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Einstein oscillator in highly-random-packed bulk metallic glass
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Metallic glasses have often been regarded as ideal model systems of dense random packing with
strong interaction among their components. Here we report direct evidence for the presence of the
Einstein oscillator with an Einstein temperatuiie of 74 K, which induces the boson peak at 4.9
meV in bulk metallic glass Zg ;sTig»:CW; NijgBey75 The presence of an Einstein oscillator
suggests the existence of the vibrations of loose atoms in an independent localized harmonic mode
in the highly random packed metallic glasses. @05 American Institute of Physics

[DOI: 10.1063/1.1849420

Localized harmonic vibrational mod€Einstein oscilla- cific heat, shows that vit4 has an excess peak that corre-
tors) are uncommon in solids because of strong interatomicgponds to the boson peak observed by inelastic neutron scat-
coupling. In metallic alloys, localized modes are exceedinglytering. Our results provide direct experimental evidence in
rare due to the close-packed microstructure. Filled skutteruBMG for the presence of an Einstein oscillator that induces
dite antimonides;” AlV,® LaBg" intermetallic compounds  the boson peak.
and some metallic nanocrystalline matefiase observed to Vit4 was chosen as a model system because it is a rep-
have the Einstein oscillators using specific heat, electric reresentative and extensively studied BMG with excellent
sistance, and inelastic neutron scattering measurements. §jlass-forming ability and a highly random packed
metallic compounds with the oversized cage structure ojcrostructurd®*® The BMG specimen was prepared by
large voids or enough large free volume, some atoms or Ménelting the pure elements and then produced by suction cast-
tallic 'ions are Weakly bpund and occupy the oversized cagegg the melt into a copper mold under a pure argon atmo-
or voids, and the vibrations of these loose “rattler” atoms argphere; the details of the synthesis were described in Refs. 17

regarded to re;ult in the independent. Iocalized. harmoni%nd 18. The specific heat measurement of the sample with
modes that are important for understanding the unique physiy4s5 of 22.23 mg was carried out with the heat capacity

cal properties of these materidls. option of a commercial Physical Properties Measurement

_ The low-energy vibrational spectra of many glasses degysenyQuantum Design Ing. The relative error of the spe-
viate in a characteristic way from Debye’s plane-wave denit heat measurement is less than 2%

sity of states, the excess modes being designated as the “bo- The measured specific he@j of vitd from 2 to 52 K is
son peak,” which is observed mainly in nonmetallic glasse\,';s)hown asC./T® vs T in Fig. 1(a). The Fig. 1b) presents
b . . )

such as polymeric and ceramic glas&&Recently, Meyeet ST vs T2 plot in the temperature range of 2—15 K. In the

9,10 . A .
al. treported a dptr)orﬁ]uncer? bosion pteak n ttr;e .V'brfat'ona&mperature range 27T2< 227 K2, the data are well fitted
spectra measured by the coherent neutron scattering for some polynomial  form Cp/T=7+,BT2 with
metallic glasses, and the peak position shows no dispersion 1y -2 _ 1y -4 .
: o L =2.85 mJmol* K™ and B=111.5xJ molr- K™, and just
in wave numberg), while intensities are strongly correlated |. 19 . >
. . o like other BMGs;” in the lower temperature range<4r
with the static structure factor, indicating that the boson peak 2 . . .
. S . . <19 K¢, the data are deviated from the linear behavior and
is related to the intrinsic properties of the metallic glasses, : . . .
. : also well fitted in the same polynomial form withy
However, so far, no complete account is available for the_3 86 mJ Mot K2 and 8=69.2 uJ molLK-* The devi
origin of the excess vibrational density of stat®@DOS) .~ th OBMG a IdlB_b M i c()j " t'h el € a-t ‘
found in glasses with respect to the Debye behavior of thé'?fn ;Tg Ue v th couft f a:;tirl ed?&?l. € gdafsy—s ate
corresponding crystals. Various interpretations have been OF—I ec .h sua % ﬁ S0 fo len 'a mg 2|sKusBe ? ex- h
fered for the origin of the boson pedk* The question of P'ain the specific heat of glasses above 2 K. But from the

whether these features are rooted in some specificity of thigsults in Figs. @) and 1b), we see that there is no obvious

. 3 0 e .
static structural disorder is highly debated, and no clear pic?UmMP in theC,/T* vs T plot” and that the specific heat in

ture relating the glassy structure to the dynamics has bedh® Wid‘; low-temperature range can be well fittedQy T
accepted. Therefore, it will be interesting to find how wide-=¥*+B8T" without higher powers of.”* So the soft potential

spread such findings might turn out to be in the metallicmodel fails to explain the result. By the Debye mod
glasses, and what sort of modes are involved in the bosorinp - 3R(T/6p)°[PT¢"%e/ (e~ 1)’d¢, where 6, is Debye
peak’® temperaturenp is a constant and stands for the Debye oscil-
In this letter, we report the observation of the Einsteinlator strength per mole anid is the gas constant. When the
oscillator in a bulk metallic glass (BMG) electrons’ contribution to the specific heatyT (y
Zr46.75Tig 2:CU; NijBe,s 5 (Vitd) by measuring the specific =2.85 mJ mol' K™2) is subtracted, the specific heat in the
heat at low temperatures. The VDOS, derived from the spetemperature ranges from 2 to 10 K and 35 to 52 K is least-
squares fitted withdp=240 K andnp=1.87 [see Fig. {c)].
Author to whom correspondence should be addressed; electronic maill N€ low-temperature specific heat data around 20 K are
whw@aphy.iphy.ac.cn larger than the fitted result. So the Debye model, applied in
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FIG. 1. The specific hedZ, of vit4 in the temperature range from 2 to 52 K.
(a) Specific heat plotted atsp/T3 vs T. (b) The specific heat, shown
vs T2. The solid lines are the results of the fitting specific heat between 2 an
15 K using the expressiorC,/T= v+ BT2. (c) The specific heat is least-

squares fitted by the Debye model.

the simplest way, cannot quantitatively explain the experi

mental results enough.

We find that an addition of the quantized Einstein oscil-
lator is required to model the specific heat of the BMG. As
illustrated in Fig. 2, a model calculation including the con-
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FIG. 3. The derived VDOS of vit4. The peak at about 4.9 meV is boson
peak. The inset shows the total VD@ (the solid ling, and the VDOS
contributed from the Debygy, (the dashed lineand Einsteirge (the dotted
line) modes, respectively.

mode with =263 K andnp=1.92;Cg, and the dotted line

in Fig. 2, is the contribution of the Einstein mod€g

=R(0/T)%’%'T/ (e’ T-1)?, with an Einstein temperaturé:
=74 K and the constamtz=0.10 that stands for the Einstein
oscillator strength per mole. The fact that one Einstein mode

is required to model the data indicates the presence of the

localized harmonic vibration mode in the BMG.

The VDOS of vit4 can be derived from the specific heat.
We suppose the Einstein mode’s contribution to the VDOS
has a Gaussian distributién: ge=ng/(ov2m) ex—(T

tributions of one Debye mode and one Einstein mode leads 6g)*/20%], where o is the width of Gaussian distribution
to an adequate description of the experimental data. Theve postulateo=6g/3.4). Figure 3 shows the derived total
solid line through the specific heat data in Fig. 2 represents ¥DOS gr (=gp+de) (the solid ling in the units of oscillators

fit to the equation

Cp:’}/T+CD+nE'CE,

()

where yT, shown in Fig. 2 by the dash-dotted line, is the
contribution of electron§y=2.85 mJ mol' K™2); Cp, shown

per mole. The Debye modeis? contributiongp (the dashed
line) and the Einstein mode’s contributiage (the dotted
line) to the VDOS are also exhibited in the inset of Fig. 3.
Clearly the Einstein mode induces a peak at about 4.9 meV,
and the maximum of the VDOS is at about 22.7 meV, and
both these observation are in quantitative agreement with the

in the dashed line, represents contribution of the Debygag,its of coherent neutron scatterﬁﬂghe VDOS with the

o vit4
6} total fit
......... Debye model:
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FIG. 2. The fitting resultgthe solid ling of the specific heat of vit4 between
2 and 52 K. The dashed and dotted lines represent contributions from th

first maximum at about 20 meV also shows a pronounced
boson peak at about 5 meV. However, the BMG only pos-
sesses a total oscillator strengthi=np+ng) of 2.02 in the
units of oscillators per mole, and the value is far lower than
the theory value 3, which is expected from quantum statistics
in general solids. Following the neutron scattering results,
the Be atoms in the BMG vibrate with the energy at about 50
meV (corresponding to 580 K so the Be atom contribution

to the low-temperature specific heat is very little. If we add
the contribution from the Be atoms to the VDOS, the total
oscillator strength per mole is about 2.85, which trends to the
theory value 3. The neutron scattering observations further
confirm the results of our analysis.

There are many opinions as to the origin of the boson
peak. Presently two hypotheses prevail: the localized vibra-
tional modes and the collective propagating modes. The col-
lective propagating modes persist at the high frequéitye
boson peak in other glasses, such as glycerol, is induced by
the collective propagating mode because the wave number

Debye mode and Einstein mode, respectively; the dash-dotted line is the-independent feature is absent at the energy of the boson

contribution of electrons.

peak.7 In vit4, the peak in the VDO%about 4.9 meYalmost

Downloaded 05 Jan 2005 to 159.226.36.37. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



021910-3  Tang et al. Appl. Phys. Lett. 86, 021910 (2005)

has the same energy as the boson gehlout 5 meY deter-  cage effect’ The BMGs, which have slow kinetics and are
mined by neutron scattering; and the energy of the bosoprepared by quick quenching from the liquid state, to some
peak shows thel-independent feature in the results of the extent can inherit liquid structure and contain a large number
neutron scattering.The observations and agreement ratherof cage structure and free volumes. The atoms sitting in the
support a picture in which the boson peak in the metallicoversized cage or in sufficiently large free volumes are loose
glasses is ascribed to localized vibrations that show no morend can vibrate in independent harmonic modes. The as-
anharmonicity than any other phonon modes. sumption is confirmed to some extent by Angdéliwho
We have measured the specific heat at low temperaturgsund a much stronger boson peak in hyperquenched glasses.
for various typical BMGs currently available. The results
show that the addition of the quantized Einstein oscillator is ~ The financial support of the National Science Founda-
necessary to provide a good fit to the specific heat data of ation of China(Grant Nos. 50225101 and 501710748 ap-
these BMGS? The central problem raised by our experimen- preciated.
tal results is how the Einstein mode correlates with the mi—1
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dence has been found that the local structures of BMGSA. D. Caplin, G. Griiner, and J. B. Dunlop, Phys. Rev. L&, 1138
contain_a significant degree of oversized icosahedral (1973 ,
clusters’>* which might contain loose or weakly bound at- 2 Mandrus, B. C. Sales and R. Jin, Phys. Rev6& 012302(2001.
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