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X-ray absorption and optical spectroscopy studies ofMg;_,Al,)B,
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X-ray absorption spectroscopy and optical reflectance measurements have been carried out to elucidate the
evolution of the electronic structure in (Mg,Al,) B, for x=0.0, 0.1, 0.2, 0.3, and 0.4. The important role of
B 2po hole states to superconductivity has been identified, and the decrease in the hole carrier number is
quantitativelydetermined. The rate of the decrease in the hole concentration agrees well with the theoretical
calculations. On the other hand, while the evolution of the electronic structure is gradual through the doping
range, T. suppression is most significant at=0.4. These results suggest that the superstructure in
(Mg, _,Aly)B,, in addition to theo holes, can affect the lattice dynamics and contributes td freuppression
effect. Other possible explanations like the topological change of-thand Fermi surface are also discussed.
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Within two years of the discovery of superconductivity in to an obvious decrease @due to the smaller ionic radius of
MgB,,! intensive studies have led to tremendous understanddl®**than that of M§*, while the effect ora was relatively
ing of this new and unique intermetallic superconductor. Thensensitive. The diffraction pattern of the=0.2 sample
main frame has been set both by theory and experimentshowed the presence of two phases. All the above x-ray dif-
MgB, is a phonon-mediated strong coupling superconductoifraction results were consistent with those in the
The two-dimensional B @ o holes play a crucial role in literature™*? The resistivityp was measured by the four-
superconductivity of MgB?~® In contrast to classical Probe method, as shown in Fig. T, was determined by the
swave superconductors, MgBhas multiple superconduct- Midpoint of the transition, and was consistent with the mag-
ing energy gaps though it is fully gapp&d:1° However, netizationM measurements. Th_e sharp transition bottpin
there are issues on MgBemaining somewhat open yet. One andM manifested the good quality of the samples. Moreover,

example is the Al doping effects of, of MgB. It is estab-

lished that the Al doping leads B, suppression in MgR
Al doping also shortens the axis in the layered hexagonal

0.50

Mg1-xA|xBZ—

structure.  Furthermore, the Al-layer ordering in 0.45 86 :

(Mg, _,Al,)B, was reported’!? Since superconductivity in A S ]

MgB, is of phonon origin, the interplay of the lattice dynam- 0.40 - 5 sal € - —

ics and the evolution of the electronic structure in g '

(Mg, _,Al,)B; is of great interest. However, compared to the ~ 035 |- £ °°[ ]

detailed studies of phonon spectrum in (MgAl,)B,,* the 2 °2l )

Al doping effects on the electronic structure have not been __ 0.30 % e o]

thoroughly explored yet. In this paper, we report detailed £ s - - T ]

. . . 0.0 0.1 0.2 0.4

x-ray absorption and optical reflectance measurements ir© 0.25 ¥ .
(Mg, _,Al)B, for x=0.0, 0.1, 0.2, 0.3, and 0.4. Compari- E - x=0. g
sons between the present results and other theoretical ar—< 0.20 |-
experimental works provide deeper insight into the electronic ™ 3 x=0.3 .
structure andr'. suppression mechanism in (MgAl,)B,. 0.15 - x=0 .

To prepare (Mg_,Al,)B,, the stoichiometric mixture of 3 .
Mg!!B, and Al powder(Alfa Aesal was ground softly for an 0.10 | x=0.1 -
hour. Resultant powder was palletized and wrapped by a T L 0 :
foil. Then it was put into a high pressure cell. This whole 0.05 - = -
process was performed in an inert Ar gas. A 12 mm cubic
multianvil system was used for a high pressure synthesis  ¢.00 PR I I T E— L
The cell was heated up to 950°C and maintained 950°C for 40 80 120 160 200 240 280
2 h. Then it was quenched to room temperature. Details of T (K)

high-pressure synthesis will be found elsewhér&The lat-
tice parameterga andc, shown in the inset of Fig. 1, were
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FIG. 1. Resistivityp(T) of (Mg, _,Al,)B,. Inset: lattice param-
obtained from x-ray diffraction measurements. Al doping ledeters of (Mg_,Al,)B..
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FIG. 3. Room-temperature optical conductivity spectra of
L e S S S B S (Mg; _,Al,)B,.
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photon energy (eV) The most noticeable change is the decrease in the inten-
sity of the preedge peak with increasing Al doping. This can
FIG. 2. BK-edge XANES of (Mg_,Al,)B, for x=0t0 0.4.  pe reasoned as the electron doping effect with the substitu-
The preedge peak is associated with the B hole states. tion of AI3* for Mg2*. XANES thus directly verifies the
crucial role of B 2 o holes together withl', suppression
T. suppression effects due to Al doping are consistent witteffects due to Al doping. It is also noticed that the change of
the reported results:? the intensity is gradual, like thedependence of (x), until
X-ray absorption near edge structyd®ANES) in fluores- x=0.4. No dramatic change betweas0.0 and 0.1 was
cence mode is a powerful tool to investigate the unoccupiedbserved in the present work, while a 65% drop in the spec-
(hole) electronic states in complex materials and is bulk sentral weight was reported in Ref. 20. In general, the onset and
sitive. The BK-edge x-ray absorption spectra were carriedthe peak energies both increase with Al doping as expected
out using linear polarized synchrotron radiation from 6-mnaively by the concept of hole filling, while indicating that
high-energy spherical grating monochromator beamline lothe rigid band model cannot be vigorously applied. Further-
cated at The Synchrotron Radiation Research C&€B8RRQ more, the onset and the peak energies actually decrease
in Taiwan. Details of the measurements were describedlightly from x=0.0 to 0.1, which probably suggests a cor-
elsewheré®!” Energy resolution of the monochromator is responding change of the core level energy. This curious ten-
set to be 0.15 eV for the B-edge energy range. The energy dency appears to be genuine, since it was also observed in
was calibrated as in Ref. 18. The absorption spectra weranother independent wofk.
normalized to the maximum of the peak around 200 eV. To further quantify the decrease in the number of hole
Near-normal optical reflectance spectra were taken atarriers, the optical spectroscopy has been proved to be an
room temperature on mechanically polished surfaces of higheffective tool for the investigation of the doping-induced
density  polycrystalline  samples. Middle infrared spectral weight? The optical propertiei.e., the complex
(600—3000 cm!) measurements were made with a Perkin-conductivity o(w)=o(w)+io,(w) or dielectric function
Elmer 2000 spectrometer coupled with a FT-2R microscopes(w)=1+4mio(w)/w] were calculated from Kramers-
while the spectra in the near-infrared to near-ultraviolet reKronig analysis of the reflectance dafaTo perform these
gions (4000-55000 cht) were collected on a Perkin- transformations one needs to extrapolate the reflectance at
Elmer Lambda-900 spectrometer. The modulated light bearboth low and high frequencies. At low frequencies the exten-
from the spectrometer was focused onto either the sample @ion was done by modeling the reflectance using the Drude
an Au (Al) reference mirror, and the reflected beam was di-model and using the fitted results to extend the reflectance
rected onto a detector appropriate for the frequency rangkelow the lowest frequency measured in the experiment. The
studied. The different sources and detectors used in thedggh-frequency extrapolations were done by using a weak
studies provided substantial spectral overlap, and the reflepower law dependenc®~ w > with s ~1-2.
tance mismatch between adjacent spectral ranges was lessSimilar optical experiment has been performed on
than 1%. MgB,.2* In this work, the detailed optical measurements on
The BK-edge XANES on (Mg_,Al,)B, was studied and (Mg;_,Al,)B, are reported. Figure 3 shows the room-
shown in Fig. 2. The peaks centered between 186.5 and 18@mperature real part of the optical conductivity(w) as a
eV can be identified to be closely associated with 8@  function of Al doping, obtained from a Kramers-Kronig
holes. Two additional peaks around 192-194 @wot transformation of the measured reflectance data. Foixthe
shown, probably due to either boron oxides or resonances=0.0 sample, the optical conductivity can be described in
were also observed in this work. These features do not amgeneral terms asi) coherent response of itinerant charge
pear to affect the peak of B¢ states, and are not included carries at zero frequencyii) an overdamped midinfrared
in the following discussions~2° component around 3500 ¢rh, and (iii) two interband tran-
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FIG. 4. The effective number of carriefs integrated up to X

-1
8000 cmr = vs T FIG. 5. Ng¢ Vs x. The experimental results are shown as the solid

- ) ~ circles. The theoretical prediction is taken from Ref. 4 and denoted
sitions near 17 000 and 50 000 ¢ We have tried to fit as the solid line. No fitting parameter is adjusted.
the conductivity spectrum in the whole frequency range with

a Drude part and three Lorentz oscillators. The Drude plasma_ g 4 This implies that an additional effect other tHdg

gfequ;;(:go%f ;hr:a dcigéegsé%i) arr;ds tf;igvséclzattt_arrr:r;g erzttiem ﬂgte d begins to play a role in the determination of at the com-
: P - position ofx=0.4. Another intriguing plot iN¢ Vs X as in

- . . _ 2 71 - - .
grufgigegstwny[pmwe—(wngrD/GO) » N umrt]Qh cm) is Fig. 5. It unambiguously demonstrates abrupt change of
X lts. A ;{nd In reasona 3 agr:eefme_ntf wit dt € t(;anspprtr\leﬁ at eitherx=0.1 or 0.4, in agreement with XANES in
results. As oping proceeds, the far-infrared conductivity ig. 3. It has been argued that the evolution of the electronic

'dee”‘;‘tas'r.‘@ Wh'lle t_hg oscngﬂo; s’;rzngt_h of the midinfrare tructure is responsible for the change of the lattice dynamics
absorption Is nearly independent of doping. in (Mg;_,Al,)B,.'% The results in Figs. 4 and 5 further sug-

An attempt in separating the zero-f_requency gbsorptiorbest that the phonon spectrum could be affected by the su-
channel from the midinfrared absorption sometimes pro- erstructure, in addition to the factor dkg. Why this su-

duced ambiguqus results. This is the case that there has beggrstructure effect takes placexat 0.4 rather than at smaller
much discussion over the one-component and the two:

component pictures to describe the optical conducitivity ofX Is unknown. Perhaps the compositionxst 0.4 approaches

. 5 . x=0.5 close enough where the Al layer ordering is much
high-T; cuprates” The doping dependence of the low- $referred. The formation of the superstructure has been ex-

frequenqy optical co'nductivi.ty of these samples can a!so b lained recently by a simple model, though with a too low
summarized by plotting the integrated spectral weight in th nstability temperature for the phase separaffihe inter-

i 23
conductivity; play of the electronic structure, the lattice dynamics, and the
superstructure still remains unclear with respect to the de-
2mMgVegy (@ , , tails.
Ne(w)=——>— | oi(e')do’, () : .
e 0 B 2p o holes in (Mg _,Al,)B, were actually theoreti-

cally investigated. Figure 5 provides an excellent stage to
wheremy is taken as the free-electron mass, afg, is the  compare between theoretical calculations and experimental
unit cell volume.Ngy(w) is proportional to the number of results. Though the absolute value of the carrier number is
carriers participating in the optical absorption up to a certairdifficult to compare, the comparison of the relative change of
cutoff frequencyw and has the dimension of frequency the carrier number due to Al doping can be made. Theoreti-
squared. Integration of the conductivity up te  cal calculations predicNqg(x)/Nes(0)=1—1.75* which
=8000 cmi ! — the frequency at which we observe a clearamazingly agrees with the experimental results in Fig. 5. It is
onset of interband transitions—provides only 30% of thenoted that the solid line in Fig. 5 represents the theoretical
spectral weight we measure whenis extended up to our predictionwith no fitting parameterThis astonishing agree-
experiment limit of 52 000 cm'. Figure 4 shows the quan- ment deserves further consideration. In the calculations of
tity Neg(w=28000 cm'1) plotted as a function oT ¢, illus-  Ref. 4, doped Al atoms were assumed to be distributed in Mg
trating the correlation between the number of carriersBnd planes, and no superstructure effects were included. It seems
in the (Mg, _,Al,)B, systems. It is interesting to note that that the occurrence of the superstructure has no effeblgn
the spectral weight corresponds to an effective number oivhile it affects the lattice dynamics which contributes to fur-
carriers of~0.48 and 0.16 for th&=0.0 and 0.4 samples, therT. suppression fok=0.4. This scenario is qualitatively
suggesting that each Al removes approximately one carriein accord with the experimental resultit is also likely that
From Fig. 4, it is intriguing to note thak, changes accord- the coupling betweeia and = bands has to be included to
ingly with Ngg until a more significant drop iff, occurs at  account for the corredt, suppression effectS.Furthermore,
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another first principle calculation worfwithout considering number agrees well with the theoretical calculations. No
the superstructure effegtsuggests that an abrupt topological abrupt change of the carrier number was observedxfor
change in theo Fermi surface betweer=0.3 and 0.4’  =0.0 to 0.4. This smooth change is difficult to reconcile with
How this electronic structure change reconciles with the obthe largeT, suppression ax=0.4. While either the super-
served smooth change of XANES aNdx(x), and how itis  structure or the topological change of the electronic structure
related to the evo_lution of the lattice dynar_nics and The jp (Mg, _,Al,)B, could be responsible for this anomaly, the
suppression remain largely unknown. Certainly further theoayperimental results of the electronic structure evolution in-

retical studies as in Ref. 4 but including the interplay of all §icate that a full understanding of the lafGiesuppression at
the electronic structure, the lattice dynamics, and the supel:_ g 4 is still desirable.

structure effects are indispensable.

To conclude, spectroscopy studies of (MgAl,)B, by We are grateful to B. Renker and R. Heid for inspiring
XANES and optical reflectance measurements not only idendiscussions at the MOS2002 conference. This work was sup-
tify the importance of B p o hole states to superconductiv- ported by the National Science Council of the Republic of
ity, but also quantify the changes of the carrier number due t&€hina under Grant Nos. NSC 91-2112-M-003-021, NSC91-
Al doping. The quantitative decreasing rate of tiehole  2112-M-110-005, and NSC91-2112-M-009-046.
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