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Vibrational thermodynamics of FegyZr;B; nanocrystalline alloy from nuclear inelastic scattering
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Recently we determined the iron-partial density of vibrational states (DOS) of nanocrystalline FegyZr;B3
(Nanoperm), synthesized by crystallization of an amorphous precursor, for various stages of nanocrystallization
separating the DOS of the nanograins from that of the interfaces [S. Stankov, Y. Z. Yue, M. Miglierini, B.
Sepiol, I. Sergueev, A. I. Chumakov, L. Hu, P. Svec, and R. Riiffer, Phys. Rev. Lett. 100, 235503 (2008)]. Here
we present quantitative analysis of the evolution of various thermoelastic properties calculated from DOS such
as mean-force constant, mean atomic displacement, vibrational entropy, and lattice specific heat as the material
transforms from amorphous, through nanocrystalline, to fully crystallized state. The reported results shed new
light on the previously observed anomalies in the vibrational thermodynamics of nanocrystalline materials.
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I. INTRODUCTION

The vibrational thermodynamics! of nanocrystalline (NC)
materials® has attracted a considerable interest mainly due to
the observed anomalies in the vibrational entropy and lattice
specific heat. Room-temperature enhancements of the vibra-
tional entropy of 0.019k/atom (Ref. 3) for NC Fe prepared
by ball milling and of 0.01kz/atom (Ref. 4) for NC Fe syn-
thesized by ballistic consolidation, were reported. For NC
NisFe a deviation of up to 0.2kz/atom from the bulk value
was observed.>® In theoretical calculations an enhancement
of 0.1kg/atom was obtained for Ag nanoparticles’ while for
NC Fe and NisFe the corresponding values are 0.215kz/ atom
and 0.15kp/atom.®

Similarly to the vibrational entropy, an enhancement of
the lattice specific heat has also been detected. Deviations at
room temperature ranging from 2% for NC Se,’ 3% for NC
Ni,'9 10% for NC Cu,'' 20% for NC Ru (Ref. 12) and NC
Pt,'3 and 40% for NC Pd (Ref. 11) relative to the bulk values
were reported. The increase in the specific heat has also been
theoretically confirmed for a model NC system.'#

All these anomalies reflect the well-known anomalies of
the density of vibrational states (DOS) observed for various
NC materials. The common features are enhancement of the
DOS at low and high energies and broadening of the phonon
peaks.>-%15-2% The thorough understanding of the origin of
these anomalies, however, requires disentangling the effects
of disorder, reduced size, and chemical state (i.e., oxidation)
on the vibrational DOS as well as proper accounting for the
presence of pores and voids, and internal surfaces, which is a
complex and demanding task.

Recently, the DOS of the nanograins and the interfaces
was determined® for various grain sizes and interface thick-
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nesses of NC FeyyZr;B; (Nanoperm) prepared by crystalliza-
tion of an amorphous (AM) precursor. This sample prepara-
tion technique was selected among the other methods due to
the following considerations: (i) the NC materials exhibit
homogenous, porosity free, and dense interfaces. This allows
for ruling out the contribution of the free volumes to the
vibrational thermodynamics of the NC materials. (ii) The
isothermal annealing of an amorphous Fe MB (M stands for
Nb, Zr, or Hf) alloy leads to two steps of crystallization.?
The first crystallization step results in nucleation and growth
of polycrystalline a-Fe (the body-centered cubic phase, bcc,
of Fe) nanograins surrounded by the residual amorphous ma-
trix. The second step of crystallization leads to precipitation
of additional crystalline (CR) phases along with the grain
growth of all crystallites up to micrometer dimensions.
Therefore, by varying the annealing conditions (time and
temperature, below the temperature of the second crystalli-
zation) one alternates the fraction and size of the a-Fe nan-
ograins. (iii) Among the Fe MB metallic glasses FeqyZr;B;
was selected because this particular ternary alloy contains the
lowest amount of noniron atoms, only 10% of the sample
composition. The main role of the Zr and B inclusions is to
stabilize the initial amorphous state of the ribbon, to enhance
its thermal stability, and to increase the nucleation rate dur-
ing the nanocrystallization.?” (iv) The crystallization kinetic
of FegyZr,B; was studied in detail,?® allowing for a reliable
control over the crystallization process. (v) An established
fitting model®3! to the Mossbauer spectra of this particular
NC material offers the possibility to precisely determine (as
described below) the relative fraction of resonant atoms
(*'Fe) located inside the nanograins and at the interfaces. (vi)
Finally, the internal formation of the nanocrystals in this bulk
NC material prevents the nanoparticles from oxidation,
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which very often takes place in NC samples synthesized by
other methods. This, indeed, allows for ruling out the effects
of oxidation on the vibrational thermodynamics of NC ma-
terials.

In this paper we determine, from the previously? ob-
tained vibrational DOS, the lattice specific heat, vibrational
entropy, mean atomic displacement, and mean-force constant
of FegyZr;B; in as-quenched state and at various states of
nanocrystallization. The carefully selected NC system allows
to systematically investigate how the vibrational thermody-
namics of the bulk NC materials is influenced by the amor-
phous, homogenous, and porosity-free interfaces. A direct
comparison of the influence of the structural disorder with
that of the broken translational symmetry at the surface on
the thermoelastic properties of Fe is also presented and dis-
cussed.

II. EXPERIMENTAL AND THEORETICAL DETAILS
A. Samples preparation

An amorphous FeqyZr;B; alloy, enriched to 63% in the
resonant isotope °'Fe, was produced by rapid quenching of
the melt in vacuum by the single roller melt-spinning tech-
nique at a circumferential velocity of 37 m/s. NC samples
with various stages of crystallization were prepared by iso-
thermal annealing of the as-quenched 20 um-thick ribbon in
a vacuum (1.6X 107° mbar) to avoid oxidation. The first
T,=783(1) K and the second T,=1017(1) K crystallization
temperatures were determined from the differential calorim-
etry scan (see Fig. 1). The following samples were studied
(the abbreviation is the same as in our previous work®):
as-quenched, A, B, C, and D standing for the amorphous
precursor and the NC samples obtained by annealing of the
precursor at 753 K for 10 min., 783 K for 10 min., 783 K for
30 min., and 893 K for 80 min., respectively. All samples
were characterized by x-ray diffraction using Cu K« radia-
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FIG. 1. (Color online) Differential-scanning calorimetry scan
upon an amorphous FegyZr;B3. The first and the second crystalliza-
tion temperatures are shown (underlined numbers). The annealing
temperatures at which the NC samples were obtained are also
shown (italic numbers).
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TABLE 1. Mean size d of the a-Fe nanograins, mean intercrys-
talline layer thickness &, and the corresponding atomic fraction X;.

d )
Sample (nm) (nm) X;c
as-quenched 2.2(5) 1.0(5) 0.84(2)
A 10.9(5) 2.3(5) 0.51(2)
B 12.5(5) 1.5(5) 0.32(2)
C 13.4(5) 1.0(5) 0.21(2)
D 14.9(5) 0.6(5) 0.11(2)

tion [Fig. 1(a) from Ref. 25], and by conversion electron
Mossbauer spectroscopy (CEMS). They confirmed the pre-
dominantly amorphous state of the as-quenched ribbon and
excluded the presence of any kinds of oxides as well as any
crystalline phases different from a-Fe in the NC samples. In
agreement with earlier studies’”> on the same material nan-
ograins of a-Fe with average sizes of about 2 nm and relative
volume fraction of 16% were detected in the amorphous pre-
cursor by CEMS and by x-ray diffraction. The mean grain
size d determined by Rietveld refinement of the x-ray dif-
fractograms and by transmission electron microscopy, the
calculated®® mean intercrystalline layer thickness &, and the
relative atomic fraction of the intercrystalline phase X;- in
the studied samples are displayed in Table I.

B. Conversion electron Mossbauer spectroscopy

The high sensitivity of Mossbauer spectroscopy to the lo-
cal environment of the resonant nuclei allows one to identify
the Fe atoms exhibiting different structural arrangements and
to precisely determine their relative atomic fractions. Figure
2 displays the measured conversion electron Mossbauer
spectra of all investigated samples at room temperature. Ac-
cording to an established fitting model*®" the Mossbauer
spectra of this ternary NC alloy are composed of three dif-
ferent contributions. A narrow sextet (dotted line), character-
ized with a hyperfine field 33.0(1) T and an isomer shift
—0.01(1)mm/s (relative to a-Fe), arises from the a-Fe nan-
ograins. A broader sextet (dashed line), hyperfine field
31.8(1) T with a Gaussian distribution [width 3.7(1) T], and
isomer shift —0.01(1)mm/s, originates from the atoms lo-
cated at the (internal) surfaces of the nanograins with an
average thickness of about 2 atomic layers. These atoms pos-
sess slightly reduced coordination number with respect to
those of a perfect bcc crystal lattice. The third, quite broad
component (filled gray area) is typical for a matter with high
degree of structural disorder and it is assigned to the residual
amorphous matrix, i.e., the intercrystalline phase. In the as-
quenched sample this phase is nonmagnetic while in the
nanocrystalline samples it is already in a ferromagnetic state
with an average strength of the magnetic field 20 T and quite
broad Gaussian distribution (width of about 10 T), induced
by the interacting magnetic moments of the growing nan-
ograins (polarization of the amorphous phase). Note that in
sample A paramagnetic and ferromagnetic regions coexist
within the intercrystalline material.
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FIG. 2. (Color online) Conversion electron Mossbauer spectra
(open circles) of the studied samples, decomposed to contributions
from grains interior (dotted line), grains surface (dashed line), and
intercrystalline fraction (filled gray area). The solid red lines mark
the fits.

By applying this model the atomic fraction of the inter-
crystalline phase** X, (third component) is precisely sepa-
rated from that of the nanograins and their surfaces (the first
and second components) 1 —X,. (Table I). Upon annealing of
the amorphous precursor one observes a gradual increase in
the nanograin’s fraction (Fig. 2, dotted line subspectrum) and
simultaneous decrease in the intercrystalline phase (Fig. 2,
gray area component). This behavior has also been con-
firmed by the x-ray diffraction data [Fig. 1(a) from Ref. 25].

C. Nuclear inelastic scattering

The nuclear inelastic scattering®>~37 experiments were per-

formed at the Nuclear Resonance beamline ID18 (Ref. 38) of
the European Synchrotron Radiation Facility (ESRF) em-
ploying a high-resolution monochromator with an energy
bandwidth 1.0 meV.* The vibrational DOS of the as-
quenched material, NC samples, and of a 8 um thick a-Fe
foil (95% enriched in >’Fe) were derived in a quasiharmonic
approximation from the probability for nuclear inelastic ab-
sorption measured in the energy range *70 meV at room
temperature. Avalanche photodiode detectors*® were used to
detect the incoherent Fe K« fluorescence radiation (6.4 keV),
emitted after de-excitation of the nuclear resonant level (14.4
keV) by internal conversion (conversion factor 8.2) with a
time delay with respect to the moment of the phonon-assisted
nuclear resonant absorption. In order to increase the count
rate by covering larger solid angle with the detector the

PHYSICAL REVIEW B 82, 144301 (2010)

samples were inclined to an angle of only a few degrees with
respect to the x-ray beam. This experimental geometry de-
fined a depth sensitivity of approximately 1 wm, which is
comparable with the surface sensitivity of the CEMS tech-
nique (about 0.2 um). In addition, both CEMS and nuclear
inelastic scattering experiments were performed on the same
surface side of the ribbons. Therefore, both methods probed
essentially the same part of the investigated samples, exclud-
ing errors due to a possible difference in the crystallization of
the ribbons along their thickness. Furthermore, the isotopic
selectivity of the nuclear resonance absorption and the ap-
plied experimental geometry ensured that the nuclear inelas-
tic scattering and the Mossbauer spectroscopy probed the
same atoms of the sample. Thanks to these conditions only
one is able to reliably correlate the vibrational DOS with the
atomic fraction of the nanograins and the intercrystalline ma-
terial.

D. Theoretical considerations

In a nuclear inelastic scattering experiment one measures
the energy dependence of the probability W(E) for nuclear
inelastic absorption while scanning the energy around the
nuclear resonance energy in a millielectron-volt range em-
ploying a high-resolution monochromator.*! After normaliza-
tion, W(E) is decomposed in terms of a multiphonon
expansion*?

W(E) = fu| SE) + 2 S,(E) |, (1)
1

where f;,, is the Lamb-Mossbauer factor, the Dirac function
S(E) describes the elastic part of absorption (zero-phonon
term), and the nth term of the series S,(E) represents the
inelastic absorption accompanied by creation and/or annihi-
lation of n phonons. The one-phonon term is given by

Egg(E)
$1(8)= 21 Sy 2)
E,F% is the recoil energy of a free nucleus, k is the wave
vector of the photon; 7 is the reduced Planck constant; M is
the atomic mass, E is the energy transfer, ,8=(kBT)", T is the
temperature, kz—the Boltzmann constant, and g(E) is the
density of vibrational states.

The only assumption involved in the data evaluation is the
harmonic interaction between the atoms of the lattice. This
allows one to apply the following recursive iteration:

5,0)= f " SUENS, A(E - E'VE" 3)

—o0

and to calculate S (E) from the experimental data. The vibra-
tional DOS g(E) is obtained from Eq. (2).

By using the g(E) a number of thermodynamic and elastic
properties of a system can be calculated. For example, the
vibrational entropy S,; per atom is given by the expression
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” BE P + 1 on i
SU,-b=3kBjO g(E){TeﬁE_l—ln(eﬁ/ - e PE2)|dE.

(4)

The lattice specific heat per atom at constant volume Cy is
defined as

o [ (BEPE
cv_3kBJ0 g(E)(eBE_l)sz. (5)

The Lamb-Mossbauer factor and the mean-square atomic
displacement can be also calculated

o -BE
fLM=eXp|:_ERJ gE)1ve dE:|, (6)

o E 1-¢FF

1
< Ax2> - _ L;A”) (7)
k
The mean-force constant is given by
v g(E)E*dE. (8)

= .

III. RESULTS AND DISCUSSIONS
A. Density of vibrational states

Figure 3 shows the iron-partial vibrational DOS (open
circles) for all samples derived according to Egs. (1)-(3).
The partial contributions of the nanograin (dashed line) and
the intercrystalline (dotted line) fractions are represented by
the corresponding reference DOS functions [Fig. 2(b) from
Ref. 25] weighted by their relative atomic fractions (Table I).
The solid (red) lines mark the sum of two contributions. The
total agreement between the open circles and the solid lines
confirms that the applied decomposition of the vibrational
DOS to contributions of nanograins and interfaces is fully
consistent with the experimental data for all samples.

The vibrational DOS of the intercrystalline material is
featureless exhibiting significant enhancement of vibrational
states at low energy as well as a high-energy tail in compari-
son to that of bulk Fe (see Fig. 5). This particular DOS shape
was obtained? from the vibrational DOS of the NC samples
A and C. The fact that it is fully consistent with the DOS of
the intercrystalline fraction in the as-quenched sample [Fig.
4(b) from Ref. 25], where 84% of the Fe atoms are in amor-
phous state, as confirmed by x-ray diffraction [Fig. 1(a) from
Ref. 25], strongly suggests that the DOS of the intercrystal-
line material in the investigated NC samples is identical to
that of amorphous Fe.

A comparison with the calculated** DOS of amorphous Fe
reveals common features such as enhancement of vibrational
states at low energy and broadening of the peaks. Some dis-
crepancies, however, can also be observed, namely, the lack
of a well-pronounced transverse excitation and the presence
of a high-energy tail, not visible in the calculated vibrational
spectrum.
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FIG. 3. (Color online) Fe-partial vibrational DOS (open circles)
of the samples under study. The dashed and dotted lines represent
the reference DOS functions of the nanograins and interfaces, re-
spectively, derived as described in Ref. 25 and weighted by their
relative atomic fractions. The red solid lines mark the sum of two
contributions.

B. Thermodynamic and elastic properties

From the experimentally obtained vibrational DOS we
calculated the thermodynamic and elastic properties of the
NC alloy according to Egs. (4)—(8). Figure 4 reveals the de-
viations (solid circles) of the (a) vibrational entropy S,;, per
atom, (b) lattice specific heat C\ per atom, (c) mean atomic
displacement, and (d) mean-force constant from the corre-
sponding values of the bulk a-Fe as the intercrystalline
amorphous fraction X, decreases upon annealing of the as-
quenched precursor. These are, indeed, the reported anoma-
lies in the vibrational thermodynamics of the NC materials.
The open triangles at X;-=0.0 and the open squares at X;¢
=1.0 mark the calculated [Eqs. (4)—(8)] values by using the
reference DOS of the nanograins and the intercrystalline
fraction, respectively. The solid triangles at X;-=0.0 denote
the values related to bulk Fe obtained from the DOS of a
polycrystalline a-Fe foil.

The values of the thermoelastic quantities of the nan-
ograins are fairly close to those of the a-Fe foil (Fig. 4, open
and solid triangles at X;-=0.0) and practically coincide
within the experimental error bars despite of the grain size
variation between 2.0(5) nm in as-quenched sample and
14.9(5) nm in sample D (see Table I). This result is rather
expected since the vibrational DOS of the nanograins is size
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independent and almost identical to that of bulk a-Fe [Fig.
2(b) from Ref. 25]. The values at X;o=1.0 (open squares)
correspond to fully amorphous Fe and represent the limit for
the deviations of the vibrational thermodynamic properties
from those of crystalline Fe induced solely by the structural
disorder (amorphous limit).

From the linear scaling of the low-energy enhancement of
the vibrational DOS to the intercrystalline atomic fraction
[Fig. 5(b) from Ref. 25] it directly follows that such linear
scalings should also apply for the deviations of the ther-
moelastic properties from the corresponding bulk values. The
solid red lines in Fig. 4 are linear fits to the data (solid
circles) for the as-quenched, A, B, C, and D samples and, as
expected, they perfectly follow the experimental points. The
extrapolations to X;-=0.0 and to X;-=1.0 match, within the
experimental error bars, the corresponding values of the nan-
ograins and the intercrystalline fraction, respectively.

Similarly to the vibrational DOS (Fig. 3), a given thermo-
dynamic property Ty of the NC materials is a superposition
of the corresponding property of the nanograins and the in-
tercrystalline material weighted by their relative atomic frac-
tions. Such decomposition of the vibrational thermodynam-
ics of NC Ni suggested by Tang et al.,* revealed a linear
scaling of the vibrational entropy and the lattice specific heat
to the grain boundary fraction.

As demonstrated above, for the investigated NC samples
the properties of the nanograins are very close to the prop-
erties (Tcg) of the coarse-grained crystalline counterpart
(a-Fe) while the intercrystalline fraction is represented by
the residual amorphous matrix (Tay;). Therefore, a certain
thermodynamic property Tyc of this NC material is given by

Tne =1 =X,0)Tcr + XicTam- 9)

As seen in Fig. 4 (open asterisks) this model satisfactorily
reproduces the experimental values of the as-quenched, A, B,
C, and D samples. We note, however, that this model holds
only provided that the nanograins exhibit the same crystal-
line phase as the coarse-grained crystalline counterpart. Fur-
thermore, presence of free volumes (voids and pores), ox-
ides, other crystalline phases, or contaminations and
impurities in the NC material will also result in deviations
from Eq. (9).

Figure 4(a) reveals a variation in the vibrational entropy
between 3.50(1)kg/atom(X;-=1.0) and 3.07(1)kg/atom(X;-
=0.0) implying a maximal excess vibrational entropy AS,;,
for Fe of 0.43(1) kg/atom, i.e., the decrease upon crystalli-
zation at room temperature is about 14%. This compares well
with the reported*® 15% increase in S,,;, for amorphous rela-
tive to the crystalline FeSi,. In addition, this trend is in
agreement with the enhancement of the vibrational entropy
by 0.30(1)kg/atom and by 0.10(3)kgz/atom in disordered
state compared to the ordered one for NisAl (Ref. 47) and
Fe;AL*® respectively.

It is interesting to note that an enhancement of only
0.01kg/atom is obtained for NC Fe prepared by ballistic
consolidation* while for NC Fe synthesized by ball milling?
the value is by a factor of 2 larger, despite of the similar
grain sizes in both samples (10 nm and 12 nm, respectively).
On the other hand, our value 0.22(1)kz/atom for sample A
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FIG. 4. (Color online)The room-temperature values of the (a)
vibrational entropy, (b) lattice specific heat, (c) mean atomic dis-
placement, and (d) mean-force constant of FegyZr;B5 derived from
the experimental DOS (Fig. 3) as a function of the intercrystalline
fraction X;c. The open squares at X;-=1.0 and the open triangles at
X;c=0.0 denote the values calculated from the reference vibrational
DOS (Ref. 25) of the intercrystalline and the nanograin fractions
marked as AM and CR, respectively. The solid triangles mark the
corresponding values of a-Fe foil. The solid red lines are linear fits
to the experimental points of samples as-quenched, A, B, C, and D
(solid circles). Open asterisks mark the values calculated by Eq. (9).
The solid (blue) squares at X;-=1.0 denote the mean values of a
clean Fe(110) surface (Ref. 44) (see text).

(grain size 11 nm) is fully consistent with the calculated®
0.215kp/atom for NC a->"Fe with 10 nm grain size. These
discrepancies demonstrate that the properties of NC materi-
als synthesized by different techniques have to be compared
with caution since the resulting interfaces, mainly respon-
sible for the observed anomalies, could significantly differ by
their fraction, density, and degree of structural disorder.
The lattice specific heat [Fig. 4(b)] decreases upon crys-
tallization from 2.75(1)kg/atom(X;c=1.0) to 2.71(1)
kg/atom(X;-=0.0), i.e., by 1.5% only. This value is consis-
tent with the reported difference of 2.7% between amorphous
and crystalline FeSi,.*® In addition, it is in good agreement
with the specific-heat enhancement of 2% found for amor-
phous and NC Se relative to the coarse-grained polycrystal-
line Se (Ref. 9) as well as with the increase in 3% measured
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in NC Ni.'% The results presented here demonstrate that the
structural disorder of the interfaces has a minor contribution
to the anomalous behavior of the lattice specific heat of NC
materials. Sample C, for example, characterized with X;¢
=0.21, mean grain size 13.4(5) nm and intercrystalline layer
thickness of 1.0(5) nm (typical value for the NC interface
thickness regardless of the synthesizing method), reveals an
increase in only 0.18% compared to the bulk value. The
specific-heat enhancements of up to 40% (Ref. 11) reported
in literature are most likely the result of contamination and
impurities of the NC samples and it is not related to the
disordered interfaces. As demonstrated'® by Tschope and Bir-
ringer such contaminations could significantly influence the
specific heat of the NC materials.

The mean atomic displacement, i.e., the square root of the
mean-square atomic displacement, [Fig. 4(c)] changes its
value  between  0.084(1) A(X;c=1.0) and  0.066
(1) A(X;c=0.0) implying a decrease in about 27% upon
crystallization. The corresponding values for samples B and
C are 9.8% and 6.3%, respectively while for sample D it is
2.7%. They are in good agreement with the calculated*
mean-square displacements of nanocrystalline Au, Ag, and
Al employing the Lindemann theory of melting.”® The cal-
culated deviation of about 30% found for NC Ag (2 nm
particles size) is consistent with the 25% enhancement de-
rived for the as-quenched sample (grain size 2 nm).

Figure 4(d) reveals a variation in the mean-force constant
between 145 N/m(X;-=1.0) and 172 N/m(X;-=0.0) indi-
cating a decrease by about 16% upon crystallization. Again,
this value is fully consistent with the reported*® difference of
17% between the mean-force constants in crystalline and in
amorphous FeSi,. The systematic decrease in the mean force
constant in the NC samples with larger fraction of disordered
interfaces leads to a lower sound velocity, which manifests
itself as an enhancement of the vibrational DOS in the low-
energy range in comparison to that of the bulk counterparts.
This has experimentally been observed and depicted on Fig.
5(b) of Ref. 25.

Finally, we compare the influence of the structural disor-
der with that of the broken translational symmetry at the
surface on the thermoelastic properties of Fe. Recent instru-
mentation developments’! at the beamline ID18 of the ESRF
allowed for in situ studies of the vibrational properties of
ultrathin Fe films, and to investigate effects of the reduced
coordination at the surface** and the substrate-induced
strain®? on the lattice dynamics of Fe monolayers. The solid
(blue) squares at X;-=1.0 on Fig. 4 denote the corresponding
average values obtained from the DOS of a clean Fe(110)
surface with the wave vector of the x-rays being parallel to

the [001] and [110] crystallographic directions.** The data
plotted on Fig. 4 demonstrate that the vibrational entropy and
the mean atomic displacement of amorphous Fe practically
coincide with that of a clean Fe(110) surface. Although the
lattice specific heat and the mean force constant for the
Fe(110) surface are slightly lower compared to the corre-
sponding values of amorphous Fe, they still coincide within
the experimental error bars. This comparison reveals that the
vibrational thermodynamics is influenced practically in the
same manner from the structural disorder as from the broken
translational symmetry at the surface.
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FIG. 5. (Color online) A comparison of the interface DOS (solid
red triangles) (from Ref. 25), with that of the Fe(110) surface ob-
tained with the wave vector of the photons being parallel to the
[001] (solid circles) and to the [110] (open blue circles) crystallo-
graphic directions (from Ref. 44). The solid black line represents
the DOS of the bulk a-Fe.

To get more insight into this phenomenon we plotted on
Fig. 5 the reference DOS of the intercrystalline fraction
(solid red triangles) and of the Fe(110) surface obtained with
the wave vector of the incoming photons parallel to [001]

(solid blue circles) and to [110] (open blue circles) crystal-
lographic directions.** For comparison the DOS of bulk a-Fe
is also shown with solid line.

Figure 5 surprisingly reveals that the vibrational spectrum
of the intercrystalline fraction (amorphous Fe) exhibits simi-
lar features to the surface DOS such as enhancement of states
at low energies and suppression of the high-energy phonon
mode. In particular, the enhancement of vibrational states at
low energies, i.e., between 0 and 14 meV, is practically the
same for the surface and the interface DOS. The main differ-
ences are visible in the range between 25 and 35 meV, where
the DOS of the Fe surface shows an excess of vibrational
states compared to the DOS of the intercrystalline material.
Above 35 meV the intercrystalline DOS posses a high-
energy tail up to about 45 meV while the surface DOS ex-
hibits a high-energy cutoff slightly lower compared to that of
bulk a-Fe. As a result the vibrational DOS of the surface
has similar anomalous features to that of the intercrystalline
fraction leading to very close values of the corresponding
thermoelastic properties, as demonstrated on Fig. 4.

IV. CONCLUSIONS

The room-temperature thermodynamic (lattice specific
heat, vibrational entropy) and elastic (mean-force constants,
mean atomic displacement) properties of FeqyZr,B; were de-
termined in as-quenched and in various nanocrystalline states
from the previously? measured iron-partial density of vibra-
tional states. The analysis revealed that the transformation of
the Nanoperm alloy from amorphous to crystalline through
various nanocrystalline states leads to a gradual decrease in
the vibrational entropy, lattice specific heat, and mean atomic
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displacement by 14%, 1.5%, and 27%, respectively, while
the mean-force constant increases by 16%. The thermoelastic
properties of this NC alloy are represented as a linear com-
bination of the corresponding property of the material in
crystalline and in amorphous states weighted by the relative
atomic fractions of the nanograins and the intercrystalline
material, respectively. This applies for NC materials obtained
by crystallization of an amorphous precursor in general, pro-
vided that the nanocrystalline fraction exhibits the same
crystalline phase as the coarse-grained counterpart, and no
other phases, oxides, and impurities are present.

A direct comparison with the vibrational thermodynamics
of a clean Fe surface revealed that the broken translational
symmetry at the surface influences the thermoelastic proper-

PHYSICAL REVIEW B 82, 144301 (2010)

ties in practically the same manner as the structural disorder
does. This is a consequence of the very similar anomalous
enhancements of vibrational states at low energy exhibited
by the corresponding vibrational DOS and being primarily
responsible for the observed anomalies.
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