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Electronic correlation in the quasi-two-dimensional electride Y2C
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The magnetic properties of the electride compound Y2C were investigated by muon spin rotation and magnetic
susceptibility on two samples with different forms (polycrystalline and single crystalline), to examine the
theoretically predicted Stoner ferromagnetism for electride bands. There was no evidence of static magnetic
order in both samples even at temperatures down to 0.024 K. For the polycrystalline sample, the presence of
a paramagnetic moment at the Y sites was inferred from the Curie-Weiss behavior of the muon Knight shift
and susceptibility, whereas no such tendency was observed in the single-crystalline sample. These observations
suggest that the electronic ground state of Y2C is at the limit between weak-to-strong electronic correlation,
where on-site Coulomb repulsion is sensitive to a local modulation of the electronic state or a shift in the Fermi
level due to the presence of defects and/or impurities.
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Electrides are a class of materials in which electrons serve
as anions (without atomic nuclei) in the positively charged
lattice framework sustained by covalent bonds [1,2]. In view of
their promising properties such as high electrical conductivity,
low work function, and significant catalytic activity in their
ideal form, electrides are drawing much attention from the
research community. However, most of the reported electrides
are not stable under ambient atmosphere [2,3], which leads to
the difficulty in the development of possible applications. The
first nonaerophobic electride compound that paved the way
to various applications was mayenite, [Ca24Al28O64]4+4e−
(C12A7:e−), which was reported in 2003 by Matsuishi et al.
[4]. Mayenite has positively charged nanosized Ca-Al-O cages
and endohedral electrons that maintain charge neutrality of the
unit cell. The electrons at the cage center move to an empty
neighboring cage by quantum tunneling, thus contributing to
the high electric conductivity. Despite its low work function
(∼2.4 eV, comparable to that of alkali metals), C12A7:e− is
stable in ambient environments [5] and can therefore be used
in a wide range of applications [6–12].

Recently, a layered nitride compound with the formula
Ca2N was reported to be an electride [13,14], in which,
based on bulk property measurements as well as on a recent
angle-resolved photoemission spectroscopy (ARPES) study
in combination with density functional theory (DFT), it was
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proposed that electrons were extended in two dimensions
(2D) over the interlameller space between the calcium layers
[15]. Since the dimensionality of the anion electrons plays an
important role in determining the bulk electronic properties
of the material, 2D electrides are currently in the spotlight in
materials science research.

Yttrium carbide Y2C is one such compound, which has
recently attracted much attention, as it is isostructural to Ca2N
[16,17]. The lattice structure of these two compounds [shown
in Fig. 1(a)] belongs to the space group R3̄m with the lattice
constant for the a (c) axis being 3.6164 (17.9651) Å for Y2C.
A DFT calculation suggests 2D electride features similar to
Ca2N [17] for this compound, where the electron band near
the Fermi energy consists of Y 4d orbitals and 2D electronic
states are present between the Y layers. While these predicted
band structures [14,17,18] have been confirmed by ARPES
[15,19], the interesting possibility of ferromagnetic instability
associated with electride bands, which has been suggested for
Y2C [18], is yet to be observed experimentally.

In this Rapid Communication, we report on the investi-
gation of the magnetic properties of Y2C using muon spin
rotation (μSR) experiments on polycrystalline (pc) and single-
crystalline (sc) samples, which show different behaviors in
their uniform susceptibilities (χ ). While other spin probes
including 89Y NMR provide information for on-site spins,
implanted muons can be more sensitive to the spin polarization
of interlayer electrons. From μSR measurements under zero
external field (ZF-μSR), it was inferred that both samples
showed no sign of magnetic order (including antiferromag-
netism) at low temperatures down to 0.024 K. Muon Knight
shift measurements indicated that the observed Curie-Weiss
behavior of pc χ was caused by localized moments (1 ∼ 2 μB,
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FIG. 1. (a) Crystal structure of Y2C. Blue and black symbols
represent Y and C atoms and the region hatched in pink shows the
2D-electron layer. The muon site predicted from the VASP calculation
is shown by the green symbol. (b) Powder x-ray diffraction pattern of
the polycrystalline Y2C sample used in the present study. Vertical blue
marks represent Bragg reflections assuming the R3̄m space group.
The halo peak near 20◦ originates from the sample cell.

with μB being the Bohr magneton) at the Y sites. This result
points to the important role of on-site electronic correlations
in understanding the electride band, and that even a slight
modulation of the local electronic state or a Fermi-level shift
due to the presence of carbon defects (often inherent) and/or
impurities causes local moments at the Y sites to appear. In
contrast, the sc sample exhibited a temperature-independent
negative Knight shift, much greater than that expected by Pauli
paramagnetism, suggesting that contributions from orbital
diamagnetism specific to the electride band may be present.

Polycrystalline and single-crystalline samples were syn-
thesized by arc melting and the floating-zone method, re-
spectively. The details of crystal growth and characterization
of the samples are reported elsewhere [17,20]. Figure 1(b)
shows the powder x-ray diffraction pattern measured at room
temperature for the pc sample. The diffraction pattern is in
perfect accordance with the standard reported structure and
lattice constants, indicating that the pc sample consists mostly
of a single phase. While measurements of χ show no indication
of bulk ferromagnetism in both the pc and sc samples, a
contrasting behavior with respect to the Curie-Weiss law (see
below) is observed for the two samples.

Conventional μSR measurements were performed at TRI-
UMF, Canada, where the time-dependent ZF-μSR spectra
[positron decay asymmetry Az(t)] were obtained using the
Lampf spectrometer for the temperature range 2–300 K and
the dilution refrigerator (DR) spectrometer for the 0.024–4 K
range. In addition, Knight shift measurements were performed
under a high transverse field of Bext = 6 T (HTF) and the
HiTime spectrometer was used to monitor the spin preces-
sion [Ax(t)]. A 100% spin-polarized muon (μ+) beam was
implanted on the samples with the initial spin polarization
parallel (ZF) or perpendicular (HTF) to the beam momentum
direction ẑ. The samples were loaded onto a cryostat under
He gas atmosphere to avoid degradation, and it was confirmed
after μSR measurements that their appearance was unchanged.
For the HTF-μSR measurements on the sc sample, Bext was
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FIG. 2. Typical examples of ZF-μSR spectra for (a) polycrys-
talline and (b) single-crystalline samples. Solid curves are the best fits
as described in the text. (c) Temperature dependence of muon depolar-
ization rate λ deduced from a curve fit analysis. Open (solid) symbols
represent data obtained by using the Lampf (DR) spectrometer.

parallel to the c axis. The relative uncertainty in Bext at the
sample position (8 × 8 mm, thickness ∼1 mm) was controlled
to within ∼± 2 ppm.

Figures 2(a) and 2(b) show typical examples of normalized
ZF-μSR time spectra, where all the spectra exhibit a slow
exponential-like damping, and irrespective of sample qual-
ity, little variation is observed with temperature. This result
demonstrates the absence of static magnetic order (antiferro-
magnetism in particular, which is often overlooked by χ ) over
the temperature range investigated (0.024–300 K), which is in
accordance with the paramagnetic behavior of χ . The spectra
were then analyzed by curve fitting, assuming the following
function,

Az(t) = A0Gz(t) = Ase
−λt + ABG, (1)

where A0 is the total decay asymmetry at t = 0, λ is the
depolarization rate due to random local fields arising from
paramagnetic spins, and As and ABG represent the partial
asymmetry of signals from muons stopped in the sample and
a T -independent background signal due to the sample holder.
The temperature dependence of λ is shown in Fig. 2(c), which
can be qualitatively understood to be due to the slowing down
of paramagnetic fluctuation in both samples.
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FIG. 3. (a) Temperature dependence of the magnetic susceptibil-
ity χ = M/H (left axis) and muon Knight shift Kμ (right axis) for
the polycrystalline sample measured under Bext = 6 T. (b) Clogston-
Jaccarino plot (Kμ-χ plot) for the pc sample. The dashed line
represents the best fit obtained by the linear function and its gradient
corresponds to the hyperfine-coupling constant Aμ.
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FIG. 4. Temperature dependence of molar magnetic susceptibil-
ity χ = M/H measured under 1 T (left axis) and muon Knight shift
Kμ under Bext = 6 T (right axis) for single-crystalline Y2C. The
external magnetic field was parallel to the c axis.

The corresponding temperature (T ) dependences of χ =
M/H for the two samples are shown in the left axis of
Figs. 3(a) and 4. Here, it is seen that for the pc sample, χ

exhibits a divergent behavior with decreasing temperature with
an enhanced gradient below ∼20 K. In contrast, χ for the
sc sample is mostly independent of temperature, suggesting
a predominant contribution of Pauli paramagnetism. We note
that previous measurements on the same sample batch have
shown that the magnitude of anisotropy, evaluated by the
crystalline orientation dependence of χ , was very small [20].
For both samples, the χ -T curve is well reproduced when
using a modified Curie-Weiss law in the form χ (T ) = χ0 +
C/(T − �), and the parameters deduced from least-square
fits are listed in Table I. The large negative � in the pc
sample indicates an antiferromagnetic correlation between the
local moments, whereas � � 0 in the sc sample, indicating
that paramagnetism arising from impurities has the dominant
contribution to χ in this material. Assuming that the local
moments reside on the Y site, the effective magnetic moment
(μeff ) is deduced to be 0.564(2)μB–0.605(2)μB/Y for the pc
sample and 0.0427(2)μB/Y for the sc sample. While these
values are comparable to those reported previously [17,20],
they are in marked contrast with the recently reported values on
a sc sample that also exhibited significant magnetic anisotropy
with the c axis as the easy axis [21].

To investigate the origin of the Curie-Weiss/Pauli paramag-
netic behavior inferred from χ , we performed high-precision
muon Knight shift measurements for the two samples for
2 � T � 300 K. Time spectra were analyzed by curve fitting

TABLE I. Parameters obtained from curve fits for χ (T ) using a
modified Curie-Weiss law (see text). The temperature ranges used
for fitting were 50–300 and 1.8–300 K for the polycrystalline and
single-crystalline samples, respectively.

χ0 (emu/mol) � (K) μeff (μB/Y)

Poly (0.4 T) 2.236(5)×10−4 −242.3(5) 0.564(2)
Poly (6 T) 1.69(4)×10−5 −264.2(4) 0.605(2)
Single (1 T) 2.28(4)×10−4 −3.41(3) 0.0427(2)

using the following function,

Ax(t) = A0Gx(t) = Ase
−λt cos(ωt + φ),

where ω = γμBlocal is the angular frequency of spin precession
for muons stopped in the sample, Blocal is the internal magnetic
field at the muon site, γμ [= 2π × 135.53 (MHz/T)] is the
muon gyromagnetic ratio, and φ is the initial phase of rotation
(we note that ABG � 0 for this experimental condition). The
Knight shift Kμ is then deduced from the following equations,

Kμ = ω − γμBext

γμBext
− KD = Aμ

NAμB
χloc,

KD = (4/3π − N)χ,

where Aμ is the muon hyperfine parameter, NA is the Avogadro
number, χloc is the local susceptibility probed by the muon,
KD is the correction term for Lorentz and demagnetization
fields with N (�4π ) being the demagnetization factor, and χ is
the uniform susceptibility. Bext was simultaneously monitored
from the precession frequency of muons stopped in the sample
holder placed under the sample that it also served as a muon
“veto” counter (made out of CaCO3). This veto counter enables
us to independently recode the signals coming from the sample
and the holder.

The temperature dependence of Kμ for the pc sample
is shown in the right axis of Fig. 3(a), where a behavior
qualitatively similar to that of χ (T ), but with the opposite sign,
is seen. The correlation of Kμ vs χ shown in Fig. 3(b) (Kμ-χ
plot) exhibits a straight line, which clearly shows that the local
susceptibility probed by the muon is proportional to χ (T ). This
demonstrates that the Curie-Weiss behavior of χ is not due to
dilute impurities, but is intrinsic to the electronic state of the
pc sample. The corresponding hyperfine parameter is deduced
to be Aμ = −52.6(3) (mT/μB/Y).

According to the Hartree potential calculation for the
interstitial muon using the Vienna ab initio simulation package
(VASP) [22], the muon site is estimated to be at the interlayer 3c

site (0,0,0.5) corresponding to the center of the 2D-electron
cloud (see Fig. 1). We note that combined x-ray and neutron
powder diffraction measurements on deuterated Y2CDx with
x = 2 and 2.55 (fully deuterated) reveal that deuterium also
occupies the interlayer space between Y layers [23,24]. While
the crystal structures of the deuteride are different from the
present compound, one of the deuterium sites reported for
Y2CD2.55 corresponds to the muon site described above.

Since the muon-electron hyperfine interaction is predom-
inantly determined by a magnetic dipolar interaction, the
hyperfine parameter is calculated using the dipolar tensor Adip

for the muon site (see Supplemental Material [25] for more
details). For a better evaluation of Adip which depends on
the local atomic configuration, we calculated the structural
relaxation around the muon site using the Open source package
for Material eXplorer (OpenMX) code, which is based on the
density functional theory plus generalized gradient approx-
imation (DFT+GGA) and norm-conserving pseudopotential
method [26]. Assuming 1μB at the Y site, the magnitude
of the hyperfine parameter that is effective for the shift was
approximately evaluated by the root mean square of the
diagonal elements of Adip to yield |Adip

av | � 42.3 (mT/μB) [25].
A comparison with the experimentally obtained value yields
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the moment size at the Y site to be |Aμ|/|Adip
av | � 1.244(8)μB,

which is qualitatively in line with μeff estimated from the
measurement of uniform susceptibility for the pc sample (see
Table I). We also made a more realistic evaluation based on the
powder pattern [25,27], where the hyperfine parameter A

dip
pwdr

is derived from a principal value of diagonalized Adip, yielding
−27.18 (mT/μB). A comparison with the observed hyperfine
parameter (Aμ) yields a Y moment size of 1.94(1)μB, which is
considerably greater than that estimated from the Curie-Weiss
analysis. While this inconsistency may suggest the possibility
of other muon stopping site(s), the conclusion is unchanged
that the Curie-Weiss behavior in the pc sample is due to the
localized moments of the 4d electrons at the Y site.

The DFT calculation has shown that ferromagnetic in-
stability (Stoner type) in Y2C is indeed suppressed when
considering the on-site Coulomb energy (U ) for the 4d orbital
[18]. Therefore, the absence of magnetic order as well as
the appearance of localized moments at the Y site in the pc
sample strongly suggest the importance of electron correlation
in gaining a detailed understanding of the electronic ground
state in Y2C. In fact, ARPES experiments have shown that the
observed band structure is better described by DFT calculations
where U for the 4d orbital [19] is taken into account. However,
we note that our result does not necessarily disfavor the recently
suggested scenario that attributes the discrepancy between
ARPES and DFT to the surface state stemming from the
“topological” nature of the electride band [28].

Considering the case of the sc sample, the temperature
dependence curve for Kμ shown in the right axis of Fig. 4
indicates nearly no dependence on temperature; here, it is
noted that, once again, a behavior similar to that of χ (T ) is
observed. This indicates the absence of localized moments
in our sc sample, which is qualitatively in line with the
phenomenon of Pauli paramagnetism expected in conventional
metals. The totally contrasting result obtained for the pc sample
suggests that the electronic ground state of Y2C is at the
limit between weak-and-strong electronic correlation, where
effective shielding of the on-site Coulomb repulsion between
the 4d electrons in the electride band may be sensitive to local
modulation or to a shift of the Fermi level due to defects
and/or impurities. A detailed impurity analysis indicates that
the sample can be unintentionally doped with tungsten during
the melting process [29] and can also contain a few percent
of carbon deficiency that may lead to electron doping [20].
It is reasonably speculated that such difficulty in controlling
impurities may be the background for the prevailing sample
dependence.

Remarkably, Kμ in the sc sample exhibits a negative value
(−40 to −50 ppm). It should be noted that Kμ for conventional
metals exhibits a positive shift, which is proportional to the
density of states at the Fermi surface; the shift due to the s

electron is given by

Ks = 8π

3

∣
∣φkF (0)

∣
∣
2
χp > 0,

where χp is the Pauli paramagnetic susceptibility and φkF (0)
is the amplitude of the s-electron wave function at the muon
position. Considering the observation that a negative Knight
shift in metals with positive bulk susceptibility is limited
to metals such as Ni, Pd, Pt, and those exhibiting strong
s-d hybridization [30–34], the observed result for the sc
sample may be related to the hybridization of the 4d and the
electride bands. Another possibility would be the presence of
orbital diamagnetism specific to the 2D electride band, the
microscopic details of which are yet to be clarified. In any
case, more work is needed to achieve a clearer understand-
ing of the anomalous negative Knight shift in diamagnetic
Y2C.

In summary, our μSR study on pc- and sc-Y2C revealed
that both samples showed no sign of static magnetic order
at temperatures down to 0.024 K. From muon Knight shift
measurements, it was concluded that the emergence/absence of
localized moments at the Y sites in both pc and sc samples owes
its origin to the intrinsic electronic properties of Y2C, which
are sensitive to defects and impurities. Taking into account
predictions from DFT calculations, this sensitivity may be
attributed to the electronic correlation of the electride band
inherited from the Y 4d orbital, which also leads to the suppres-
sion of Stoner instability. Finally, the temperature-independent
negative Knight shift observed in the single-crystalline sample
points to a contribution of orbital diamagnetism specific to the
electride band.
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