PHYSICAL REVIEW B VOLUME 57, NUMBER 2 1 JANUARY 1998-11

Atomic two-level states and relaxations observed in a computer model of amorphous HB; g
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We study the atomic motion associated with low-frequency localized vibrational modes in a computer model
of amorphous Nj;B,q. We observe that the excitation of such a mode can lead to a transition of the system into
a nearby potential-energy minimum. Such a “jump” has a cooperative character involving some tens of atoms.
During the jump the potential-energy changes for atoms located at the jump site can be considerably larger than
the total introduced excitation energy. The jumps are shown to take place at sites where so-called two-level
states are located, whose existence in noncrystalline matter has been experimentally verified. The jumps can be
of a reversible or of an irreversible nature, and a distinction can be made between two-level states that allow
reversible atomic motion to take place and two-level states that disappear after the jump. The jumps can be
identified with the local relaxations that have been predicted to occur in amorphous materials between 2 and 10
K and are correlated to low-frequency localized modes. The existence of double-well locations is argued to
play an important role in diffusion at elevated temperatures, because they are sites that have a potentially high
atomic mobility.[S0163-18208)04601-3

[. INTRODUCTION the directions of these vectors. All other atoms were allowed

to relax, reacting to the forced movement of the 11 atoms. A

It is well known that at low temperaturesT£1K)  small secondary minimum in the potential energy was ob-
glasses have a higher heat capacity and a lower thermal cof€"ved, indicating the presence of a TLS. Recently, using a
ductivity than crystals of the same compositich.This computational model of amorphous Se, Oligschleger and

anomalous behavior can be explained by assuming that th%chobejr‘L showed that thermally activated local relaxations

dominant low-frequency contribution to the vibrational den- ¢ strongly correlated to sites where localized low-
: w-irequency toutl vibratl frequency vibrational modes appear. To summarize, one

sity of states is due to two-level stateeLS's).? According  finds clear indications that low-frequency localized modes
to this theory an atom or a group of atoms can occupy eithepjay an important role in the low-temperature physics of
of two (or more potential-energy minima, which are sepa- amorphous materials. However, there is no direct insight in
rated by a low-energy barrier and are situated at a smathe nature of these modes.
distance from one another. The atoms can tuitaejump) This paper addresses two questions concerning low-
between the two adjacent minima. The theory has been efrequency localized modes. First, are multiple potential-
perimentally verified, and TLS’s appear to have a universal €nergy minima present at sites where low-frequency local-
nature which is seen in many different amorphous materialdZ€d modes are located? Secondly, what kind of atomic
However, the theory does not give an indication of the typdnotion can take place at these sites? Using molecular dy-
of local geometry that gives rise to the presence of TLS's"Mics, we set low-frequency localized vibrational modes
and what kind of atomic motion can take place at these site%nto motion in & phy3|_ca||y consistent way. It will b_e shown
Above 2 K the TLS’s contribution to the heat capacity hat' there is a relation betwee_n dqu_ble 'potentlal-energ'y
. , . . minima and atoms that can be identified, in the harmonic
vanishes, but one does find an increase in the heat capac

. &l proximation, as principal participants in low-frequency lo-
between 2 to 10 K. Neutron measurements on vitreous Silicg;5jizeq vibrational modes. Putting such a mode into motion

and metallic glassé$iave shown these excitations to be har-can, lead to a cooperative atomic jump over an energy barrier
monic vibrations which become increasingly anharmonic toyather than to vibrational motion around the original equilib-
wards lower frequencies. Using the soft potential model agium locations. Although it is tempting to assume that a
an extension of the TLS theory, Buchenetial. show that  double well is a location where one or more atoms can jump
these vibrations are localized on 10 to 100 atén®ey  from one minimum to the other without significant interfer-
explain the excitations at the low-frequency end, where thence from the surrounding atoms and without affecting the
vibrations become anharmonic, by assuming additional thempossibility to reach the initial minimum by a similar reverse
mally activated relaxations to take place, but their workjump, we will show that in a glass this is an oversimplifica-
gives no further insight in the nature of these processes. tion. The surrounding atoms play a very important role in the
In recent years low-frequency localized modésso  process, allowing the potential-energy exchange among the
called resonant or quasilocalized modbave also been ob- atoms involved to be much larger than the barrier energy.
served in simulated glass&%. They are shown to be located Furthermore, most of the jumps have an irreversible nature,
at sites that differ significantly from the average glass struciaking it impossible for the system to jump back to the
ture. In search for the existence of multiple potential-energyMinimum from which it started.
minima, Guttman and Rahm#tstudied a low-frequency vi-
brational mode in a molecular-dynamics model of amor-
phous SiQ. They moved the 11 oxygen atoms that had the The amorphous NiB;q System consists dfil=2500 at-
largest amplitude eigenvectors in this mode in equal steps ioms in a cubic box with periodic boundaries. Molecular-

II. SIMULATION PROCEDURES
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dynamics(MD) runs were carried out at atmospheric pres- wET T T T T T
sure and at several constant temperatures. The equations of : ]
motion are solved using the velocity-Verlet algorithm with a sk I
time step ofAt=1.77 fs. The total potential energy of the - ]
systemV is expressed as 0k \/\’\ f\wf\vAvAf‘{
N _ E Ni-Ni E

i S, 10 - -

V=U+V(p)=2, U'+Vc(p) N :
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where V(p) is the cohesive contribution, which only de- i 3 i E
pends on the density, U is the pair potential energy, given ok f\'\ NN V_ﬂvA:
by the sum of the pair potential energig'sover all atoms P> V4 BB ]
resulting from the effective pair potential interactidr™"’, s Lo b o

n is the type of atom, andr’’ is the distance between the 0 03 ! L3
atomsi andi’. For the effective pair potential we use the r [nm]
form FIG. 1. Partial reduced radial distribution functioBs,, (r) of
, the MD system at 304 K averaged over 201 configurations covering
O™ (r) a period oft= 1.4 ns(solid curve, compared with the experimental
data of Lampartefdashed curvgsRef. 16§ corrected for normal-
Al(ar)"P—(br)"%exd (ar-c)~*] (0<r<cla), ization errors. This correction consists of a multiplication of
= 0 (r=cla), Gnini(r), Guig(r), andGgg(r) by 0.9699, 0.7544, and 0.8246, re-

) spectively(Ref. 18.

in which the parameter, a, b, ¢, p, andq are positive and
depend on the types andn’ of the atoms being considered
(Weber and Stillingéf). These potentials have the advan-
tages that no spherical cutoff is need@his is important
when performing low-temperature simulatiprad that the
potentials and their derivatives have no discontinuities.in
Starting from the potentials presented by Hausleitner an
Hafner!® modified with data from Liet al}* (see Ref. 1§
the parameters were empirically modified in order to obtain
system thaf(i) has partial reduced radial distribution func-
tions that show a very good agreement with the experimental lIl. SYSTEM CHARACTERISTICS
data of Lamparteet al!® for the same glassii) has a den-
sity close to the experimentally measured number density The partial reduced radial distribution functioBgni(r),
(p=103 nn®) at room temperature, ariii ) shows no seg- Gnig(r), andGgg(r) of the model system af=304 K are
regation of B atoms$®*® The resulting parameters are given shown in Fig. 1 together with the experimental data from
in Table | and the number density is 97.8 ifrat 304 K. Lamparteret al*® Only slight differences occur, mainly in
Note the strongly nonadditive character of these potentials.the height of the first peaks and in the splitting of the second
The usual method of obtaining an amorphous configurapeaks. The distribution functioGgg(r) for the MD system
tion as a starting point for a MD simulation is by quenchingdoes not show enough structure, especially in the long range
the liquid to a low temperature. Due to the maximum avail-order. This is probably caused by the small well depth of the
able time span in a simulation, this quench must be execute@-B potential (Table ), which was necessary to avoid the
with a quenching rate that is too high to be experimentallysegregation of the B atoms. Despite these small differences,
achievable. In an alternative approach we obtain the startinie overall agreement is very good and provides strong sup-
configuration by applying the reverse Monte CafRMC)  port for the chosen pair potentials and the use of the RMC
method'”*8 This method is shown to yield a more realistic method to obtain the initial configuration.
starting structure than quenching a liqdfdJsing the experi- The partial vibrational densities of statég ) for atoms

mental reduced partial radial distribution functions of Lam-
parteret al,'® the RMC method is applied to an initial equi-
librium liquid configuration(1213 K) at high pressure in
order to reach a number densipy=97.8 nm 3. The RMC
method does not use potential energies and in order to fine-
&me the starting structure for the used pair potentials, the
application of the RMC method was interrupted two times
a{or a short(70 pg MD simulation at 304 K.

TABLE I. Parameters of the pair potentials used for amorphoygBhj [Eq. (2)]. The quantities ,;, and® ., refer to the bottom of the
pair potential-energy well.

n-n’ A eV] a[nm] b [nm™] c p q Tenin [N ® in [€V]
Ni-Ni 5.164 3.757 3.726 2.540 6.376 5.988 0.272 —0.140
Ni-B 2.586 3.854 3.726 2.500 4.818 4.422 0.218 —-0.273

B-B 0.765 3.672 3.726 2.000 10.51 6.995 0.309 —0.026
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FIG. 2. Neutron-weighted vibrational density of statisv). !
The solid curve gives the data determined from the velocity auto- 1000 1500
correlation functions averaged over 201 MD simulations of 7 ps at T[K]
304 K. The squares give the experimental data from Lustigl.
(Ref 2:]) Both curves are normalized to the same area. FIG. 3. The glass transition as evidenced by a Change in Slope of

the time-averaged number density*), the Wendt-Abraham ratios

of type n can be calculated by taking the Fourier transformWnini (4) andWyg (+), and the time-averaged pair potential en-
of the corresponding velocity autocorrelation function ob-8rgy Per atom{u)y,. (L) as a function of temperature.

tained from a constant temperature simulation. From the two

distributions Jyi(w) and Jg(w) we can determine the coefficient has a reasonable value of 278 ° K. We
neutron-weighted total vibrational density of stalé®) ac-  conclude that our system has realistic glassy properties and

cording to shows a good agreement with the available experimental
, data.
Cnbn‘Jn(U))
Hw)=D, ———, €)
n mpy IV. LAUNCHING A VIBRATIONAL MODE
where the sum is taken over all elementam, is the atomic In the harmonic approximation the vibrational modes of a

mass, b, is the coherent scattering length for neutronssystem can be derived from the so-called dynamical matrix
(bNi=1.03x10 *m, bg=0.6x10*m),* and c, is the D, which depends on the pair potentials and the atomic po-
molar concentratiof® In Fig. 2 the normalized density of sitions and massé&3.Solving the eigenvalue problem?B
states for the model system &t=304 K is shown together =D.B results in 3\ eigenfrequencies; and N eigenvec-
with the experimental data of Lustigt al?* The shoulder on  tors B; of length 3aN. After reweighting for massB; is a
the main peak is more pronounced for the simulation than fotoncatenation oN relative amplitude eigenvectoa%., nor-
the experiment, causing the first observed maximum to benalized according to
lower and the second to be higher. The reason for this is
unknown. Nevertheless, both maxima are situated at the cor- N
rect frequencies and the overall agreement is satisfactory. 1B|= 2 \/W|ai-| =1 kg2 m, )

The model system undergoes a glass transitionl at & !
~610 K, which can be clearly seen in Fig. 3, where the '
number densityp, the Wendt-Abraham ratio¥Vy;; and in whichm' is the mass of atorn_Note that only the direc-
Wiz, and the time-averaged pair potential energy per atontions and the relative lengths ef are of importance. The
(u)y,; are plotted versus temperature. The Wendt-Abrahanmatrix D is calculated for a system with the atoms at their
ratio Wy =dnn (Fmin /90 (Fmax 2 iS the ratio of first  equilibrium positions. These positions are obtained for a sys-
minimum, at r=r.,,, and the first maximum, at tem at temperatur@ as follows: att=0 s, the set point for
=TI'max1, Of the pair correlation functiow,, (r), which is  the system thermostat is set at 50 K and all velocities are set
readily obtained from partial reduced radial distributionto zero. In a simulation of 3.5 ps the thermostat is then pro-
function G, (r). The Wendt-Abraham ratio is a measure grammed to cool the system td=0K with dT/dt
for the degree of order in the nearest-neighbor shell. The=—1.43x10¥ K s™1. The resulting temperature initially
glass transition temperature is within the experimentally ob+tises above 50 K and then decreases towards 0 Kt At
served range of transition temperatures for Ni-based glasses.3.5 ps the system has a temperature on the order of
Omitting the cohesive contribution to the total potential en-10"* K. In a subsequent simulation of 3.5 ps the temperature
ergy, the specific heat below the glass transition temperatureontrol (set to 0 K proceeds to cool the system, resulting in
is found to be 26.0 mol 1K1, only slightly larger than the a final temperature about 10 K.
classical value B (24.9J mol"*K™Y). This indicates that A measure for the distribution of the magnitudes of the
the combined temperature and density dependence of the catomic vibrational amplitudes in a certain mgdis given by
hesive contribution is small. The linear thermal expansiorthe participation ratio
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FIG. 4. Participation ratio versus eigenfrequency for a configu- FIG. 5. Root mean square displacement of all atoms versus time
ration at 506 K. Two modes that are discussed in this work ardor the launching of two vibrational modes: the nonlocalized mode
explicitly indicated: the randomly selected nonlocalized mode A byA and the low-frequency localized mode B. The numbers along the
a square, the low-frequency localized mode B by a triangle. curves denote launchings with different energiese Table I).

p,:(z |a;|2) /NE ||, (5) K(0)=2, K(0)=2, 3m[vj(0)*=3a®2 mi[a?
=1 i=1 1= i= i=

This ratio ranges from N (all |a |=0, except ongto unity =3za® m’kg. @)

(all |aj| are equal If for a certain vibrational modé®; is  In this study the average initial kinetic energy per atom
small, only a few atoms have a considerable amplm}der (k(0))y is in all cases less than 0.4 meV, which is very small
this mode, and the mode is called localized. As an examplesompared to the average pair potential energy of the atoms at
the participation ratio versus eigenfrequency for a configuratheir equilibrium positions (u)y= — 1.55 eV).

tion at 506 K is shown in Fig. 4. The existence of low-

frequency localized modeg¢for instance the triangjeis V. ATOMIC MOTION AFTER THE LAUNCHING

clearly visible. o o OF A VIBRATIONAL MODE
After the determination of the vibrational spectrum a

single vibrational modg of the atomic configuration can be ~ We have determined the vibrational spectra of 21 atomic
excited (“launched”) in a constant energD simulation. ~ configurations obtained from an MD S|mula'g|on at. 506_ K.
Located at their equilibrium positions &0, the atomg( From these spectra 151 low-frequency localized vibrational

=1 to N) are given an initial velocity modes were StUdiE(ioJ-<4.2 pS_l and PJ<013 Four vi-
brational modegone nonlocalized mod@enoted by A and
v}(O)zaa} , (6)  three low-frequency localized modéB, C, D)] will be dis-

cussed in some detail. The launching data are collected in
in which « is a launching constant. The proportionality be- Table II. Figure 5 displays the root mean squéras) dis-
tweenv! i(0) anda is consistent with the equation of motion placement of all atoms after the launching versus time for the
in the harmonlc apprOX|mat|on so that this type of excitationmodes A and B. Mode A is an arbitranonlocalizedmode
is physically realistic. Note that no frequency is imposed on(indicated by a square in Fig.) 4and is launched with an
the system and that after being put into motion the atomsnitial kinetic energyK(0)=1 eV. The system vibrates al-
move on their own accord. The launching constant can haveost perfectly harmonically. The frequency of the oscilla-
a positive or a negative value. We will use the signaofo  tions isw=16.514 ps?, only slightly lower than the mode’s
denote the initial “direction” of the vibration. The total en- harmonic eigenfrequency;=16.524 psl. The mode only
ergy that is supplied to the system to launch a mode is giveslowly dissipates its energy to other modes.
by the initial kinetic energy In contrast, we find that launching a low-frequenogal-

TABLE II. Eigenfrequencies, participation ratios, launching energies, and signs of the launching con-
stants for the four selected vibrational modes.

Mode o [psY P K(0) [eV]

1 2 3 4 5 6
A 16.52 0.477 W
B 0.761 0.017 0.0t 0.04+ 0.16+
C 3.380 0.042 0.0025 0.01- 0.04— 0.16+ 0.8+ 1.0+
D 2.154 0.013 0.04 0.08- 0.16- 0.64—
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FIG. 6. The system after launch Batt=7 ps. The greyscale FIG. 7. Projectionad’ of the displacement vectors on the har-

indicates each atom’s displacement from the initial position. All \onic amplitude vectors versus time for the central atoms of launch
displacements are smaller than 0.12 nm. B2.

izedmode does not result in a harmonic vibration but resultsgg o4 of the total rms displacement for the launches B2 and
in an anharmonic oscillation or in a jump. Mode B was takengg respectively. The projectiordi(t)=r(t)- a‘-/|ai-| of the
frorg ﬂ;\e sa(rjm_a- qt(()jr_nlc c&or;flgur:atlon asl the ;onlzcalll'z.e%tomic displacement vector$(t) on the amplitude vectors
mode A, and is indicated by the triangle in Fig. 4. It is a} of these central atoms are shown in Fig. 7. Note the rela-

launched three time&B1, B2, B3 in the positive direction . . . .
o T T T X tively small magnitudes of the jump distandésss than 0.12
(a>0) with different initial kinetic energieg¢Table I). For nm) and their large spread: one atom even jumps in a direc-

the .IOWESt launching energf1) t'he rms dlsplacgment only tion opposite to its initial velocity. The jump has an unmis-
oscillates and therefqre no persistent changes in the StrUCt.u{gkably cooperative character: all atoms perform the jump in
take place. The oscillation clearly deviates from harmoni
behavior. Also, the frequency of the oscillationsy (

~0.25 ps'!) is much lower than the mode’s harmonic eigen-

frequencyw;=0.761 ps?, which shows that the harmonic

Ghe same time interval of approximately 1.6 ps.
The movement resulting from the launching of mode B is
typical for many localized low-frequency modésee Sec.

e ; ) ; VIIl). For the two low-frequency localized modes C and D
approximation is not valid for the launching of this mode at(TabIe ll) that have a peculiar behavior, the rms displace-

these amplitudes. I_:or higher ener_gﬁBQ, B3) jumps can be ..ments of the atoms after the launching are depicted in Fig. 8.
observed, after .W.h.'Ch the atoms wprate around positions dncThese modes have been taken from configurations that are in
feren_t from the |n|t|a_l Ones. Th's.‘ points to the_ existence Of.aall respects equivalent to the configuration of modes A and
certain energy barrier for the jump, WhIC.h in this case is . For the lowest launching enerd¢1, D1 the motion is
somewhat less than 0.04 eV, the launching energy'for B learly anharmonic. Mode C is special because the launching
(Tab_le ”).' Apparently, the breakdown .Of the harmonic ap- of this mode in the positivéC5, C§ as well as in the nega-
proximation even at small amplitudes is a property of IOW’tive direction(C2, C3 directly results in a jump. Mode C is

freq_uen_cy Iocahzed. modes. Instead of .bem.g harmonic th(Therefore a triple-well location. The central atoms cause
motion is anharmonic or can even result in a jump. The smal

difference in rms displacement between B2 and B3 is a result
of the higher final temperature, causing an enhanced vibra-
tional movement of all atoms. From Fig. 5 we can conclude
that a configuration can move to a second potential-energy
minimum when a low-frequency mode is launched out of its
primary minimum. The fact that this second minimum is

0.010 e T T T T
A |6 I. T I

0.005 [

well defined is based on the following observatiofig:A g

threshold energy is required to induce a jurfip, After the a, OF i
jump the atoms vibrate around their newly obtained posi- {/Q r 1
tions, (iii) The rms displacement after the jump is indepen- L]

dent of the launching energy. 0.005 1f /2 Nesnme T -

Until now we have only discussed the system as a whole.
Closer inspection of the jump in real space reveals, not un-
expectedly, that it is strongly localizéFig. 6), at the same
site as where the launched mode is localized. In order to
make a certain distinction between atoms that are particu-
larly susceptible to execute considerable motion and those F|G. 8. Root mean square displacement of all atoms versus time
that are not, from now on the 10 atoms that have the largesér the launching of the two low-frequency localized vibrational
amplitude eigenvectors in a mode will be called t@ntral  modes C and D. The numbers along the curves denote launchings
atoms of this mode. The central atoms cause about 64 andth different energiegsee Table ).

0 A

0o 1 2 3 4 5 6 7
t[ps}
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about 61% of the total rms displacement for the launches iiible jump: it creates a structure containing a low-frequency
both directions. The launching of mode C in the positivelocalized mode which, when launched, recreates the original
direction withK(0)=0.16 eV (C4) does not result in a rms structure (apart from thermal displacemeptimcluding the

displacement equal to that of C5 and G8so launched in  original low-frequency localized mode D.
the positive direction Instead, it results, after half an oscil-

lation, in a jump with a rms displacement equal to that ob- VIl. RELAXATIONS, TWO-LEVEL STATES,
served for the launches in the negative directi@®? and AND DIFFUSION
C3). Apparently the launching energy for C4 is not enough ) o
to overcome the energy barrier in the positive direction, but Of the 151 low-frequency localized vibrational modes
as the oscillation proceeds, the remaining energy is largthat have been studied, 2 modes show a reversible jump and
enough to overcome the energy barrier in the negative direi37 modes result in an irreversible jump when launched. The
tion. More specifically, the energy barrier in the positive di- modes were launched with initial kinetic energiesup to 1 eV,
rection is thus found to be larger than 0.16 eV, whereas irand the observed energy barriers range from 0.0l upto 1 eV.
the negative direction it is less than 0.01 eV. The 37 irreversible modes include 3 modes that are located
Launching mode D results for the three lowest energiest a triple-well location. Not all the low-frequency localized
(D1, D2, D3 in a similar behavior as the launching of mode modes are located at a single location in the configuration;
B. Again the central atoms cause about 60% of the total rmgome appear to have more than one center. This was also
displacement. However, launching mode D with a higherfphserved by Schober and Laird in a MD soft spheres mbdel.
energy(D4) results in a jump that is followed by a slow drift Fyrthermore, the vibrational spectrum of a configuration can
backwards. Closer inspection of this configuration tat 5ye multiple low-frequency localized modes with one to
=7 ps reveals that none of the atoms has moved over a Cofsr common central atoms, which can lead to the occur-
siderable distancéall displacements are less than 0.02)NM oca of 2 common jump when one of the modes is launched.

and :jhat Ithe centtral_rz;tomfs cause only ﬁbOUt 6% ogthedtotth herefore the launchings of the 37 irreversible modes led to
rms displacement. Therefore no jump has occurred an nly 25 distinguishable jumps. All observed atomic jump

remaining difference in rms displacement between D1 and;. :
D4 is merely a result of the higher final temperature, similar istances are smaller than 0.09 or 0.18 nm for Ni or B atoms,

to the rms differences between B2 and B3 and C5 and Cé_espectively, and all jumps have a cooperative character.

: .~ The TLS theory does not give an indication of the type of
Apparently, the energy barrier for the backward movement i : : )
smaller than the energy remaining after the jump, which al?ocal geometry that gives rise to the presence of TLS’s. The

lows the atoms to move back into the original potential-dOUbIe potential-energy minima that are observed in our sys-
energy well, tem conform to the description of a TLS, and therefore the

likely conclusion is that in our system TLS'’s are located at
VI. REVERSIBILITY the same sites as low-frequency Iocalize_d m(_)des t_hat can
cause a jump. Although we perform classical simulations, it

After completion of the forward jumps, the vibrational is not unrealistic to envision atomic tunneling taking place at
spectra of the configurations &7 ps were calculated. In these sites. An important distinction is found in the effect of
the case of modes B and C these spectra no longer containagomic motion on a TLS. In some cases the atomic motion at
low-frequency mode localized at the same location as theéhe TLS is reversible, a situation nicely fitting into the TLS
one that was launched. Therefore, the system could not bgicture. However, in the majority of cases the TLS has dis-
made to jump back to its original state by the procedure ohppeared after the jump. These are the irreversible jumps,
localized-mode launching. Furthermore, attempts to inducend this is an aspect of the behavior of TLS’s that is not
backward jumps by launching the configurations after theconsidered in the TLS theory. Experimentally, in addition to
jump with velocities opposite to the initial launching veloci- TLS’s one also observes thermal local relaxations @rza-
ties also failed, using launching energies up to 1 eV. Obvimonig vibrations, which become increasingly anharmonic
ously the initial jumps were irreversible, creating a structuretowards lower frequencies. The general connection between
lacking the possibility of a backward jump. However, otherthermal local relaxations and low-frequency localized modes
low-frequency localized modes did appear at different locawas already shown by Oligschleger and Schdbdthey re-
tions in the structure. The structure therefore still shows theport the occurrence of reversible and irreversible relaxations,
same characteristics and has equivalent possibilities fasut give no description of the mechanisms involved. We find
atomic motion. that relaxations, i.e., cooperative jumps of the system from

In contrast with the vibrational spectra of the configura-one potential-energy minimum to the next, can take place at
tions of modes B and C after the jump, the spectrum aftesites where low-frequency localized modes are located. The
launching mode D does contain a low-frequency localizedelaxations can be of a reversible or an irreversible nature. In
mode at the same site, which does result in a backward jumhis picture the experimentally observed anharmonic vibra-
when launched. Also the second type of attempt to induce #ons are identical to low-frequency localized modes that will
backward jump, using velocities opposite to the initial direc-not cause a relaxation or that do not have enough kinetic
tions with K(0)=0.04 eV, succeeded. Reverse launchingenergy to cause a relaxation.
with K(0)=0.01 eV did not result in a backward jump. Note  In this work we have looked at individual vibrational
that for this mode the initial launching D4K(0) modes. Yet, from the evidence obtained so far we can sketch
=0.64 eV] already resulted in a backward jump, whereasa picture of the dynamics in the glassy state at elevated tem-
such a backward jump did not occur during the initial perature. At each instant the system consists of a large col-
launching of modes B and C with energies up to 1 eV. Thuslection of vibrational modes. The majority of these modes
launching mode D with sufficient energy results in a revers-are nonlocalized and give rise to overall vibrational motion.
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RN RNV SRR AR R RN R kinetic energyK(0) is thus used to cross an energy barrier
::.—-.‘ o o w”': (See F|g 9

i The changes in the centredum over thecentral atoms

pair potential energyAU.(t) and the central kinetic energy

K¢(t) are also shown in Fig. 8@dashed lines The launch

resulting in a jump shows a significant increase in the central

pair potential energy, whereas the other launch does not.

Note that the increase in the central pair potential energy

AU(t) due to the jump is much larger than the initial central

kinetic energyK.(0) and that the curve does not show a

' S 1 clear maximum. We have observed other irreversible jumps

0F 'x\ 7 ] that do have a clear maximum hU.(t) and jumps that

3 Vi ] result in an immediate decrease ®HU.(t), thus showing a

y local downward slope in the energy. However, there is al-

0.15
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0.10 B2

.,

0.05

25 SR I
T

=L,

P
"
P
=

Energy change [eV]
al 3

-0.05

N

A4 ways an energy barrier present in thaal pair potential

— AU() e AUS(1) — AK(D) ------~AKc(t): energyAU(t)_
-0.10 0“"1"' ';‘ - ';' H ""' = ';' H 'é' - '7 If in a certain configuration all atoms are at their equilib-
rium positions, the total potential energy is in its minimum

t[ps] and any movement of a single atom will cause the total po-

FIG. 9. Changes in the total pair potential enefdy(t) and the tential .er.lergy to be raised. _We .COUId p'Ctur_e this as each
total kinetic energy (t) (solid curve, and the changes in the pair &{0M sitting at the bottom of its private potential well. When
potential energy\ U (t) and the kinetic energl,(t) summed over ~We introduce kinetic energy an atom will move up the slope
the central atomédashed curvésfor the launches B1 and B2. of its well, thus increasing its potential energy. However, this

picture is only true if the energy landscape remains un-
A few low-frequency modes are localized, and each aIIow%:.hanQEd’ which is only the case if we keep all o}her atoms
' ixed. If the other atoms have movements of their own, the

atom.|c motion at a particular spot in the system. At TQ’UCh Stom in guestion can have its potential energy lowered, even
location the potential energy landscape shows considerab ﬁough it is moving up the slope of its well, because the well

deviations from harmonicity; in the language of materials.tsehc chanaes due to the motion of the neighboring atoms
science one would speak of a defect. Naturally the atom%[h 9 9 9 '
C

T T T T T
..,
-
[

around the defect participate also in nonlocalized modes, bu aunchm_g a Iow-frequengy localized mod.e causes such
anges in the local potential landscape. This can be seen in

the resulting motion has much smaller amplitudes. It is thq:ig. 9 for the launch B1, for which no jump occurs. The pair
concentrated contribution from the low-frequency modes : :
otential energy of the central atoms is not always larger

that can set a group of atoms into a particular kind of motio i .
which has all the characteristics of a cooperative jump to—han the equilibrium valugA U.(t)>0], but there are peri-

wards a new configuration. Seen in this way, diffusion inOdS in which it is smaller. Furthermore, the fluctuations in
amorphous materials can .very well be govérned by th Uq(t) can be much larger t.han the fluctuationsail (t).
mechanism of groups of atoms executing such jumps. Th hus changes in the potential energy of the central atoms

jump distance is smaller than an atomic diameter, but sever&pust be s_upphed_ by or taken up by the-10 noncentral
atoms move at the same time. atoms. This explains why a small group of atoms can execute

a jump to a higher pair potential energy even though the
amount of energy given to those atoms at the launch is con-
VIIl. ATOMIC AND VIBRATIONAL MODE ENERGIES siderably smaller than the pair potential energy increase. The
energy graphs in Fig. 9 indicate not only that the ten central
Simulations following a launch are performed at constantatoms jump simultaneously but also that this jump is possible
energy and start from a configuration with all atoms at theironly thanks to cooperation of the other atoms in the system.
equilibrium positions. The changes in the toim overall ~ From Fig. 9 it can be concluded that if launch B1 were
atomg pair potential energAU(t) and the total kinetic en- performed in the opposite direction the central atoms would
ergy K(t) as a result of the launching have to satisfy have their pair potential energy decreased immediately. The
AU(t)+K(t)=K(0). Moreover, if no structural rearrange- reason why the structure nevertheless considers the starting
ments take place and the oscillations deviate not too mucpoints of these ten atoms as their equilibrium positions is
from harmonic behavior, the time-averaged energy changdsecause in order to move in the direction of the lower poten-
are governed by the equipartition principjaU),=(K);. tial energy the surrounding atoms have to move in directions
Figure 9 shows that this is indeed the case for a launch naif higher potential energy and this increase is greater than
resulting in a jump(B1), as both solid lines vary around the the possible energy decrease of the central atoms.
same average value. The structural rearrangements that takeThe pair potential and kinetic energies for the launching
place when a jump occur®2) result in a lower total pair of mode D, which can exhibit a reversible jump when
potential energy than expected on the basis of the initialaunched, are shown in Fig. 10. If no jump occyBl),
kinetic energy. Note that this decrease is only small. Weagain all long-time energy changes are governed by the eg-
have also observed modes whose launching results in a totalpartition principle, and again the fluctuations in the pair
pair potential-energy increase. For all irreversible jumps wepotential energy of the central atoms are much larger than the
find that directly after the launching the total pair potentialpair potential-energy difference for all atoms and larger than
energy goes through a maximu@tt~0.6 p9 and the initial  the central launching energy. After the junip2) the total
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0.10 mrrr T T T T between a site where a reversible jump can take place and
h N A D2 one where an irreversible jump can take place is apparently
ITRTA Vo AN related to the size of the energy barrier and possibly also

005 DAL AL Do AL connected to the presence of a central potential energy maxi-

N . mum. The reason for this behavior is not known.

IX. CONCLUSIONS

0 px

& AN ] A computational model of a metallic glass clearly shows
5 ri 1 the existence of two-level states. These double potential-
? 0.05 | i bt energy wells are located at the same sites as low-frequency
B localized vibrational modes. The launchirigxcitation of

/] such a mode causes the potential-energy landscape to change
= and can lead to a jump into the nearby potential-energy mini-

mum. The jumps have a cooperative character involving

P AN ALY T AKD e ARLD some tens of atoms, some of which gain potential energy in
0,05 Lol b bnn b b b the process whereas others lose energy. The potential-energy
o 1 2 3 4 5 6 7 exchange among the atoms located at the jump site can be

1 [ps] considerably larger than the total introduced excitation en-

ergy. The jump can be of a reversible or an irreversible na-
ture, and a distinction can be made between two-level states
that allow reversible atomic motion to take place and two-
level states that disappear after the jump. The jumps can be
identified with the local relaxations that have been predicted
to occur in amorphous materials between 2 to 10 K. The
gibrations of low-frequency localized modes that do not
fause a relaxation correspond to the experimentally observed
anharmonic vibrations.

FIG. 10. Changes in the total pair potential enefgy(t) and
the total kinetic energ¥(t) (solid curve$, and the changes in the
pair potential energAU.(t) and the kinetic energi (t) summed
over the central atomglashed curvgsfor the launches D1 and D2.

pair potential energy has increased with respe¢kiy . Im-
mediately after the launching the pair potential energy doe
not show a distinct maximum and although an energy barrie
for the backward jump must be presdiite configuration
after the jump is stabjewe do not observe it in Fig. 10. An
energy maximum imU(t) is visible att~0.7 ps, but just
as for a reversible jump, the initial central launching energy This work is part of the research program of the Stichting
is smaller than the energy maximum and therefore the nonvoor Fundamenteel Onderzoek der Matdif®undation for
central atoms again have a crucial influence. The other obFundamental Research of Majteand was made possible by
served low-frequency mode that can cause a reversible juminancial support from the Nederlandse Organisatie voor
(not shown also shows a central potential-energy maximumWetenschappelijk Onderzodklietherlands Organization for
and has no visible energy barrier. The structural differencécientific Researgh
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