PHYSICAL REVIEW B VOLUME 58, NUMBER 17 1 NOVEMBER 1998-I

Local atomic structure and the valence band structure
of the rhombic-triacontahedral quasicrystal, its 1/1 approximant,
and the Mackay-icosahedral quasicrystal in the Al-Mg-Pd alloy system

Tsunehiro Takeuchi, Uichiro Mizutani, Shinji Yamaguchi, Toshiharu Fukunaga, and Takayuki Mizuno
Department of Crystalline Materials Science, Nagoya University, Nagoya 464-8603, Japan

Nobuo Tanaka
Department of Applied Physics, Nagoya University, Nagoya 464-8603, Japan
(Received 10 November 1997; revised manuscript received 23 Jung¢ 1998

The rhombic-triacontahedral-type quasicrys®Ir-QC), its (1/1, 1/1, 1/1) approximant (RT-1/1) and the
Mackay-icosahedral-type quasicrystill-QC) can be formed in the Al-Mg-Pd system. The radial distribution
function RDF{) spectra of the three compounds is derived from neutron diffraction experiments. Powdered
x-ray diffraction Rietveld refinement is also carried out to determine the atomic structure of the RT-1/1, and
the refined data are converted to the RDF(The interatomic distance of the Al-Pd pair in the RT-1/1 and
RT-QC is found to be remarkably shortened relative to that calculated from the hard sphere model with
Goldschmidt radii. In the MI-QC, the interatomic distance of the Al-Pd pair is further shortened. In addition,
the shortening of the interatomic distance is also observed in the Mg-Pd pair. The valence band spectra studied
by the x-ray photoemission spectroscopy and soft x-ray spectroscopy clearly show the formation of the
bonding and antibonding states associated with the Al-Pd and Mg-Pd atomic pairs in the MI-QC. The results
are consistent with the shortening of the interatomic distances derived from the structure analysis. The reason
for the possession of the highest resistivity in the MI-QC among the three compounds is attributed to the
formation of the covalent bonding between Al-Pd and Mg-Pd atomic d&8163-182608)06841-9

I. INTRODUCTION Recently, we have studied the electronic structure of the
RT-type and Mli-type Al-Mg-Pd, RT-type Al-Mg-Zn and

Several highly ordered quasicrystals like Al-Cu-Ru andMI-type Al-Pd-Re quasicrystals by means of the x-ray pho-
Al-Pd-Re show unusually high resistivities comparable tot0€mission spectroscogPS), soft x-ray emission spectros-

those of heavy doped semiconductbi&The Hall coeffi- COPY (SXES and low temperature specific = heat
measurement§.* A comparison of the valence band struc-

cients are known t.o change -thelr sign  with INCIeasING, | o5 between the MI-QC’s and the RT-QC'’s allowed us to
temperaturé,and their behavior is apparently dependent on

. itic . conclude that the pseudogap formed rieain the MI-QC is
sample preparation conditioriThese unique transport prop- Ilways heavily influenced by the bonding and antibonding
erties have been discussed in relation to a marginally metal:

lic allov in th S Linsul " tates arising from the hybridization between Ad-&lec-
ic alloy in the proximity to a metal-insulator transition. A yons andq electrons of transition metals. A large number of

numt_)er of inyestigations so far accumu_lated are apparentlé{nawsiS based on SXES and soft-x-ray absorption spectros-
consistent v_v|th_the_ _conc_lu3|on that a highly _ordered Ior‘g'copy (SXAS) measurements here were made for other qua-
range quasiperiodicity yields the sharp multiply-fold Bril- sicrystals by Belineet al,'2 and they have also found the
louin zones and the resulting deep pseudogap in the densifypridization effects between Al and transition metals as
of states at the Fermi level is responsible for the possessiaell as the pseudogap Bt . Krajci et al® pointed out as a
of low carrier densities. However, low density of states aloneconsequence of the theoretical calculation for a series of ap-
cannot account for a diversity of the transport behaviors obproximants that the hybridization between Al and transition
served in many different quasicrystals. metal elements is strong in the Al-Pd-Mn MI-QC, and that
There are two different families in the icosahedral quasithe hybridized states enhance the pseudogdf-atWe be-
crystals. Rhombic-triacontahedral-type quasicrystaéseaf- lieve that the formation of the pseudogap coupled with the
ter abbreviated to RT-QCjsare composed of only non- antibonding states just belol must be responsible for the
transition metal elements and exhibit ordinary metallicenhancement in the electrical resistivity of the MI-QC'’s.
behavior similar to those observed in nonmagnetic amor- The bonding states observed in the valance band must be
phous alloys, even when they are characterized by a highlgeflected in the local atomic structure, especially the inter-
ordered quasiperiodicity with the pseudogafEat In con-  atomic distance between the relevant atomic pair. In the
trast, the Mackay-icosahedral quasicrystélsl-QC’s) in- present work, we have studied both the atomic and electronic
volve the transition metal elements and exhibit resistivitiesstructures of the MI-QC’s and RT-QC’s with particular at-
much higher than those in the RT-QC'’s. Admittedly, thetention to possible interrelationship of the local atomic struc-
pseudogap of the RT-QC is generally slightly shallower tharture, the electronic structure and the electron transport prop-
that of the MI-QC. However, a substantial difference in theerties. We selected the Al-Mg-Pd alloy system for this
electron transport properties between the RT-QC and MI-Q@articular purpose, since three different compounds includ-
cannot be solely ascribed to the difference in the depth of thing the RT-QC, its 1/1 approximafiereafter abbreviated to
pseudogap. RT-1/1) and the MI-QC can be obtained.
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TABLE I. Electronic properties of the Al-Mg-Pd quasicrystals and their approximants. The data of the
Al-Mg-Zn RT compounds are also listeRef. 14 (a), (b), and(c) refer to the samples used for the structural

analysis.
Phase Composition y (mJ/mol K)  pgook (1 cm)  Annealing condition
Al-Mg-Pd RT-1/1 @  AlggMgse Pio s 104+13 400 °C, 2h
Ref. 20 Ak MgscPdi4 0.81+0.01 21710 400 °C, 3h
Al-Mg-Pd RT-QC (b) Al 415Mg44P 4 190+10 400 °C, 2h
Ref. 20 Al,Mg,Pd, 0.62+0.01 221 400 °C, 3h
Al 413Mg44Pth 5 148+8
Al ,Mg,Pd, 143+ 10
Al sMgaPdh; 103+ 15
Al-Mg-Pd MI-QC (©  Alg,Mgy7 P s 836x78 295 °C, Oh
Ref. 10  AE,Mg;gPd 0.43+0.02 700=35 295 °C, Oh
Al-Mg-Zn RT-QC  Ref. 14 AlsMga.Zng; 0.77+0.01 12012 300 °C, 2h
Al-Mg-Zn RT-1/1  Ref. 14  ApgMgzoZNsos  1.04+0.01 76-8 300 °C, 2h

Neutron diffraction measurement was carried out to detertotal scattering spectrometé|T) installed in Booster Syn-
mine the radial distribution function RDFY for these three chrotron Facility of KEK in Japan. Each structure factor
compounds. In addition, we have determined almost unamS(Q) was converted to RDF] by the Fourier transforma-
biguously the atomic structure for the RT-1/1 by using thetion. Powdered x-ray step-scanned diffraction data were
powdered x-ray Rietveld analysis, from which both total andtaken with a RIGAKU-RAD2 Bragg-Brentano diffracto-
partial RDF¢) can be derived. By making full use of the meter with a curved PG diffracted beam monochromator, a
Rietveld-refined RDFR() spectra, we successfully extracted 0.5° divergence slit, a 0.6 mm receiving slit, and a 0.5°
the structural difference between the RT-QC'’s and MI-QC'’s.scatter slit. This measurement was carried out only for the
The electronic structure, particularly the hybridization effectRT-1/1 with CuK, radiation ad a 1 Hzrotating sample
among various atomic pairs, is determined from a combinaholder in the range from 2= 13° to 100°. The crystal struc-
tion of the XPS and SXES, and the results are discussed iture of the RT-1/1 was determined by analyzing the pow-
relation to the local atomic structures and the electron transdered x-ray diffraction data with the Rietveld refinement pro-
port properties. gram,RIETAN.® Structural data thus obtained were converted

to the RDF¢).
The XPS valence band spectra were measured at room
Il EXPERIMENTAL PROCEDURES temperature by using an A, monochromated x-ray source

Alloy ingots were prepared with appropriate amounts ofWwith the energy of 1487 eV(Surface Smencg In_stru_ment,
pure elements Alpurity 5N), Mg (4N), and Pd (). The  X-Probe. The SXES spectra of AKs (Al-3p distribution
Al and Pd were firstly alloyed by arc melting. Here the ad-and MgK, (Mg-3p distribution were measured using an
dition of Mg was intentionally avoided, since Mg evaporates€léctron beam accelerated to 15 keV. The Fermi energy in
due to the excessive heating during the exothermic reactiol'® SXES spectra was determined by measuring the binding
between Al and Pd. Then the Al-Pd alloy ingot thus obtainecEnergy of the XPS Al-Ps, core level and AK, (from
was inductively alloyed with pure Mg in a graphite crucible 2Pz to 15) SXES line. The electrical resistivity was mea-
under a pressurized He gas atmosphere. sured at 300 K for a series of &l \Mga,Pd, (x=11, 12, 13,
Thermodynamically stable AMg,Pd, RT-QC and and 14 RT-QC'’s. More details were described elsewh@re.
AlsgMQgae Pdips RT-1/1 were produced by melt spinning
with subsequent annealing to enhance their structural quality. [ll. RESULTS AND DISCUSSION
Metastable RT-QC and an amorphous phase were also ob-
tained by melt spinning for Af_,Mg..Pd, (x=11, 12, and
13) and Ak,Mg;7 Py 5, respectively’ The latter was trans- Figure 1 shows the powdered x-ray diffraction spectra
formed into the metastable MI-QC after the heat treatmentmeasured with CiK,, radiation for the Al-Mg-Pd RT-QC,
The structure of the as-quenched and annealed samples wa3-1/1, and MI-QC compounds. All diffraction lines can be
examined by the x-ray diffraction with Cki, radiation. decisively indexed in terms of the respective compounds.
Dark-field electron microscopy measurements and electroAccording to the higher-dimensional projection metfbd,
diffraction measurements were carried out with JEOL2010 athe structure of the approximant is closely related to that of
200 kV. Numerical data of the compositions, the conditionsthe corresponding QC. As can be seen from Fig. 1, each peak
of heat treatments, and the electronic properties obtained ard the approximant arises from the splitting of the peak of the
summarized in Table |. The experimental data of Al-Mg-Zn corresponding QC. The grain size of each sample was calcu-
RT-compounds previously reported are also listed agated from the full width at half maximuniFWHM) of the
referencé? diffraction peaks by using the Scherrer equation. The ther-
The neutron diffraction measurements have been madmodynamically stable RT-1/1 and RT-QC have grains of
for the RT-QC, the RT-1/1, and the MI-QC by using the about 800 A in diameter. On the other hand, metastable

A. Determination of the atomic structure
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FIG. 1. X-ray diffraction spectra ofa) the AlsgMgsgdigs (B)
RT-1/1, (b) the Al;;Mg.Pdi, RT-QC, and(c) the Als;Mg 7 Pdso 5 140
MI-QC. 120

MI-QC consists of grains which size is a few hundred ang- ¢ 100
strom in diameter. This can be confirmed easily in the elec- E 80
tron microscopy image shown in Fig. 2. TISQ) spectra RN
derived from the neutron diffraction experiment and the cor-

responding RDFR() for the three compounds are shown in 40

Figs. 3A) and 3B), respectively. Botts(Q) and RDF¢) of 20l |
the RT-QC are quite similar to those of the RT-1/1. In con- (c)

trast, the spectrum of the MI-QC is obviously different from 01" 7T s 9 10

TS

FIG. 3. (A) Structure factorsS(Q) and (B) the corresponding
. radial distribution functions RDF] for (a) the AlsgMgsgPdios
_ T_he RDF(r) spectra in th_e range up & A are blown up  RT-U/L, (b) AlyMgaPdys RT-OC, and(c) the AlsM.. Pc
in Fig. 4. It is clear from Fig. 4 that the number of atomic . . . ; - :
e s . : MI-QC derived from the neutron diffraction experiments.
pairs in the atomic distances up to 2.8 A is obviously larger
in the MI-QC than those in the two RT compounds. Note

that the Goldschmidt radii of Al1.43 A) and Pd(1.37 A) are

those of the RT compounds, indicating that the MI-QC pos-
sesses the atomic structure quite different from those of the
RT compounds.

30 1 1 1
28|--- (a) RT-1/1
- - (b)RT-QC B
— (¢)MI-QC LN
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1 | |
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FIG. 4. Radial distribution functions RDFY for (a) the
Al5oMgs9 8Pdig 5 RT-1/1, (b) the Al;,Mg..Pdi4 RT-QC, and(c) the
Als,Mg47 Py 5 MI-QC derived from the neutron diffraction ex-

the periments. Arrows indicating the first, second, and third peaks in

FIG. 2. image for

Dark-field electron microscopy
Als;:Mg,7 Py s MI-QC. The large grain consists of small particles, each spectrum are due to thal, Pd)-(Al, Pd), (Al, Pd)-Mg, and

the size of which is a few hundred A in diameter. Mg-Mg atomic pairs, respectively.



11 348 TSUNEHIRO TAKEUCHI et al. PRB 58

' ' ' ' ' ' ' ' difference in the very edge position among the three com-
pounds to be very crucial and will focus on its details later.
— refined data Before analyzing the RDF} spectra, we must discuss, at
+ measured data this stage, the atomic structure of the RT-1/1 determined by
the Rietveld refinement. Mizutarst al® recently reported
that the atomic structure for a series of,Mig,0Zngo_«
RT-1/1 compounds has been successfully determined by
analyzing the powdered x-ray diffraction spectra with the
Rietveld refinement program. Here the refinement is carried
out by using the model by Bergman, Waugh, and Patiing
as a starting structure. According to Bergman, Waugh, and
Pauling!® four atomic sites denoted &, E, G, andH are
exclusively occupied by Mg atoms, and the smaller atoms Al
Dift — o . and Zn are randomly distributed at certain ratios over the
remaining atomic sites. In the present work, we employed
S S the same approach as employed by Mizutanal® to de-
. 20 (deg.) termine the atomic structure of the Al-Mg-Pd RT-1/1. As
shown in Fig. 5, the diffraction spectrum after the Rietveld
FIG. 5. X-ray diffraction data and refined spectrum fitted with refinement agrees very well with the observed one. The rel-
the Rietveld program for the AMgse 82005 RT-1/1. Bars indicate  evant numerical data are listed in Table Il. TRg,, R, and
the allowed peak positions, and diff. shown at the bottom indicatess \which are taken as measures for the precision of the
the differences between the measured and the fitted data. fitting,l5 are reduced to 6.95, 2.66, and 1.45%, respectively.
Judging from the resulting® factors and the overall agree-
about 10% smaller than that of M@.60 A) and that the ment between the refined and observed diffraction spectra,
concentration of smaller atoms Al and Pd in the MI-QCwe conclude that the atomic structure of the Al-Mg-Pd
amounts to 79-83 at. % whereas that in the RT compoundRT-1/1 is decisively determined by the present Rietveld re-
to only 54—64 at. %%7 All this evidence leads us to con- finement.
clude that the RDF() in the range up to about 2.6 A in all As noted above, all Mg atoms are filled in the atomic sites
three compounds is almost exclusively composed of th®, E, G, andH without vacancies. An excellent refinement
smaller atoms Al and Pd, and that the difference in theachieved in the present Rietveld analysis has confirmed the
RDF(r) between the MI-QC and the RT compounds reflectsvalidity of this assumption. On the other hand, the Al and Pd
that in the number and distribution of smaller atoms Al andatoms are randomly distributed at a given ratio over given
Pd. atomic sites, as listed in Table Il. This means that the abso-
More important to be noted is the difference in the short-lute position of individual Al and Pd atoms cannot be
est range near 2.4 A. A very edge of the first peak in theuniquely determined and that the chemical disorder inher-
MI-QC is located at a distance much shorter than those in thently exists in the distribution of Al and Pd atoms in the
RT compounds. Furthermore, a subtle but finite differenceRT-1/1. This must be responsible for the relatively large re-
can be seen in the very edge of the spectra between the tvidual resistivity observed in the RT-1/1 compoutti?*
RT-compounds; that of the RT-QC is more extended towargven though the width of the x-ray diffraction peaks are
a shorter distance than that of the RT-1/1. We consider théairly sharp.

Intensity (arb. units)

TABLE II. Starting and final structural parameters.

Al 50M939Ad3dl05 [pr: 695%, R| = 2766%, RF: 206%, Re: 478%, S: 1.45
space groupm3, a=14.245(2) A

Atoms Starting parameters Refined data
WYCK

Site  Kind NOT. X Y Z  occ. X Y z Beo occ.
A Al 2 0.00 0.00 0.00 0.80 0.0000 0.0000 0.0000 0.00
B Al 24(g) 0.00 0.09 0.15 0.83 0.0000 0.093p 0.154682) 0.413) 0.73

Pd 0.17 0.413) 0.27
C Al 24(g) 0.00 0.17 0.30 0.83 0.0000 0.178L 0.30933) 0.413) 0.92

Pd 0.17 0.43 0.08

D Mg 16(f) 0.18 0.18 0.18 1.00 0.1869 0.18693) 0.18693) 1.22) 1.00
E Mg 24g 0.00 0.20 0.11 1.00 0.0000 0.3G8% 0.12054) 1.02) 1.00
F Al 48(h) 0.16 0.18 041 0.83 0.157(®» 0.18781) 0.40391) 0.413) 0.80

Pd 0.17 0.4@13) 0.20
G Mg 12(e) 040 0.00 0.50 1.00 0.4049 0.000 0.5000 0®) 1.00
H Mg 12(e) 0.18 0.00 0.50 1.00 0.20® 0.000 0.5000 0.2) 1.00
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As one of the most characteristic features found in the TABLE lll. Interatomic distances derived from the refined crys-
present Rietveld analysis, we point to the absence of thtalline structure for the AfMgse Pcho s RT-1/1. The data with as-
center atom in the icosahedron of the first shell. Bergmanterisks refer to the normalized interatomic distances associated with
Waugh, and Paulirig originally reported that the atomic site Mg-Pd pairs.

A corresponding to the center of the icosahedron in the first

shell is 80% occupied by the Al atom in the Al-Mg-Zn o A'50M939MBZ£‘10.5 .
RT-1/1. However, the Rietveld analysis for a series of the Atomic site MRieweld Mrenormalized
AlLMgZngo_x RT-1/1 (26sx=<50) compounds mentioned A B 2 562

above showed that the occupancy of the gités less than

20% in the range 28x< 30, but that it is essentially vacant B B 2622 093
in the range 3&x=<50."° Similarly, the absence of the cen- 2713 0.96
ter atom has been reported in the structural analysis for the c 3520 0.89
Al-Li-Cu RT-1/1 approximant??® Therefore, we believe 5 3020 100
that the center sité of the RT-1/1 compounds including the E 3‘003 1.00*
present Al-Mg-Pd RT-1/1 is vacant and that the RT-1/1 3'014 1.00*
compounds contain 160 atoms rather than 162 atoms in the : '
unit cell.

To extract more quantitative information from the Ri- c D 3.183 L.05"
etveld analysis, we normalize the interatomic distance with E 3.066 101"
respect to that evaluated from the sum of the Goldschmidt 3.205 1.06f
radii for the corresponding atomic pairs: F 2711 0.95

2.624 0.92
. rll\?/li;tz,jleld G 2.962 0.98
rnormalized:rl\/I—N—_ H 3.221 1.06"
Goldschmidt
r(Rl\i/leftvl\é)Id C D 3.116 0.97
= ) E 3.258 1.02
(CRr A+ CRor pa) + (CAF a1+ CRgl po) F 3.119 103
) 3.123 1.03
whererM N s the interatomic distance between the shés E E 3.437 1.07
andN. CQ is the occupancy of the atoi at the siteN and = 3.097 1.03
ry is the Goldschmidt radius of the atoxh The normalized 3.109 1.03
interatomic distances thus obtained are summarized in Table G 3.585 112
lll. It is clear that the normalized interatomic distances of the H 3.056 0.96
(Al, Pd)-(Al, Pd) atomic pairs are always lower than unity,
indicating the reduction in the interatomic distances relative F F 2704 0.95
to the hard sphere packing. In contrast, those for the(Mg- 2'704 0'97
Pd atomic pairs marked with the asterisk in Table Ill are G 2'941 0 9‘7*
always close to unity. This implies that a large number of ' :
Al-Pd pairs possess reduced atomic distances but essentially H 3.068 1.02*
no shortened Mg-Pd pairs in the structure of the RT-1/1 3.074 102
compound.

Now we are ready to construct the RDIF(spectra from G G 2.724 0.85
the Rietveld refined atomic structure for the RT-1/1. Here H 2.903 0.91
the delta functionlike pair distribution derived from the Ri- 3.166 0.99

etveld analysis is multiplied by an appropriate Gaussian dis=
tribution function and coherent scattering length to allow a

direct comparison with the measured RI9F) derived from  arrows (1), (), and (lll), and that they are identified as
the neutron diffraction experiment. As shown in FigA§ mainly arising from the(Al, Pd)-(Al, Pd), (Al, Pd)-Mg, and

the resulting RDF(r) can reproduce well the RD¥r). Mg-Mg atomic pairs, respectively.

The partial radial distribution functions RIngY(r) asso- The decomposition of the total RDF(into their partials
ciated with the atomic paiX-Y in the RT-1/1 can be simi- for both RT-QC and MI-QC shown in Fig. 4 may be also
larly constructed from the refined atomic structure. Threemade possible by making full use of the partial RDFOf
different RDF;_.(r) spectra for theAl, Pd)-(Al, Pd), Mg-  the RT-1/1 as a guide. As mentioned above, the very edge of
(Al, Pd), and Mg-Mg atomic pairs are shown in FigiB§, the first peak in the MI-QC extends to the shortest distance
along with the RDF(r) and the total RDF{r). Note here among these three compounds. We can also see that the in-
that positions of the smaller atoms Al and Pd cannot beensity of RDF¢) in the region up to 2.6 A in the MI-QC is
distinguished from one another so that they are shown in thewice as large as that in the RT compounds. These results
bracket. We can see in Fig(l§ that the total RDFR() in the  strongly indicate that the extremely shorten@d, Pd)-(Al,
distances upat 4 A is made up of three peaks, as marked byPd) pairs do exist in the MI-QC structure. The second peak
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FIG. 6. (A) Total radial distribution function RD¥r) derived
from the neutron diffraction experiments and total radial distribu- . . | | | | .
tion function calculated from the refined crystal structure RDF 1210 3 6 4 ) 0 o 4
for the AlsgMgsq PPdip 5 RT-1/1.(B) Calculated partial radial distri- Binding Energy (eV)

bution functions RDE,; pgy_mg(r). RDFa pg—(al pay(r). and

RDFfj 5 wg(r) with RDF(r) and RDR(r) at the range from 2.2 FIG. 7. (A) XPS and(B) Al K, SXES spectra for the series of

to 4.0 A. the Alss_Mg,,Pd, RT-QCs k=11, 12, 13, and 4 Mg K ; SXES
spectrum forx=14 is also shown at the bottom. The large peak

marked adl,, is observed at about 2.9 A in the RD(of near 4 eV on the XPS spectrum is due to the Ridbénd.

the MI-QC, as shown in Fig. 4. We can attribute this to the

contribution from the(Al, Pd)-Mg pairs. If this is correct, B. Interrelationship between the local atomic structure and

then we realize its position to be shifted to a shorter distance electronic structure

than that of the RT compoundsee the peak at 3.1 A marked

ailslsggéi-cl)—zlifr?/gfmzhtgztelt’r&MFI’-Cg-C(:AIIS ;E?rzcii”aﬁ?;ghethe local atomic structure and the electronic structure of the
FAI Pd)-M airsyrelative o t,hose in, the FI;T compounds three relevant compounds in the Al-Mg-Pd system and gain
! gp P 'fvrther deeper insight into the mechanism for the possession

This conclusion must be strengthened by other experiment , T i X
evidences, which will be provided by the XSP and sxesi’grﬁp?l?:g; resistivity in the MI-QC than that in the RT

studies in the next section.

Before ending this section, it is worthwhile mentioning
that the very edge of the RDF) of the RT-QC is located at
a distance slightly shorter than that of the RT-1/1. This can Figure da) shows the XPS valence band spectra for the
be taken as a signal that the interatomic distance ofahe  Algs_ MgsPd, (Xx=11, 12, 13, and J4RT-QC's. A large
Pd-(Al, Pd) pairs in the RT-QC is more shortened than thatpeak observed at about 3—4 eV for each spectrum can be
in the RT-1/1. However, this should not be regarded as feasafely ascribed to the Pdd4states because of its large
tures characteristic of the local atomic structures of thephotoionization cross section. The width of the Pdidsand
RT-QC and RT-1/1. This is because the local atomic strucfor thex=11 sample is quite narrow, thereby indicating that
ture of these two compounds must be essentially identicahe tail of the Pd-4 band hardly extends &g . Hence, the
when compared at a given composition. Instead, the differelectronic structure of the RT-QC with=11 is quite similar
ence in the edge structure between the RT-QC and RT-1/b that of noble metals. With increasing Pd concentration,
simply reflects the different Pd concentrations in the respechowever, one can clearly see an increase in the width of the
tive sampleg10.5 at. % Pd in the RT-1/1 whereas 14 at. %Pd-4d band together with the displacement of its peak to-
Pd in the RT-QQ. ward lower binding energie@BE). Therefore, the effect of

In this section, we discuss the inter-relationship between

1. RT compounds
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the Pd-4l states on the electronic states at the Fermi level 240f ' o ' .
definitely increases as increasing the Pd concentration within 200'_ ]
the stable concentration range of the RT-QC. It must be also I { ]
noted that small humps grow at the BE of about 1 and 5 eV g 160} -
with increasing the Pd concentration in the RT-QC. These C_J::: - { : 1
humps most likely represent the PdH4tates perturbed by Vé 120_‘ { ]
the hybridization with the surrounding atoms. The measure- &° ggl 4
ment of the SXES spectrum is very powerful to identify the 1
electronic states hybridized with the Pd-4tates. 401 1

The Al Kz SXES spectra are known to reflect the Ap-3 0 ) . O ) . O ]
electron distributiot® The spectra of the RT-QC's are 10.0 11.0 12,0 13.0 14.0 150
shown in Fig. 7b) along with that of pure Al. The spectrum Pd concentration (at.%)

Of. the x= 11.Sa'mplle IS quite SImIIar. to the pure AI.Spectrum FIG. 8. Composition dependence of the resistivity at room tem-
W|t_ho_ut any |_ndlcat|0_n of the formation qf the bonding States_'perature for the series of the gl ,Mg,Pd, RT-QC.

This is consistent with the corresponding XPS spectrum in
Fig. 7(a). With increasing Pd concentration, however, weak
but measurable humps grow at BE and 5 eV. The ener-
gies of these humps in the Al ; spectra agree well with the
humps in the XPS spectra mentioned above. The Kig

SXES spectrum is incorporated in Figby for the RT-QC

RT-QC’s. Indeed, the resistivity rapidly increases with in-
creasing Pd concentration. This is consistent with the present
interpretation.

Janof® pointed out that nearest-neighbor distances in the

_ _ : ) Al-Pd-Mn MI-QC have been found to be up to 5% shorter
with the maximum Pd concentration=14. This reflects the than in the corresponding metals. His interpretation on this

Mg-3p electron distribution. Obviously, the spectrum is yoqction is that the intra-atomic transfer of electrons, for
fairly smooth without any measurab_le humps. Summar'z'n%xample froms to d in Pd, makes the size of atoms smaller.
these results, we reach the conclusion that the humps at Bfsqeeq, the size reduction accompanied by the intra-atomic
=1 and 5 eV are definitely caused by the hybridization be<|ectron transfer can be effecti#®lonization caused by the
tween the Pd-d and the Al-3 states and that the hybrid- hteratomic electron transfer also would affect the atomic
ization between the Pdetand Mg-3p states is insignificant — sjze, However, we found the strong evidence of the hybrid-
in the RT-QC. _ ization between Pd and simple metals in the valence band
_ The gradual growth of the Al-Pd bonding states observedpectra, so that we believe that it is the overlap of the orbitals
in the XPS and SXES spectra in the RT-QC must be rérather than the intra-atomic electron transfer or ionization to
flected in the Pd concentration dependence of the interatomigake the interatomic distances effectively shorter in the
distance of the Al-Pd atomic pairs in the RT-QC. Hence, letsyyctures of the Al-Mg-Pd RT-QC and its approximants.
us direct our attention once again to the RDFEpectra
shown in Fig. 4b). As mentioned in the preceding section,
the Pd concentration of the RT-QC is 14 at. % whereas that 2. MI-QC
of the RT-1/1 is 10.5 at. %. Indeed, they represent the maxi- In sharp contrast to the RT compounds, the MI-QC is
mum and minimum Pd concentrations in the RT characterized by the possession of the shortened interatomic
compound€? The very edge of the RT-QC’s RDFY spec-  distance of both Al-Pd and Mg-Pd pairs. This may be taken
trum, which exclusively represents the distribution (&, as a clue to hint the role of Mg atom different from that in
Pd-(Al, Pd) atomic pairs, is located at a distance slightlythe RT compounds. As emphasized earlier, Mg atoms are
shorter than that of the RT-1/1. As already mentioned, thdilled at 100% proportion at the atomic sites denotedas
local atomic structure of the RT-1/1 is essentially the samé=, G, andH in the RT-1/1 compound. Indeed, the Frank-
as that of the RT-QC at a given composition. The shift of theKasper phases, into which the RT-1/1 is classified, are com-
edge towards shorter distances must be brought about by gwsed of Kasper polyhedra that can be subdivided into tetra-
increase in the Pd concentration, since an increase in theedra having close packed atoms at each vertex without
Al-3p and Pd-4i hybridization effect contributes to shorten vacancieg’ Hence, the size of atoms always plays an impor-
the interatomic distance of the Al-Pd atomic pair within thetant role in the structure of the Frank-Kasper phases, and the
stable RT compounds. We have also noted in the precedinglg atom in the RT compounds acts as the role of a larger
section that a substantial reduction in the interatomic disatom whereas Al and Pd atoms as that of smaller atoms to fill
tance is observed only in the Al-Pd pairs but not in thethe space in a closed packed manner. This situation no longer
Mg-Pd pairs in both the RT-QC and the RT-1/1. This is alsoholds in the MI-QC.
consistent with the XPS and SXES spectra discussed above. The MI-QC's are generally composed of 70-80 at. % Al
We have shown above that the hybridization effect be-and 30-20 at. % transition metals without involving Mg at-
tween Al-3p and Pd-4 states in the present Al-Mg-Pd oms. Provided that 20—30 at. % of transition metals is al-
RT-QC increases with increasing the Pd concentration. Thavays needed in the construction of the MI-QC, all Pd atoms
electronic states nedfr are increasingly affected with in- play this role in the MI-QC. On the other hand, Mg atoms
creasing the Pd content and, hence, its effect would be reexpected to play the same role as that of Al to construct the
flected in the Pd concentration dependence of the electricdll-QC structure with the 20—30 at. % transition metal Pd.
resistivity. Figure 8 shows the Pd concentration dependencBince Mg atom can donate onf/ and p electrons to the
of the resistivities at 300 K for a series of the;Al,Mg.Pd,  valence band in the same manner as Al does. This strongly
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RDF(r) spectra shown in Fig. 4. A shortening of the inter-
atomic distances in the Al-Pd pair in the MI-QC is evidenced
from the RDF¢) spectrum in the region less than 2.6 A, and
the interatomic distance of the M@, Pd) atomic pairs in
the MI-QC is also substantially shortened relative to the hard
sphere radii2.97-3.03 A or the peak of the MdAl, Pd)
partial distribution function of the RT compounds, which is
marked with a symboll g7 at 3.1 A in Fig. 4.

As indicated by broken lines in Fig. 9, the antibonding
states are observed in the valance band spectra of the MI-QC
at the BE immediately belovEg. This is caused by the
hybridization of the Pd-d states with both the Al-8 and
the Mg-3p states. The conduction electrons né&arin the
MI-QC would enhance the tendency toward the localization
due to the existence of these antibonding states. Hence we
8 6 4 2 0 conclude that the formation of the antibonding state very

Binding Energy (eV) close toEgr coupled with the formation of the pseudogap
must be responsible for the occurrence of high resistivities

FIG. 9. XPS, AlKﬁ SXES, and Mg(ﬁ SXES spectra of the reaching 80% cm in the M|_QC
Al5,Mg47 P 5 MI-QC. The position of bonding and the antibond-

ing states is shown with vertical dashed lines. IV. CONCLUSION

Intensity (arb. units)

e We have investigated the local atomic structure of the
CAI-Mg-Pd RT-QC, the Al-Mg-Pd RT-1/1, and the Al-Mg-Pd
ture of the Al-Mg-Pd MI-QC. Thus, we believe that the MI-QC by using the RDR() spectra derived from both the

atomic environment around Mg atom may be the same ageutron diffraction experiment and the x-ray Rietveld analy-

that around Al, and that the reduction in the Mg-Pd inter->'>: The RT-QC and the RT-1/1 compounds are character-

atomic distance in the MI-QC originates from hybridization ized by the possession of reduced Al-Pd interatomic dis-

: : ; tances. In contrast, the MI-QC is characterized by the
f Mg- h the Pd- h - . . 2
i?ng sge(ii%r\:v ith the Pd-41 states, as discussed in the preced possession of shortened Al-Pd and Mg-Pd interatomic dis-

Now, we focus on the inter-relationship between thetances. These unique structural features of the RT-QC and
atomic 'and electronic structures of the MI-QC. The XPS,the MI-QC are found to be consistent V\.'ith the corresponding
Al K. and Mgy SXES valence specira of the MI-QC are .2 7028, 816 20 iCa Sk B0 ST BN Me B B
shown in Fig. 9. One can see that the bonding and antibond:

ing states are clearly formed as a result of the hybridizatio he RT-QC.
between Al-3 and Pd-4l states, and that the degree of the
hybridization in the MI-QC is apparently more remarkable

than that in the RT compounds. To a great surprise, the for- We would like to thank Professor Takeshi Matsuda for his
mation of the bonding and antibonding states is visible evemelp during the sample preparation, and one of the authors
in the MgK spectra, in sharp contrast to its absence in thgT.T.) also acknowledges Dr. Yuh Yamada and Professor
RT-QC. The hybridization effect between Ap3and Pd-4i Juan Carlos Campuzano for their valuable comments in the
as well as the Mg-B and Pd-4 states observed in both course of this work. T.T. was financially supported by JSPS
Al Kz and MgKg spectra would naturally result in the Research. The research was also supported in part by the
shortening of the interatomic distances of both the Al-Pd andasagawa Scientific Research Grant from The Japan Science
Mg-Pd atomic pairs. This is exactly what we observed in theSociety.

supports that Mg atoms are most likely substituted for th
sites of Al atoms rather than those of Pd atoms in the stru
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