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Experimental studies of atomic structure, electronic structure, and the electronic transport
mechanism in amorphous Al-Cu-Y and Mg-Cu-Y ternary alloys
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The local atomic structure in the amorphoug(@luy 4Y o.6)100-x @Nd M@(Clg 4Y ¢ 6)100-x (0<x=<85) alloys

was determined by neutron-diffraction experiments. The electronic structure near the Fermi level was deter-
mined using the same samples by means of x-ray photoemission spectroscopy and soft x-ray spectroscopy.
Both sets of data are combined to determine self-consistently and uniquely the local atomic structure in both
Al- and Mg-based amorphous alloys. The bonding nature and resulting atomic environment are found to
depend significantly on whether the third element is Al or Mg. Based on the atomic and electronic structures
thus derived, we could interpret the Al or Mg concentration dependence of the crystallization temperature,
electronic specific-heat coefficient, and also that of the resistivity value of 300 K. The origin of the appearance
of a positive Hall coefficient observed in the Al-based amorphous alloys but not in the Mg-based amorphous
alloys is also briefly discussefi50163-1826)05729-3

[. INTRODUCTION consistently by utilizing the neutron-diffraction technique as
an atomic structure probe and x-ray photoemission spectros-
The electron-transport properties of nonmagnetic amorcopy (XPS) and soft x-ray emission spectroscof§Xs) as

phous alloys reflect well the band structure at the Fermi levelhe electronic structure probe and discussed the reason why
Er, particularly when the resistivity is high enough to reducethe Al and Mg affect various physical properties in an en-
a mean free path of electrons Bt to an average atomic tirely different manner.
distance' Under such circumstances, tHeelectron conduc-
tion becomes essential in amorphous alloys consisting of the Il. EXPERIMENTAL PROCEDURE

late transition metalLT) and early transition metdET), in o
which the density of states & is dominated by the ET Al (Clo Yo 100 x  (0=X<85),  Mgy(Clh4Y0.6)100-x
(0=x=80) and AkL,Y s alloy ingots were prepared by arc-

states. An introduction of divalent Mg and trivalent Al into melting appropriate amounts of pure elements 99.999% Al
the LT-ET amorphous alloy allows us to change the99.9% Mg, 99.99% Cu, and 99.9% Y. The first two series of

d-electron-like density of states to tlsg-electron-like ones .
’ o . I re hereafter revi nd[M r -
and, hence, offers unique opportunities for studying the sca‘rf1 oys are hereafter abbreviated[#8], and[Mgly, respec

: o X ively. Pure Y metal containing the least oxygen content
tering mechanism in a disordered system throughoutdthe (0.4 at. % O was purchased from Shinetsu Chemicals,

to sp—conductl_on regimes. ) 6 LTD, Japan. Furthermore, the hexagonal AICuY, CsCl-type
The atomic structuré_, electronic struct_uré,_ and MgY and C-15-type MgCy intermetallic compounds plus
electron-transport propertied have been studied in a large fce Alg;Cus and AlgCug, alloys were fabricated for compari-
number of amorphous AI-LT-ET and Mg-LT-ETLT=Ni  gon.
and Cu, EFTi, Y, Zr, La) alloys. An addition of Al into the Amorphous ribbons were formed in the following alloys,
amorphous Ni-Zr alloy, for example, results in an increase irusing a single-roll spinning wheel apparatus operated in Ar-
resistivity, a sharp decrease in the electronic specific-heajas atmospher¢Al], (x=0, 5, 10, 15, 20, 30, 80, and B5
coefficient and a reversal in a sign of the Hall coefficient{Mg], (x=10, 20, 30, 40, 60, and 80and AkyYs,. The
from a negative to a positive valdé.0n the other hand, the x-ray-diffraction measurements with Ckia radiation re-
resistivity decreases and the Hall coefficient remains negarealed that an amorphous single phase region splits into
tive when Mg is added to the amorphous,flag, and  0<x=<0.3 and 0.8&x=<0.85 in the[Al] alloy system, whereas
Cuy,Y o alloys? Therefore, it has been realized that Al and it extends continuously over the range<0.8 in the[Mg]
Mg affect the electronic structure and electron transport iralloy system. The crystallization temperature is measured,
different mechanisms. using the differential scanning calorimetédSC) with a
Among LT-ET amorphous alloys, the amorphous Cu-Yheating rate of 15 K/min. The #4JCu; alloy was melt-
alloy can dissolve both Al and Mg to a large extent and,quenched to ensure the formation of a disordered fcc single
hence, may well be suited to extract the role of Al and Mg inphase without any precipitated phase.
a common amorphous matrix. The electron-transport proper- The electronic specific-heat coefficient, electrical resistiv-
ties have been already studied for a series of the amorphoity and Hall coefficient for the present amorphdés ], and
AlL(ClUyYo00100-x and Mg(ClyYoei00-x (0=x=<85  [Mg], alloys were already reported elsewh&feOnly the
alloys® In the present work, we have employed the samaesistivity and Hall coefficient for the hexagonal AlCuY in-
series of amorphous Al-Cu-Y and Mg-Cu-Y alloys and de-termetallic compound were newly measured at 300 K. The
termined both atomic and electronic structures self-data are listed in Table I.
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TABLE I. Electron-transport properties of hexagonal AICuY 700 | : | |
intermetallic compound.
®
P300 K (MQ Cm) RH3OO K(X10711 m3/A S) 650 |- ]
°
®
AlCuY 76 18.9 600 L |
) ®
The XPS valence-band spectra were measured for a series — 550 |-® =
of [Al], and[Mg], alloys plus the fcc A};,Cus, using mono- . o
chromated x rays of the AK« radiation (Surface Science 500‘_ o |
Instrument X probg The core levels associated with Ap2 o ®
Mg 2p, Cu 3d, Cu 2p, and Y I states are also measured ¢
for both [Al], and [Mg], alloys. The electron-probe mi- S0 © 7
croanalyzer(Shimazu, EPMA-8706equipped with a bent
crystal was used to measure the SXS spectra at an accelerat- 400 1 L 1 1
ing voltage of 10 kV. The AK 8 and CuL e , spectra were 0 20 0 60 8 100
measured for the amorpho{i&l], alloys, together with the X (Al or Mg at.%)

amorphous AyY 5o alloy, the fcc Al gCug, alloy and pure Al

Similarly, the MgK 8 and CuL «, , spectra were measured g, 2. Crystallization temperatuf, as a function of Al or Mg
for the amorphougMg] alloys, MgY and MgCyintermetal-  concentration for amorphous ACU4Yogi00-x (®) and
lic compounc_ls and pure Mg. Mg, (Clp 4Y 9.9100-x (0=x=<85) (O) alloys.

The Fermi level in the AKB and MgKpB spectra were ) )
determined by measuring the XPS Ap2and Mg 2 core  different role, when dissolved into the amorphous Cu-Y ma-
levels and the AKa and MgK « spectra, respectively. The trix. It is also suggestive that the Al atom, when its concen-
Fermi level in the Cua; , Spectrum corresponding to the ration is in the range0<x<30), tends to form strong bond-
transition from the Cu 8 states to the @ level can be de- N9 With Cu and Y atoms and strengthens the bonding over

termined by measuring the XPS Cp Zore level. the amorphous Cu-Y alloy, but that the Mg atom apparently
weakens it on average.

The crystalline phases formed after being heated up to

Ill. RESULTS 770 K were investigated by using x-ray diffraction with Cu
Ka radiation. The binary CiY¢o and ternary alloys with
A. Thermal properties x=10 and 20 are partitioned into CuY and remaining phases.

. h h h ‘ . owever, the/Al];, sample is identified as an almost single
Figure 1 shows the DSC< t<ermograms Or a SEres Ohhase of the hexagonal AlCuY intermetallic compound iso-
amorphougAl ], and[Mg], (0=x=<89) alloys. The crystalli- ¢ ,ctural to FgP8 Similarly, the major diffraction lines of

zation temperatur&, , as manifested by an exothermic peak'the[AI]g and[Al]gs samples can be indexed in terms of the
is plotted in Fig. 2 as a function of Al or Mg concentration. 7 phas§ which is isostructural to BaAl

It is clear that the value oF, increases rapidly up to 30 at. % In the case of the crystallizdtg] alloys, the CuY com-
Al but drops substantially when Al content exceeds 80 at. %pound remains observed up1e-20 as a m’ajor phase. Pure
In contrast, the value of, in the amorphougMg] alloys Mg is definitely precipitated in the crystallizefMglg,
r%ample. The diffraction lines for the alloys with intermediate

range. This already indicates that Al and Mg atoms play g4 concentrations=30 and 40 cannot be indexed in terms

of any single phase, as opposed to fAt];, alloy. Indeed,
the scanning electron microscopy micrograph revealed that

(a) | ' " o0 w the crystallized Mgl is partitioned into a mixture of Mg-
I rich and Mg-poor phases. The lattice constant of the result-
M <220 ing CuY compound in bothAl] and[Mg] alloys is plotted in
= ‘ x=10 ~ ’,_bg_/——l/ Fig. 3 as a function of Al or Mg concentration. It is seen that
£ ’//—/L/J;:g E the lattice constant increases in the casgAd] but remains
£ //,_%_/w £ I 240 unchanged ifiMg]. This implies that Al atoms are well sub-
= ”__M S stituted in the CuY lattice but that Mg atoms are apparently
E é depleted from the CuY compound. All this evidence suggests
2 ’Jﬂ 2 M that the atomic environment and the bonding nature among
= <280 . constituent atoms are substantially different, depending on
iy - whether Al or Mg is introduced in the Cu-Y amorphous ma-
b x=85 y x=80 trix.
. I 1 L . 1 } | 1
400 500 600 700 4000 500 600 700 B. Determination of atomic structures
T
T ®© 1. Amorphous Cu-Y alloy
FIG. 1. DSC spectra for a series of amorphota) Maret et al1° deduced the atomic structure of the amor-

Al (Cuy 4Y 0.6)100-x @nd (D) Mgy(CUg 4Y 0.9100-x (0=x=<85) alloys.  phous Cy;zY4; alloy by combining both the x-ray and
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T T T T T A deduced from the hard-sphere model given as a sum of the
respective Goldschmidt radii. This indicates that strong
bonding states are formed between the Cu and Y atoms. As
an additional unique feature, they found that the Cu atom has
no direct contact with neighboring Cu atoms.

354 - n

352 7]

= 2. Amorphous [Mg], alloys

350 ] The total RDF spectra for the amorpho[iglgls, and
e [Mg]g alloys are shown in Fig.(®) and 4c). It is seen that
the main peak$A) and(B) corresponding to the Cu-Y and
348 © 7 Y-Y atomic pairs in the binary Cu-Y alloy remain visible in
the amorphougMg]s, alloy. This is consistent with the data
shown in Fig. 3, where the lattice constant of the CuY com-
3.46 - ] pound phase formed upon crystallization of an amorphous
I I l I I phase, exhibits no Mg concentration dependence. Therefore,
0 5 o 15200 25 30 we believe that the interaction of Mg atoms with surrounding
Cu and Y atoms must be weak.

x (Alor Mg at.%) The RDF spectrum for the amorphopldg]g, alloy con-
C§ists of a single peak centered at 3.3 A. This peak reflects
definitely the Mg-Mg pair, as expected from the hard-sphere
model. Note here that the Goldschmidt radius for the Mg
atom is b;tween those (}); Cu and Y atomg,=1.6 A,
neutron-diffraction techniques. The two different samplesgtcruoné'lizgsuéggg{g thlef (t)h e'g&_t\}haengr%%%nizfrgr att?(fnge:tli(ll

one containing natural Cu.and t_he otﬁé@y Isotope, WETe  emain at the same position as in the amorphous Cu-Y binary
prepared for the neutron-diffraction experiment to determine

. alloy. Therefore, the atomic structure of the amorphous
partal racial distibuton funciohercater abbroviated as M4l alloy may be vievied s the randomiy distrbuted Mg
RDF) can be deduced by Fourier transforming the partiaﬁtoms’ in which the Cu-Y clusters may be embedded.
structure factors. The total RDF, which is reproduced from
the literaturé® and included in Fig. @), turned out to consist 3. Amorphous [Al}, alloys
of two peaks pOSitionEd at2.9 and 3.6 A A Comparison with The RDF spectra for the amorphoﬂA| ]X a”oys with
the partial RDF led them to conclude that the former origi-x=30 and 80 are shown in Fig. 5. First of all, it should be
nates from the Cu-Y pair and the latter from the Y-Y pair. noted that the RDF spectra for bdthl ]y, and[Al ]g, alloys
The Cu-Y distance of 2.9 A is shorter than the value of 3.08are asymmetriC, as Opposed to more Symmetric Spectra for

the [Mg] alloys. This suggests that the local atomic environ-
ment in the amorphoufAl] alloys possesses some unique

a(A)

FIG. 3. Lattice constant of the CuY compound phase obtaine
after crystallization of amorphous ACu4Y 06100« (@) and
My (Cp.4Y 0.9100x (0=x=<85) (O) alloys.

70 o B , local structure. We noted in Sec. Il A that the amorphous
[Al]5 alloy is crystallized into the hexagonal AICuY inter-
60 (A)(B) | metallic compound. According to its crystallographic dhta,
Al-Cu, Cu-Y, Al-Al, Al-Y, Y-Y, and Cu-Cu pairs are found
5ol \/ B in the distance of 2.54, 2.92, 3.04, 3.25, 3.65, and 4.06 A,
(@)Cuss Y7 respectively. The distances of the Al-Cu and Cu-Y pairs are
- , / shorter than those given by the hard-sphere model, whereas
L% 40 N those of Al-Al and Cu-Cu pairs are longer. Particularly, the
S (b)Mg3Curg Y 49 distribution of Al atoms is somewhat unique. They are al-
30~ hd ] ways united in three, each Al atom being separated from the
/ other two by 3.04 A, and exist as a cluster. The Al clusters
20 = thus formed are separated from each other by more than 4 A.
(©)Mgg,Cug Y1, Hence, even the intracluster Al-Al distance is much longer
10 - /\ — than that of 2.86 A expected from the Al-Al hard-sphere
/ model or the nearest-neighbor distance in fcc Al or liquid Al.
0 I L The RDF spectrum for the amorphdu 15 alloy is now
o 1 2 3 4 5 6 7 compared with the local atomic structure of the AICuY in-

termetallic compound. The position and height of the vertical
line represent the distance and relative coordination number
FIG. 4. Total radial distribution function RDEY for amorphous ~ Of the atomic pairs in the AICuY compound, respectively. A
Mg,(Cly 4 0.0100-x (X=30 and 80 alloys. The data for the amor- comparison with the AICuY compound allows us to identify
phous CysY ¢ alloy were reproduced from Maret al. (Ref. 10. the local atomic structure in the amorphdud |5, phase: a
Peaks(A) and (B) correspond to the Cu-Y and Y-Y correlations, small peak at 2.5 A most likely corresponds to the Al-Cu
respectively. pair, a shoulder around 2.9 A to the Cu-Y and Al-Cu pairs, a

r(A)
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FIG. 5. Total radial distribution function RDFY for amorphous
(@) Al3o(Clg Y 0,970 and (b) Algy(Cl Y 0,020 alloys. Vertical lines FIG. 6. A shift of the Al 20, Mg 2p, Cu 3d, Cu 2p, and Y 3
refer to atomic positions a&) hexagonal AICuY compound ariti) states as a function of Al or Mg concentration in a series of amor-
7, phase compound. Its height is drawn in proportion to the coorPhous (&) Al(ClyYoe100-x and (b) Mgyx(Cup4Y0.6)100-x
dination number. The number attached to each vertical line refers tP=<x=<85) alloys. The data were measured relative to that for the
the following: (1) Al-Cu, (2) Cu-Y, (3) Al-Y, (4) Al-Al, (5) Cu-Cu, ~ @morphous CiY g0 alloy. The data for the Al @ and Mg 2p states

and(6) Y-Y in the AICuY compound and1) Al-Cu, (2) Al-Al, (3) were measured relative to that for thall,, and [Mg];o alloys,
Al-Y, and (4) Y-Y in the 7, compound. respectively. A positive sign in the shiftE indicates an increase in

the binding energy relative to the reference.

central peak around 3.2 A to the Al-Aland Al-Y pairs and & The x.ray anomalous scattering experiments have been
peak around 3.7 A to the Y-Y pair. We believe from this reported by Matsubaret al ! for the amorphous AWNigY g
comparison that the atomic structure of the amorpti@lils;  alloy. They pointed out that large Y atoms are always sur-
alloy reflects well the local structure of the AICUY com- rounded by Al atoms and the Al-Al and Al-Y atomic pairs
pound and is characterized by the formation of the Al-Y andappear at the distances of 2.86 and 3.20 A, respectively, in
Al-Cu nearest-neighbor atomic pairs while there is a lack ofgood agreement with our conclusion.

the Al-Al and Cu-Cu nearest-neighbor pairs.

Similarly, a comparison is made with thg phase com-
pound for the amorphoy#\l Jg, alloy. Here a small amount _
of Cu atoms is assumed to be randomly substituted for Al 1. XPS core levels in amorphous [Al] and [Mg] alloys
atoms in the BaA| structure. Note that the largest Y atomin ~ The Al 2p, Mg 2p, Cu 2p, and Y 3 core levels were
the 7, phase is completely surrounded by totally 16 Al andmeasured for both amorphopal |, and[Mg], alloys. Figure
Cu atoms and, hence, no Y-Y nearest-neighbor atomic pairé shows the Al and Mg concentration dependences of the
exists. By comparing with the atomic structure of the shift of the core levels relative to those of the amorphous
phase, we can attribute a finite RDF near 2.5 A to the Al-CUCU,Y g0 alloy. The binding energy at the center of the Qi1 3
pair. The second largest peak observed at 2.8 A must bealence band is also included. As far as the Al @&xd Mg
attributed to the Al-Al pair, while the largest peak at 3.2 A to 2p core levels are concerned, the data for [a¢],, and
the Al-Y pair. We believe, therefore, that the atomic struc-[Mg],o are taken as a reference. It can be seen that both Cu
ture in the amorphouBAl]g, alloy reflects well that of the 2p and Cu 3 states in the amorphoy#\l], alloys shift
m-phase compound: each Al atom always possesses an #ward higher binding energies with increasing Al concen-
atom as a nearest neighbor in the close-packed distanc&ation but that an extrapolated line drawn through the data
while the Y-Y nearest-neighbor pair no longer exists. Thepoints in the range €x=<30 is positioned far below the data
Cu-Cu nearest-neighbor pair would also be scarcely formeih the range 86&x=<85, indicating a substantial change in the
because of its low concentration of only 8 at. %. This unigueelectronic structure across the middle field. The Al Rvel
atomic structure must be responsible for the emergence @flso shows a substantial increase in the shift with increasing
the free-electron-like electronic structure and free-electronAl concentration. Similarly, a shift in the Y®level is neg-
like transport properties, as will be discussed later. ligibly small below 30 at. % Al but becomes finite above 80

C. Determination of electronic structures
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Ep
Binding Ener eV
& gy ( ) FIG. 8. XPS valence-band spectra for a series of amorpt@us

Al (Cly 4Y 0.61100-x and (b) Mgy (Cly 4Y 0.6)100-x (0<x=<85) alloys.
FIG. 7. XPS valence-band spectra for pure Cu and amorphou$he data for the fcc AlCu; alloy are also included for comparison.
CuyY g alloy. The spectra near the Fermi level are shown on an
expanded scale in its inset, where dots and smoothed curve repr@u 3d peak |n th|s fCC a”oy We" COInCIdES |n pos|t|0n W|th
sent the data for GgY o and pure Cu, respectively. that in the amorphoufAl g, alloy. This means that the Cu
atom in the[Al ], amorphous alloy has an atomic environ-
at. % Al. In contrast, a shift in core levels in the amorphousment similar to that of the fcc A}Cu; alloy and, hence,
[Mg] alloys is always negligibly small over its whole con- exists as an isolated impurity by being surrounded with Al

centration range. atoms.
Unfortunately, the presence of the Yt &tates atEg is
2. XPS valence-band spectra in amorphous fg¥g, alloy scarcely seen in Fig. 8. The XPS spectra immediately below

¢ are expanded and shown in Fig. 9. Now it is clear that the
4d states completely disappear when Al concentration
eaches 80 at. % in the amorphdud ] alloys, but remain
finite up tox=80 in the amorphougVig] alloys. Hence, both
Cu 3d and Y 4d states are apparently displaced in an oppo-
site direction with increasing Al concentration, as if they are

The XPS valence-band spectrum for the amorphou
CuygY g alloy is shown in Fig. 7 in comparison with that of
pure Cu. As is well known, a main peak extending over 2—
eV in pure Cu represents the Cd 3tates. According to the
band calculations by Hausleitner, Tegze, and Hafh¢he
valence band of the amorphous £Yigs alloy consists of the
Cu 3d peak at the binding energy of 4 eV and the & Band

across the Fermi level. Hence, a main peak observed at 3.5 | ] T § ®)
eV in the amorphous GyY ¢, alloy can be easily identified o o
as the Cu 8 states. Its center is apparently displaced toward i Es |
a higher binding energy by about 1 eV relative to pure Cu. In RN I
addition, as shown in its inset, we find a small hump imme- 2 ) *
diately belowE in the amorphous phase, being taken as an ‘g -
evidence for the presence of the Y 4tates. i R R + e
3. XPS valence-band spectra in amorphous [Al] and [Mg] alloys % E ;__w . + ) mX=2£-
The XPS valence-band spectra for a series of the amor- 2 ~,-,,-;*'~ - = ~'_.,,._--'-
phoudAl], and[Mg], alloys are shown in Fig. 8. First of all, i T 510l
it should be noted that the XPS valence-band structure con- . e,
tinues to reflect mainly the Cud3and Y 4d states, even “ e “ %20
when the concentration of the third element Al or Mg is N LTS P o
increased in the amorphous Cu-Y matrix. As one of the most 2 ! £ ! g ! %F B
striking features, one finds that the Cd Beak is gradually Binding Energy (V) Binding Energy (eV)
displaced to higher binding energies in the amorphd\is
alloys, whereas it remains essentially unchanged ir Mgl FIG. 9. XPS valence-band spectfig. 8 in the vicinity of the

alloys. Included in Fig. 8 are the data for the rapidly Fermi level are shown on an expanded scale for a series of amor-
quenched fcc A} Cu; alloy, in which each Cu atom is be- phous (a) Al (ClysY00100-x and (B) Mgy (Clo.aY0.0100-x
lieved to be randomly distributed and almost completely sur{0<x<85) alloys. Arrow shows a hump, which indicates the pres-
rounded by Al atoms. It is clearly seen from Fig. 8 that theence of the Y 4 states.
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_ FIG. 11. Al KB SXS spectra for a series ¢ amorphous
FIG. 10. MgKp SXS spectra for a series ¢& amorphous  A| (Cuy .Y 0100-x (0=x=<80) alloys in comparison with the data
Mg, (Cly 4Y 0.6 100-x (0=x=<80) alloys in comparison_ with the d_ata for (b) fcc Al, amorphous AJgYs, and fcc AlgCug, alloy. The
for hcp Mg, CsCl-type MgY and C-15-type Mgguntermetallic  pinging energy is measured relative to the Fermi level. Solid verti-
compounds. The binding energy is measured relative to the Fermiy) |ine in (a) refers to the center of the Cuddand deduced from
level. the XPS spectra shown in Fig. 7. A dashed linéanand(b) refers
to the position of the bonding states formed by the hybridization

repelled with each other. But no such displacement takeﬁetween Al B and Cu 3 states

place in the amorphoy#g] alloys.

This unique alloying effect observed in the XPS valencephous[Al], alloys, together with those for the amorphous
band spectra must be reconciled with the atomic structur@|_ v alloy, fcc Al;gCug, alloy and fcc Al. First of all, we
discussed in the preceding section. We stressed that thgqd that the spectrum for the amorpholsiJg, alloy re-
Al-Cu and Al-Y nearest neighbor atomic pairs are preferensemples well that of pure Al, lending support to the posses-
tially formed in the amorphoufAl ] alloys. Unique alloying  sjon of the free-electron-like valence-band structure. On the
effects as observed in both RDF and XPS valence-band spegther hand, the spectra in the composition rangex930
tra suggest that hybridization in the Al-Cu and the Al-Y are much narrower in width than that of pure Al and re-
atomic pairs may be stronger than that in the Cu-Y atomiGemple more that of the amorphous,#s, alloy. A reduc-
pair and would eventually result in the isolation of Cu and Y'tjon in the width of the Al 3 electron distribution is taken as
atoms at high Al concentrations. Instead, a change in th@n evidence for the presence of strong hybridization between
RDF spectra for the amorpho{iblg] alloys can be under- A] 3p and Y 4d states.
stood as the gradual growth of the Mg-Mg nearest-neighbor As opposed to the amorphous ;N 5, alloy, however,
pairs while preserving the Cu-Y atomic pair. The hybridiza-there exists an additional small hump in the binding energies
tion effect in the Mg-Y and Mg-Cu atomic pairs is probably centered at about 4 eV in tH@l], amorphous alloys with
weaker than in the Cu-Y atomic pair and this leaves thec=20 and 30. This hump is located at a higher binding en-
Cu-Y atomic pair even up to high Mg concentrations. In theergy side of the Cu & XPS peak, which is marked as a
following sections, we will extract more straightforward in- yertical line in Fig. 11. Furthermore, its position agrees well
formation about hybridization effects among various atomicyith that of the AjCug, alloy. Therefore, we are led to
pairs from the measured SXS spectra and specify the elegonclude that this small hump represents the bonding states
tronic states of Al and Mg atoms involved in the hybridiza- of Al 3p electrons as a result of the hybridization with the
tion with Cu 3d and Y 4d states. Cu 3d states.

As is clear from the argument above, the KB spectra
clearly demonstrated the presence of strong hybridization be-
The MgK g spectrum provides information about the Mg tween the Al  and Cu 3l states and also between Ap3
3p electron distribution. The results are shown in Fig. 10 forand Y 4d states. It must be also emphasized in Fig. 11 that

a series of amorphoudg], alloys, together with those of the population of Al $ electrons aEg is greatly reduced in
pure hcp Mg, MgY, and MgCucompounds. It is clear that the Al-poor amorphous alloys relative to that in pure Al
the spectra for all amorphoug] alloys differ from those whereas the Al-rich amorphous alloy holds the free-electron-
of the MgCy compound possessing a double peak but mordike extended states. This is certainly responsible for an en-
resemble that of the MgY compound. This implies that thehancement in the resistivity in the amorphdud ], alloy

Mg 3p electrons hybridize with the Y dl electrons but es- and its subsequent sharp decrease in the Al-rich regime.

4. Mg KB SXS spectra in amorphous [Mg] alloys

sentially do not with the Cu @ states. More details will be discussed in Sec. IV C.
5. Al KB SXS spectra in the amorphous [Al] alloys 6. Cu La; , SXS spectra in amorphous [Al] and [Mg] alloys
The Al KB SXS spectra, which reflects the ApJartial The CuL a; , SXS spectra are known to reflect mainly the

density of states, are shown in Fig. 11 for a series of amor€u 3d states. Figure 12 shows Quw, , spectra for both
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arrow with dashed line indicates the presence of thedYstates. It o o ® O O

is absent in the amorpho(i8l Jg, alloy.

amorphougAl] and[Mg] alloys along with that of pure Cu.  vas0h) © cur2sh) @ Alash) O Me.60A)

As compared with the pure Cu, a main peak corresponding to

the center of the Cu@states is shifted by about 1 eV toward  FIG. 13. Schematic illustration of local atomic structures for
higher binding energies in the amorphous,§y, alloy.  amorphoudAl], (x=30 and 89 and[Mg], (x=30 and 80 alloys.
This is consistent with the shift of the XPS Cud 3tates

shown in Fig. 7. A shift of the Cu & states toward further - these unique local atomic structures resemble well those in
higher binding energies occurs significantly, when Al con-ihe nearby intermetallic compounds AICuY and thephase
centration reaches 80 at. %, whereas it is negligible in th%xisting in the equilibrium phase diagrdm.
amorphous{Mg]g, alloy. This is again consistent with the |y contrast, hybridization of the Mg8states, particularly
XPS data shown in Fig. 8. One may further notice the presyth Cy 3d states, is so weak that hybridization between Cu
ence of a very weak hump as an additional unique feature iBq and Y 4d remains up to the highest Mg concentration.
the Cul a, , spectra, which is marked by an arrow in both |ndeed, a series of the observed RDF spectra for the amor-
amorphougAl] and[Mg] alloys. Undoubtedly, this hump is  phous[Mg] alloys can be simply interpreted as the sum of
caused by the hybridization with the Yii4states. This hump, the cy-Y, Y-Y, and Mg-Mg pairs. The XPS and SXS spectra
though very weak, is visible for all amorpho(slg] alloys  \yere also successfully interpreted along this line.

but apparently disappears for the amorphaslg, alloy. Our conclusion for the local atomic structure and valence-
This is in an excellent agreement with the XPS spectrayand structure in amorphou#l], and [Mgl, alloys with
shown in Fig. 9. x=30 and 80 may be schematically illustrated in Figs. 13
and 14, respectively. In the next section, we will discuss
D. Atomic and electronic structures in amorphous[Al] varipus physical properties on the basis of atomic and elec-
and [Mg] alloys tronic structures thus determined.

As discussed above, the SXS spectra certainly provided
crucial information about the hybridization effects among IV. A. DISCUSSION
various atomic pairs involved. By combining RDF, XPS, and
SXS data together, we reach the following conclusions: hy-
bridization of Al 3p states with both Cu@®and Y 4d states The crystallization temperaturg, shown in Fig. 2 cer-
is so strong that the original hybridization between Qi 3 tainly reflects the bonding strength of atom pairs in an amor-
and Y 4d states is weakened in amorphd#d] alloys. This  phous phase. As was emphasized, Al atoms in the amor-
is reflected in the RDF spectrum for thal];, alloy as the  phous[Al];, alloy form a preferential bonding with Cu and
formation of Al-Cu and Al-Y atomic pairs with the absence Y atoms and the local atomic structure resembles that of the
of the Al-Al nearest-neighbor atomic pair and as a growth ofAlICuY intermetallic compound. A resemblance of the local
the bonding states of the AlBstates with Cu @ and Y 4d atomic structure to the AICuY compound, though its melting
states in the AKB spectrum. Strong hybridization eventu- point has not been reported, is most likely responsible for a
ally results in the isolated Cu and Y atoms in the Al matrix, sharp increase if, in the amorphoufAl ], alloy. However,
as the Al concentration exceeds 80 at. %. This is consistenthen the Al concentration is increased, the number of direct
with the observed RDF spectrum and also free-electron-liké\l-Al bonding increases and the free-electron-like electronic
XPS and SXS spectra. Furthermore, we could point out thastructure emerges. This obviously leads to a sharp decrease

A. Crystallization temperature
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electronic  specific-heat coefficienty,,, for both amorphous
Al (Cup.4Y 0.61100-x (@) and Mg(Cuyp4Y0.6100-x (0=x=<85) (O)
alloys. The literature data for the amorphous(Alig 67M o 339100 x

FIG. 14. Schematic illustration of valence-band structures foralloys withM =Ti (#), Zr (A), and La(M) are also includedRefs.
amorphougAl], (x=30 and 80 and[Mg], (x=30 and 80 alloys. 4 and 6.

Binding Energy -a—— Binding Energy

in T,. Instead, Mg atom simply dilutes the concentration oftoward the value of pure Alye,=1.348 mJ/mol K). An
Cu and Y atoms and contributes to reduce the bondindpitial steep decrease ify, cannot be explained simply in
strength between Cu and Y atoms in proportion to the Mderms of the dilution effect discussed for thég] alloys but
concentration. This explains why, decreases almost lin- has to be attributed to an additional band-structure effect. As
early with increasing Mg concentration, as shown in Fig. 2.emphasized above, the Yd4states dominate & in the
amorphous CuY ¢ alloy but the hybridization between Cu
3d and Y 4d states is weakened because of the formation of
stronger hybridization with the Al 8 states. This causes the
The Al or Mg concentration dependence of the measurey 4d states to be displaced to a lower binding energy, while
electronic specific-heat coefficient,, is plotted in Fig. 15 the Cu 3l states to a higher binding energy with increasing
for both amorphou$Al], and[Mg], alloys>® The data for Al concentration. Therefore, the initial steep decreasg,jg
the amorphous AlNig M 39100« @lloys withM=Ti, Zr,  can be attributed to the displacement in the & states to a
and La are also includédThe behavior in the amorphous |ower binding energy as a result of weakening of the @u 3
[Mg] alloys is simple: the value of,, decreases almost and Y 4d hybridization. The free-electron-like electronic
linearly and approaches with increasing Mg concentratiorstructure emerges aboxe=70. Here smally,,, values in the
that of the more or less free-electron-like hcp Mg,,=1.30  neighborhood of 1 mJ/mol K a gradual increase s With
mJ/mol K). As shown in Figs. 8 and 9, both Cud3nd Y increasing Al concentration and an agreement of the extrapo-
4d states in the amorphoy#g] alloys uniformly reduce |ated value with that of pure Al are all consistent with the
their magnitudes without altering their positions. Hence, &ree-electron-like behavior. We consider this to be realized
change in the band structure with increasing Mg concentrawhen the main Y 4 states are displaced aboke and only
tion is simply interpreted as the dilution effect without hav- jts small tail remains belovr, as illustrated in Fig. 14).
ing substantial chemical bonding effect or band-structure efwe conclude, therefore, that strong hybridization of the Al
fect between Mg and the transition-metal elements Cu ang@p states with the Y 4 and Cu 3l states yields the observed
Y. An increase in the Mg concentration results in a decreaseteep declining slope ify,,, with the subsequent upturn in
in the Y concentration, which in turn reduces the & den-  the amorphou$Al] alloys.
sity of states aEr . This occurs in proportion to the Y con-
centration. Hence, a linearly decreasing, in the amor-
phous[Mg] alloys can be explained essentially in terms of
the dilution effect described above. Figures 16a) and 1&b) show the Mg(or Al) concentra-
The behavior in the amorphouigl] alloys is different.  tion dependence of the electrical resistivity at 300 K and the
The value ofy,,, decreases much faster and gives rise to &Hall coefficientRy in amorphougAl] and [Mg] alloys?®
minimum at abouk=70 with a subsequent gradual increasealong with the data for other Mg- and Al-based LT-ET amor-

B. Electronic specific-heat coefficient

C. Electron-transport properties
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300

The band-structure effect is substantial in the amorphous
[Al] alloys. It was shown in Fig. 11 that only a limited
amount of the Al  electrons remains &g in the amor-
phous[Al];, alloy. This implies that Al $ electrons cannot
behave in the free-electron fashion in the Al-poor concentra-
N tion range. Instead, a reduction in Alp3electrons atEg
would result in an enhancement in their effective mass and,
in turn, a reduction in the Fermi velocity. Thus, we consider
the remaining Al ® electrons aE to be indistinguishable
from the Y 4d electrons as carriers and to be regarded as a
part of the Y 4 electrons in the following discussion, as far
as the Al concentration is lower thai=40.

The residual resistivityy is related to the density of states
50 - - at Eg, N(Eg) through the well-known Drude expression:

250

200

150

P30k (M€2-cm)

100

2
-~ e
0 20 40 60 80 100 Po 123 ArveN(Ep), 1

(b) whereAr andvg are the mean free path and Fermi velocity
of the electrons aEr. A possible minimum value for the
metallic conduction is set to be 0.25 ®mifor the diffusion
coefficient defined as the produbt=1/3Arve.t A hyper-
bolic curve withD=0.25 cnf/s drawn in thep-y diagram is
called the high-resistivity limiting curve indicating a possible
limit in the metallic conduction. A set of-y values falls
close to the so-called high-resistivity limiting curve, when
d-electron conduction dominates. Under such circumstances,
the residual resistivity is inversely proportional to the density
of states aE. . Furthermore, the temperature dependence of
resistivity in these high-resistivity amorphous alloys can be
well characterized by the weak localization effect coupled
with the enhanced electron-electron interaction.
10 | | | | As shown in Fig. 17, the present data for the amorphous
0 20 40 60 80 100 [Al], (x<30) alloys form the curve parallel and close to the
high-resistivity limiting curve. All Al-poor AI-LT-ET amor-
X (Al or Mg at.%) phous alloys meet this condition and their electron-transport
properties are characterized by the weak localization
FIG 16. Al or Mg concentration .dgpendence of the electricalgffect>® As discussed in the preceding section, a steep de-
resistivity at 300 K and the Hall coefficieR for both amorphous  rease in theyey, With increasing Al concentration originated
Al(Co.aY 0.6100-x (@) and M(Cy Yo e100-x (0=Xx<85 (O)  from a decrease in number of Yddelectrons a€E., which
alloys. The literature data for the amorphous(Mig sMo33100-x  are totally responsible for electron conduction. Therefore, a
Z"gzg ‘g"thM =Ti(#),Zr(A), and La(W) are also includedRefs.  oq,ction in the density of states B must be responsible
: for an increase in resistivity up =40 in the amorphous
[Al] alloys.

We found that the Al atom, when its concentration is low,
phous alloys: It is clear from Fig. 16a) that, regardless of plays the same role as metalloid elements like B and Si in
the combinations of LT and ET, the resistivity increases withtransition-metal—metalloid-type amorphous alloys. However,
increasing Al up to 40 at. % and then drops sharply within the case of Al, its concentration can be increased up to 85
further increase in Al concentration. This is in sharp contrastt. % without losing the glass-forming ability. An increase in
to the behavior in the amorphous Mg-based alloys, where th&l concentration results in the isolation of the transition-
resistivity consistently decreases with increasing Mg concenmetal elements from each other and gives rise to the growth
tration. of the Al-Al nearest-neighbor atomic pairs. An isolation of

We discussed in Sec. IV B that the chemical bonding efboth Cu and Y atoms in the Al matrix causes the Qi 3
fect is small and only the dilution effect dominates in thestates to displace to a higher binding energy anddYstates
amorphoug Mg] alloys. As illustrated in Fig. 13, the ten- aboveE . This promises the emergence of the free-electron-
dency for the formation of Mg atom clusters increases withlike band structure in the Al-rich regime and explains a dras-
increasing Mg concentration and serves as openingsfhe tic drop in the resistivity in Fig. 1@), when the Al concen-
electron conduction channel in the amorphous matrix in protration exceeds abowt=70.
portion to the amount of Mg atoms added. This will explain  The data for th¢Al]go and[Al ]gs alloys in thep-vy plot in
the observed linear decrease in resistivity in the amorphouBig. 17 deviate downwards substantially from the limiting
[Mg] alloys. curve, signaling a transition from- to sp-electron conduc-

Ry(10-1m3/A - s)
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800 — : : : coefficient. towards a positive sign is a characteristic feature

: observed in the amorphous AI-LT-ET alloys. Several models
have been propos&tt* but the origin of a positive Hall co-
efficient in nonmagnetic amorphous alloys has not been well
__ understood. Here we draw attention to the fact that the amor-
600 |- . phous[Al];, alloy exhibited a positive Hall coefficient. As

4 discussed in Sec. Il B 3 its local atomic structure resembles

well the hexagonal AICuY intermetallic compound with a
B positive Hall coefficient. Therefore, we believe that the oc-
400 - . | currence of a positive Hall coefficient is deeply related to the

) ‘ unigue local atomic structure which, in turn, determines the
electronic structure ned. In the case of the amorphous
[All5, alloy, therefore, the determination of the electronic
structure, particularly, the hybridization effect between Al
3p and Y 4d states in the vicinity oEx must be important in
understanding the origin of a positive Hall coefficient.

Po(uL2-cm)

200

B D. Interplay of the atomic and electronic structure

0 2 4 6 8 10 To deepen the understanding of the scattering mechanism
2 further, one should calculate both atomic and electronic
(mJ / mol.K") structures of these ternary amorphous alloys in a manner
consistent with all experimental data shown in this work.
FIG. 17. p—7yep diagram for both amorphous Firstly, the atomic structures of the amorphdud], and
AlL(Cly 4Y0.0100-x (® and Mg (Cly.aYoei00-x (0<x<85 (O)  [Mg], (x=30 and 80 alloys must be constructed in the
alloys, together with the data for the amorphous molecular-dynamics, simulations to reproduce well the ob-
Al (Nig 6M o 39100-« alloys withM=Ti (#), Zr (A), and La(®)  served RDF spectra. We consider this to be accomplished by
and Mg,(Nig 4L8g g)100-x alloys(0) (Refs. 4 and § Small dots also  using the AICuY intermetallic compound ang phase as
represent the data for various nonmagnetic amorphous dRefs.  starting materials for the amorpho{al], (x=30 and 80
1 and 4. The data for the amorphous ANiy Mg 39100« @lloys  alloys, respectively. The electronic structure is then calcu-
with x=0 appear at a different point in the diagram, since the condated in the linear muffin-tin orbital-recursion method. Here
centration of the early transition-metal eleméftis only 33 at. %  the results must be checked if they conform well with the
and, thus, is lower than 60 at. % Y in the present sample. The datgbserved electronic structure. We hope that calculations of

for the amorphougMg] alloys fall on a straight line, whereas those the electron-transport properties then become feasible on the
for the amorphoufBAl] alloys fall into three different regimegl) d basis of the electronic structure thus obtained.
conduction regime(2) intermediate regime, an@) sp conduction

regime. A dashed curve represents a high-resistivity limiting curve.
See more details in Ref. 1. ACKNOWLEDGMENTS
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