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Soft-x-ray, heat-capacity, and transport measurements on icosahedral and crystalline alloys
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Soft-x-ray emission, heat-capacity, and resistivity measurements are reported for icosahedral
and Frank-Kasper phases of Al-Cu-Li and Al-Cu-Mg. This is the first extensive comparison of
electronic properties of periodic and quasiperiodic lattices generated by packing similar structural
units. Results are compared with theories of quasicrystals and provide a guideline for the obser-
vability of Van Hove singularities in quasicrystals. The density of states N(0) is a factor of 3 less
in Al-Cu-Li than in Al-Cu-Mg alloys; this is spectroscopically confirmed.

Since the discovery of the first quasicrystalline Al-Mn
phase! which exhibits an icosahedral point symmetry in-
compatible with translational periodicty, much experi-
mental work has been focused on their structures,” but
comparatively little has been done on electronic proper-
ties. Theoretical studies of the effect of quasiperiodicity
on electronic structure3-3 and transport® for Penrose lat-
tices have been undertaken. Calculations® indicate that
quasiperiodicity alone could not account for the high
resistivity observed in some of the first icosahedral al-
loys,”® which was considered to be caused by structural
defects and s-d interactions. These high-resistivity values
tend to suggest that the transport properties of icosahedral
alloys are similar to those of metallic glasses. The need to
clarify this point is one reason that recently more atten-
tion is being given to simple metal alloys.®® Combining
soft-x-ray emission studies, which provide information on
the density of occupied states and other electronic mea-
surements such as heat capacity and conductivity, can re-
sult in a more complete understanding of electronic prop-
erties of icosahedral and corresponding crystalline materi-
als, allowing comparison with theoretical predictions. So
far, experimental density-of-states (DOS) studies have
been limited by compositional differences between the
crystalline and icosahedral phases chosen.'%!!

In this article, we present results from soft-x-ray emis-
sion (SXE), heat capacity, and electron transport studies
of Al-Cu-(Mg,Li) icosahedral (I) and Frank-Kasper
(FK) phases. We chose these because high-quality
single-phase samples can be obtained,!? and the two
phases have the same composition and similar structural
units'2"!4 in each case. Thus, comparison of properties of
periodic and quasiperiodic lattices resulting from packing
similar structural units can be made. Moreover, the effect
of d states on the Fermi-level DOS should be minimal in
these systems, enabling comparison with a free-electron
(FE) model. Measurements of transport and heat capaci-
ty reflect the Fermi-level DOS nature. On the other hand,
SXE studies provide information on deeper states since in
SXE spectra the intensity profile provides a measure of
the DOS local to the emitting atoms, modified by a transi-
tion probability which for simple FE-like metals varies lit-
tle over the bandwidth of the electron states. Thus, SXE
complements the techniques noted above, and enables us
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to unveil electronic properties of these quasicrystalline al-
loys through combined studies. We have also modeled the
SXE data in a manner which for the first time allows
direct comparison to the heat-capacity results.

Samf)le preparation has been described in detail else-
where.'? The samples were in the form of melt-spun rib-
bons for I-AlssCUmLi;u, I-A151Cu12'5Mg35,5, and FK-
Als;Cuy; sMgses (annealed); and as-cast ingots for FK-
AlsgCuyoLizs. Our SXE spectrometer'’ and data process-
ing'® have been described previously. The samples were
excited by a 3 kV electron beam (size =0.1x1 mm? 0.3
mA), and we have corrected the data for spectrometer
response. Each spectrum represents a transition DOS
with a background'® which is of no consequence when
comparing spectra. Heat-capacity measurements were
performed using the thermal relaxation method at tem-
peratures ranging from 0.8 to 10 K. Resistivity measure-
ments (0.4 to 300 K) were carried out by the four-
terminal method. A more detailed discussion of these pro-
cedures will be given elsewhere. !’

We have measured Al and Mg L3 emission and Li X
emission spectra of the pure metals and in the alloys.
Pure Al L, 3 emission is fairly well described by a FE pic-
ture, with a DOS varying as (E — E¢) /2, a sharp cutoff in
the DOS at threshold (=E¢+Ef), and a bandwidth of
10.7 eV'6, which is 0.9 eV less than the FE value. This
simple scheme must be modified by including effects of
the band structure,*!® and other influences.'%'%!* How-
ever, SXE has been used successfully to compare alloy sys-
tems'%2%2! without explicitly considering all such effects.

Al L, ; emission data from the alloys and the pure met-
al are presented in Fig. 1. The alloy spectra clearly differ
from each other and pure Al, but there are features com-
mon to all the spectra. More importantly, spectra from 7
and FK phases of the same composition resemble each
other. The common features are the position of the
threshold (72.7 V) and the bandwidth (or Ef), which is
within a few tenths of an eV of the pure Al value. The
Al-Cu-Mg spectra of both phases possess a threshold
singularity like those of simple metals,'® while the Al-
Cu-Li systems display instead a rounded peak just below
threshold.

Mg L 3 emission spectra from the Al-Cu-Mg I and FK
phases are shown in Fig. 2. The overall shape for each al-
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FIG. 1. Al L3 emissions spectra of (a) pure Al, (b) FK- and L ;."7*’”‘ / LY el
(¢) I-Al5\CujzsMgsss, (d) I-Als;CuizsMgxoLiss, (e) I- 1 / T,
Als;CuizsMgioeLizs, (f) I- and (g) FK-AlssCujoLizs. Each ] N‘__/ \
spectrum is shifted up in energy by 0.2 eV relative to the one 0 — T T T i
below. 49 53 57

loy is reminiscent of earlier results on Al-Mg alloys,?
with the peaking at threshold (49.84 eV) dominating the
spectrum. The bandwidth appears to be ~1 eV less than
that of Mg metal, but the s,d-like DOS may simply be
damped by lifetime effects.!®!® Also presented in Fig. 2
are the Li K emission spectra of the Al-Cu-Li systems,
which continue the trend of similarity between the I and
FK phases. The data are not as sharply peaked as the
pure Li spectrum, and to our knowledge such a wide,
evenly distributed DOS has not been seen before in Li;’
earlier experimental work on Li alloys includes SXE stud-
ies of Li-Mg and Li-Al %

The heat-capacity measurements are summarized in
Fig. 3 (only Al-Cu-Li data are shown, without including
data on the superconducting transitions) and Table I. The
coefficient of the electronic contribution to the heat capa-
city () is determined from the intercept of this plot, and
the Debye temperature 8p, from the slope of the line.
The 7 and FK phases are superconductors, with transition
temperatures 7. (determined both from resistivity and
heat-capacity measurements) listed in Table I. Resistivi-
ties (p) of Al-Cu-Mg and Al-Cu-Li alloys are reported
for melt-spun and as-cast samples, respectively. The
electron-phonon coupling constant A is found from 7, and
©p using the McMillan T, equation (u* =0.13). We ob-
tain the DOS at the Fermi level [N(0)] knowing A and 7.
Also listed is the FE DOS N/(0). It is noted that N(0)
for both Al-Cu-Mg systems is close to the FE value, but
for the Al-Cu-Li alloys is a factor of 3 less.

Resistivity values for I-Al-Cu-Mg and Al-Zn-Mg (Ref.
9) are quite comparable to their corresponding FK-phase
values. Electronic mean free paths (/) estimated using the
FE model for these systems range from 7 to 10 A. On the
other hand, I-Al-Cu-Li appears to have significantly
larger p than FK-Al-Cu-Li. Taking the N(0) factor into
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FIG. 2. (a) Mg L3 emission spectra of, from top to bottom,
pure Mg, I- and FK-Als;Cu12.5sMgss.s. The pure Mg and I-phase
spectra are shifted up by 0.6 eV and 0.3 eV, respectively. (b) Li
K emission spectra of, from top to bottom, FK- and I-
AlssCuyoLis, and pure Li.

account when estimating / for I-Al-Cu-Li, however, yields
a value of ~20 A. This value is much larger than those
(1-10 A) encountered in metallic glasses and highly
disordered systems. Thus, our results show that the trans-
port properties of icosahedral crystals are similar to those
of crystalline alloys.

To quantify the broadening effects in the emission data,
we modeled the threshold shape with a modified step func-
tion which included Gaussian broadening.'® This model
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FIG. 3. Heat-capacity results for (upper curve) I- and (lower
curve) FK-AlssCujoLiss.
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TABLE 1. Heat-capacity and transport results.

p(42K) T. y e N(0) Ny(0)
(uQcm) X) (mJ/g-at.K?) (K) A (states/eV atom) (states/eV atom)
Als¢CujoLiss

FK 38 <0.40 0.34+0.03 494 e S 0.34

I 93 1.48 0.35+0.04 350 0.47 0.10 ’

Als2.4Cuj26Mg3s

FK 52 0.73 1.12+0.09 342 0.40 0.34 0.38

1 65 0.81 1.09%0.11 295 0.42 0.33 ’

for the edge should be adequate for comparison if confined
to energies above the halfway point of the edge. The
half-width (") of the Gaussian and the edge position fur-
ther characterize the data. The results of these fits are
summarized in Table II. We find a pure Al threshold en-
ergy of 72.69 eV in agreement with earlier work?* which
we find for all of the Al emission presented here. The
values of I' obtained for each alloy component are ¥
higher (3 higher) than those found for the pure metal L
(K) emission data. This is expected due to the multiple
possibilities of electronic environment for each metal in
the alloys,'>!> and has been discussed previously.!® All
the Al spectra yield essentially the same value of I, as do
both Mg spectra; the Li spectra give differing values.

At first glance the correlation between the Al L emis-
sion data and the DOS results of heat-capacity measure-
ments seems apparent— the amplitude of the Al-Cu-Mg
edge is about 1.5 times that of the Al-Cu-Li edge, once
the spectra are normalized to the same height at lower en-
ergies. Most of this amplitude difference, however, is due
to the Mahan-Noziéres-De Dominicis (MND) singulari-
ty, a many-body effect. A theoretical review of the MND
model is given in Ref. 24. The form of this peaking is a
power law (Er — E) ~° near threshold, by which any mod-
el DOS must be multiplied before it is broadened to fit
data. Two possibilities suggest themselves: (1) the exci-
tonic MND enhancement is somehow disallowed by the
presence of Li, or (2) the DOS near threshold is much
lower in the Li-containing alloy, so that the resultant spec-
trum has a “hidden” enhancement. Since the DOS at Er
is much lower in Al-Cu-Li than Al-Cu-Mg, and x-ray ex-
periments have indicated that a does not vary significantly

on going from a pure metal to an alloy,? the second
choice is more likely. We modeled the I phase with a
more sophisticated function to test this idea. The usual
model for x-ray edge data is a step function to represent
the DOS, multiplied by the MND power law and
broadened by a Lorentzian (to represent the effect of the
finite core lifetime) and a Gaussian (for phonon, tempera-
ture, and instrumental effects). We chose to include the
more general possibility of a sloped DOS just below EF.
We have modeled the emission edges of I phase Al-Cu-
Mg and Al-Cu-Li with the following convolution function:

where
SE)=[__dE"Qno®) ~Viexpl— } (B —E")/o?]

x [ ag'z 1/2 e
f—m r (E"_El)2+(y/2)2

(-E")
x|E'| “*(1+mE’) .

The parameters are defined as follows: E| is the thresh-
old energy, A is the spin-orbit splitting of the core, © is the
Heaviside step function, a is the MND exponent, m is the
DOS slope, T is the Lorentzian half-width, and 2.3540 is
the Gaussian half-width. This is generally accepted as ac-
counting for all effects on the edge shape except self-
absorption. We seek amplitudes 4 and B in the model,
which summed give the strength contributed by the DOS
at Er, (i.e., E;) to the edge intensity. This fact makes
self-absorption effects negligible since the L3 edge shape,

TABLE II. Threshold energy (E;) and half-width (I') (measured in eV) obtained from fits to the
emission spectra at the conduction edges, using a modified step function model.

Al Mg Li
E, r E; r E, r
AlsgCuyoLiae
I 72.68 +0.04 0.29 +£0.02 coee 54.96 = 0.05 0.70 £ 0.05
FK 72.69 +0.04 0.36 =0.03 s 55.05+0.05 0.54 £0.05
AlsiCuy25Mgas.s
I 72.69 +0.04 0.27 +£0.02 49.83 +0.03 0.16 =0.02
FK 72.70 £ 0.01 0.28 +0.01 49.85+0.03 0.17£0.03
Pure element
72.68 £0.01 0.21 £0.01 49.57 +0.01 0.13+0.01 54.67 +£0.01 0.43+0.01
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which is almost unaffected by self-absorption, is by far the
major factor in determining a and m, and contributes over
80% of the intensity at threshold. a is chosen to be a typi-
cal value for Al (see Ref. 18 for a summary), about 0.16.
We obtained (4+B)ai-cu-Mg=1.10 and (4+B)ai-cu-Li
=().60 after normalizing the spectra at 70 eV; m for these
fits is about 0.1 and —0.7, respectively. We checked oth-
er values and found (for low chi-squared) that the ratio of
summed amplitudes varied by less than 5% over a wide
range of a’s. The SXE-derived N(0) ratio is thus 1.8,
significantly less than the 3.4 given by heat-capacity re-
sults. However, the spectral broadening in our SXE data
(see Table II) is ~250 meV compared to 0.5 meV for the
thermodynamic experiment, so that N(0) obtained in this
new way is an average over many more states than in the
thermodynamic experiment, and the agreement between
the two ratios is reasonable.

The most recent calculation of a 3D quasicrystal DOS
(Ref. 5) indicates large Van Hove singularities might be
observable in the DOS due to certain peaks in the struc-
ture factor. The intrinsic limit of resolution of DOS
features by any valence-band spectroscopy is given by the
lifetime broadening of the valence hole left behind in all
such measurements (e.g., SXE or photoemission). This
Lorentzian broadening has a width which varies approxi-
mately quadratically with energy below Er.'®!° In the
present case, all other sources of broadening have a com-
bined width of about 0.25 eV. Thus any structure like the
large peaks shown for quasicrystal Al in Ref. 5 would be

P. A. BRUHWILER et al. 37

easily resolved if it lay within 4 eV of EF, since the total
broadening function is conservatively 0.6 eV wide at that
energy in Al

In real systems studied so far the structure factors of
crystal and quasicrystal phases of the same composition
are quite similar!? over the range of Q values (1-3.5
A ~!) which could produce structure in our data within
~8 eV of Er. This is in contrast to the quasicrystal Al to
fcc Al comparison cited above for which the structure fac-
tors are quite different. Thus Marcus’s result* is con-
sistent with our measurements in not predicting striking
changes in the electronic DOS between alloys with similar
structure factors. The feature at ~69.5 eV in the Al
spectra could be due partly to Van Hove singularities, but
probably receives most of its strength from Cu d states; 26
the same is true for the small peak in the alloy Mg spectra
which appears 3 eV below Er.?” The bump at ~45 eV in
the Mg spectra arises in Al-Mg alloys as well.?* In con-
clusion, density-of-states differences between crystalline
and quasicrystalline phases of the same alloy will be ob-
servable only when the structure factors differ
significantly.
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