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An extensive study of FeZrwas 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 resistijty revealed a large and negative temperature coefficientoofa,,)
for the glass, which is not unexpected. However, an even largerd negativey, observed for theF96 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 shovwsrthatattering
is the reason for the highand negativer, in the big cube, and therefore;d scattering accounts for the high
p and negativer, in transition-metal-transition-metal glasses.
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. INTRODUCTION negative temperature coefficient of resistivity,).5~° Al-

though a negativer, over the whole temperature range has

The incre.asing interest of late in nan_ostructured matgrials[,ecent|y also been observed in some ternary quasicrystals
some of which are produced from p.art|al or full crystalliza- 5nq their approximant$;13in the case of quasicrystals and
tion of the glassy/amorphous soﬁﬁ, requires a better eir approximants, there is speculation that the negatjve
knowledge of the amorphous state in order to fully realiz€g citically dependent on microstructdfeand that it is due

the potential of such materials. In recent years, scientific efg, partial chemical disordé? However, unlike the ternary
fort has been focused on understanding the electronic ba’lﬁhasiscrystal systems, the Fedinary is a stoichiometric

structure and the structure of metallic glasses at the atom'Eompound with a narrow single-phase region and well-
scalel**Whereas data on the electronic density of stategjefined atomic positions. The question here is as follows: To
can provide a satisfactory explanation of physical propertiesyhat ditferences in the two crystalline structures of the FeZr
such as resistivity, superconductivity, and magnetism, knowlpinary can this be attributed? What is special about the 96-
edge of the atomic arrangements is required to better comiom cubic cell structuréhe “big cube,” as it is commonly
prehend the mechanical and metallurgical characteristics Qfalleo)? An answer to this question may shed some light on
these glasses, such as hardness, strength, and their behayjr narent amorphous structure itself, given the prevalent be-
under thermal and mechanical treatments below the crystajsf that the short-range order of the metastable state is simi-
lization temperature. Given the atomic disorder of glassesg; tg that of the glassy state.
such information is not obtained easfly. o _ Because of the well-characterized crystal structure of the
Metal-metal binary glasses based on zirconium are idegliy cype, unlike the quasicrystals and their approximants, a
for the systematic examination of the effect of an amorphoug, gk at the density of stata®OS) may provide some clues.
structure on physical properties given their combination ofin order to explain the difference in the sign of the tempera-
stability over an extensive range of composition and greafre coefficient of resistivity for the two crystalline structures
variety of properties. In amorphous Feg/Zrcrystallization (CF96 andtl 12) of FeZn, changes in the DOS with tempera-
proceeds from the evolution of a large number of very smallre is examined. Results of such DOS calculations per-
crystallites (2.0-3.0 nm—as attested to by transmission f5med using a tight-binding—linear muffin tin orbital-atomic
electron microscope micrographs taken just after the firsipheres approximation formalisfiB-LMTO-ASA) are pre-
exothermal event, observed in a differential scanning calogented in this work.
rimeter (DSC), corresponding to the first crystallization
product, the metastabtd=96 structure®. The formation of the
cF96 phase brings about an increase in electrical resistivity
(p) over that in the glassy state. The grain-boundary resis-
tance due to the numerous small crystallites is not respon- The binary FeZy alloy was prepared by arc-melting ap-
sible for the increase since annealing at 900 K for 2 h resultpropriate amounts of the constituent elements—Fe 99.9%
in grain growth (~1 um in size, but no decrease in and Zr 99.95%—under titanium-gettered high-purity
resistivity® The high resistivity of theceF96 phase is an in- (99.995% argon gas. Small pieces of the resulting ingots
trinsic property. Unlike the stabld12 phase of the final were melt-spun under a 17-kPa high-purity He atmosphere
crystallization product, both the metastalilE96 phase of onto the surface of a rotating copper wheel with a tangential
the first crystallization product and the glassy state exhibit &peed of 50 m/s.

Il. EXPERIMENTAL METHODS
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FIG. 1. Plots of the temperature dependence of the resistjwity FeZr, cF96
for amorphous and crystalline FeZiThe solid lines are a least-
squares fit of Mizutani's empirical relation(Ref. 16
p(T)/p(300 K)=A+B exp(-T/Ay) to the data.
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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 1
amount by less than 1 at.%. The structural state of the B0 s e s e s
samples was examined by graphite-monochromatedK Cu Lattice Parameter ‘a’ (&)
x-ray diffraction (XRD) on a conventional automated pow-
der diffractometer. Samples were judged to be amorphous FIG. 2. The Fermi energﬁp, and den_sity of states at the Fermi
based on the absence of sharp diffraction peaks. XRD of thvel;: DOSEg), plotted against the lattice parameterfor cF96
crystalline products exhibited Bragg peaks that were some%FeZk: The values ok and DOSEg) were calculated using the
what broadened by thermal and zero-point motion, smalf B-LMTO-ASA method of Anderseret al. (Ref. 20. For the for-
crystallite size, and strain. Nevertheless, they were well del'2/iSm used heréz. is measured from the bottom of the conduc-
fined (CF96 ortl12) and could not be mistaken for the broad tion band.(The size of the points is indicative of the errors.
peaks observed for amorphous material.

Crystalline samples of the binary alloy were obtained bysystems*® The downward turn of the maximum & de-
heating the glassy ribbons in a Perkin Elmer Pyris 1 DSCereases is due to the onset of superconductivity. &or
under a high-purity(99.995% argon gas flow at a heating ~FeZp, p(300 K) is 165+5u() cm, which is greater than
rate of 20 K/min to a temperature just past the point of crysthat of the stable tetragonal stafE15+10.€ cm), but less
tallization T,. than that of the metastable big cu(®15+10u( cm).8-10.19

Changes in resistance with temperat(irethe range be- A straightforward and most common way of characteriz-
tween 1.6—-300 Kfor both the glassy and crystalline statesing all types of material is through the temperature coeffi-
of the FeZg binary alloy were examined using a four- cient of resistivity,«,. It will be used here to look for simi-
terminal ac bridge technique in conjunction with a helium-larities between the glassy and metastable crystalline phases.
based cryostat. A sensitivity of 70} was easily achieved Fora-FeZp, o, was found to bg-12.5+2.0 X 10° K™% A
with this setup. negativea, is consistent with that of other transition metal-
transition metal glasse€s$:!® However, a, is known to be
negative for the metastable culB&96 state[(-100+10.0
X 10°° K] and positive for the equilibrium tetragonill 2
A. Low-temperature resistivity measurements state[(125+15.0 X 10°° K™1]. 8919 This behavior of the re-

Owing to the sensitivity of the electrical resistance of asistiv_ity_is atypical of most crystals and stro_ngly suggests the
material to variations in the electronic configuration of thePOsSibility that the amorphous and crystalline systems share
underlying atomic structure, the behavior of the resistanc& common scattering mechanism; this unexpected behavior
offers yet another means of characterizing the glassy anBoints to a similarity in the local order in both phases.
metastable crystalline states of the FeHinary. 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- The main difficulties in the calculations of the electronic
tivity for amorphous and crystalline FexZis given in Fig. 1.  structure of amorphous metals arise from the fact that these
The maximum inp(T) at temperatures below 40 K is due to metals are disordered systems characterized by a lack of
the scattering of the conduction electrons from the localizedong-range order of atoms and consequently the usual band
spin fluctuations (characteristic of nearly magnetic theory is inapplicable. Because significant DOS information
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IIl. RESULTS AND DISCUSSION

B. Density of states
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FIG. 3. Total densities of stat¢®OS) for the cF96 structure of 27
c-FeZr, calculated using the TB-LMTO-ASA method of Andersen %% 0 10 20 30 0

et al. (Ref. 20. For the formalism used hergg is measured from ENERGY (V)

the bottom of the conduction band. FIG. 4. Total densities of staté®OS) for thetl12 structure of

c-FeZr, calculated using the TB-LMTO-ASA method of Andersen
on the glassy state of FeZis difficult to come by, special et al. (Ref. 20. For the formalism used hergg is measured from
focus is placed here on the crystalline states of KeZr the bottom of the conduction band.
namelycF96 andtl12. The desire is to gain insight into the
cF96 structure that is formed as the first crystallization prod-short-range order with the glassy state, some information on
uct from the glassy state. In particular, the hope is to discovethe amorphous structure may be inferred.
differences in the density of statéasnd its behavigrof the To start, the effect of contraction and/or expansion of the
metastable cubic and equilibrium tetragonal states, whicltF96 lattice structure on the total density of states at the
may explain the larger resistivity as well as the negativeFermi energy was examineror the formalism used here,
temperature coefficient of theF96 state. Subsequently, Ep is measured from the bottom of the conduction bai.
given the belief that the metastable state shares a commdtig. 2, the DOS aE is seen to decrease linearly with de-
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creasing lattice parameter “a,” i.e., the lattice contracts. AWSA method of Tanket al.,?° Andersen, Jepsen, and Sdb,
the same timek¢ is seen to increase with decreasing latticeand Andersort? Plots of the results are given in Figs. 3-5.
parameter consistent with metallic behavior. Transition met{Additional DOS plots are given in Ref. J0A summary of
als are characterized by a tlghtly bouddband that overlaps the calculated DOES andEg is provided in Table I. A close
and “hybridizes or mixes” with a broader nearly-free- look at the two structures reveals two obvious differen@es:
electronsp band. Hybridization or mixing of valence states the total DOS aEr for cF96 is nearly five times that fdt12
in an atom occurs when the states are fairly close in energwand(ii) the Er of cF96 is almost ten times lower than that for
The relative separation of the valensandd energy levels t112. Furthermore, the contribution to the density of states at
increases in going down a column of the Periodic Table fronthe Fermi level of Zr versus that of Fe is almost double in
3d to 4d away from the left-hand side of the transition-metal CF96 and practically even fortl12, i.e., PDO®r):
series. This behavioral difference between the valesge PDOSFe) (PDOS stands for partial density of stgtds
band andd electrons arises from tha:level lying inside the  1.7:1 forcF96 and 1.2:1 fotl12. However, the ratio of the
outers level, which leads to a small overlap between the Fed states to that of the Zs states aEr in cF96 is less than
orbitals in the bulk. Transition-metajpvalence electrons are half that intl12, i.e., PDO$&ed): PDOSZr s) is 11:1 in
found to be scattered very little by the lattice. On the othercF96 and 25:1 irtl12. One other observation is of an unex-
hand, transition-metal electrons are strongly scattered. As pected low-lying state—the state of Zrl incF96 lies just
the structure contracts, the bonding between atoms increaseshove the valence states. All of this leads to the conclusion
the center of gravity of thd band moves up under compres- that the (experimentally observedresistivity is larger for
sion as the electronic charge is confined into yet smallecF96 than fortI12 owing to an increase is-d mixing (s-d
Wigner-Seitz sphere volumes, and the energy of the Ferntiybridization in the metastable cubic state. This in turn con-
level increases. firms the earlier observation that the largef cF96 is not
Electronic band calculations for the#=96 andtl12 struc-  brought about by the grain-boundary resistance associated
tures of c-FeZr, were performed using the TB-LMTO- with the presence of small crystallites, but is indeed intrinsic
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TABLE I. Total and partial densities of states and Fermi ener-for cF96 increase; the PDQ@Be d) and PDO%Zr s) actually
gies calculated for different lattice parameters of ¢k®6 andti12  decrease. This is consistent with the picture of an increase in
structures ott-FeZr,. The uncertainty is less than 2% for the DOS 4 ¢ hybridization of the Fe @ and Zr 4 states as the tem-

values and of the order of 0.5% for tii. perature is lowered, and the lattice contracts. The relative
values of the experimentat, for the metastable cubic and
c-Fezp CcF96 112 equilibrium tetragonal states are, respectively, —1:1925.
Lattice a 1214 12.12 6.385 6.378 They are in quite good agre:ament with the calculated “tem-
A 5506 5 589 perature coefficient of DOS,” -1:1.75.
) ¢ ' ' Confirmation of the inferred DOS results for the glassy
all 33.08 34.00 7.35 6.55

state would be of valuéand could be inspiration for future

Total DO, s 109 110 0.16 0.16  work), providing further proof of the common local structure
(states/eV atom  p 5.36 5.69 121 1.19 of the glass and metastable “big cube.” Nevertheless, it has

d 26.64 27.18 5.98 5.20 been possible to demonstrate from this work thdtscatter-
PDOS: (Fe) s 0.15 0.17 0.05 0.05 ing is the reason.fc_)r the high resi;tivities and the negative
(states/eV aton  p 1.92 210 0.55 0.54 temperature cc_)eﬁ|C|ent gf in the “b|g.cube,” and ;here.fore

d 1019 10.09 2 69 254 s-d scattering is the reason for the higtand negativey, in

TM-TM metallic glasses. Moreoves:-d scattering could be

PDO%(2r1) s 0.17 0.18 011 0.10 the origin of the Mooij correlatiof¥ observed in transition-
(states/eV atoln p 1.16 1.26 0.66 0.65 metal-metal glasses.

d 2.50 2.53 3.33 2.66
PDOg,(Zr2) s 076 075 IV. CONCLUSIONS
(states/eV atoln p 2.29 2.33 ) )

d 13.95 14.56 From the onset of this work, the goal was to gain some
E. 1361 -1323 0422 —0.095 insight into the glassy structure and the mechanism involved

in its crystallization. As such, a simple binary system, BeZr
(eV) was chosen for study. The choice of this system was based
on the ease of formation of the glass phase and the intriguing
to the structure. Therefore, if the short-range order of théntermediate metastable phase, the big-ccB@6 structure,
metastable *“big cube” is similar to that of the upon crystallization to the final equilibrium tetragonal state,
glass (as is the belief then the large p observed t]12.
for the glass may also be ascribed to substastimixing. Measurements of the temperature dependence of the re-
Earlier studies of the resistivity af-FeZr, show relativep  sistivity exhibit the characteristic negative temperature coef-
values for the glassy, metastable cubic, and equilibrium teficient of resistivity for both the glassy and metastable “big
tragonal structures to be 1:1.3:0.7, respectiVely.is per-  cube” states in contrast to the positive value for the equilib-
haps worth noting that the ratiop(cF96):p(tl12),  rium tetragonal state. DOS calculations revealed an increase
which is 1.9:1, is fairly equal to the ratio in the total density of states at the Fermi level for the meta-
[PDOS(Zr) : PDOS(Fe€) ] ;ro6: [PDOS(Zr) : PDOS(FE)] 412, stable structure, but a decrease in the DOEatfor the
which is 1.7:1.2. equilibrium tetragonal structure as the temperature decreases
Next, in order to explain the difference in sign of the (i.e., as the lattice contragtsvhich can account for the posi-
temperature coefficient of resistivity for the two structures, ittive «, (i.e., the increase ip as the temperature decregses
is necessary to examine the changes in the DOS as the tembserved in the metastable “big cube” and in the glass, inso-
perature changes. Because all of the calculations are actualigr as their short-range order is believed similar. The contri-
performed forT=0 K, temperature changes were mimicked bution to the DOS aEr of the Zr atoms as compared to that
through contraction and/or expansion of the lattice. The jusef the Fe atoms is double for thd-96 structure compared to
tification for this lies in the fact that a negativg cannot be an even contribution for the#12 structure. This results in an
attributed to electron-phonon scattering. Thus the contribuincrease ins—d mixing for cF96, which would then explain
tion of the electron-phonon interactionpgat T>0 K can be  the large resistance observed for the metastable &Gtate-
ignored when simply looking for changes in the DOS thatpared with that of the equilibrium state
cannot be ascribed to this interaction. Physically probable The subtle complexities of the problem of characterizing
lattice parameters were estimated using the coefficient of linthe amorphous state has also been made obvious. The task is
ear thermal expansion for Zr with a 200 K change in tem-not a simple one, often being tackled in a heuristic manner.
perature. At first glance, the results in Table | reveal the
answer. As the temperatures drops, the lattice contragts, ACKNOWLEDGMENTS
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