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TOPICAL REVIEW — Amorphous physics and materials

Interstitialcy theory of condensed matter states and its application to
non-crystalline metallic materials*
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A comprehensive review of a novel promising framework for the understanding of non-crystalline metallic materi-
als, i.e., interstitialcy theory of condensed matter states (ITCM), is presented. The background of the ITCM and its basic
results for equilibrium/supercooled liquids and glasses are given. It is emphasized that the ITCM provides a new consis-
tent, clear, and testable approach, which uncovers the generic relationship between the properties of the maternal crystal,
equilibrium/supercooled liquid and glass obtained by melt quenching.
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1. Introduction
Non-crystalline materials, liquids and glasses, constitute

a subject of unabated interest despite extensive decades-long
research. On the one hand, this is due to the fact that these
materials play a crucial role in the technological development
of mankind. On the other hand, because of the absence of
structural periodicity, the non-crystalline state is much more
complicated to understand and describe than the crystalline
state. Nonetheless, impressive progress has been achieved
in this field as discussed in numerous books and reviews,
e.g., Refs. [1]–[10]. Amongst other non-crystalline materials,
metallic liquids and glasses stay somewhat separately due to
their non-directional metallic atomic bonding. Although quite
a few well developed basic physical concepts (e.g., on glass
formation, relaxation, crystallization, etc.) are applicable to all
(or many) types of liquids and glasses (oxide, elemental, semi-
conductor, chalcogenide, fluoride, metallic, etc.), the specific
structural nature of metallic materials often requires develop-
ments of particular physical notions. Thus, non-crystalline
metallic materials constitute clearly a separate research field.
Solid non-crystalline metallic materials, i.e., metallic glasses,
have become a hot topic here. Numerous detailed reviews ad-
dressing the progress in different research directions related to
metallic glasses can be found elsewhere.[11–23]

Despite this progress, certain general unsolved problems
in the physics of non-crystalline metallic materials can be out-
lined, e.g., Refs. [14], [17], [18], [24] and [25]. These issues,
to some extent, apply to all solid non-crystalline materials. In
particular, it seems to be clear that if solid glass is prepared by
quenching the melt while the latter is obtained by melting the
maternal crystal, one should expect a generic relation between

the physical properties of glass and those of the maternal crys-
tal, which should be considered as a reference structural state.
Current literature does not give any route to tracing this rela-
tion. It might be possible that this relation can be mediated
by the interconnection of defect subsystems of crystal, melt
and solid glass. It is this idea that is implied by the Intersti-
tialcy theory of condensed matter states proposed by Granato
in 1992 and called ITCM hereafter. It has been found that
the ITCM provides clear, comprehensive, and testable expla-
nations of general structural evolution and relevant property
change during crystal→melt→glass transformation by using
the same ideological approach and giving a solid basis as well
as a fully new promising insight into the understanding of
glass physical properties. Since 1992, quite a few important
results within the framework of the ITCM have been obtained.
This theory is reviewed in the present paper. First of all, the
ITCM background is to be considered. This background is es-
sentially related to the understanding of point defects in crys-
tals.

2. Background
2.1. Equilibrium point defects in monoatomic crystals

It was suggested by Frenkel[26–28] and now is generally
accepted that the only point defects produced by thermal acti-
vation in monoatomic crystals are vacancies and interstitials.
While vacancies (Frenkel’s “holes”) are intuitively rather sim-
ple to understand, the atomic structure of interstitials was
highly debated until the beginning of the 70 s of the past
century.[29,30] Before this time, it had been assumed that in-
terstitials occupy the octahedral cavity in the FCC structure
(i.e., in the center of the elementary cell). However, Seitz[31]
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considered in 1950 “an interstitial atom which moves by jump-
ing into a normal lattice site and forces the atom that is there
into a neighboring interstitial site” and called it an “intersti-
tialcy”. In the 60s of the past century, Gibson et al.[32] and
Erginsoy et al.[33] performed extended computer simulation of
radiation damages of FCC and BCC metallic crystals and con-
cluded that interstitials “reside in a split configuration, sharing
a lattice site with another atom”. In the middle of the 70s it
became clear that interstitial atoms in simple metallic crystals
have split dumbbell configuration,[34,35] which is equivalent to
Seitz’s interstitialcy. It is now commonly accepted that split
interstitials exist in all basic crystalline structures and repre-
sent the basic state of interstitials in metals. There are numer-
ous theoretical, computational, and experimental evidences for
this.[36–42] Examples of these defects in FCC, BCC, and HCP
structures are given in Fig. 1. It is seen that all dumbbell (split)
configurations consist of two atoms sharing the same lattice
site.

(a) (b)

(c)

(d)

Fig. 1. Dumbbell split interstitials (interstialcies) in different crystalline
structures (a)–(c).[34,35] (d) Schematic representation of string-like mo-
tion around the intersrtitialcy.[43]

The dumbbell nature of the interstitial defect has far-
reaching consequences. First of all, this concerns its formation
entropy Si. Up to the middle of the 70s and even later it was
assumed that Si is rather negative,[30,44] in contrast to the pos-
itive formation entropy of vacancies Sv. Since the interstitial
formation enthalpy Hi is several times bigger than the vacancy
formation enthalpy Hv,[36,39] one can conclude that the inter-
stitialcy formation Gibbs free energy, 𝒢i = Hi − T Si, should
be much bigger than that for the vacancy, 𝒢v = Hv − T Sv,
and, therefore, the equilibrium concentration of vacancies cv =

exp(−𝒢v
/

kBT ) is much larger than the interstitial concentra-
tion ci = exp(−𝒢i

/
kBT ), where kB is Boltzmann’s constant.

It was concluded that there should be nearly no interstitials
in thermal equilibrium. This is in line with famous experi-
ments by Simmons and Balluffi,[45,46] who first showed that
vacancies are the dominating defects in metals at high temper-
atures. Nowadays, this conclusion is also said to be valid and

even modern textbooks often state that interstitial atoms essen-
tially do not occur in thermodynamic equilibrium.[47] How-
ever, there are fairly strong evidences that this might be not
the case as discussed below.

2.2. Effect of vacancies and interstitials on the elastic mod-
uli

Even if interstitials cannot be produced by thermal ac-
tivation, they can be created by irradiation. Aside from the
aforementioned computer modeling by Gibson et al.[32] and
Erginsoy et al.,[33] a solid experimental evidence for this was
presented by Holder et al.[48,49] and Rehn et al.[50] They per-
formed irradiation of copper single crystals at T = 4 K by
thermal neutrons and simultaneously measured all 4 elastic
moduli. Soft neutron irradiation produces isolated Frenkel
pairs (vacancy + interstitial), which lead to a change of elas-
tic moduli. The low temperature provided the small mobility
of interstitials, which can otherwise be annihilated with va-
cancies. The basic result of their experiments is presented in
Fig. 2. It is seen that both bulk modulus B and shear modu-
lus C44 decrease with the irradiation dose but C44 falls much
faster. This is referred to as the diaelastic effect. The mag-
nitude, anisotropy, and temperature dependences of the elas-
tic constants provided clear evidence for ⟨100⟩ split configu-
ration of interstitials, which are responsible for a strong C44

decrease.[48] Similar experiments with close results were later
performed on Al single crystals subjected to electron irradia-
tion at T = 4 K.[51]
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Fig. 2. (color online) Effects of low-temperature thermal neutron irra-
diation on the bulk and shear moduli of copper single crystals.[49,50]

The fractional decrease of the shear modulus C44 with de-
fect concentration growth can be expressed as

∆C44

C44
=

∆Ci
44 +∆Cv

44
C44

=−βici −βvcv, (1)

where ∆Ci
44 and ∆Cv

44 are the changes of the shear modulus
due to interstitialcies and vacancies in the concentrations ci
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and cv, respectively, βi and βv are the corresponding dimen-
sionless constants called the shear susceptibilities. The inter-
stitialcy influence on the shear modulus is very large, βi = 31
and 27± 2 for copper and aluminum, correspondingly, com-
pared with βv = 2 for vacancies (for Al).[37,49,52]

While the data shown in Fig. 2 are taken at defect concen-
trations of a few ppm (see the top axis), the extrapolation of
C44 towards large concentrations leads to the conclusion that
if it would be somehow possible to introduce 2% to 3% of in-
terstitials into the crystal, the shear modulus would become
zero. Meanwhile, zero shear modulus is believed to be a sig-
nature of a liquid.[53] Perhaps this was the first fact, which led
Granato to make the hypothesis that melting is intimately re-
lated to dumbbell interstitials as discussed below.

2.3. Interstitial low-frequency resonance vibration modes

An important feature of dumbbell interstitials consists in
the presence of low frequencies in their vibration spectrum oc-
curring due to their high effective mass. These frequencies are
several times smaller than the Debye frequency ωD. The first
experimental evidence for that was obtained in the aforemen-
tioned work by Holder et al.[48,49] and Rehn et al.,[50] who
observed a strong temperature dependence of the elastic con-
stants of irradiated Cu. The analysis of this effect showed
that it originates from the resonant mode with the frequency
ωR = ωD/9. The existence of resonant modes was confirmed
by later experimental work[35,41] as well as by theoretical cal-
culations by Dederichs et al.,[54,55] which arrived at a few reso-
nant frequencies near ωR ≈ ωD/7. These calculations showed
that resonant modes always lead to large and negative changes
of the shear modulus (the diaelastic effect), as found experi-
mentally (Fig. 2). The external shear stress brings into string-
like motion about two tens of atoms around the interstitalcy
core (see Fig. 1(d)) leading to a strong anelastic shear modu-
lus decrease. The second crucial point is that because of these
low-frequency vibration modes, the interstitialcy formation
entropy Si becomes positive and large, several times bigger
than that of the vacancy. For instance, for copper, Si/kB ≈ 15
while for vacancies Sv/kB ≈ 2.4.[56]

Besides that, the high interstitialcy formation entropy
means that its formation Gibbs free energy, 𝒢i = Hi − T Si,
in spite of bigger formation enthalpy Hi, can be compara-
ble to the formation Gibbs free energy of the vacancy 𝒢v.
Therefore, the interstitialcy concentration ci = exp(−𝒢i

/
kBT )

at high enough temperatures could be significant and should
not be neglected, contrary to what usually assumed in the
literature.[57] This has direct implication to the melting prob-
lem as discussed below.

Thus, the investigations performed in the 70s of the past
century showed that interstitials in simple metals have the split
dumbbell configuration. They (i) produce strong anelastic de-

crease of the shear modulus and (ii) have high formation en-
tropy. The ITCM is intrinsically based on these two properties
of the interstitialcy defect.

3. Interstitialcy theory of condensed matter
states and its implication to melting and liq-
uid state
The theory was published in 1992[58] and its simplified

version was presented later in Ref. [59]. Granato calculated
the Gibbs free energy of a crystal containing interstitialcies.
The basic assumption of the theory consists in the hypothesis
that the change of the internal energy U of a crystal with re-
spect to the change of the intertisialcy concentration dci can
be accepted as

dU
dci

= α1G(ci)Ω +α2BΩ , (2)

where G is the shear modulus, which is dependent on ci, B is
the bulk modulus (rather insensitive to ci), α1 and α2 are di-
mensionless constants, and Ω is the volume per atom. Granato
argued that the shear energy in Eq. (2) is dominant so that the
second term related to the dilatational energy can be neglected.
This agrees with a general theoretical result[60] that the elastic
energy of a point defect far from it is mainly the shear elastic
energy, which is controlled by the shear modulus. A fit for
the data taken on copper showed that α1 ≈ 1. For clarity, we
omit the subscript 1 thereafter. Granato showed that the lat-
tice periodicity implies that the shear modulus in terms of the
interstitialcy concentration can be written as

G = G0 exp(−αβici) , (3)

where α = 1
GΩ

dU
dci

is the same as the above, G0 is the shear
modulus of the defectless crystal and βi is the interstitialcy
shear susceptibility (see Eq. (1)), which was theoretically esti-
mated to be βi = 4π2 ≈ 40.[58] For small ci, equation (3) can be
expanded into series as ∆G/G0 =−βici, where ∆G = G−G0.
It is seen that this equation gives a linear decrease of the shear
modulus with ci, in line with the experimental results (Fig. 2).
The theoretical and experimental β values are also comparable
(≈ 40 and ≈ 30, respectively). Equation (3) may be considered
as the basic equation of the ITCM.

The entropy of a crystal with interstitialcies is given by a
usual configurational term (similar to that for the vacancy) and
a large vibrational term determined by the resonant vibration
modes. Granato then estimated the change of the vibration
frequencies with increasing ci by assuming that interstitialcies
are string-like entities and derived the Gibbs free energy dif-
ference ∆𝒢 as a function of ci and T . The results in normalized
dimensionless quantities at different values of the normalized
temperature T/Tm (Tm is the melting temperature) are repro-
duced in Fig. 3. Calculation parameters were taken for copper.
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It was found that different equilibrium and metastable thermo-
dynamic states are possible depending on T/Tm.

Fig. 3. Changes of the normalized Gibbs free energy with the normal-
ized interstitialcy concentration at different values of the normalized
temperature T/Tm. The legend shows that depending on T/Tm, differ-
ent thermodynamic states are possible: equilibrium crystal, supercooled
liquid, equilibrium liquid and superheated crystal.[58] The inset shows
the Gibbs free energy minimum for T = 0.80 Tm.

At T/Tm < 0.85, the ∆𝒢 curve has only one minimum,
which corresponds to the equilibrium crystalline state with
certain small ci as shown in the inset. In the range 0.85Tm <

T < Tm, the ∆𝒢 curve has two minima, a deep one at a small
ci (not shown in Fig. 3) and a shallow one at a high ci. The
first ∆𝒢 minimum corresponds to the equilibrium crystalline
state while the second one is believed to be responsible for the
metastable supercooled liquid state. At T = Tm both ∆𝒢 and
∂∆𝒢
∂T are zero and the ∆𝒢 curve has two equal minima corre-

sponding to the thermodynamic equilibrium between the crys-
talline and liquid states at small and high ci, respectively. In
the range Tm < T < 1.15 Tm there are one shallow minimum at
small ci (not shown in Fig. 3) and the second deep minimum
at high concentrations, which are explained as corresponding
to the metastable superheated crystal and equilibrium liquid
state. Finally, at T/Tm > 1.15 there is only one ∆𝒢-minimum
at high ci, which reflects the equilibrium liquid state.

Thus, depending on temperature and interstitialcy con-
centration, which in some sense can be considered as a con-
figurational coordinate, the ITCM predicts equilibrium and
metastable crystalline and liquid states. Although calculation
parameters were taken for a particular metal and the theory
contains certain assumptions and approximations, it makes a
number of testable predictions. The most important one is that
melting is related to a rapid interstitialcy generation. The pri-
mary reason for that lies in the large interstitialcy formation
entropy Si related to their resonant vibration modes. To our
knowledge, the literature gives the data on the interstialcy for-
mation entropy (in Si/kB units) only for Cu (15±2[41,56]), Al
(22[52,57]) and solid Kr (16[61]). These large Si-values con-
firm the basic assumptions of the ITCM. On the other hand,

it is the high Si, which allows explaining the melting entropy
known to be ≈ 1.2kB per particle for all elemental substances
over the Periodic Table with only a few exceptions (so-called
Richards rule).[62,63]

The vibration entropy decreases at high ci because of the
interactions between interstitialcies, which reduce their vibra-
tion amplitude and increase the vibrational frequencies, lead-
ing to a decrease of the entropy. This provides the second
minimum representing the liquid state.[59] Computer model-
ing showed that interstitials retain their individuality in the
liquid.[64] Granato estimates the interstitialcy concentration in
liquid Cu to be about 9%.[58] For aluminum, Si/kB = 22 and
the melting entropy per atom ∆Sm/kB = 1.38. Then, one ar-
rives at ci = ∆Sm/Si ≈ 0.063 at T = Tm, which is comparable
to Granato’s estimate for Cu. Next, using the basic equation
of the ITCM (3) with the shear susceptibility for Al β = 27
and accepting α ≈ 1, one can estimate the reduction of the
shear modulus of liquid aluminum at the melting point to be
G/G0 = 0.183. This is in good agreement with computer
simulation,[65] which gives G/G0 = 0.163 at T = Tm for Al.
The shear modulus of liquid is small but non-zero and this fact
is naturally explained by the ITCM.

It is not the goal of the present work to compare the ITCM
with other melting theories and we just mention a few basic
facts supporting it. First, an important role of interstitialcies
in melting was repeatedly mentioned in the literature (e.g.,
Refs. [66]–[69]). Since the shear modulus is exponentially de-
pendent on the interstitialcy concentration (Eq. (3)), precise G-
measurements can be used to monitor ci. This was first used by
Gordon and Granato[52] who arrived at the conclusion that ci

in Al is about 10−4, just by an order of magnitude smaller than
the vacancy concentration. This conclusion was recently con-
firmed by more precise measurements of G in aluminum near
Tm,[57] showing that the interstitialcy Gibbs formation energy
𝒢i starts to rapidly fall just below Tm promoting fast increase
of ci, which becomes only 2–3 times smaller than cv. This
also agrees with the computer simulation of Cu,[64] which re-
vealed a decrease of the interstitialcy formation enthalpy from
3.2 eV at small ci to 1.0 eV at ci = 0.03. The assumption that
the liquid contains a few percent of interstitialcy defects pro-
vides an explanation of the empirical Lindemann melting rule
and a correlation between the melting temperature and shear
modulus,[70] heat capacities of supercooled and equilibrium
liquids,[62] famous Vogel–Fulcher–Tammann relation for the
viscosity of supercooled liquids[71] as well as the fragility of
liquid and its relation to the heat capacity jump at the glass
transition.[62,63]

It is also worthy of notice that relatively large ci should
provide an additional contribution to the heat capacity Cp at
hight temperatures. It was recently shown that this contribu-
tion in Al is indeed observed as non-linear Cp growth, which is
common to simple metals and remained unexplained so far.[72]
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4. Properties of metallic glasses within the
framework of the ITCM

4.1. Basic assumptions of the ITCM for the glassy state

If melting is generically related to rapid multiplication of
interstitialcies and they indeed exist in the liquid as identifi-
able structural units (but not as “defects” in the usual under-
standing of this term) as argued by the ITCM and supported
by computer modelling, it is reasonable to assume that some
part of them becomes frozen in solid glass as a result of melt
quenching. Then, the properties of glass should be related to
the interstitialcy defect concentration. First of all, this con-
cerns the shear modulus of glass G. Following the logic of
the ITCM, one should assume that G exponentially decreases
with the interstitialcy concentration ci = c with respect to the
defectless ground state. For the latter, the crystalline mater-
nal state (which was used for glass production) with the shear
modulus µ should be accepted. Then, equation (3) should be
rewritten as

G(c) = µ exp(−αβc) . (4)

This equation constitutes the first basic assumption used to de-
scribe experimental data on metallic glasses.

As mentioned above and argued below, the dilatational
contribution to the internal energy is not significant. There-
fore, using Eq. (2) for the case of constant pressure one can
accept the interstitalcy formation enthalpy in the form

H(c) = αG(c)Ω , (5)

where G(c) is given by Eq. (4). The relationship (5) consti-
tutes the second basic assumption of the ITCM as applied to
the glassy state. No other major assumptions are made to ex-
plain the experimental data as discussed below (see Ref. [73]).

4.2. Structural identication of interstitialcies

Granato gave a simple one-dimensional representation of
the interstitialcy defect, which is shown in Fig. 4. In a regu-
lar defectless crystal, the atoms are located in the minima of
the interatomic potential (Fig. 4(a), open circles). The intersti-
tialcy in a crystal represents two atoms sharing the same poten-
tial well (Fig. 4(a), solid circles). A similar picture can be eas-
ily envisioned in a non-crystalline structure with an irregular
potential (Fig. 4(b)). For an alloy, atom displacements should
be changed slightly, but the topological pattern is expected to
be the same.[59,74] However, while this one-dimensional pic-
ture is fully clear, its practical importance for defect identifi-
cation in three-dimensional structures is limited.

(a)

(b)

Fig. 4. Schematic drawing of the interstitialcy defect in a crystalline (a)
and non-crystalline (b) structure. In both cases, the interstialcy repre-
sents two atoms sharing the same potential well.[59,74]

On the other hand, it is widely believed that equilibrium
and supercooled liquids contain nanometer-scale atomic clus-
ters of excessively high or low mobility, which are called
“dynamical heterogeneities” or “cooperatively rearranging
regions”.[75,76] A closely related notion considers “string
atoms” (“string-like solitons”[69]) repeatedly noticed in com-
puter simulations of liquids and glasses[77,78] and said to re-
semble the signatures of interstitialcies in crystals.[78,79] The
issue whether “strings” are related to interstitialcies was sys-
tematically tested in Ref. [64]. The authors showed that with
increasing ci the properties of interstitial atoms in computer
model of crystalline copper approach and eventually com-
pletely match the properties of string atoms in the liquid. They
concluded that in terms of the ITCM, the strings are direct
manifestations of interstitials.

For the defect identification in the solid glassy state, it
is necessary to use low temperatures because thermal activa-
tion can change the structure. In this case, other identifica-
tion methods must be applied. Calculation of the vibrational
density of states in molecular dynamic model of glassy cop-
per showed that some atoms have pronounced low-frequency
peaks, similar to those in the crystalline state containing inter-
stitialcy defects.[80] It was suggested that the detection of such
modes could constitute a method of identifying interstitalcy-
type defects in non-crystalline structures. A later study[81,82]

revealed the defects (elastic dipoles) in glassy copper with the
properties similar to those of split interstitials in crystalline Cu.
Thus, interstitialcy-type defects can be found in monoatomic
glassy structures. Polyatomic substances are on the agenda.

4.3. Shear modulus relaxation and activation energy spec-
tra

Since the unrelaxed shear modulus G is uniquely related
to the interstitialcy defect concentration c, shear modulus of
the maternal crystal µ and interstitialcy formation enthalpy H
(Eqs. (4) and (5)), it actually represents the central physical
quantity of the ITCM. It is important, therefore, to investigate
its changes upon structural relaxation and crystallization.

First, it should be noticed that the shear modulus of as-
cast metallic glass is reduced decreased by 20% to 40 % with
respect to the maternal crystalline state and, correspondingly,
the ratio G/µ is from 0.6 to 0.8. Then, using Eq. (4) with a
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typical β = 20 and assuming α = 1, one estimates that the ini-
tial metallic glass should contain 1.1% to 2.6% of frozen-in
interstitialcy defects.

It is long known that structural relaxation of metallic glass
implies a continuous distribution of underlying activation en-
ergies E.[83,84] A convenient way to analyze structural relax-
ation is to use the characteristic activation energy E0, which
corresponds to the maximal relaxation rate at a given instant
and temperature. Then, if n0(E) is the initial interstitialcy
concentration per unit activation energy interval (i.e., the ini-
tial activation energy spectrum, AES), then the relaxation is
determined by the product n0(E)Θ(E,T, t), where the func-
tion Θ(E,T, t) to a good precision can be approximated by the
Heaviside step function, which is equal to 0 for activation ener-
gies E < E0 and 1 for E > E0.[83,84] At a constant temperature
T , the characteristic activation energy E0 = kBT lnνt, while
upon linear heating E0 = AT , where A ≈ 3.1 × 10−3 eV/K,
weakly depending on the choice of the attempt frequency ν

and heating rate Ṫ .[85] Then, using Eq. (4), one can arrive at
the isothermal relaxation kinetics for the change of the nor-
malized shear modulus as[86]

g(t) = G(t)/G0 −1 = βkBT n0 ln(1+ t/τ) , (6)

where G0 = G(t = 0), τ is the effective preannealing time
and n0 to a good precision can be considered as a constant
at T = const. Equation (6) gives an excellent description
of the whole relaxation kinetics including a linear increase
of the shear modulus with the logarithm of time after some
transient defined by the condition t ≫ τ .[86] It is the “lnt”-
kinetics, which is observed experimentally in as-cast metallic
glasses.[83,84,87,88]

Using the shear modulus measurements performed at a
constant heating rate in the as-cast and relaxed states, one can
derive the underlying AES as[89]

n0(E0) = β
−1 d

dE0
ln

G(E0)

Grel(E0)
, (7)

where the functions G(E0) and Grel(E0) can be determined
from temperature depedences G(T ) and Grel(T ). A typical
example of the AES thus obtained is given in Fig. 5. The
low- and high-energy parts of the AES (E0 < 1.3 eV and
E0 > 2.2 eV, respectively) correspond to the beginning and end
of structural relaxation below Tg. Integration of the AES al-
lows calculating the change of the absolute interstitialcy defect
concentration upon structural relaxation, ∆c =

∫
n0(E0)dE0.

For the data shown in Fig. 5, one obtains ∆c = 0.0023. Similar
∆c-data were obtained for other metallic glasses, see Table 1
below.[90] Comparing these values with the estimates of the
full interstitialcy concentration given above, one can conclude
that only about one tenth of frozen-in defects can be annealed
out during structural relaxation. Further decrease of c down to
zero is related to crystallization as discussed below.
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Fig. 5. (color online) Activation energy spectra of structural relaxation
of a Zr-based bulk glass derived from shear modulus relaxation and
calorimetric data.[90] With a permission from Elsevier.

4.4. Evolution of the shear modulus upon linear heating

A typical pattern showing the evolution of the shear mod-
ulus of a metallic glass upon linear heating into the glass tran-
sition region and cooling back to room temperature is given in
Fig. 6. A general trend consists in a decrease of G with tem-
perature, which becomes much faster in the Tg region. Cooling
from above Tg leads to a big hysteresis so that G increases by
≈ 4% as a result of the whole heating→cooling cycle. The G-
changes upon heating and cooling contain both instantaneous
anharmonic and time-dependent relaxation components. On
the other hand, red squares in Fig. 6 give temperature depen-
dence of the shear modulus in the metastable equilibrium ob-
tained by long-term isothermal annealing.[91] It is seen that the
relaxation takes place always towards the metastable equilib-
rium. The relaxation component can be separated as shown by
solid blue circles in Fig. 7. Then, using Eq. (4) and assuming
that the activation energy of elementary shear rearrangements
is proportional to the shear modulus, a differential equation for
the relaxation component based on the ITCM approach can be
written down and solved.[92] The solution is given in Fig. 7.

Geq

Temperature/K
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Fig. 6. (color online) Temperature changes of the shear modulus of
bulk glassy Pd40Cu30Ni10P20 upon heating into the glass transition re-
gion and subsequent cooling. Red squares represent the temperature
dependence of the shear modulus in the metastable equilibrium derived
isothermally.[91,92]
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Fig. 7.(color online) Relaxation component (solid blue circles) of the
shear modulus of bulk glassy Pd40Cu30Ni10P20 derived using the data
shown in Fig. 6. Solid and dash red curves give the solution of the
differential equation for the relaxation.[92] With a permission from El-
sevier.

It is seen that the calculation reproduces the experimental re-
sult quite reasonably. An increase (decrease) of the shear
modulus towards metastable equilibrium is due to a decrease
(increase) of the interstitialcy defect concentration. Respec-
tively, a sharp drop of the derivative dG/dT slightly below
Tg reported for all studied metallic glasses[89,91,93,94] is actu-
ally a consequence of the increased relaxation rate towards the
metastable equilibrium. Similar results were obtained for the
shear modulus data derived at different heating rates.[95]

4.5. Relation between the shear moduli of glass and mater-
nal crystal

Equation (4) imposes certain restrictions on the shear
moduli of glass G and maternal crystal µ and their temper-
ature dependences. Indeed, this relationship can be rearranged
as

d
dT

ln
µ(T )
G(T )

= αβ
dc
dT

. (8)

Equation (8) shows that if structural relaxation is absent and,
therefore, c = const, then the term on its left-hand side should
be zero, resulting in the equality 1

G
dG
dT = 1

µ

dµ

dT . The latter rela-
tion means that the temperature coefficients of the shear mod-
uli in the glassy and crystalline states should be equal. On the
other hand, structural relaxation far below the glass transition
temperature Tg leads to an increase of the shear modulus G
and, according to Eq. (4), the defect concentration c should de-
crease. According to Eq. (5), this should result in a release of
the enthalpy and related exothermal heat flow. On the contrary,
structural relaxation in the glass transition region above Tg re-
duces G because of a c-increase and, in line with Eq. (5), the
enthalphy should be absorbed, resulting in endothermal heat
flow. Consequently, negative or positive change of the deriva-
tive 1

G
dG
dT related to exothermal or endothermal heat reactions

should be observed. A verification of these predictions can be
performed with the data shown in Fig. 8, which were taken on
a Zr-based glass in the initial and relaxed states. It is seen that,
indeed, that the derivative d

dT ln µ(T )
G(T ) = 0 below T ≈ 440 K,

where structural relaxation is absent. At higher temperatures,

this derivative becomes first negative (in the range correspond-
ing to the exothermal structural relaxation-induced heat flow
below Tg) and then positive (upon approaching Tg with related
endothermal heat effect).[96] It was also found that the temper-
ature coefficients of G in the relaxed glassy state (in the ab-
sence of structural relaxation) and µ in the crystalline state are
equal,[73] in line with the above prediction. The same results
were obtained for a Pd-based metallic glass.[89]

Temperature/K
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/
G
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d
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/
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-
1

Fig. 8 (color online) Verification of Eq. (8) using shear modulus data
taken on a Zr-based metallic glass in the initial and relaxed states.[96]

4.6. Effect of high-temperature annealing on room-
temperature shear modulus

Kahl et al.[97] performed a detailed study of the effect
of structural relaxation on the shear modulus of bulk glassy
Pd40Ni40P20. They subjected the samples to different anneal-
ing paths, quenched them into water and then measured room
temperature shear modulus Grt. Their results are shown by
different symbols in Fig. 9. It is seen that the annealing of
sample at subsequently increasing annealing temperatures Ta

results, first, in a gradual increase of Grt and, next, at Ta > Tg,
in its rapid decrease (red solid circles). Subsequent long time
annealing below Tg leads to an increase of Grt with Ta decreas-
ing.
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Fig. 9. (color online) Room-temperature shear modulus of bulk glassy
Pd40Ni40P20 after different isothermal annealing paths[97]) and calcu-
lated from Eq. (4) using linear heating shear modulus data for the
initial, relaxed and crystalline states shown in Fig. 10(a) and tem-
perature dependence of the interstitialcy defect concentration given in
Fig. 10(b).[94] With a permission from Elsevier.
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In spite of rather complicated Grt(Ta) pattern given in
Fig. 9, it can be readily explained by Eq. (4).[98] For this,
temperature dependence of the interstitialcy defect concen-
tration should be determined from independent shear mod-
ulus measurements on the same glass. The corresponding
shear modulus data for the initial state (run 1) and after heat-
ing above Tg (relaxed state, run 2) together with the data
for fully crystallized state were reported in Ref. [94] and are
shown in Fig. 10(a). These data can be next used for cal-
culating the interstitialcy defect concentration using Eq. (4).
The result, which is typical, is given in Fig. 10(b). It is seen
that the defect concentration in the initial state first slightly
decreases with temperature increasing and rapidly increases
above Tg after that. In the relaxed state (run 2), c gradually in-
creases with temperature increasing at T < Tg that next trans-
forms into a rapid defect multiplication above Tg. Now, we
consider the fact that the sample is quenched from any tem-
perature Ta in Fig. 10(b) to room temperature at infinitely
large rate. Then, the defect concentration at room tempera-
ture remains exactly the same and the shear modulus becomes
Grt = µ rt exp [−βc(Ta)], where µ rt is room-temperature shear
modulus of the maternal crystal. The Grt(Ta) dependence thus
calculated is shown in Fig. 9 by the same symbols, which were
used in Fig. 10(b) for c(T ) dependences. It is seen that the cal-
culation gives an excellent reproduction of Kahl et al.’s data.
This calculation, again, provides a clear support for the rela-
tionship between the shear moduli of glass and maternal crys-
tal given by Eq. (4).
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Fig. 10. (color online) (a) Temperature dependences of the shear mod-
ulus of glassy Pd40Ni40P20 in the initial state (run 1), after heating into
the supercooled liquid region (run 2) and after full crystallization. (b)
Interstitialcy defect concentration calculated from Eq. (4).[94] With a
permission from Elsevier.

4.7. Heat effects due to structural relaxation and crystal-
lization of metallic glasses

According to Eq. (4), a change of the interstitialcy defect
concentration c leads to the alteration of the shear modulus G.
In turn, a change of G varies the enthalphy (heat content) H
as supposed by Eq. (5). It is evident, therefore, that all relax-
ation phenomena in glass should be intrinsically related to heat
effects.

Heat effects in metallic glasses are most often studied by
the differential scanning calorimetry (DSC), which measures
the heat flow per unit mass W . Combining Eqs. (4) and (5),
one can derive an expression for W as[99]

W =
Ṫ

βρ

[
Grt

µ rt
dµ

dT
− dG

dT

]
, (9)

where ρ is the density, Grt and µ rt are the shear moduli at room
temperature and other quantities have the same meaning as the
above. It was later found that a more general form of the heat
flow is[100]

W =
Ṫ

βρ

[
G
µ

dµ

dT
− dG

dT

]
, (10)

which differs from Eq. (9) by the multiplier in front of the
derivative dµ

dT .
Equations (9) and (10) were repeatedly tested on different

metallic glasses.[93,94,99–102] It was found that they both give
quite a good description of the kinetics of exothermal heat
flow below Tg and endothermal heat flow in the glass transi-
tion region both in the initial and relaxed glassy states. How-
ever, equation (10) provides slightly more precise description
of the experiment.[100] Furthermore, rather unexpectedly, it
was found that these equations give a good description of the
heat flow upon crystallization. This is exemplified by Fig. 11,
which gives an experimental DSC run taken on a Zr-based
metallic glass together with the calculated DSC curve using
Eq. (9) with the shear susceptibility β = 18.[103] It is seen
that this equation gives an excellent description of the exper-
imental heat release below Tg, heat absorption above Tg and
crystallization-induced heat release. In particular, the height
and temperature of crystallization heat release peak coincide
with the experimental results within less than 10% and ≈ 3 K,
respectively. The quality of the fit with Eq. (10) is almost the
same. It is to be emphasized that Eqs. (9) and (10) actually
contain no fitting parameters. The only quantity, which can be
slightly varied, is β . This variation, however, is very limited
since β changes within a narrow range 16 ≤ β ≤ 20 for Zr-
and Pd-based metallic glasses and only for a La-based glass
β = 25 was reported.[90]

Equations (9) and (10) show that heat effects upon struc-
tural relaxation and crystallization are controlled by the shear
moduli of glass and maternal crystal. This emphasizes once
more the generic relationship between glass and maternal crys-
tal.

016401-8



Chin. Phys. B Vol. 26, No. 1 (2017) 016401

Temperature/K

H
e
a
t 

fl
o
w

 W
/
W
Sg

-
1

Fig. 11. (color online) Experimental DSC traces for bulk glassy
Zr46Cu45Al7Ti2 together the heat flow calculated with Eq. (9). The
inset shows the exothermal flow below Tg and endothermal flow in the
suppercooled liquid state on an enlarged scale. An excellent correspon-
dence between experimental and calculated heat flow both in the glassy
state and upon crystallization is seen.[103]

The fact that equations (9) and (10) describe heat ef-
fects both in the glassy state and upon crystallization clearly
indicates that the difference in the internal energy between
glassy and crystalline states is determined mostly by the elas-
tic energy related to the interstitialcy defects frozen-in upon
glass production. This major hypothesis was first proposed in
Ref. [104] and later tested in detail in the experiment described
in Ref. [105]. The underlying idea is as follows. The differ-
ence ρ∆U between the internal energies per unit volume of
initial glass and maternal crystal within the framework of the
ITCM can be calculated as[100]

ρ∆U =
µ

β

[
1− G

µ

]
. (11)

Since, as already mentioned above, the volume change oc-
curring upon crystallization of glass gives an insignificant
contribution to the change of the internal energy (see also
Refs. [93], [100], and [104]), the above difference ρ∆U should
be treated as the heat of crystallization per unit volume, i.e.,
ρ∆U = ρQcr, where Qcr is the heat of crystallization. The
experiment[105] consisted in the measurement of the shear
modulus change just upon crystallization and the determina-
tion of the corresponding crystallization heat Qcr. The re-
sult of this experiment is given in Fig. 12, which shows that
ρ∆U linearly increases with increasing ρQcr. The dash line in
this figure gives the unity slope line drawn through the origin.
This line almost coincides with the linear least-square fit cal-
culated over all data points. Thus, the data in Fig. 12 provide
compelling evidence that indeed ρ∆U ≈ ρQcr and, therefore,
the heat of crystallization is determined by the dissipation of
the elastic energy related to the system of interstitialcy defects
frozen in glass upon melt quenching.[105]

It is also worthy noting that equations (9) and (10) for
the heat flow allow the reconstruction of the activation energy
spectrum responsible for structural relaxation using calorimet-
ric measurements. The corresponding calculation for the AES

yields[106]

n0(E0) =
ρ

Ṫ AGrt ∆W (E0), (12)

where ∆W =Wrel −W with W and Wrel being the heat flows in
the initial state and relaxed state obtained by heating into the
supercooled liquid region, respectively. All other quantities
have the same meanings as the above (see Eq. (7) and rele-
vant explanation). An example of AES reconstruction with
Eq. (12) is given in Fig. 5 together with the AES derived by
using shear modulus relaxation data with Eq. (7). It is seen
that the two independent methods of AES reconstruction by
using shear modulus and calorimetric data give practically the
same result. This further indicates the self-consistency of the
ITCM and again emphasizes the generic relationship between
the shear elasticity and heat effects in metallic glasses. As
mentioned above, this relationship is based on the two basic
assumptions of the ITCM given by Eqs. (4) and (5).

ρQcr/MJSm-3
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/
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3

Fig. 12. (color online) Crystallization-induced change of the internal
energy per unit volume ρ∆U calculated using Eq. (11) as a function
of the crystallization heat per unit volume ρQcr for Pd- and Zr-based
metallic glasses.[105] With a permission from Elsevier.

4.8. Formation enthalpy of interstitialcy defects

There is an interesting way to determine the formation en-
thalpy of defects responsible for structural relaxation of metal-
lic glasses.[90,106] On the one hand, if these defects are actu-
ally interstitialcies, their formation enthalpy can be calculated
within the framework of the ITCM using Eq. (5). One the
other hand, the same quantity can be derived from shear mod-
ulus and DSC data as follows. First, one can derive the ac-
tivation energy spectrum n0(E0) using Eq. (7) or (12). Next,
one can determine the change of the defect concentration by
integration over the AES, i.e., ∆c =

∫
n0(E0)dE0. This al-

lows calculating the absolute number of defects per mole an-
nealed out during structural relaxation ∆Nµ = ∆cNA with NA

being the Avogadro number. Then, one can derive the heat of
structural relaxation Qsr =

∫
[W (t)−Wrel(t)] dt, where W and

Wrel are the heat flows in the initial and relaxed states, respec-
tively. Finally, one can calculate the heat release per defect
Qd = Qsr/Nµ , which actually constitutes the “experimental”
defect formation enthalpy. This algorithm was implemented
in Refs. [90] and [106] and the results for different metallic
glasses are summarized in Table 1, which gives the quantities
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∆c, Nµ , Qd, and H (calculated using Eq. (5) with α = 1). It
is seen that in all cases the “experimental” defect formation
enthalpy is very close to the interstitialcy formation enthalpy
determined from Eq. (5). This gives another independent con-
firmation of the idea that the defects annealing out upon struc-
tural relaxation are indeed interstialcies.

Table 1. Parameters of structural relaxation of metallic glasses: change
of the defect concentration ∆c, number of annealed defects per mole Nµ ,
heat of structural relaxation per defect Qd, and interstitialcy formation
enthalpy H.[90] With a permission from Elsevier.

Glass ∆c Nµ /1020 mole−1 Qd/eV H/eV
La55Al25Co20 0.00246 14.8 2.65 2.63
Zr46Cu46Al8 0.00215 13.0 3.79 3.69

Zr46Cu45Al7Ti2 0.00230 13.9 3.66 3.63
Zr56Co28Al16 0.00238 14.3 4.07 3.89
Pd40Ni40P20 0.00318 19.2 3.04 3.08

Pd41.25Cu41.25P17.5 0.00170 10.3 2.63 2.73
Pd40Cu30Ni10P20 0.00208 14.1 2.85 2.77

5. Conclusions
The Interstitialcy theory of condensed matter (ITCM)

states argues that the basic defect responsible for the diaelas-
ticity and related phenomena in crystalline metals is the inter-
stitial in the split dumbbell configuration (interstitialcy), which
is found in different crystalline lattices. Due to a specific struc-
ture of the defect, it has low frequency vibration modes, which
define a large formation entropy Si. The applied shear stress
brings into string-like motion several tens of atoms around the
defect nuclei defining a strong anelastic decrease of the shear
modulus G. Large vibration entropy and strong shear suscepti-
bility are the major properties of the interstitialcy distinguish-
ing it from the vacancy.

The ITCM considers that approaching to the melting tem-
perature results, due to the large Si, in a rapid decrease of the
interstitialcy formation Gibbs free energy 𝒢i =Hi−T Si, which
leads to an increase of the interstitialcy concentration ci. The
latter, in turn, reduces the interstitialcy formation enthalpy Hi

that also favours the decrease of 𝒢i and again results in an in-
crease of ci. Eventually, the crystal looses the shear stabil-
ity and melts. The thermodynamic analysis shows that de-
pending on temperature and interstitialcy concentration, sev-
eral thertmodynamic states are possible: equilibrium crystal,
superheated crystal, equilibrium liquid and supercooled liquid.

In the liquid state, interstitalcies do not loose their identity
being now inherent structural elements rather than defects in
the usual understanding of this term. Melt quenching freezes
a part of interstitialcy defects in solid glass. It is believed that
these defects preserve the major properties characteristic of
the original (maternal) crystalline state as supposed by equa-
tions (4) and (5). The maternal crystalline state represents the
ground state allowing monitoring the absolute defect concen-
tration. It is suggested that structural relaxation of glass is

governed by the defect concentration while the crystallization
heat originates from the release of the defect elastic energy.

This conceptual framework allows explaining various
phenomena in metallic glasses under different experimental
conditions. It contains certain assumptions, simplifications
and approximations. However, it makes testable predictions,
and in all cases considered so far, the ITCM provides either
quite reasonable or rather exact description of the relaxation
kinetics. In our opinion, it could serve as a solid basis for the
understanding of the generic interconnection of the properties
of metallic crystalline, liquid and glassy materials.

Due to space limitations, several important issues and
their interpretation within the framework of the ITCM are
omitted in this review. First of all, this concerns the role of
the anharmonicity of the interatomic potential, which plays a
crucial role in the shear softening and heat effects in metallic
glasses.[73,93,101] We do not consider the heat release due to
structural relaxation-induced dilatation,[107,108] nor the expla-
nation of the low temperature Boson heat capacity peak within
the framework of the ITCM[109] nor the elastic dipole model,
which starts with the statement that interstitialcies are in fact
elastic dipoles and ends up with heat and shear softening re-
lations fully similar to those derived within the framework of
the ITCM despite of fully different starting points.[93,100,105]

The interested reader is referred to the corresponding original
papers.

Since interstitalcies are proven to exist in different
structures, including two component ones (so-called “mixed
dumbbells”[41]), there is general expectation that the ITCM
should be applicable not only for metallic materials but for
materials with other interatomic bonding. A verification of
this hypothesis constitutes a major challenge to the future re-
search.
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