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NMR probe of pseudogap characteristics in CaAl,_,Si,,,
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We report the results of a 27 Al nuclear magnetic resonance (NMR) study of CaAl,_,Si,,.,, near the stoichio-
metric composition with x=0. The low-temperature NMR relaxation rates for stoichiometric (x=0) and non-
stoichiometric (x=-0.1 and 0.1) compounds follow a Korringa law, associated with a finite density of carriers
at the Fermi level. High-temperature relaxation rates for x=0 go over to a semiconductorlike activated form,
providing information about the electronic structure near the Fermi energy. The results are consistent with
pseudogap features identified by recent band-structure calculations. An analysis of the pseudogap change vs
composition further points out that the band-filling picture is proper for the understanding of the NMR

observations in CaAl,_Siy, .

DOI: 10.1103/PhysRevB.75.235111

I. INTRODUCTION

After the discovery of superconductivity in MgB,, there
has been of great interest in related compounds with hexago-
nal graphitelike AIB,-type structure.'™> The layered ternary
alumino silicides Ca-Al-Si have, thus, attracted considerable
attention because one of the systems CaAlSi, isostructural to
MgB,, is also a superconductor with T of about 7.8 K.3* In
addition to CaAlSi, there is another ternary layered Ca-Al-Si
system, CaAl,Si,, which crystallizes in the trigonal
La,O5-type structure (space group: P3m1). Within this crys-
tal structure, Si and Al atoms are arranged in the chemically
ordered double-corrugated hexagonal layers, with Ca atoms
alternating between them (see Fig. 1). Unlike CaAlSi, no
evidence of superconducting behavior has been observed
above 1.4 K in CaAl,Si,. The electrical difference between
these two Ca-Al-Si systems has been associated with the
significant variation in their electronic structures:>~’ CaAlSi
is an ordinary metal in the normal state, while CaAl,Si, is a
semimetal with a pseudogap at the Fermi level (E). In fact,
a recent Hall coefficient measurement on CaAl,Si, showed a
sign reversal at around 150 K, indicative of a change of
dominant carrier with temperature.® According to the elec-
tronic structure calculation on CaAl,Si,,” the peculiar trans-
port behavior has been attributed to the semimetallic re-
sponse, as the low-7 behavior is dominated by the
intrinsically metallic nature, while the high-T feature is at-
tributed to a thermally activated increase in the density of
carriers of different types.

A pseudogap appearing at the Fermi level is a common
occurrence in transition metal-metalloid compounds.® There
have been considerable advances in understanding how a gap
may form in the region of the Fermi level, due to hybridiza-
tion between d and s-p states.!®!! Quasicrystalline materials,
typically composed of transition metal-metalloid constitu-
ents, also feature Fermi-level pseudogaps which dominate
the electronic properties of the materials.!? In this paper, we
examine the electronic states in the pseudogap region of
CaAl,_Si,,, by means of the nuclear magnetic resonance
(NMR) spectroscopy. We have investigated alloys with x=
—0.1, 0, and 0.1, in order to understand how the semimetallic
nature behaves under doping with excess Al or Si.
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II. EXPERIMENTAL DETAILS

Samples studied here were prepared from 99.9% Ca,
99.9% Al, and 99.9999% Si by mixing appropriate amounts
of elemental metals. They were placed in a water-cooled
copper crucible and then were melted several times in an Ar
arc-melting furnace. The resulting ingots were annealed in a
vacuum-sealed quartz tube at 800 °C for two days, followed
by furnace cooling. A Cu Ka x-ray analysis on powdered
samples is consistent with the expected La,O5-type structure.
Several weak peaks remain unidentified which had little ef-
fect on the NMR measurements.

NMR experiments were performed using a Varian 300
spectrometer, with a constant field of 7.05 T. A home-built
probe was employed for both room-temperature and low-
temperature measurements. Since the studied materials are
metals or semimetals, powder samples were used to avoid
the skin depth problem of the rf transmission power. Each
specimen was put in a plastic vial that showed no observable
Al NMR signal.

A. Powder patterns

Central transition (m=%<—>—%) line shapes were obtained
from spin-echo fast Fourier transforms using a standard
7/2— 71— sequence. The ordered La,O5-type structure con-
tains a single Al site which is axially symmetric, leading to a
one-sitt  NMR spectrum. The observed 2Al  room-
temperature powder patterns for all CaAl,_,Si,,, alloys are
shown in Fig. 2. The line shapes here are manifested by the
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FIG. 1. (Color online) Crystal structure of CaAl,Si,.
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FIG. 2. (Color online) 2TAl central transition spectra for
CaAl,_,Si,,, measured at room temperature.

simultaneous presence of anisotropic Knight shift and
second-order quadrupole effects. Due to electric quadrupole
coupling, the 2TAl NMR spectrum ( =%) consists of four sat-
ellite lines, as illustrated in Fig. 3. For the powder speci-
mens, as in our experiment, these lines exhibit as a typical
powder pattern, with distinctive edge structures correspond-
ing to the quadrupole parameter. Since the first-order quad-
rupole shift is the main effect shaping the satellite lines, the
quadrupole frequency v, was determined directly from these
lines. For the present CaAl,_,Siy,,, v9=0.36+£0.02 MHz re-
mains unchanged with the composition x, indicating that the
local electric environments are almost the same for these
materials.

B. Knight shifts

In Fig. 4, we display the temperature dependence of the
observed >’Al Knight shifts (K’s) for CaAl,_,Si,,, indicated
by open squares, solid circles, and open triangles for x
=-0.1, 0, and 0.1, respectively. Here, the value of K was
determined from the position of the maximum of each spec-
trum with respect to an aqueous AICI; solution reference.
For CaAl, ;Si; ¢, K shows nearly 7T-independent behavior at
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FIG. 3. (Color online) Fully resolved 27Al NMR satellite line
shapes for CaAl,_,Si,,,.
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FIG. 4. (Color online) Temperature dependence of the observed
YAl Knight shifts for CaAl,_,Si,, .

all temperatures, a typical characteristic for nonmagnetic
metals. On the other hand, the Knight shifts of CaAl,Si, and
CaAl, 4Si, | clearly exhibit a shift to higher frequencies with
increasing temperature in addition to a low-7 constant term.
Such a phenomenon is commonly seen in ordinary semimet-
als as the low-T behavior is dominated by the intrinsically
metallic nature, while the high-T feature arises from an ex-
otic response.

For each individual compound, the T-independent term
can be associated with the Fermi-contact Knight shift (K)
which is connected to the number of the s-character carriers
in the ground state.'3 The tiny K| values (see Table I) for all
studied materials suggest little Al-s density of states (DOS)
in the vicinity of the Fermi level, being consistent with the
results from band-structure calculations.” The T-dependent
Knight shift reflects an increase in the spin susceptibility,
attributed to a thermally activated increase in the density of
carriers, also responsible for the enhancement in the relax-
ation rate.

C. Spin-lattice relaxation rates

Temperature dependence of the spin-lattice relaxation rate
(1/T,) was measured using the inversion recovery method.
We recorded the signal strength by integrating the recovered
spin-echo signal. In this experiment, the relaxation process
involves the adjacent pairs of spin levels, and the corre-
sponding spin-lattice relaxation is a multiexponential
expression.'* T, values were thus obtained by fitting to a
multiexponential recovery curve for /=5/2. In Fig. 5, we

TABLE I. Fermi-contact Knight shift, Korringa constant, Fermi-
level s-DOS in units states/eV cell, and energy splitting of
CaAlz_XSi2+x.

K, 1/(T,T) N, A
x (%) (sT'K™h (Ep) (meV)
-0.1 0.025 21.7% 1074 5.8%x1073
0 0.020 7.6X 1074 3.4%x1073 58
0.1 0.013 5.6X 1074 3.0x1073 172
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show a plot of 1/7, versus temperature for the studied
CaAl,_,Si,,, alloys. For all compositions, the low-7 1/T;’s
exhibit a constant 7|7 behavior, confirming a Korringa re-
laxation process at low temperatures. From a straight-line fit,
we obtained 1/T,,T=2.2X1073, 7.6X10™%, and 5.6
X107 s~ K~! for x=-0.1, 0, and 0.1, respectively, where
the subscript K denotes the Korringa process. Normally, the
spin contribution to 1/TxT can be used to evaluate the
Fermi-level DOS, and we will discuss these results in the
next section.

Above 150 K, 1/T; rises rapidly for CaAl,Si, and
CaAl, ¢Si, |, with an activated temperature dependence. This
is the characteristic behavior for semiconductors,' with the
increase in relaxation rate due to an increase in the number
of carriers because of thermal excitation across an energy
gap. Thus, it is easy to reconcile the metallic behavior ob-
served at low temperatures with the high-T" semiconducting
behavior by assuming a two-band model, with one band
overlapping the Fermi level while the second band is sepa-
rated from the Fermi level by an energy gap, A. In this case,
the relaxation rate is given by

1
T\T TxT

+ CTe s, (1)

where 1/TxT is the Korringa value obtained above, and the
second term is due to the band edge separated from the
Fermi level. This form assumes an effective-mass approxi-
mation for the band edge, with C associated with the effec-
tive mass of carriers as well as their concentrations. Each
carrier density varies with temperature according to
T2 exp(=A/2kgT). The T T value was obtained from the
low-temperature fit as mentioned above, and we found that
Eq. (1) gives good agreement with the data of CaAl,Si, and
CaAl, ¢Si, ;, shown as the dashed curves in Fig. 5. The val-
ues of energy gap extracted from these fits are recorded in
Table 1. Note that 1/7, for CaAl, ¢Si,; follows a Korringa
relation at all temperatures, indicating that the Fermi level
has moved out of the pseudogap for that material.

III. DISCUSSION

The Korringa contributions to 1/7; can be evaluated to
provide a measure of Al-s Fermi-level DOS as reported pre-
viously for other aluminides.'¢~'® For the present alloys, the
relaxation of Al nuclei is dominated by their coupling to the
spin of the s-character electrons. In the absence of the col-
lective electron effects, the relaxation rate is simply gov-
erned by the initial occupied and final unoccupied electronic
states, associated with the hyperfine field arising from con-
tact electrons. Under such approximation, the spin-lattice re-
laxation rate can be written as'®

T, T = thB[’YnH;:st(EF)]zqa (2)
1K

where &, kg, and T are the Planck constant, Boltzmann con-
stant, and absolute temperature, respectively. v, is the Al
nuclear gyromagnetic ratio, Hf,f is the hyperfine field per
electron of the Al-s electrons at the Fermi level, and N (Ey)
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FIG. 5. (Color online) Temperature variation of the >’Al spin-
lattice relaxation rates for CaAl,_,Si,, . The solid line represents a
fit to the Korringa behavior for CaAl, ;Si; ¢. Dotted curves: fit to the
semimetallic character from Eq. (1) for CaAl,Si, and CaAl, ¢Si, ;.

represents the s-DOS at the Fermi level. Here, g is a factor
equal to the reciprocal of the degeneracy. As indicated in
Table I, the deduced (1/T,xT)’s were found to be much
smaller than that of CaAlSi, which is about 0.063 s~! K120
The strong reduction of 1/TxT is related to the small Fermi-
level DOS for CaAl,_.Si,,,, consistent with the prediction
given from theoretical calculations.’

For the stoichiometric CaAl,Si,, band-structure
calculations’ indicated little but nonzero Al Fermi-level DOS
near the top of the hole pockets which would dominate the
%Al relaxation. Furthermore, these pockets have degeneracy
of 2, giving g=1/2. Since p and d hyperfine fields are gen-
erally an order of magnitude smaller than the s-character
hyperfine field,?! the main hyperfine field in the studied al-
loys arises from contact electrons. Taking H},~ 1.9 10° G
calculated for Al metal,”> we obtain N,(Er)=0.0034
states/eV cell for CaAl,Si,, which can be compared to
N,(EF)=0.022 states/eV cell measured in the same way in
CaAlSi.?% It is apparent that the number of carriers in
CaAl,Si, is much less than in CaAlSi, which is consistent
with the transport measurements showing the Hall coefficient
of CaAl,Si, greater than that of CaAlSi by one order of
magnitude.®

In the reciprocal space near the I' point, another valence-
band edge just below Ej appears in CaAl,Si, (measured
from Fig. 1 in Ref. 7). We consider that the separation of this
band edge from E is responsible for the thermal excitations
in both the Knight shift and 7', of CaAl,Si,. As a matter of
fact, the tiny energy splitting A=58 meV, deduced from the
activated behavior of 7T, seems to be in satisfactory agree-
ment with the band calculation.

In a simple rigid-band model, each additional Si should
contribute more electrons in the mixed alloys. As a result, Eg
shifts up with respect to the position of CaAl,Si,, leading to
a reduction of Ny(E) but an increase of the energy gap, as
indeed observed for CaAl, ¢Si, ;. On the opposite side, sub-
stituting Al onto Si sites would add more holes in the valence
bands, moving Ep well outside the pseudogap region. It,
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FIG. 6. (Color online) Schematic illustration of the hole pockets
near the I' point, reproduced from the band calculations for
CaAl,Si, (Ref. 7). The Fermi level is denoted as Ef (solid line) for
the stoichiometric CaAl,Si,, and the dotted and dashed lines corre-
spond to the shifted Ep’s for CaAl,;Sijo and CaAl;¢Si, |,
respectively.

thus, yields a larger N((Er) and a disappearance of the gap
feature, resulting in the absence of an activated response for
CaAl, ;Sij 9. Such a picture is schematically illustrated in
Fig. 6.

It is worthwhile mentioning that a recent Seebeck coeffi-
cient (S) measurement on CaAl,_,Si,,, also exhibits a simi-
lar tendency.”® As compared to the magnitude of S in
CaAl,Si,, an enlargement of the electron pocket along with a
reduction of the hole ones due to an upward shift of Ey is
responsible for the increase of S value in CaAl; ¢Si, ;. On the
other hand, the decrease of S value in CaAl, ;Si; ¢ could be
associated with a downward shift of Ey as a partial replace-
ment of Si by Al in CaAl,Si,.
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Therefore, the NMR observations are in reasonably agree-
ment with the results of band theory for these alloys. We find
all compositions studied to be metallic or semimetallic, with
pseudogap signature evident in the relaxation behavior for
CaAl,Si, and CaAl, ¢Si, ;. It is worth comparing the present
results with those found in the Heusler-type compounds
Fe, VAl and Fe,VGa, which also attracted considerable inter-
est due to indications of pseudogap behavior.?*?*> Both ma-
terials are semimetals and band-structure calculations re-
vealed pseudogap features arising from a slight overlap
between conduction and valence bands.??%-2% Accordingly,
the electronic characteristics of these systems are very simi-
lar to the case of CaAl,_,Si,,,, which allows us to classify
these materials to the common group of intermetallics with a
pseudogap at the Fermi surface.

IV. CONCLUSIONS

NMR measurements have provided a local picture of the
electronic properties of CaAl,_Si,,,, indicating that
CaAl,Si, is essentially semimetallic, with properties quite
similar to those calculated via band-structure methods. The
Knight shifts and spin-lattice relaxation rates are understood
in terms of semimetallic characteristics, with a small band
overlap at the Fermi level falling within a pseudogap formed
by nearby bands. Changes of the band-edge features of the
pseudogap evidenced by the NMR relaxation measurements
can be interpreted well by a simple rigid-band scenario.
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