roughly 30% too
lar results. In addition to this the tunneling probability de- S”!al'(' for N;lSOTa_s C(;fmpa_red tN=65; see Table | ;Oéba
creases exponentially witth and thus also the relevance of quick overview. This effect is ev?n.more pronounceanor
TLS with large values ofd. Therefore the choice ofl;ay :.2.60' TV‘.IO. reasons are pos_smle. either we have fopnd a sig-
=0.8 is justified by the decreasing probability to find TLS nificant finite sizé effectwhich may appear surprising be-
with small asymmetry and large distances and also by thgausi all propsréleshof tlhe TIF]S are identjcaf this effect
decreasing relevance for those TLS. In a next step we eluc/l'@Y P& caused by the algorithm.
date the quality of our search algorithm and check whether TABLE I. Summary of the found number of DWP for the used
our search of TLS is complete within our specified parameteasymmetry restrictions and particle numbers.
range. This property is essential to estimate the absolute

number of TLS from our simulations. For this purpose we All DWP are restricted tal<0.8

have analyzed how often the different minima around a starty A Analyzed minima DWP DWP per particle M
ing minimum, i.e., how often DWP, are found during the

M =400 search attempts per configuration. In case that mo$6  <0.5 10009 6522 0.01 400
DWP are only found once or twice it is very likely that many 130 <0.5 3100 2911 0.0072 800
minima are overseen. In contrast, if almost all DWP aress  <0.02 10009 628 0.00097 400
found quite fl’equently it is Unlikely that many DWP are 65 <0.001 10009 43 6.8 10°° 400

missing. This conclusion is based on the assumption that the
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r 4—e asymmetry A, N=65, A<0.5, dmwrp<0'8

~ @-e distance dmwrp, A, N=65, A<0.5, dmw<0.8 -

F A—A mean barrier Vo & N=65, A<Q.5, dmwrp<0.8

To test the second possibility we performed simulations
with two noninteracting systems A and B sharing a box. For
determining minima the relative positions of the two inde-
pendent systems were preserved and the energies added. In
the combined system the absolute number of TLS is by con-
struction twice as high as in the elementary system. Interest-

=]
Lh

e
~

average value in LJ-units
=3
Y

ingly, using the same simulation parameters as above we also Mg 3 ]
observed a relative decrease of circa 30% when analyzing 0.1F .
the combined system 2.65. Thus it is very likely that the [,
apparent finite size effect, described above, is solely caused 036 e 2% 290 9% 292 290 288
by the algorithm. This effect can be rationalized. If a mini- saring i

mum, corresponding to a TLS, is found in configuration A
with a probability of 0.9 per attempt and in configuration B
another TLS is found with a probability of 0.1 per attempt,

they ghange to 0'81:0'91'_,0']) and 0'0120'1@_0'9’ '€ the simulations(2) More strictly, the distribution of energies
spectively, when both configurations are considered togethgpioys the left part of a Gaussian distribution. This implies
and if combined transitions are ignorgsee above This 4 the number of states with higher energy is always expo-
effect gives rise to a sharp decrease in the probability Qentially larger than the number of states with somewhat
detect elementary transitions for larger systems. Thereforg), ., energy(3) It can be estimated that the bottom of the

the best procedure is to analyze rather small systems Wh,ic(gotential energy landscape is around —306. This number can
however, are large enough to be void of relevant finite sizg,e estimated from a determination of the total configura-

effects. In analogy to our results in Ref. 38 Fhe system Size_ofional entropy*243 Thus even for very small cooling rates
N:6_5 seems to be a very g_ood compromise and, accordlngnergies would be larger than -3064) The dynamics
to Fig. 2, allows one to obtain the absolute number of TLS.;.qund and below, can be interpreted as jumps between

To proceed we counted the number of DWP with gigerent traps, denoted metabasins. They contain a number
A <0.02. It turns out that one DWP exists per 1000 particles ¢ individual inherent structures.

i.e. 0.063 DWP per independent configurations dividedNby As our simulations cover a broad range of minimum en-

For even smaller asymmetiy/kg<1 K (=0.00) we ob-  grgias we checked to which degree the properties of the
serve one DWP, i.e. TLS, per 15009 E’f‘rt'fées- Using theywp depend on the energy of the starting inherent structure.
density of NiP one ends up with>610"" J m™ TLS. Ac-  Figure 3 shows the dependence of the three DWP parameters
tually, the parametef, which can be determined experimen- 5" this energy. Interestingly, the dependencies are rather
tally and gives an experimental number of TLS, is roughlysmall, In particular there is no indication to believe that
smaller by one de_cade because the corzltnbuuon of the indib\wp in the relevant low-temperature energy range between
vidual TLS are weighted by a factd/(A3+A% <1 where  _306 and —302 are very different. This is in agreement with
A is the tunneling matrix element. More specifically we the observed independence of the inherent structure dynam-
obtainP~1.3x10% J** m™3 (see Ref. 4iwhich is close 0 jcs observed by Vogedt al33 Of course, on a strict quanti-
the value OfP“1-5X_1.046 J—l_m_s’ obtained in Ref. 23.  tative level minor variations should be taken into account.
Most of the remaining difference with, e.gP=8 Furthermore we analyzed whether the number of DWP
X 10* 3t m™® for silicate can be directly explained by the per starting configuration depends on its potential energy: see
fact that most glasses have larger elementary units like thejg. 4. In order to work with a larger data set we have in-
SiO, tetrahedra for silicate. This means that the number og|yded asymmetries up to 0.8. Furthermore we have ana-
DWP per volume is even smaller, yielding an estimate veryyzed the DWP for different subsets with respect to the dis-
close to the experimental value of silicate. tance dyyp It turns out that the dependence on energy is
very weak. Even in the most extreme cadeg,,,<0.8) the
number of DWP changes only by a factor of 2 when com-

FIG. 3. The dependence of the DWP parameters on the energy
of the starting minimum. The lines are a guide to the eye.

B. Embedding of TLS in the potential energy landscape

Now we discuss how the TLS are embedded into the over-
all PEL. As already discussed above, computer simulations § s 4083, <08
suffer from finite simulation times. As a consequence the £ ° e
starting inherent structures will have a relatively high energy & oif|e a0sq, <05
as compared to inherent structures the system would have 2 f|= Aj::mg;
reached if equilibration at lower temperatufg,; close to "fg M Lojgd::d,g
the calorimetric glass transition were possible. In order to g OO L tinear
elucidate this aspect closer we would briefly like to summa- a
rize the previous results for this LJ-systéfn(1) Inherent 0.001

N B L L L L M
-304 -302 -300 -298 -296 -294

‘starting minimum! ©

structure energies range between —-304 and -287. The low-
energy cutoff, however, is not due to the bottom of the PEL.
Rather it indicates that the number of minima with even FIG. 4. The dependence of the number of DWP per starting
lower energy is so small that they were not detected duringninimum on the energy of the starting minimum.
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FIG. 5. One dimensional sketch of the potential energy land- ,g_
scape. The asymmetipp and the barrier height for the DWP wr 1
vary between 0 andR2. The barrier height for the trapé,, on the w'E . . . v ]
i 0 50 100 150
other hand varies between 1 andlg0  aticle i, sorted by movement

paring different energies. This small variation nearly van- FIG. 6. The contribution of each particle to the total transla-
ishes when restricting ourselves to DWP with small dis-tional motion in a DWP. The DWP with an A-particle as a central
tances. In summary, we may conclude that on a local scalearticle (bottom and a B-particle as a central partiakep) show
the properties of the potential energy landscape do not délifferent behavior.
pend on the height in the landscape. Evidently this propertyge, pwp with central B-particles thus dominate DWP with
must break down when taking into account pairs of minimay central A-particle.
with a larger spatial separation. Because the number of From these data one may define a participation ratio to
minima for, e.g., energies around —295 is by a factor 6f 10 estimate the number of particles involved in the transition
larger than the number of minima for energies around —30Getween two minima. In the case thaparticles are moving
(see Ref. 42it is evident that for larged many more pairs some fixed distance and the other particles do not participate
of minima with similar energy can be found for —295 as at all, one would obtain a participation ratio af In the
compared to —300. present case, of course, one has a broad distribution and thus
In Fig. 5 we attempt to sketch the PEL of the LJ-systemdifferent definitions of the participation ratio yield different
The most prominent features are the individual traps. In convalues, as shown in Table Il. The value for the total system
trast, the DWP analyzed in this work correspond to the littlevaries between 2.1 and 9.5. Therefore it is more informative
wiggles within the traps. Typical energy scales have beeto consider the total distribution of translations instead of a
given in the figure caption showing the separation of transiSingle number; see Fig. 6. We note in passing that many
tions between adjacent inherent structures, already relevadtthors use the definitiadf/=; df to characterize the partici-

at low temperatures, and between traps, relevant above t@tion ratio. Unfqrtqnatgly, for this definiti_on it _is not pos-
glass transition. sible to draw a distribution, sorted by particle displacement,

as shown in Fig. 6. Therefore we have usedd} [ /d?) for
this purpose.
C. Microscopic nature of DWP Finally, one may ask the question whether the participa-
tion ratio depends on the properties of the DWP. Most natu-
Furthermore we have studied the microscopic nature ofally, one might think of a relation to the distance between
the DWP in great detail. One of the most elementary quesboth minima because the distance directly appears in all defi-
tions one may ask is how many particles are involved in thenitions of the participation ratio. In Fig. 7 the dependence of
translation between the two minima of a DWP? To establisithe participation ratiqsecond definitionon the distance is
an accurate picture of the microscopic nature of the TLS wehown. As expected for DWP with larger distances more
analyzed the number and types of particles participating ipparticles contribute to the translation. Actually, in previous
the transition from one minimum to the other. As a matter ofwork (Ref. 44, p. 483 we have shown for a very similar
fact all particles move when going from one minimum to theLJ-system that the slope might decrease for a larger distance;
other. In Fig. 6 we show the distribution of distances movedstill the participation ratio increases with distance.
by the different particles during the transition between both o
minima of a DWP. The distances are sorted according to D. Spatial distribution of DWP
their actual size. The curvature for the last particles is caused In the STM it is assumed that the TLS are randomly dis-
by the minimization of the distance of the two minima in a tributed in space. To check this hypothesis we first calculate
finite system. The curves for different systems show only TABLE I
small deviations for the partldes Whlch move.a larger dls'and B-particles as central particles. No mass-weighting has been
tance. It can be seen that the first particle, which moves thg.. for the distances.
biggest distance, moves much farther than the second par-
ticle if it is a B-particle(small; this is less pronounced if it is ; 2 2 2 2 . 415 b
an A-particle. As the particle which moves the biggest dis-Central particle g/ (d/da (%1 G/ dnan (/2 d)

Partition ratios for different definitions and for A-

tance can usually be clearly distinguished from the other paraverage 2.14 3.29 9.50 7.65
ticles we denote it asentral With this definition we find g 2.04 3.01 8.97 6.95
that in over 90% of all DWP the central particle is a p 4.95 6.72 16.11 16.43

B-particle, although the concentration of B-particles is only
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Ui ' ' ' ' ' ™ that some structural features of the glass favor the formation
. of DWP. A possible candidate is the coordination sphere
around the central particle. To check whether these triple
well potentials are relevant at temperatures in the Kelvin
regime we also checked if the asymmetries of the two con-
] nected double wells correlate. No such correlation could be
] found for our set of triple well potentials. Therefore it is very

1 unlikely that all three minima have energies within a very

4 N=65, average participation ratio
— fit

2
max
S

d’d

; narrow energy range of a few Kelvin. Thus at low tempera-
L — N R T R (X S S TR tures nearly all triple well potentials will at best serve as
&, two-state TLS. This statistical argument as well as the fact
that the number of triple well potentials is rather sngatbout
FIG. 7. The participation ratio does significantly dependent on1.3% of all DWP in the range of asymmetries and distances
the distance of the configurations. used in our work shows that the observed phenomena
mainly indicate structural features but are otherwise irrel-
the probability to find two DWP which have the same centralevant for the low temperature anomalies. _
particle. We find that, for botiN=65 andN=130 an en- The properties of the TLS reflect local properties of the
hanced probability that a single particle is central for twoPEL. In connection with our previous work on global fea-
different DWP. To elucidate this aspect further we made gures of the PEL it is possible to have a view on the PEL,
simplified analysis for the 65 particle system. Instead of con€ncompassing the transport dynamics above and the local
sidering all pairs of central particles we considered only gdynamics below the gla}ss_tr_ansmon. It.beco_mes evident that
-B-pairs and only those pairs, which originate from Conﬁgu_the TLS are part of the individual traps in which the PEL can
rations with exactly two observed DWP. For independent’® decomposed. _ , , _
DWP one would expect that in 1/13=7.7% of all cases the We Woul_d like to mention two discrepancies with other
central particle is identical. Rather we fou(t7+2)%. Thus  Work. One is the magnitude of the absolute movement of a
there is indeed a significantly increased probability that twocgzntral B- or A—pzartlcle, which is found to be quite large:
DWP are spatially correlated, which can also be interprete@sp=0-13 anddy ,=0.06 in LJ units. These values are
as an increased probability for triple well potentials. We fing@bout an order of magnitude larger than the estimation given
that when omitting DWP with the same central particle thePy Lubchenko and quyneé75|n their frustrated domain
other DWP are randomly distributed in the system. This wadV@ll model. The other discrepancy concerns the participation
checked by computing the average distance of the remainingios- The observed participation ratios, obtained from aver-
central particles in cases where more than 1 DWP is prese@@ing over all DWP, are much lower than those observed by
in the system. It turns out that this distance is within statis-Other groups investigating the PEL, namely by Oligschleger
tical uncertainty identical to the distance of randomly chosernd Schob3e3r_|n soft sphere glasses and L_J-Sy_éfé%er
particles. The results for the 130 particles system show th¥09¢€l et al=*in the same system as used in this work. In

same behavior. We do not consider the observed phenomef€fs: 31-33 the authors have analyzed the transitions be-
to be a severe deviation from the STM, because the aburﬁ\_/veen'adjacent minima as resulting from a molecular dynam-
dance of the triple well potentials is rather small. ics trajectory at a given temperature and found of the order

of 20 particles. Comparing this with our average value of
around 3 this seems to be a major difference, as already
stated by Oligschleger and Schobdn relation to our ear-
lier work?® where similarly small values have been reported.
We have presented a new reliable algorithm to systematiAs shown in Fig. 2 this difference is not due to the fact that
cally locate DWP in a model glass former. It turned out thatour algorithm is not able to identify DWP with large partici-
the intrinsic limitations of computer simulations do not ham-pation ratios. For a closer discussion of this discrepancy one
per the quality of our results. Thus we can indeed get inforhas to take care of the actual definition, used to characterize
mation about TLS, relevant for understanding the low-the participation ratio. In the reported work the two latter
temperature anomalies. definitions in Table Il have been used. Thus the reported
It turns out that the number of TLS, directly obtained values have to be compared to our participation ratios of
from our data, is compatible with the number of TLS ob-about 7-10. There is, however, still a remaining difference of
served experimentally. This conclusion had been alreadw factor of 2—3.
drawn from our previous work. This time, however, we can This difference can be rationalized by the different meth-
exclude that possible systematic artifacts hamper our analyeds of locating inherent structures. In the present work we
sis. Thus it is likely that TLS, responsible for the low- have attempted to localize all inherent structures within a
temperature anomalies, result from elementary noninteractertain distance to the original minimum. This approach was
ing two-state systems rather than from collective excitationsmotivated by the observation that DWP with small asymme-
As a by-product of our simulation we realized that thetries typically correspond to nearby mininisee Fig. 1 so
DWP are not randomly distributed in space. Rather there is that DWP with large distances between the minima are typi-
strong tendency that two DWP are located at the same cermally irrelevant for the understanding of the low-temperature
tral particle, i.e. form a triple well potential. This suggestsanomalies. As a direct consequence the typical distances be-

IV. DISCUSSION AND SUMMARY
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tween the minima are significantly smaller found by thedistribution in Fig. 6 which fully characterizes the nature of
present method as compared to the results reported in Refihe translational dynamics between minima in the low-
31-33 which allude more to the properties of the glass trantemperature regime.
sition. This can be quantified via the configurational distance Our results imply that experimental findings for materials
d°=3; (&, +d7, +d?)®. Comparing our value with the with a smaller minority componentdike the analyzed LJ-
value reportedvin Ref. 33 we find a difference of a factor ofsystem should be dominated by B-type TLS. More gener-
three. ally, one can ask whether the results obtained for our LJ-
Following the results, reported in Fig. 7, this difference gystem are also relevant for other systems. Actually, we
directly translates into diﬁeren(_:es pf the pa(ticipation ratio-already saw that the DWP with central A-particles involve
Extrapolating the data shown in Fig. 7 to distances arounch,re ‘cooperative processes. Our preliminary results for
unity one ends up W'th_ an increase of the participation ratiqgj;c jndicate that the participation ratios are similar to those
by a factor of 2-3 which is exactly the factor, which was of the A-particles. In general one might speculate that for

m.issing above. T_hus our present results are fu[ly consis.tenltl_s which mainly contain very similar molecules, the tran-
with the results discussed in previous work. We just menuora ' ;

. . AR . ition is more collectivelike in pure silicg and behave like
N passing that the s!tuatlon may be even more complicate e A-particles in the present case, while for TLS consisting
since the DWP, _obtamed by Sch(_)bzﬁral_. and Vogelet al, ._.of small molecules in a matrix the transition is similar to the
have been obtained from MD trajectories. Thus there exists. e localized process, as seen for the B-particles.
an implicit weighting by the probability to find these DWP. Now after validating ihe methods the next step is to get a
In contrast, in our a_p.proach a systematic determination of aéloser insight into the microscopic properties of the DWP
DWP within a specific parameter range has bee’? conducte nd to perform a direct comparison with experiments on the
This may hamper the comparison of DWP, obtained by thqow-temperature anomalies. Work along this line will be pub-
two different methods, even further. lished elsewhere.

Having in mind the dominance of the small B-particles in
the transition between two minima it becomes obvious that
the first two definitions of the participation ratio better reflect ACKNOWLEDGMENTS
the dominance of the single-particle character of DWP tran-
sitions. Thus we feel it is more intuitive to speak of 3 rather We like to thank H. Lammert, B. Doliwa, R. Kihn, A.
than of 7-10 particles which dominate the translation beSaksaengwijit, H. R. Schober, and M. Vogel for fruitful dis-
tween DWP relevant for the low-temperature anomalies. Ircussions and the International Graduate School of Chemistry
any event, from a theoretical point of view it it is the whole for funding.
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