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An extensive study of FeZr2 was undertaken in order to gain insight into the amorphous structure of the
glass and the metastable “big-cube” structure of the intermediate crystallization product. Examination of the
temperature dependence of the resistivitysrd revealed a larger and negative temperature coefficient ofr sard
for the glass, which is not unexpected. However, an even largerr and negativear observed for thecF96 big
cube is quite unexpected for the crystalline structure in this temperature range. Through tight-binding–linear
muffin tin orbital–atomic spheres approximation density of states calculations, it is shown thats−d scattering
is the reason for the highr and negativear in the big cube, and therefore,s−d scattering accounts for the high
r and negativear in transition-metal–transition-metal glasses.
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I. INTRODUCTION

The increasing interest of late in nanostructured materials,
some of which are produced from partial or full crystalliza-
tion of the glassy/amorphous solid,1,3 requires a better
knowledge of the amorphous state in order to fully realize
the potential of such materials. In recent years, scientific ef-
fort has been focused on understanding the electronic band
structure and the structure of metallic glasses at the atomic
scale.1,2,4–7Whereas data on the electronic density of states
can provide a satisfactory explanation of physical properties,
such as resistivity, superconductivity, and magnetism, knowl-
edge of the atomic arrangements is required to better com-
prehend the mechanical and metallurgical characteristics of
these glasses, such as hardness, strength, and their behavior
under thermal and mechanical treatments below the crystal-
lization temperature. Given the atomic disorder of glasses,
such information is not obtained easily.2,7

Metal-metal binary glasses based on zirconium are ideal
for the systematic examination of the effect of an amorphous
structure on physical properties given their combination of
stability over an extensive range of composition and great
variety of properties. In amorphous FeZr2, crystallization
proceeds from the evolution of a large number of very small
crystallites s2.0–3.0 nmd—as attested to by transmission
electron microscope micrographs taken just after the first
exothermal event, observed in a differential scanning calo-
rimeter (DSC), corresponding to the first crystallization
product, the metastablecF96 structure.8 The formation of the
cF96 phase brings about an increase in electrical resistivity
srd over that in the glassy state. The grain-boundary resis-
tance due to the numerous small crystallites is not respon-
sible for the increase since annealing at 900 K for 2 h results
in grain growth (,1 mm in size), but no decrease in
resistivity.8 The high resistivity of thecF96 phase is an in-
trinsic property. Unlike the stabletI12 phase of the final
crystallization product, both the metastablecF96 phase of
the first crystallization product and the glassy state exhibit a

negative temperature coefficient of resistivitysard.8–10 Al-
though a negativear over the whole temperature range has
recently also been observed in some ternary quasicrystals
and their approximants,11–13 in the case of quasicrystals and
their approximants, there is speculation that the negativear

is critically dependent on microstructure14 and that it is due
to partial chemical disorder.13 However, unlike the ternary
quasiscrystal systems, the FeZr2 binary is a stoichiometric
compound with a narrow single-phase region and well-
defined atomic positions. The question here is as follows: To
what differences in the two crystalline structures of the FeZr2
binary can this be attributed? What is special about the 96-
atom cubic cell structure(the “big cube,” as it is commonly
called)? An answer to this question may shed some light on
the parent amorphous structure itself, given the prevalent be-
lief that the short-range order of the metastable state is simi-
lar to that of the glassy state.

Because of the well-characterized crystal structure of the
big cube, unlike the quasicrystals and their approximants, a
look at the density of states(DOS) may provide some clues.
In order to explain the difference in the sign of the tempera-
ture coefficient of resistivity for the two crystalline structures
(cF96 andtI12) of FeZr2, changes in the DOS with tempera-
ture is examined. Results of such DOS calculations per-
formed using a tight-binding–linear muffin tin orbital–atomic
spheres approximation formalism(TB-LMTO-ASA) are pre-
sented in this work.

II. EXPERIMENTAL METHODS

The binary FeZr2 alloy was prepared by arc-melting ap-
propriate amounts of the constituent elements—Fe 99.9%
and Zr 99.95%—under titanium-gettered high-purity
s99.995%d argon gas. Small pieces of the resulting ingots
were melt-spun under a 17-kPa high-purity He atmosphere
onto the surface of a rotating copper wheel with a tangential
speed of 50 m/s.
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Elemental composition and homogeneity of the samples
were verified by electron microprobe spectroscopy. Analysis
at several positions along the ribbon samples showed that the
samples were homogeneous with the concentration of each
constituent element differing from the expected nominal
amount by less than 1 at.%. The structural state of the
samples was examined by graphite-monochromated CuKa

x-ray diffraction (XRD) on a conventional automated pow-
der diffractometer. Samples were judged to be amorphous
based on the absence of sharp diffraction peaks. XRD of the
crystalline products exhibited Bragg peaks that were some-
what broadened by thermal and zero-point motion, small
crystallite size, and strain. Nevertheless, they were well de-
fined (cF96 or tI12) and could not be mistaken for the broad
peaks observed for amorphous material.

Crystalline samples of the binary alloy were obtained by
heating the glassy ribbons in a Perkin Elmer Pyris 1 DSC
under a high-puritys99.995%d argon gas flow at a heating
rate of 20 K/min to a temperature just past the point of crys-
tallization Tx.

Changes in resistance with temperature(in the range be-
tween 1.6–300 K) for both the glassy and crystalline states
of the FeZr2 binary alloy were examined using a four-
terminal ac bridge technique in conjunction with a helium-
based cryostat. A sensitivity of 10−5 V was easily achieved
with this setup.

III. RESULTS AND DISCUSSION

A. Low-temperature resistivity measurements

Owing to the sensitivity of the electrical resistance of a
material to variations in the electronic configuration of the
underlying atomic structure, the behavior of the resistance
offers yet another means of characterizing the glassy and
metastable crystalline states of the FeZr2 binary. To this end,
resistivity measurements from room temperature down to be-
low 4 K were taken for the amorphous and crystalline
samples. A plot of the temperature dependence of the resis-
tivity for amorphous and crystalline FeZr2 is given in Fig. 1.
The maximum inrsTd at temperatures below 40 K is due to
the scattering of the conduction electrons from the localized
spin fluctuations (characteristic of nearly magnetic

systems).15 The downward turn of the maximum asT de-
creases is due to the onset of superconductivity. Fora
−FeZr2, rs300 Kd is 165±5mV cm, which is greater than
that of the stable tetragonal states115±10mV cmd, but less
than that of the metastable big cubes215±10mV cmd.8–10,19

A straightforward and most common way of characteriz-
ing all types of material is through the temperature coeffi-
cient of resistivity,ar. It will be used here to look for simi-
larities between the glassy and metastable crystalline phases.
For a-FeZr2, ar was found to bes−12.5±2.0d310−5 K−1. A
negativear is consistent with that of other transition metal-
transition metal glasses.17,18 However, ar is known to be
negative for the metastable cubiccF96 statefs−100±10.0d
310−5 K−1g and positive for the equilibrium tetragonaltI12
statefs125±15.0d310−5 K−1g. 8,9,19This behavior of the re-
sistivity is atypical of most crystals and strongly suggests the
possibility that the amorphous and crystalline systems share
a common scattering mechanism; this unexpected behavior
points to a similarity in the local order in both phases.

B. Density of states

The main difficulties in the calculations of the electronic
structure of amorphous metals arise from the fact that these
metals are disordered systems characterized by a lack of
long-range order of atoms and consequently the usual band
theory is inapplicable. Because significant DOS information

FIG. 2. The Fermi energy,EF, and density of states at the Fermi
level, DOSsEFd, plotted against the lattice parametera for cF96
c-FeZr2. The values ofEF and DOSsEFd were calculated using the
TB-LMTO-ASA method of Andersenet al. (Ref. 20). For the for-
malism used here,EF is measured from the bottom of the conduc-
tion band.(The size of the points is indicative of the errors.)

FIG. 1. Plots of the temperature dependence of the resistivitysrd
for amorphous and crystalline FeZr2. The solid lines are a least-
squares fit of Mizutani’s empirical relation (Ref. 16)
rsTd /rs300 Kd=A+B exps−T/DTd to the data.

M. DIKEAKOS, Z. ALTOUNIAN, AND M. FRADKIN PHYSICAL REVIEW B 70, 024209(2004)

024209-2



on the glassy state of FeZr2 is difficult to come by, special
focus is placed here on the crystalline states of FeZr2,
namelycF96 andtI12. The desire is to gain insight into the
cF96 structure that is formed as the first crystallization prod-
uct from the glassy state. In particular, the hope is to discover
differences in the density of states(and its behavior) of the
metastable cubic and equilibrium tetragonal states, which
may explain the larger resistivity as well as the negative
temperature coefficient of thecF96 state. Subsequently,
given the belief that the metastable state shares a common

short-range order with the glassy state, some information on
the amorphous structure may be inferred.

To start, the effect of contraction and/or expansion of the
cF96 lattice structure on the total density of states at the
Fermi energy was examined.(For the formalism used here,
EF is measured from the bottom of the conduction band.) In
Fig. 2, the DOS atEF is seen to decrease linearly with de-

FIG. 3. Total densities of states(DOS) for thecF96 structure of
c-FeZr2 calculated using the TB-LMTO-ASA method of Andersen
et al. (Ref. 20). For the formalism used here,EF is measured from
the bottom of the conduction band.

FIG. 4. Total densities of states(DOS) for the tI12 structure of
c-FeZr2 calculated using the TB-LMTO-ASA method of Andersen
et al. (Ref. 20). For the formalism used here,EF is measured from
the bottom of the conduction band.
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creasing lattice parameter “a,” i.e., the lattice contracts. At
the same time,EF is seen to increase with decreasing lattice
parameter consistent with metallic behavior. Transition met-
als are characterized by a tightly boundd band that overlaps
and “hybridizes or mixes” with a broader nearly-free-
electronsp band. Hybridization or mixing of valence states
in an atom occurs when the states are fairly close in energy.
The relative separation of the valences andd energy levels
increases in going down a column of the Periodic Table from
3d to 4d away from the left-hand side of the transition-metal
series. This behavioral difference between the valencesp
band andd electrons arises from thed level lying inside the
outers level, which leads to a small overlap between thed
orbitals in the bulk. Transition-metalspvalence electrons are
found to be scattered very little by the lattice. On the other
hand, transition-metald electrons are strongly scattered. As
the structure contracts, the bonding between atoms increases,
the center of gravity of thed band moves up under compres-
sion as the electronic charge is confined into yet smaller
Wigner-Seitz sphere volumes, and the energy of the Fermi
level increases.

Electronic band calculations for thecF96 andtI12 struc-
tures of c-FeZr2 were performed using the TB-LMTO-

ASA method of Tanket al.,20 Andersen, Jepsen, and Sob,21

and Anderson.22 Plots of the results are given in Figs. 3–5.
(Additional DOS plots are given in Ref. 10.) A summary of
the calculated DOSEF

andEF is provided in Table I. A close
look at the two structures reveals two obvious differences:(i)
the total DOS atEF for cF96 is nearly five times that fortI12
and(ii ) theEF of cF96 is almost ten times lower than that for
tI12. Furthermore, the contribution to the density of states at
the Fermi level of Zr versus that of Fe is almost double in
cF96 and practically even fortI12, i.e., PDOSsZrd:
PDOSsFed (PDOS stands for partial density of states) is
1.7:1 forcF96 and 1.2:1 fortI12. However, the ratio of the
Fe d states to that of the Zrs states atEF in cF96 is less than
half that in tI12, i.e., PDOSsFe dd: PDOSsZr sd is 11:1 in
cF96 and 25:1 intI12. One other observation is of an unex-
pected low-lying state—thed state of Zr1 incF96 lies just
above the valences states. All of this leads to the conclusion
that the (experimentally observed) resistivity is larger for
cF96 than fortI12 owing to an increase ins-d mixing (s-d
hybridization) in the metastable cubic state. This in turn con-
firms the earlier observation that the larger of cF96 is not
brought about by the grain-boundary resistance associated
with the presence of small crystallites, but is indeed intrinsic

FIG. 5. Band structure ofcF96 and tI12 c-
FeZr2 calculated using the TB-LMTO-ASA
method of Andersenet al. (Ref. 20). Note the
low-lying state—the Zr1d band which lies just
above thes states in thecF96 structure.(For the
formalism used here,EF is measured from the
bottom of the conduction band.)
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to the structure. Therefore, if the short-range order of the
metastable “big cube” is similar to that of the
glass (as is the belief) then the large r observed
for the glass may also be ascribed to substantials-d mixing.
Earlier studies of the resistivity ofc-FeZr2 show relativer
values for the glassy, metastable cubic, and equilibrium te-
tragonal structures to be 1:1.3:0.7, respectively.19 It is per-
haps worth noting that the ratiorscF96d :rstI12d,
which is 1.9:1, is fairly equal to the ratio
fPDOSsZrd : PDOSs Fed g cF96: fPDOSsZrd : PDOSsFedg tI12,
which is 1.7:1.2.

Next, in order to explain the difference in sign of the
temperature coefficient of resistivity for the two structures, it
is necessary to examine the changes in the DOS as the tem-
perature changes. Because all of the calculations are actually
performed forT=0 K, temperature changes were mimicked
through contraction and/or expansion of the lattice. The jus-
tification for this lies in the fact that a negativear cannot be
attributed to electron-phonon scattering. Thus the contribu-
tion of the electron-phonon interaction tor at T.0 K can be
ignored when simply looking for changes in the DOS that
cannot be ascribed to this interaction. Physically probable
lattice parameters were estimated using the coefficient of lin-
ear thermal expansion for Zr with a 200 K change in tem-
perature. At first glance, the results in Table I reveal the
answer. As the temperatures drops, the lattice contracts,EF is
raised, and the total density of statesincreasesfor cF96, but
decreasesfor tI12. The “temperature coefficient of the total
DOS atEF” (i.e., DDOS/DOS) is −0.04 and +0.07 forcF96
and tI12, respectively. Also, whereas all the PDOS fortI12
decrease as the temperature decreases, not all of the PDOS

for cF96 increase; the PDOSsFe dd and PDOSsZr sd actually
decrease. This is consistent with the picture of an increase in
s-d hybridization of the Fe 3d and Zr 4s states as the tem-
perature is lowered, and the lattice contracts. The relative
values of the experimentalar for the metastable cubic and
equilibrium tetragonal states are, respectively, −1:1.25.19

They are in quite good agreement with the calculated “tem-
perature coefficient of DOS,” −1:1.75.

Confirmation of the inferred DOS results for the glassy
state would be of value(and could be inspiration for future
work), providing further proof of the common local structure
of the glass and metastable “big cube.” Nevertheless, it has
been possible to demonstrate from this work thats-d scatter-
ing is the reason for the high resistivities and the negative
temperature coefficient ofr in the “big cube,” and therefore
s-d scattering is the reason for the highr and negativear in
TM-TM metallic glasses. Moreover,s-d scattering could be
the origin of the Mooij correlation23 observed in transition-
metal–metal glasses.

IV. CONCLUSIONS

From the onset of this work, the goal was to gain some
insight into the glassy structure and the mechanism involved
in its crystallization. As such, a simple binary system, FeZr2
was chosen for study. The choice of this system was based
on the ease of formation of the glass phase and the intriguing
intermediate metastable phase, the big-cubecF96 structure,
upon crystallization to the final equilibrium tetragonal state,
tI12.

Measurements of the temperature dependence of the re-
sistivity exhibit the characteristic negative temperature coef-
ficient of resistivity for both the glassy and metastable “big
cube” states in contrast to the positive value for the equilib-
rium tetragonal state. DOS calculations revealed an increase
in the total density of states at the Fermi level for the meta-
stable structure, but a decrease in the DOS atEF for the
equilibrium tetragonal structure as the temperature decreases
(i.e., as the lattice contracts), which can account for the posi-
tive ar (i.e., the increase inr as the temperature decreases)
observed in the metastable “big cube” and in the glass, inso-
far as their short-range order is believed similar. The contri-
bution to the DOS atEF of the Zr atoms as compared to that
of the Fe atoms is double for thecF96 structure compared to
an even contribution for thetI12 structure. This results in an
increase ins−d mixing for cF96, which would then explain
the large resistance observed for the metastable state(com-
pared with that of the equilibrium state).

The subtle complexities of the problem of characterizing
the amorphous state has also been made obvious. The task is
not a simple one, often being tackled in a heuristic manner.
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TABLE I. Total and partial densities of states and Fermi ener-
gies calculated for different lattice parameters of thecF96 andtI12
structures ofc-FeZr2. The uncertainty is less than 2% for the DOS
values and of the order of 0.5% for theEF.

c-FeZr2 cF96 tI12

Lattice a 12.14 12.12 6.385 6.378

sÅd c 5.596 5.589

all 33.08 34.00 7.35 6.55

Total DOSEF
s 1.09 1.10 0.16 0.16

sstates/eV atomd p 5.36 5.69 1.21 1.19

d 26.64 27.18 5.98 5.20

PDOSEF
sFed s 0.15 0.17 0.05 0.05

sstates/eV atomd p 1.92 2.10 0.55 0.54

d 10.19 10.09 2.69 2.54

PDOSEF
sZr1d s 0.17 0.18 0.11 0.10

sstates/eV atomd p 1.16 1.26 0.66 0.65

d 2.50 2.53 3.33 2.66

PDOSEF
sZr2d s 0.76 0.75

sstates/eV atomd p 2.29 2.33

d 13.95 14.56

EF −1.361 −1.323 −0.122 −0.095

seVd
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