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We report a microscopic

study of the electronic

states of the inorganic electride

[CayyAlygOe % (0%),_(e7)5, (x~0, 1, and 2) by the ’Al NMR technique. The %Al Knight shift as well as
the Korringa behavior of the spin-lattice relaxation rate, 77, reveal a weak metallic character at one of two
crystallographically inequivalent Al sites while insulating properties are exhibited at the other Al site on carrier
doping, x~1 and 2. A detailed analysis of the Knight shift and Korringa values indicates that the Fermi-level
density of states comes predominantly from the cage conduction-band electrons, proving the electronic states
as electride for this material from the microscopic viewpoint. In addition, we find a decrease in an inverse of
a product of T} and temperature below 7°~40 and 15 K for the electron-doped samples with x~1 and 2,
respectively. This is explained by electron localization around the deformed cages due to the strong electron-

lattice interaction at low temperatures.
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I. INTRODUCTION

12Ca0-7Al,05 (C12A7) is a transparent insulator with a
wide band gap of ~7 eV. The CI2A7 cubic unit cell in-
cludes two chemical formulas and can be expressed as
[C324A128O64]4+(202_)~1 The [Ca24A128064]4+ COmpOnent
represents a lattice framework, involving 12 cages with an
inner space, ~0.4 nm in diameter (cf. Fig. 1). Each cage is
connected directly to 12 other cages by sharing an oxide
monolayer wall. The 202~ component is an extra framework
of oxygen ions (hereinafter referred to as “free oxygen”) that
occupy two of 12 cages to maintain charge neutrality of the
crystal. It has been found that electrons can be substituted,
partially, or entirely for free oxygen to form
[C3.24A128064]4+(02_)z_x(e_)zx, (O =x= 2)2 This class of ma-
terials are referred to as inorganic electrides, in which elec-
trons act as anions encaged in framework cations.® C12A7 is
the first room-temperature stable electride and has attracted
much attention owing to its peculiar electronic properties
originating from a unique nanoporous structure.*

Upon removal of free oxygen, C12A7 undergoes an
insulator-metal transition at the critical electron concentra-
tion N,~1X10* cm™ (x~1)° In the low electron-
concentration region (N,=5X 10 cm™, x=0.5), the opti-
cal reflectance spectra for C12A7 exhibits only Lorentz-type
responses, showing that the encaged electrons are localized
in the cages.® In the high electron-concentration region, both
Drude-type and Lorentz-type responses are observed. This is
thought to indicate the coexistence of localized electrons and
free electron delocalized over the cages.

As for the electronic state in C12A7, several theoretical
studies have been carried out in recent years.””'! Ab initio
calculations using an embedded-cluster approach have re-
vealed the existence of two types of conduction bands: “cage
conduction band (CCB)” and “framework conduction
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band.”” The framework conduction band is due to the cage
framework while the CCB is related to three-dimensionally
connected empty cages. The CCB is located about 2 eV be-
low the bottom of the framework conduction band and is
partially occupied in [Ca,yAlygO¢]**(4¢7). The CCB elec-
trons tend to avoid the region occupied by the framework in
this model and the CCB states can be viewed as linear com-
binations of s-like states formed inside the cages. Further-
more, it has been pointed out that framework distortion has a
considerable effect on the CCB state electrons because of the
strong electron-lattice interaction.”8

These theoretical studies are particularly important in elu-
cidating the mechanism of the superconductivity observed
recently in [Ca, Al,gOg4]*(4e”) at Te~0.4 K.'>13 How-
ever, experimental investigation of electronic states has
largely been limited to macroscopic approaches such as re-
sistivity, optical  reflectance, and  heat-capacity
measurements,* %1213 and there is a strong need for more
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FIG. 1. (Color online) Crystal structure of C12A7. (a) Structure
of the cage framework. Free oxygen in the cages is neglected for
simplicity. The box shows a cubic unit cell containing 12 cages. (b)

Structure of an empty cage of C12A7. The S, axis passes through
two polar Ca ions and the cage center.
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detailed confirmation of the novel electronic states of
C12A7. In this context, we carried out a systematic study of
[CayyAlyg0es]H(0%),_(e7),, (x~0, 1, and 2) using a local
probe, 2’A1 NMR over a wide temperature, 7, range from 4.2
to 300 K, and report here the electronic state and the cage
framework distortion of the electride C12A7. The present
27A1 NMR study revealed the very low electronic density of
states around the Fermi level at the Al sites in the cage wall,
showing that the electronic states at the Fermi level have a
dominant contribution from the CCB electrons.

II. EXPERIMENT

The single crystals of C12A7 were grown by the Czo-
chralski method. Each as-grown crystal was sealed in an
evacuated quartz tube together with Ti metal and heated at
1100 °C to remove free oxygen. The sample preparation de-
tails have been reported elsewhere.® In the present study, two
Ti-treated crystals (samples A and B) and an as-grown insu-
lating crystal (sample C, x~0) were employed for NMR
measurements. The electron concentrations, as evaluated by
optical-reflection measurements, were ~2.3 % 10?! cm™ for
sample A (x~2) and ~1.2X10?! cm™ for sample B (x
~1). Each crystal was pulverized in order to allow better rf
penetration. Subsequently, the powder sample was placed in-
side a quartz NMR tube. The ’Al NMR experiments were
performed in an external field, H,, of 9.4 T using a conven-
tional phase-coherent pulsed spectrometer. The 2’Al NMR
signal was detected by a /2-7-7 spin-echo sequence. The
typical 7/2 pulse width was 3.0 us. The *’Al NMR spectra
were taken by plotting the spin-echo signal intensity as a
function of frequency at 9.4 T. The NMR shift was calcu-
lated with respect to the >’Al resonance in a saturated AICl,
solution.

III. RESULTS AND DISCUSSION
A. YAl NMR spectra

Since the /=5/2 nuclear spin of 2’Al couples through its
nuclear quadrupole moment, Q, to the electric field gradient
(EFG) tensor V,s created by its charge environment,
the NMR spectrum consists of a broad line corresponding
to the  first-order  quadrupole-perturbed  satellite
(m=*1/2« *3/2 and *3/2+> *5/2) transitions and a
narrow central line (+1/2+—1/2) quadrupole perturbed in
second order. As can be seen in Fig. 2, the observed NMR
line shape for sample A is composed of two sets of powder
pattern spectra well articulated by nuclear quadrupolar split-
tings. One has a nuclear quadrupole frequency of wvy(1)
=(3/20)eQV..=1.63 MHz and its asymmetry parameter
77(1)= |Vxx'Vyy|/sz~ 0 (|sz| = |Vyy| = |Vxx|)~ The other has
v9(2)=0.48 MHz and 7(2)~0.26. The full simulation of
the spectrum shown in Fig. 2 agrees with the experimental
results in nearly every detail. For the C12A7 framework,
there are two crystallographically inequivalent Al sites,
A1(1) and Al(2), which are tetrahedrally coordinated by four
oxygen atoms and form AlQ, tetrahedra. Al(1) forms a dis-
torted tetrahedron with three bridging oxygen atoms and one
nonbridging oxygen atom whereas the tetrahedron with Al(2)
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FIG. 2. (Color online) Left panel: ’Al NMR satellite line
shapes measured in samples A, B, and C at 293 K. The thick solid
lines are the observed line shapes. The additional signal around
106.3 MHz is the %*Cu NMR from the NMR coil. The solid gray
lines represent the calculated line shapes. The thin solid and dotted
lines are the calculated spectral components for Al(1) and Al(2),
respectively. The calculated line shapes are convoluted with Gauss-
ian functions. Right panel: 2’Al NMR (m=+1/2«>—1/2) central
transition spectra measured at 293 K. The spectra were taken by
Fourier transforming the latter half of the spin-echo signal. The thin
lines are calculated line shapes with vo=1.63 MHz and %=0 for
Al(1), and vp=0.48 MHz and %=0.26 for Al(2). The line shapes
are convoluted with Gaussian functions. The shaded parts represent
the spectral components for Al(1). The solid and dotted vertical
lines indicate the isotropic shift positions of Al(1) and Al(2),
respectively.

is a normal tetrahedron with four bridging oxygen atoms.!

We assigned the former and latter spectral components to
Al(1) and Al(2), respectively, on the basis of the following
experimental results: first, the spectral intensity ratio is in
good agreement with the relative population ratio 4:3 of the
Al(1) and Al(2) sites in the unit cell. Superposition of the
two calculated line shapes of Al(1) and Al(2) in the weight
ratio 4:3 gave the spectrum in Fig. 2. Second, v, was ex-
pected to be larger for Al(1) than for Al(2) because the Al(1)
tetrahedra are distorted. The present assignment of the spec-
trum is consistent with a previous 2’Al NMR study, in which
the >"Al central line shape was measured on a polycrystalline
insulator. '

Theoretical calculation has revealed that the two polar Ca
ions and one Al ion shift toward to the cage center due to the
Coulomb interaction between the positively charged cage
wall and the free oxygen which displaces from the S, axis
(see Fig. 1).8 The polar Ca ion shifts have been confirmed by
recent synchrotron x-ray and neutron-diffraction experiments
although no clear displacement of cage wall Al ions has been
observed.!>-!8 However, such a cage distortion would change
the local environment of the Al sites, giving rise to broad
distributions of the EFG parameters as well as NMR shifts of
Al(1) and Al(2). Indeed, the line shapes of samples B and C
with substantial free oxygen content are significantly broad-
ened as compared to that of sample A. The central line shape,
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which is well reproduced by the sum of the two spectra due
to Al(1) and Al(2), is also smeared with increasing free oxy-
gen occupancy. This indicates the elimination of cage distor-
tion upon removal of free oxygen.

From the simulation of the central line shape, we ex-
tracted NMR isotropic shifts of Al(1) and Al(2) [hereafter
denoted as &(1) and &(2), respectively] separately: &(1)
=146 ppm and &(2)=67 ppm for sample A, &(1)
=144 ppm and &(2)=76 ppm for sample B, and &(1)
=82 ppm and &(2)=80 ppm for sample C. The measured
shift is the sum of the chemical shift and Knight shift, K. The
chemical shift is related to the orbital motion of the elec-
trons, whereas the Knight shift is due to the hyperfine cou-
pling of the nucleus to the conduction electrons. For the
AlQ, tetrahedron in common aluminates, the chemical shift
is typically 50-90 ppm.'° The values of &(1) and &(2) in
sample C, which are in close agreement with the values
given in Ref. 14, are within the ordinary chemical shift
range. For samples A and B, &(1) is too large to be explained
solely in terms of chemical shift. Thus, the large values of
&(1) are attributed to the Knight-shift contribution. By as-
suming that the chemical shift of 82 ppm for Al(1) remains
unchanged with free oxygen occupancy, the K of Al(1) was
crudely estimated to be 74 and 72 ppm for samples A and B,
respectively. This is two orders of magnitude smaller than
the value of 1620 ppm for pure Al metal,”® which indicates
the very low electronic density of states (DOS) of Al s elec-
trons at the Fermi level as discussed later with the T results.
Since, in contrast to &(1), 8(2) decreases only slightly with
decreasing free oxygen occupancy, &(2) is practically deter-
mined by the chemical shift. Hence, the Fermi-level DOS at
Al(2) is much smaller than that at Al(1).

B. 77Al spin-lattice relaxation time

We now turn our attention to the >’Al NMR spin-lattice
relaxation rate, 7;'. The 77" of Al(1) and Al(2) [hereafter
denoted by 7;'(1) and T;'(2), respectively] were measured
by saturating the central transition (m=+1/2+-1/2). The
time-dependent recovery of the central line intensity for each
Al site after saturation pulses was monitored. Since the ob-
served NMR spectrum is well separated owing to the
electric-quadrupole interaction, the recovery of 2"Al nuclear
magnetization for central transition at time ¢ after saturation
pulses, M(r), is properly given by the following multiexpo-
nential equation:

) M{l 1 ( z) 8 ( 6t>
= - —e el _—
o0 T3P\ T ) T s Ty

50 15
——exp(— Tf)] (1)

where M, is the magnetization under thermal equilibrium.?!

Typical recovery curves of nuclear magnetization for both
sites at 100 K are shown in Fig. 3. The experimental result
was confirmed to be fitted by Eq. (1) quite well and hence
the precise T dependence of Tl_l was obtained.

In Figs. 4(a)-4(c), we present the T dependence of TTl(l)
and TI1(2) measured in samples A, B, and C, respectively.
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FIG. 3. Nuclear-magnetization recovery curves for the YAl cen-
tral transition (m=+1/2+—1/2) of Al(1) (closed circles) and Al(2)
(closed squares) measured in sample A at 100 K. The lines in the
figure are least-squares fits to Eq. (1) (see text). From these fits, the
T, values were obtained to be 17.7 and 277 s for Al(1) and Al(2),
respectively.

For sample C, 7;'(1) and 77'(2) decrease nearly in propor-
tion to 77 with a T,(1)/T;(2) ratio of ~1.7 down to
~100 K. Almost the same T dependence of 7;' 77 is ob-
served in the T1‘1(2) of samples A and B above ~100 K.
This is interesting because samples A and B are metallic
while sample C is insulating.>!3

In contrast to 7;'(2), T;'(1) is remarkably sample depen-
dent, and exhibits a roughly linear 7 dependence below 150
K in samples A and B. It has been known that electron-doped
samples have a finite DOS at the Fermi level.>!? Thus, the
observed T;' o T behavior can be ascribed with confidence to
the Korringa relaxation due to the conduction electrons in
metals. On the other hand, above ~150 K T[l(l) shows a
large deviation from the linear 7 dependence and a strong T
dependence similar to those of insulating sample C and
TT1(2) in metallic samples A and B. This suggests a cross-
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FIG. 4. (Color online) Temperature dependence of 2" Al nuclear-
spin-lattice relaxation rate, Tl'l, of Al(1) (closed circles) and Al(2)
(closed squares): (a) in sample A, (b) in sample B, and (c) in sample
C. The dash-dotted lines show TTI o T7. The dashed gray curves in
(a) and (b) are least-squares fits of the data taken at higher tempera-
tures to an equation of the form 7;'=aT+ BT, where a was as-
sumed to be 7 independent. Then, the lines are extrapolated to the
lower-temperature region. The solid lines correspond to fits of all
the data points on the basis of Eq. (2)-(4) (see text).
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over of the dominant relaxation mechanism from metallic to
another type. To demonstrate such behavior, here, we assume
that the experimental value of 7}' can be decomposed into
two terms

TI] = (Tzl)cand + (TIl)extra' (2)

Here, the first term represents the relaxation due to the cou-
pling between nuclear spins and conduction-electron spins,
and is given by

(Tl_l)cond = 2thT[ YtthfD(EF)]zv (3)

where & and kj are the Planck constant and Boltzmann con-
stant, respectively. 7, is the %Al nuclear gyromagnetic ratio,
H, is the hyperfine coupling, and D(Ej) represents the DOS
at the Fermi level. The second term represents contributions
such as fluctuations of (i) the EFG at Al sites related to the
phonons,?*~?* (ii) dipolar coupling with unpaired electrons in
paramagnetic impurities, and (iii) nuclear dipolar coupling.
The second term in Eq. (2) is tentatively assumed to be
(T7Yexra® T’, which is expected for the nuclear-spin relax-
ation due to the two phonon Raman process at 7' values much
lower than the Debye temperature.”>?* In the insulating
sample C, in which the conduction-electron part is negli-
gible, the relaxation rate can be described very accurately by
the 77 dependence over 2 orders of magnitude as shown in
Fig. 4.

The fits of the observed data with the above mentioned
form T7'=aT+ BT are rather successful at T values above
T* as shown by the dashed gray lines in Fig. 4. The following
parameters are obtained: a=7.5X10™* s7'K~! and 8=6.0
X 10718 s7'K~7 for sample A, and a=4.1 X 10"* s7'K~! and
B=8.9X10""8 s7'K~7 for sample B. It is found that the re-
sults successfully describe the crossover in the dominant
27 Al relaxation process from the conduction-electron mecha-
nism to another mechanism around 150 K. However, below
T, T,;'(1) starts to deviate from the linear T dependence
again. This is more pronounced for the lightly doped sample
B. We propose that this deviation is caused by a depression
of DOS at low T; the « decreases with decreasing 7. Fully
fitted curves taking this effect into account are indicated by
the solid lines in Fig. 4. More detailed discussions will be
given later.

It is worth noting here that sample A has a larger « than
sample B. This implies that the Fermi-level DOS increases
with electron doping, which is consistent with the results of
specific-heat measurements:'? the electronic part of the spe-
cific heat or DOS at the Fermi level increases with x. This
strongly supports the above-mentioned Korringa mechanism.
We also note that the (T T)~! values obtained are three orders
of magnitude smaller than the 5.6 X 10! s7'K~! measured in
Al metal, showing a low Fermi-level DOS at Al(1). On the
other hand, 7?1(2) does not exhibit Korringa behavior down
to ~80 K even for the metallic samples A and B. This im-
plies that the Fermi-level DOS at Al(2) is more than one
order of magnitude smaller than the value for Al(l) in
samples A and B. This is consistent with the Knight-shift
results described previously.

Furthermore, we can obtain information on the electron
correlation effect in conduction-electron system through the
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analysis of the so-called Korringa product, T,TK?. For the
noninteracting conduction-electron systems, it is well known
that the Korringa product is given by a constant: S
=(yo/ v,)?h! (87kp)=3.89X107° sK for 2’Al nucleus.
However, in actual conduction-electron systems, the product
is enhanced by x=T,TK?/S because of electron correlation
effects.?’ Thus, we estimated « from the observed T,T and
Knight shift K in the present experiments and obtained «
=1.4 for sample A. This value lies in the range for ordinal
simple metals.? This suggests that the electron correlation is
not strong in this material.

We will now discuss the nature of electronic states at the
Fermi level in detail, combining the present >’Al NMR re-
sults with those of the previous specific-heat measurements.
From the electronic specific-heat coefficient (vy), the DOS at
the Fermi level, D (Ep), is obtained to be 6.1 X 10%! states
eV~! cm™ for a metallic sample with N,~2X 10> cm™.13
By taking the hyperfine coupling constant Hj.=1.9
X 10° kOe for Al metal, the Al s DOS around the Fermi
level at Al(1) is evaluated to be 2.3 X 10'? states eV~ cm™
from Eq. (2). The evaluated Fermi-level DOS at Al(1) is only
0.38% of D (Ep). Furthermore, the Fermi-level DOS at Al(2)
is much smaller than the value for Al(1). Hence, Al s states
contribute little to the DOS at the Fermi level. This result is
consistent with the nature of the CCB state: since electrons
in the CCB tend to avoid the region occupied by the frame-
work, the Fermi-level DOS of the Al s state becomes very
low. On the other hand, the present result seems to be incon-
sistent with the framework conduction scenario in which the
framework conduction bands are responsible for the electron
transport because such a very low Fermi-level DOS at the Al
sites would presumably interrupt the transport pathway.

Furthermore, evoking ab initio calculations based on an
embedded-cluster approach,” in which the hyperfine interac-
tion between the encaged electron and the *’Al nuclei is
specified not to exceed H,=13 kOe, we can estimate the
maximum limiting value for the observed (7,7)~'. Assuming
D (Ep) is entirely attributable to the CCB states and using
H,;=13 kOe, we obtain ~5.3X 1072 s7'K~! for the upper
limit on (7,7)!. This is much larger than the experimental
values, 7.5X 107 s7'K™! for Al(1) and <107 s7'K~! for
Al(2). Therefore, the experimental results can be fully ex-
plained within a model of the Fermi level crossing the CCB.

Finally, we consider the decreasing behavior of (7,7)!
below T*, where T°~ 15 and ~40 K for samples A and B,
respectively, as can be seen in Fig. 4. This suggests a de-
crease in the DOS at the Fermi level with decreasing 7. The
ab initio cluster calculation has confirmed that a cage occu-
pied by an electron is deformed by a strong electron-lattice
interaction. As a result, the encaged electron forms an
F*-centerlike state.”® Indeed, optical-reflectance measure-
ments at room temperature have revealed that electrons
trapped in the cages coexist with conduction electrons in the
CCB even in metallic samples with N,=1X10?! cm™.%
This result is interpreted in terms of a model in which the
bottom of the CCB is F*-centerlike localized state induced
by cage distortion due to the strong electron-lattice interac-
tion and the delocalized states are superposed above these
states. If a certain portion of the conduction electrons are
also trapped at low 7, the electronic states are modified, re-
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sulting in a decrease in DOS at the Fermi level. Thus, we
ascribe the deviation of 7' below T* to a decrease in the
DOS at the Fermi level due to trapping of the CCB electrons
in localized states.

In order to verify the above scenario, we employ the fol-
lowing simplest DOS model, which incorporates an activated
process:

D(Ep) = pDy+ (1= p)D, exp(— E), 4)
where D, represents the limiting value of the Fermi-level
DOS at high T and pD, is the low T limiting value. AE is the
activation energy characterizing the trap states. Tl‘1 was cal-
culated by using Egs. (2)—(4). As demonstrated by the solid
lines in Fig. 4, the T dependence of 77'(1) is successfully
explained by taking the parameters p=0.8 and AE/kg
=15 K for sample A and p=0.6 and AE/kz=15 K for
sample B. As confirmed by the >’Al NMR line-shape mea-
surements, the framework is more severely distorted in
sample B than in sample A. Since the local distortion of the
framework perturbs the CCB states owing to the electron-
lattice interaction, the deformed cages possibly act as
electron-trap centers.”® Hence, the Fermi-level DOS de-
creases more dramatically in sample B than in sample A,
which leads to the smaller residual DOS (viz., pD,) of
sample B.

PHYSICAL REVIEW B 80, 245103 (2009)

IV. SUMMARY

We have studied the electronic state of the first inorganic
electride [CayAlygO0eq]*(0%7),_(e7)y, (x~0,1, and 2) by
2’Al NMR. The *’Al NMR line shapes due to Al(1) and
Al(2) are sharpened upon removing the free oxygen, which
confirms the elimination of cage distortion. The 2’ Al Knight
shift and Korringa behavior of 7;' reveal the weak metallic
character at Al(1) while insulating properties are maintained
at Al(2) on carrier doping (x~ 1 and 2). A detailed analysis
of the Knight-shift and Korringa values indicates that the
Fermi-level DOS comes predominantly from the CCB elec-
trons, proving the electronic states as electride for this mate-
rial. In addition, we find a decrease in (7,7)"! below T*
~40 and 15 K for the electron-doped samples with x~ 1 and
2, respectively. This is explained by the electron localization
around the deformed cages at low 7. However, the 2TAl
NMR relaxation mechanism, which results in a (77")exga
o T7 relationship for the “insulating” Al(2) site and the Al(1)
site at high T, remains unclear.
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