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ABSTRACT: Noble gas (NG) is often used as a hydrostatic
pressure-transmitting medium in high-pressure experiments.
However, the NG atoms under compression are found to be
readily trapped in the voids of some ionic compounds. Electrides
usually have large open frameworks and show strong hydrogen and
oxygen affinities. To investigate the interaction of light NG with
electrides under pressure, we perform the structural investigations
of Ca2N in a diamond anvil cell under different NG (He, Ne, and
Ar) conditions, assisted by density functional theory calculations.
Experimental results find that in comparison with nonhydrostatic
pressure, transition paths of Ca2N change with different pressure
media and phase transition pressure is reduced significantly, and NG is chemically inert for electrides in the studied pressure range.
Theoretical analysis indicates that the anionic electrons in Ca2N electride show strong repulsion with NG, preventing NG atoms
from entering electrides. Such repulsion is due to the almost neutral character of noble atoms in electrides, which makes it difficult
for them to interact with anionic electrons. Moreover, in the predicted metastable Ca2N−NG, the neutral features of NG atoms
result in the reservation of the intrinsic electride character. Our results reveal that the NGs can be used as protective gases for
electrides under ambient conditions or hydrostatic pressure-transmitting media for the studies of high-pressure electrides within 50
GPa.

■ INTRODUCTION

The noble gases (NGs), helium, neon, and argon, are widely
used in high-pressure science as hydrostatic pressure-trans-
mitting media because of the highly inert character with closed
shell.1 NG is stable over a wide pressure range, which can
generate hydrostatic pressure around the samples.2−4 In high-
pressure experiments, pressure-transmitting medium will
change the behavior of the samples by weakening the
nonhydrostatic effects (pressure gradients, shear stresses, and
uneven pressure distributions) on the sample.5 Different
pressure-transmitting media may lead to the varied structural
evolutions under pressure.6 Nevertheless, in some cases, NGs
such as argon,7 neon,8 and helium9 can be trapped under
pressure as guest atoms within the compounds especially with
sizable voids. Large voids usually destabilize materials under
high pressure; however, the intercalation of NG may help to
maintain the structure integrity under compression.10,11 Mixing
helium with ionic alkali oxide,10,12 sulphide,12 and alkaline
earth fluorides13 are even predicted to produce stable
compounds at high pressure. Notably, theoretical analysis13,14

reveals that NGs (He and Ne) have the propensity to react
with a variety of ionic compounds at pressure as low as 30
GPa. Recent calculations suggest that the helium atom inserts

into the ionic compounds containing an unequal number of
cations and anions at close to ambient pressure.15,16 The
formed phases are bound by van der Waals forces, and the
framework with NG atoms is electron neutral.
Electride is a unique class of ionic compound in which

excess electrons are trapped in the interstitial voids and serve
as anion electrons (AEs).17 These AEs do not belong to any
particular atoms or molecules but are loosely bound in the
crystal lattices. The intrinsic electronic properties in electrides
exhibit many exotic properties such as low work function and
high electronic mobility.18 Depending on the host electride,
AEs are trapped in the cage-like vacancies of zero-dimensional
(0D) materials (e.g., C12A7,19 Ti2O,

20 and Li4N
21) or the

channel-like voids of one-dimensional (1D) structures (e.g.,
Li3O,

22 Y2Cl3,
23 and Y5Si3

24), or the interstitial spaces of two-
dimensional (2D) layers (e.g., Ca2N,

18 Y2C,
25 and YCl23),
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respectively. Because of its loosely packed but strongly
interacted ionic structure, an ambient stable electride is still
under investigation. Therefore, imposing external high pressure
becomes a general method in exploring novel electrides. Many
high-pressure electrides have been predicted, such as Li6P,

26

Sr5P3,
27 and Sr3CrN3.

28 AEs can easily transfer electrons to
other atoms or molecules, such as hydrogen, oxygen, and
water. NG atoms with higher electronegativity can attract
electrons easily. Mg is found to form stable electrides with Xe,
Kr, and Ar above 125, 250, and 250 GPa, respectively.29 In
Mg−Xe compounds, Xe gains electrons and becomes highly
negatively charged (−1.03 e in Mg2Xe at 50 GPa). The
formation pressure of electrides in Mg−NG is lower than pure
Mg, which is predicted to be above 500 GPa.30 Lighter NG
atoms also change the formation pressure of electride. For
example, Na reacts with He under 113 GPa to form Na2He
electrides,31 and the formation of pure Na electride occurs
under ∼200 GPa.13 Moreover, He atoms are far away from the
anionic electrons and are almost electron neutral (−0.151 e).
Thus, the interaction mechanism between AEs and lighter NGs
remains elusive. We are motivated to develop a comprehensive
understanding of the interaction between lighter NG atoms
and the AEs.
In order to explore the effect of different NGs on the

formation of high-pressure electrides, we perform in situ high-
pressure X-ray diffraction (HPXRD) coupled with density
functional theory (DFT) calculations to study the phase
transitions of Ca2N in different NG (He, Ne, and Ar) media in
the classic 2D electride dicalcium nitride (Ca2N). Ca2N has a
large interlayer spacing of about 4 Å,18 which is stacked along
its c-axis. The interlayer region between cation [Ca2N]

+ layers
acts as the anion activity region. From ambient pressure to 50
GPa, Ca2N undergoes multiple structural transformations, and
the transformed structures are all electrides. In this work, we
study the effect of pressure-transmitting media on the phase
transitions of Ca2N within 50 GPa and analyze the interaction
with NGs under pressure.

■ METHODS

Experimental Methods. The synthesis of polycrystalline
Ca2N can be found in previous studies.18,32 A symmetrical
diamond anvil cell (DAC) with a pair of 300 μm culets was
used in this study. The sample chamber is a hole of ∼150 μm
in diameter, which is drilled in stainless steel gasket by laser
drilling. Ca2N powder, ruby balls, and He, Ne, and Ar as gas
media were loaded into the sample chamber using a high-

pressure gas-loading system.33 All the loading process was
performed in an argon-filled glovebox to prevent the
degradation of Ca2N in air. The in situ synchrotron HPXRD
measurements were conducted at beamline of 13-BM-C,
Advanced Photon Source. HPXRD patterns were collected
with an X-ray wavelength of 0.4337 Å. The 2D diffraction
images were integrated into 1D pattern with the Dioptas
program.34 Structural information of Ca2N was obtained using
GSAS + EXPGUI software packages.35

Computational Details. The variable and fixed composi-
tion searches for Ca2N−He, Ca2N−Ne, and Ca2N−Ar were
performed using USPEX36 and CALYPSO37,38 codes. During
the structural searching, the pressure was set as 50 and 100
GPa, and the ratio of Ca and N was fixed at 2. The total
number of atoms of the generated structures is up to 40.
Structure relaxations and electronic structure calculations were
performed using the Vienna Ab initio Simulation Package.39

The generalized-gradient approximation with the Perdew−
Burke−Ernzerhof functional40 was employed to treat the
electron exchange−correlation interactions. The PAW poten-
tials with valence electrons of Ca: 3p6, 4s1, 3d0.01; N: 2s2, 2p3;
and He: 1s2 were used. The positively charged Ca2N and
Ca2NHe were built through decreasing the total number of
electrons. To ensure the enthalpy calculations, tensors and
stress are well converged, the plane-wave kinetic energy cutoff
was set as 600 eV, and the Brillouin zone was sampled with a
resolution of 2π × 0.03 Å−1.

■ RESULTS AND DISCUSSION

To study the effect of NG on the structure evolutions of Ca2N
under pressure, Ca2N powder and NGs (helium, neon, and
argon) are loaded into DAC to perform in situ synchrotron
HPXRD measurements. HPXRD measurements reveal that
NG elements do not form stable compounds with Ca2N under
pressure below 50 GPa. It is worth noting that helium, neon,
and argon solidify at about 12.1, 4.8, and 1.5 GPa at ambient
temperature,41,42 respectively. Even after solidification, they are
soft enough to release stress and maintain excellent hydrostatic
condition under pressure below 50 GPa. Obtained XRD
patterns of Ca2N with different pressure media are shown in
Figure 1. Their phase transition sequences under pressure are
identified by resolving powder XRD patterns with Rietveld
analysis.
In He pressure media, diffraction peaks are initially indexed

in the anti-CdCl2 structure with R3̅m symmetry (space group
no. 166). As the compression continues above 13.6 GPa in

Figure 1. Obtained XRD patterns for Ca2N at high pressure with (a) helium, (b) neon, and (c) argon. Quite a small amount of CaO impurity is
traced by the black inverted triangles, which does not affect the observed phase changes.
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helium, Ca2N matches with the tetragonal I4̅2d-type structure.
With continued compression, the intensity of the second
strongest peak at 16.5 GPa gradually weakened, and the (202)
peak at 2θ ≈ 9.5° becomes the fourth strongest peak at 19.5
GPa (Figure 1a). This change indicates that the transition from
I4̅2d-type structure to the Cc phase starts and completes at
about 22.6 GPa. The two phases coexist for about 3 GPa. Such
a phenomenon is also observed in Ca2N using neon and argon
as pressure media. In neon, the diffraction pattern of R3̅m
changes gradually at 13.7 GPa, I4̅2d structure started to
transform into a Cc structure at 21.5 GPa, and the
transformations completed at ∼23 GPa (Figure 1b). In Ar
(Figure 1c), when the pressure increases to 12.8 GPa, R3̅m
structure transforms into the I4̅2d structure. The I4̅2d-type
structure starts to transform into the Cc phase at 26.9 GPa,
and the transformation completes at ∼ 28 GPa. All the peaks
are indexed in R3̅m at modest pressure, and then, the samples

transform into the I4̅2d structure (space group no. 122) under
pressure. However, the Fd3̅m structure observed previously
without pressure medium is barely seen in Ca2N under NG
media. The difference in the transition pressure comes from
the hydrostatic condition.43

The detailed structural information including lattice
parameters and volumes from Rietveld refinements in helium
are shown in Figure 2. Here, we mainly discuss the results of
Ca2N in helium because of the similarity of the structural
transitions of Ca2N in helium, neon, and argon. The results of
neon and argon media are also obtained. The hR3 phase with
R3̅m symmetry features 2D Ca2N layers with a large interlayer
spacing (∼4 Å) along the c-axis. The R3̅m structure consisted
of Ca2N slabs formed by an edge-shared Ca6 octahedron, each
Ca atom is connected to three N atoms with the coordinates of
Ca (0, 0, ±u) and N (0,0,0) in the rhombohedral units. From
the Rietveld refinement of the R3̅m phase, the compression of

Figure 2. (a) Rietveld refinements of XRD patterns of Ca2N under pressure in helium; (b) volume pressure dependence of Ca2N (upper panel:
helium, middle panel: neon, lower panel: argon). Red lines indicate the fitted patterns, the green tick marks show the Bragg reflections of Ca2N with
the R3̅m structure, I4̅2d structure, and Cc structure, blue tick marks for the CaO phase; (c) pressure range of Ca2N phase transition and the phase
transition paths with different pressure-transmitting media. Blue bar is the pressure range with the R3̅m phase, green bar for the Fd3̅m phase, and
purple and yellow color bars for the I4̅2d and Cc phases.

Figure 3. Calculated convex hulls for the (a) Ca2N−He, (b) Ca2N−Ne, and (c) Ca2N−Ar systems at 50 GPa. (d) ELFs for Ca4N2He and
Ca6N3He.
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the a-axis of Ca2N with different gases is relatively unaffected.
The obtained lattice parameters show that the c-axis changes
rapidly (a = 3.59 Å, c = 18.69 Å, at 1.8 GPa, as shown in Figure
2a). At higher pressure, anti-CdCl2-structured Ca2N trans-
forms into the I4̅2d structure with the lattice parameters of a =
7.21 Å and c = 7.50 Å at 16.5 GPa. Ca2N transformed into the
Cc structure with the lattice parameters of a = 6.87 Å, b = 9.83
Å, c = 5.87 Å, and β = 124.1° at 38.2 GPa. The similarity
between the monoclinic Cc structure and I4̅2d can be seen
from the simulated XRD patterns. In addition, the Cc structure
is closely related to the I4̅2d structure through a lattice
distortion with β angles changing from 90 to 124.1°. The
pressure dependence of Ca2N molar volume follows a smooth,
concave curve, as seen in Figure 2b. The transition from R3̅m-
type to the I4̅2d-type structure is accompanied with an obvious
volume collapse of 13.3% in helium, which is different from
12.6% in neon and 13.6% in argon. The pressure-dependent
unit-cell volumes can be fitted by the third-order Birch−
Murnaghan equation of state.44 The bulk modulus of B0 = 44.6
± 0.9 GPa under ambient pressure, the pressure derivative of
B0′ = 2.6 ± 0.1, and volume of V0 = 71.5 ± 0.1 Å3 for R3̅m
symmetry in helium under ambient pressure was observed. B0
= 41.0 ± 3.4 GPa, B0′ = 3.5 ± 0.5, and V0 = 71.5 ± 0.3 Å3 for
R3̅m symmetry in neon and B0 = 42.3 ± 2.5 GPa, B0′ = 3.3 ±
0.4, and V0 = 71.6 ± 0.2 Å3 for R3̅m symmetry in argon were
observed.
The phase transition pressures of Ca2N under hydrostatic

conditions are lower than those under nonhydrostatic
conditions, and the phase transition path is changed as well
(Figure 2c). The space group of Ca2N evolves from R3̅m (0−

11.2 GPa) to Fd3̅m structure (11.2−14.6 GPa), then to
I4̅2d(14.6−29.4 GPa) and finally completes with the Cc phase
mentioned above 29.4 GPa during compression without
medium. However, by comparing the different XRD patterns
with Rietveld analysis, it is found that the R3̅m phase is present
at almost the same pressure range, while the obvious disparity
is found at I4̅2d phase pressure range. The majority of R3̅m
phase transforms into the I4̅2d phase near 14 GPa. At about 15
GPa, R3̅m phase disappears. Meanwhile, the volume
accelerates to decrease with increasing pressure. The I4̅2d-
type structure starts to transform into Cc and completes at
different pressures in different media. A high-pressure Cc phase
(space group no. 9) shows up at 19.5 GPa with pressure
medium of helium, 21.5 and 26.9 GPa with neon and argon,
respectively.
To further investigate the interactions of Ca2N and NG, we

carry out variable-structure searches for Ca2N−NG. The
convex hulls are constructed for Ca2N−He (Figure 3a),
Ca2N−Ne (Figure 3b), and Ca2N−Ar (Figure 3c) using the
generated structures in variable-composition structure search
at 50 GPa. All generated compounds of Ca2N−He, Ca2N−Ne,
and Ca2N−Ar show positive formation enthalpies, suggesting
that they are thermodynamically unstable. Moreover, NG with
greater atomic radii possesses higher positive formation
enthalpies, which usually occupies larger interstitial voids.
The PV term (enthalpies H = U + PV) contributes to the
pressure-induced stability of NG containing compounds (e.g.,
A2S−NG and A2O−NG).10 NG atoms with big atomic radii
possess higher formation enthalpies under pressure.10 In our
previous investigation,32 Ca2N transforms into 0D electride

Figure 4. ELFs for Ca2N (left), Ca4N2He (before relaxation, middle), and Ca6N3He (after relaxation, right). (b) ELFs for Ca6N3 with different
charge conditions. (c) Formation enthalpies for charged Ca6N3He3 relative to He and charged Ca2N.
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under 50 GPa. We fully relax the energetically competitive
phases of Ca4N2He and Ca6N3He and calculate their electron
localization function (ELF)45,46 (Figure 4d). Highly localized
ELFmax off the nuclei can be observed in Ca4N2He and
Ca6N3He, suggesting that the insertion of NGs show less
effects on the intrinsic electride characters of Ca2N. He atoms
are surrounded by Ca and N atoms, which is far away from
anionic electrons. Calculated Bader net charge for He in
Ca6N3He and Ca4N2He is −0.099 and −0.090 e, respectively,
supporting the chemical inertness character of He atoms in
Ca2N.
In contrast to the previously reported A2B−NG com-

pounds,13 Ca2N−NG compounds are only metastable. To
uncover the origin of instability in Ca2N−NG, we manipulate
the Ca2NHe structure by inserting He atoms into the position
of anionic electrons. ELF is calculated for Ca2N and Ca2NHe
(Ca6N3He here) before and after structure relaxation. Ca2N is
2D electride with ELFmax located at the center of Ca6
octahedron. It was reported that H atoms tend to insert into
the Ca6 octahedron,

47 which resulted in the transfer of anionic
electrons into the H 1s orbitals. Such a phenomenon is not
observed when He is inserted into the position of anionic
electrons in Ca2N. ELF maps suggest strong repulsion between
He atoms and anionic electrons. The insertion of He atoms
induces the reconstruction of AE charge densities, which shift
to the interstitial voids consisting of He and Ca atoms.
Previously,48 only the “stable voids” comprised by same
elements can host anionic electrons. However, the anionic
electrons in Ca2NHe are observed in the voids surrounded by
Ca and He atoms. Using Bader net charge analysis, He atom is
almost neutral with the net charge of −0.15 e. The interaction
between the NG atoms and the host oxide/sulfide is rather
weak, He atoms can thus serve as a component with other
atoms to form “stable voids.” Similar characters are also
reported in heavier NG contend Mg−NG (NG = Xe, Kr and
Ar) compounds,29 whose interstitial voids consisted of Mg and
NG atoms. Such a phenomenon is essential for the design of
novel high-pressure electrides. In A2O−NG and A2S−NG
compounds,12 the volumes of A2O and A2S are almost not
changed after the insertion of NG atoms. When the structure
of Ca6N3He3 is fully relaxed, the c axis expands significantly
because of the strong repulsion between He and anionic
electrons. To provide further insights into the He−AE
interaction, we calculate the formation enthalpy of
Ca6N3He3. The total electrons in Ca2N and Ca2NHe are
modified to reduce the magnitude of anionic electrons. In
positively charged Ca2N (Ca6N3 here), the magnitude of
anionic electrons in Ca2N decreases and finally disappears with
the net charge of Ca2N increasing from 0 to +3. With the
decrease of magnitude of anionic electrons, the formation
enthalpy of Ca6N3He3 is also lowered significantly (Figure 4c).
The repulsion between He and anionic electrons is responsible
for the instability of Ca2N−He compounds.
The repulsion between NG and anionic electrons suggests

that the large interstitial voids (occupied by anionic electrons)
in electrides cannot help in capturing light NG atoms both
under ambient and high pressure conditions. Considering that
Ca4N2He and Ca6N3He are slightly above the convex hull, thus
light NG may form stable compounds with other electrides
under higher pressure, for example, Na2He is stable above 200
GPa.31

■ CONCLUSIONS
Using in situ HPXRD and DFT calculations, we investigate the
effects of light NGs (He, Ne, and Ar) on the formation of high-
pressure Ca2N electrides. The interactions between anionic
electrons and NGs atoms are also discussed. Both experimental
and calculation results support the conclusion that light NG
atoms are chemically inert for Ca2N electrides, suggesting that
the light NGs are good pressure-transmitting media for high-
pressure electrides. The hydrostatics of different NGs changes
the transition path and alters their phase transition pressures.
In the Ca2N−NG compounds, the NG atoms are almost
electron neutral and show a strong repulsion with the NG
atoms, thereby preventing NG atoms from entering into
electrides. Moreover, in the hypothetical Ca2N−NG com-
pounds, the existence of NG atoms have a minor influence on
the intrinsic electride characteristics of Ca2N both under
ambient and high pressure conditions, which indicates that NG
atoms can be used to find novel electrides.
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