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ABSTRACT: The nitride-hydride Ba;CrN;H was obtained in
single crystalline form using flux growth techniques based on
alkaline earth metals. Ba;CrN;H crystallizes in the hexagonal
space group P6;/m (Nr 176), with the lattice parameters a =
8.0270(2) A, ¢ = 5.6240(1) A, and Z = 2. The structure
comprises [CrN,]*” trigonal planar units and [HBag]''*
octahedral units. The presence of anionic hydrogen in the
structure has been verified by '"H NMR experiments. DFT
calculations show that the addition of hydrogen increases the
stability of the phase versus Ba;CrN;. The two d-electrons of
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Cr*" are located in the nonbonding d.> orbital, rendering Ba;CrN;H nonmagnetic and insulating.

B INTRODUCTION

Of the mixed anionic compounds that contain both hydrogen
and nitrogen, only a few are known. Among these, Li,NH has
been studied in more details.' ™ Additionally, the nitride-
hydrides of the alkaline earth metals calcium,’ strontium,” and
barium” have been reported. Quaternary compounds that
combine anionic nitrogen and anionic hydrogen are also quite
rare. The first one, CazCr,NgH, was described only recently.®
Other quaternary systems, based on the combination of
lithium and alkaline earth nitride-hydrides, such as LiSr,H,N
have been described in the literature.'

In Ca4Cr,N¢H, the transition element Cr is in planar three-
coordination by nitrogen, whereas the hydrogen is found
bonded to the alkaline earth calcium exclusively. The hydrogen
atom is at the center of a distorted calcium octahedron,
isolating it well from the CrNj; units. Two Cr atoms link up
and are present as Cr*' and Cr’*, as corroborated by
susceptibility measurements.” In another system described
recently, Ca;SiN;H, SiN, tetrahedra link up via corners to form
linear chains, while the hydrogen anion is again coordinated by
six calcium ions.” The hydrogen affinity of alkaline earth
metals, in these cases calcium that is abundant in these
structures, serves to provide an environment for structurally
isolating hydrogen from other metals. Thus, one would expect
that nitride-hydrides might form in alkali and alkaline earth
rich compounds that accommodate both hydrogen and
nitrogen. In the case of quaternary compounds, the alkaline
and alkaline earths coexist with another ion, such as a (high-
valent) transition metal, or a main group metal, such as Si, so
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that nitrogen atoms can complete a coordination polyhedron
around the transition metal.

We have investigated molten barium and barium/magne-
sium fluxes for their ability to simultaneously dissolve multiple
anions, leading to new compounds such as Ba,TeO,
Ba;Ln,0sCl, (Ln = Gd to Lu), and Ba;Yb,O¢Te.'”'* Since
nitrides as well as hydrides are soluble in molten alkaline earth
fluxes, we attempted to synthesize novel phases combining
anionic nitrogen and hydrogen. In one of our reactions,
greenish crystals with hexagonal habit were found, with
composition Ba3CrN3H.1 ?

B METHODS

All samples measured were prepared (grown) utilizing a molten metal
flux technique. A 9:1 Ba:Mg ratio was exploited in order to allow the
growth to occur at lower temperatures. In an inert environment,
stainless steel tubing was loaded with freshly cut barium metal pieces
(27 mmol), magnesium turnings (3 mmol), barium hydride powder
(1 mmol), and chromium nitride powder (2 mmol). The stainless
steel tube was then welded shut, and sealed in an evacuated quartz
ampule. The ampule was heated to 1000 °C in 10 h, held at 1000 °C
for 24 h, then cooled slowly down to 850 °C in 150 h (1 °C/h). Once
this temperature was reached, the reaction was removed from the
furnace while the flux was still molten (the 9:1 Ba:Mg ratio solidifies
at ~630 °C), inverted, and centrifuged to allow proper separation of
crystals from the flux. During the centrifugation, the flux solidifies on
one end of the tube while the crystals reside on the other end,
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allowing for easy harvesting after cutting open the stainless-steel tube
(in an inert atmosphere).

Energy-dispersive spectroscopy (EDS), using a Zeiss Scanning
Electron Microscope with an acceleration voltage of 25 kV, was used
to determine the presence of Ba, Cr, and N, and to confirm the 3:1
Ba/Cr ratio.

Structural characterization of the new phase was carried out using
an Oxford Diffraction Xcalibur-2 CCD diffractometer with graphite-
monochromatized Mo Ka radiation. The crystals are highly reactive
and degrade under ambient conditions within a short time and were
therefore mounted in cryoloops under Paratone-N oil and cooled to
200 K. In this way, their integrity was ensured; no degradation was
observed during data collection. Data were collected using @ scans
with 1° frame widths to a resolution of approximately 0.39 A,
equivalent to 20 & 133°. Reflections were recorded, indexed, and
corrected for absorption using the Rigaku Oxford Diffraction
CrysAlisPro software,'* and subsequent calculations were carried
out using the X-ray structure refinement and analysis software
CRYSTALS," employing Superflip'® to solve the crystal structure.
The data quality allowed for an unconstrained full-matrix refinement
against F?, with anisotropic thermal displacement parameters for all
non-hydrogen atoms and with isotropic thermal displacement
parameters for the hydrogen. The hydrogen was manually placed
based on theoretical calculations (see below). Crystallographic
information files have been deposited with the Inorganic Crystal
Structure Database'” via the Cambridge Structural Database'®
(CCDC 1874911 for a crystal with data collected at 100 K, and
CCDC 1879699 for a crystal with data collected at 200 K).
Diffraction and crystallography parameters are summarized in Tables
1 and 2 for the 200 K data collection.

Table 1. Single Crystal X-ray Diffraction Data and
Collection Parameters for a Collection at 200 K (CCDC
1879699)

Ba;CrN;H
507.04 g/mol
P6,/m (#176)

molecular weight

space group

a 8.0270(2) A
c 5.6241(1) A
V4 2

v 313.83(1) A°
Peale 5.366 g/cm®
Y7 20.132 mm™!
data collection range 2.93° < 0 < 66.51°
reflections collected 14499
independent reflections 1972
parameters refined 16

R, 0.0447

wR, 0.0555
goodness-of-fit on F 0.9995

Table 2. Atomic Positions of Ba;CrN;H (CCDC 1879699)

atom site 62 y z Uy (A%
Ba 6h 0.34825(3) 0.26115(3) 1/4 0.0065(6)
Cr 2¢ 1/3 2/3 1/4 0.0042(2)

N 6h 0.1245(5) 0.4430(4) 1/4 0.0087(9)
H 2b 0 0 0 0.0100 (U,,)

The samples were checked for the presence of hydrogen by means
of 'H solid-state nuclear magnetic resonance (NMR) (I = 1/2,y/2x =
42.5774 MHz/T) using an NMR spectrometer locally developed at
the National High Magnetic Field Laboratory. Spectra were obtained
with the free induction decay method at T = 100 K. Due to the
relatively narrow 'H spectrum width compared to the spectrometer
bandwidth, there was no need to sweep the field or the frequency, and
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pulsing at a fixed frequency was enough to obtain the full hydrogen
spectrum. In order to minimize the contribution from the ubiquitous
presence of hydrogen in insulation materials and probe assembly
parts, a Teflon-insulated silver wire was used to make a coil for the
sample holder since the more commonly used copper wire is insulated
with a polymer. In addition, a piece of Teflon tubing wrapped in
Teflon tape was used as sample holder. The whole coil—holder—
sample setup was mounted with extra long leads (~3 cm) in order for
the sample to be as far away from other parts of the probe as possible.
Furthermore, to unambiguously determine whether the 'H signal was
from the sample, two identical sample holders were prepared in an
inert atmosphere: one containing the sample and one empty; spectra
were obtained of both.

Magnetic susceptibility measurements were carried out using a
Quantum Design MPMS SQUID magnetometer, in the temperature
range of 1.8—320 K and magnetic fields up to 2 T. The samples were
sealed in gel capsules in an inert atmosphere, and transferred quickly
to the magnetometer to reduce any possible exposure to the ambient.

Density functional calculations were performed in order to
establish the electronic structure, site preference, and energetics of
H in Ba;CrN;H. These were done using the experimentally
determined lattice parameters, a = 8.0270(2) A and ¢ = 5.6240(1)
A. We used the %eneral potential linearized augmented g)lane wave
(LAPW) method, ® as implemented in the WIEN2k code.”® The total
energy calculations and relaxation of the atomic coordinates were
done using the Perdew—Burke—Ernzerhof (PBE) generalized gradient
approximation (GGA).”' Relativity was treated at a scalar relativistic
level for the valence states. We relaxed all internal atomic coordinates
by total energy minimization subject to symmetry. We used LAPW
sphere radii of 2.3, 1.75, 1.4, and 1.4 bohr, for Ba, Cr, N, and H,
respectively. The basis set, consisting of local orbitals for the semicore
states plus LAPW functions up to a planewave cutoff determined by
Riin Kiax = 7, where K, is the planewave cutoff and R, = 1.4 bohr,
is the smallest sphere radius. The Brillouin zone was sampled using
uniform meshes of at least 8 X 8 X 10.

B RESULTS AND DISCUSSIONS

Single crystals obtained by the described flux growth method
are hexagonal prismatic, and have a green metallic color. They
are very reactive and decompose rapidly in the ambient,
rendering measurements time sensitive. The presence of
anionic hydrogen and nitrogen is likely to be responsible.
Other systems of the type AE; TN, (AE = alkaline earth metal,
T = transition metal) have also been reported to be unstable
under ambient conditions.”***

The structure of Ba;CrN;H contains trigonal planar
[CrN,]°" units, arranged perpendicular to the c-axis, and
[HBag]''* octahedra (Figure 1). Since there are three barium
atoms per hydrogen atom, the charge based unit is therefore
[HBa;]**, balancing with the [CrN;]°” unit. The barium
framework comprises channel-like structures along the c-axis,
in which the anionic hydrogen atom reside. These “channels”
are face-shared, distorted octahedra with hydrogen in the
center of each octahedron (Figure 1b). HBa4 octahedra are
also present in other hydrides: In both Ba;AlO,H***° and
BayIn,H,”” the octahedra form a three-dimensional framework
of corner-shared octahedra, while in Ba,M,OH,,,, (M =
transition metals and metalloids), the face-sharing octahedra
are arran§ed in a ring around a common central barium
position.2

The Cr—N distance is 1.739(3) A, shorter than the metal—
nitrogen distances observed in CajCrNj: 1.766 A for the
shortest Cr—N bond and 2.388 A for the shortest Ca—N
bond.”* The Ba—H distance in Ba;CrN;H is 2.885 A, longer
than the values found in BaH,, where distances range from
2.554 to 2.781 A.*° In BaH,, however, the hydrogen atom is
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Figure 1. (a) Structure of Ba;CrN;H, viewed along the c-axis. Dark
gray spheres are Ba, blue spheres are Cr, green spheres are N, and
pink spheres are H. (b) View of the “channels” of face-shared Ba-
octahedra with H in the center. (c) Atomic environments of Ba, N,
and H displaying anisotropic displacement ellipsoids with 95%
probability.

square pyramidal S-coordinated and trigonal pyramidal 4-
coordinated, whereas in Ba;CrN;H, the hydrogen is in the
center of a trigonal distorted octahedron. Not taking into
account the hydrogen, AE;TN; compounds in this structure
have been described in detail.””~>* In this study, our bond
valence sum (BVS) calculations and magnetic measurements
gave us the first inclination that these structures were not yet
fully understood. Assuming initially a char§e—balanced
Ba;CrN;, as already described in literature,™ the BVS
calculations yield 1.58 for the barium and 4.05 for the
chromium, i.e., a strongly underbonded Ba® and a strongly
overbonded Cr*". These deviations were also noted by Barker
et al. in a variety of AE;TN; compounds,”” where the high Cr
valence was attributed to multiple Cr—N bonds and the low Ba
valence to an overstretching of the Ba—N sublattice. Our EDS
measurements confirmed that no other non-hydrogen
elements besides nitrogen, chromium, and barium were
present in the sample (hydrogen cannot be detected by
EDS). Therefore, the BVS deviations could not be explained
by the possibility of having other elements in the structure.
With a BVS of 4.05, it is instead more likely that chromium is
in the Cr*" configuration and not in the Cr*" configuration as
suggested earlier. Furthermore, with chromium in trigonal
planar geometry, Cr*" is expected to result in a nonmagnetic
ground state. Indeed, our measurements of the magnetic
moment across a wide temperature range yield a nearly
constant and very low magnetic moment, less than 107 y/Cr
atom; see Figure 2. The increase at low temperatures is likely
to be due to impurity phases that form during the transfer of
the sample from the inert atmosphere environment to the
magnetometer. The feature around 40 K corresponds to the
solidification of oxygen, followed by its antiferromagnetic
transition Due to the small moments, even a small oxygen
contamination manifests itself in the data. The inset to Figure
2 displays the magnetization as a function of applied field, and
the low moment of ~0.04 y3/Cr atom at 1.8 K is also likely a
result of the aforementioned impurities. In order to charge-
balance the compound, we suggest that this compound is in

3304

100 Oe

..... P000900009009000

0 1 2
B(T) 50 Oe-
00000000000000000

100

150 200 250 300

T (K)

Figure 2. Magnetization as a function of temperature at 50 and 100
Oe for Ba;CrN;H. The moment is quite small (less than 107> y/Cr
atom) and nearly constant across the measured temperature range.
The bump around 40 K corresponds to the solidification of oxygen,
followed by its antiferromagnetic transition. The low-temperature
increase in magnetization is likely due to impurity phases. The inset
displays magnetization as a function of applied field at 1.8, 50, and
300 K. Note the small moment of 0.04 y3/Cr atom even at 1.8 K.

fact BayCrN;H with chromium in a Cr*' configuration.
Calculating bond valence sums for barium and chromium in
this compound (with the hydrogen placed as suggested by the
DEFT calculations below), we obtain 1.90 and 4.05 (the Cr is
not affected by the H which is over 4.8 A away), respectively,
i.e., BVS values in good agreement with the expected oxidation
states.

The presence of hydrogen in Ba;CrN;H was confirmed by
NMR which looks at specific nuclei in a sample, based on a
direct proportionality between the nucleus precessing
frequency and applied magnetic field: @ = yB, where y is the
gyromagnetic ratio (y/2z = 42.5774 MHz/T for 'H). Due to
the ever-present hydrogens, we performed the experiment on
two identical sample holders, one containing the actual sample
and one containing nothing to unambiguously detect any
hydrogen in the sample. The results are summarized in Figure
3, plotted as the NMR intensity against the shift relative to a
reference frequency (given by the bare nucleus frequency, @, =
7B0)3 (Vsample - I‘/reference)/yreference' It is Clear that Ba3CrN3H
must contain hydrogen since the spectrum with a sample in the
holder has an extra 'H peak when compared to the spectrum
without a sample. In addition, this peak is much closer to the
zero-shift frequency, corroborating that it is from the sample,
since it was placed closer to the center of the magnetic field.
Signals from probe parts would be further away since those
parts are more off-center. Metal hydrides have a chemical shift
range of approximately 0 to —60 ppm,””*" and the full 'H
spectrum including any chemical shifts fits under the relatively
wide peak (fwhm of about 155 ppm) we observe from the
sample. Therefore, the large shift of the 'H peak (approx-
imately —380 ppm) is due to the sample still being off-center, a
consequence of the longer leads making it difficult placing the
sample exactly in the center of the applied magnetic field.

While our NMR measurements confirmed the presence of
hydrogen in Ba;CrN;H, the precise location could not be
determined with the NMR setup. Instead, the location of the
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Figure 3. 'H NMR intensity vs the shift in %. The upper spectrum
was obtained with a sample in the holder and the lower spectrum with
no sample in the holder. The extra 'H peak close to zero shift
confirms the presence of hydrogen in Ba;CrN;H.

0.0

hydrogen atom was determined by DFT calculations and the
careful analysis of difference Fourier maps. Since X-ray
diffraction using molybdenum radiation is not very sensitive
to hydrogen, extensive DFT calculations to explore different
hydrogen positions were carried out. There are two potential
sites in the Ba;CrN;H lattice that are large enough to contain
anionic hydrogen, H™, which is similar in size to the fluorine
ion:** the 2b and 2c Wyckoff sites. Calculations were therefore
carried out with H constrained to these two sites. We
considered the cases of no H, H fully occupying the 2b sites, H
tully occupying the 2c sites, and H fully occupying both the 2b
and 2c sites. The [CrN;]°" unit is charge balanced with Ba and
anionic H. The two possible H sites are here denoted H1 and
H2. H1 is the 2c site, which is between the Cr atoms along the
c-axis (each H is coordinated by two Cr), and H2 is the 2b site,
in the middle of the Ba cations, so that each H is coordinated
by six Ba.

We begin with the energetics, taking the nonhydrided
Ba;CrN; as the energy zero. Relative to this, full occupation of
the H1 site leads to an energy —15.3 eV/H, full occupation of
the H2 site leads to an energy of —16.8 eV/H, and full
occupation of both sites leads to an energy of —32.0 eV/fu,,
i.e, —16.0 eV/H. For comparison, the total energy of one H in
an H, molecule using the PBE GGA functional is —15.9 ev.®
Thus the H2 (2b) site, with H coordinated by Ba, is very
strongly preferred. Moreover, occupation of the H1 (2c) site,
between the Cr, is highly disfavored relative to the H,
molecule, and will not occur under ordinary synthesis
conditions. However, the H2 site, coordinated by Ba is highly
favored, with a binding enthalpy of —168 kJ/mol H2. This
enthalpy is characteristic of a very stable hydride, comparable
to CaH, or SrH,, for example. Thus, we conclude that the
stoichiometry Ba;CrN;H is correct, with full occupation of the
2b site by hydrogen.

We now turn to the electronic structure based on occupation
of the H2 (2b) site. We find that the compound is insulating
and nonmagnetic. The nominal valence is Cr*, with two d
electrons. The nominal valence of Cr without H, i.e,,
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stoichiometry Ba;CrNj, is Cr**. We find that this stoichiometry
is metallic. We did calculations for Ba;CrN;H both with the
PBE functional and also with the modified Becke—Johnson
(mBJ) potential, constructed by Tran and Blaha.>* This is a
potential function that often gives band gaps in better accord
with experiment than standard GGA density functionals.**~>¢
We find an mBJ band gap of 2.1 eV, whereas the band gap
calculated with the PBE functional is 1.4 eV.

The electronic density of states and projections of Cr d, H s,
and N p character are shown in Figure 4, based on the mB]

25 T T T T T T
total
Ba;CrN;H -Hon 2b Crd
20 | :
315 ¢ 1
m
>10 | ]
5 |
O L N 1 L 1
-4 -3 -2 -1 0 1 2 3 4
E (eV)
7 T T T T T T T
Hs
6 Np — |
5 | 4
24l |
My |
Z
2 | 4
1 _ M
0 . . | A . ‘ .
-4 -3 -2 -1 0 1 2 3 4
E (eV)

Figure 4. Top panel: Total density of states (DOS) of Ba;CrN;H and
projected DOS for Cr d electrons. Bottom panel: Projected DOS for
H s and N p electrons.

results. The valence band is very narrow, and has Cr d
character. The H s contribution is located in the energy range
—3.5 to —2 eV, confirming that H is anionic in this compound.
With a triangular planar coordination, the crystal field scheme
has a nonbonding d? orbital, and higher lying d,./d,, and d,,/
d,’_> manifolds. The very narrow valence bands come from the
nonbonding Cr d,> orbital (note that there are two Cr per unit
cell, leading to two such bands). The other d orbitals form
more dispersive conduction band states. The large crystal field
gap is indicative of strong hybridization between the N p and
Cr d states. This is also seen in the nominally N p derived
bands between —4 and —1 eV, relative to the valence band
maximum, which have quite significant Cr d contributions in
the lower energy part. These correspond to the bonding states
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in correspondence with the antibonding character of the upper
Cr d crystal field states comprising the conduction bands. It is
this covalency that leads to the large crystal field splitting. In
turn this explains the nonmagnetic character of the compound,
since the nonbonding d_? orbital is fully occupied, and the large
crystal field gap disfavors moment formation.

The previously reported Ba;CrN; by Barker et al.”* has in
essence the same structural features, while the unit cell
constants differ. The unit cell given, with a = 8.201 Aand ¢ =
5497 A, c/a=0.67, is significantly different from our values of
a=8.027 A and ¢ = 5.624 A, ¢/a = 0.70. The reported crystal
growth does not show an obvious way that would introduce
hydrogen. It is possible that hydrogen was introduced as
impurities in the starting materials barium nitride, chromium
nitride, or chromium metal. In fact, Barker et al>” note that
oxygen impurities were probably introduced as part of the
grinding of the starting materials. However, we have often
identified crystals of BaH, in our flux growth, even if no
hydride was added. We therefore surmise that Ba metal as
received does contain small amounts of hydrogen, likely as a
result of the reduction step in barium refining. As mentioned
above, the structure by Barker et al. gives bond valence sums as
1.58 for Ba and as 4.1 for Cr, in essence strongly underbonded
barium, and Cr*, in contrast to the valence of Cr** given in the
manuscript. The color of the crystals is green, as are our
samples.”” DFT calculations with the PBE functional relaxing
the structure without hydrogen present do not reproduce the
unit cell by Barker et al, whereas relaxation of the structure
including hydrogen reproduces the values that are observed for
Ba;CrN;H. Specifically, without H we obtain a = 8.44 A and ¢
= 5.44 A, while with H we obtain a = 8.08 A and ¢ = 5.67 A.
Considering the typical errors in PBE calculations of ~1% in
lattice parameter, only the values with H are consistent with
experiment. Since the crystal structure moieties in Ba;CrNj are
reasonable for Cr** and within the range of distances expected,
it is not clear if the reported structure does contain Cr**, which
would render the phase metallic, not necessarily consistent
with the color.

The unit cell of Ba;CrN3H is quite different from the
previously reported unit cell of Ba;CrN;,** but remarkably
close to the reported unit cell of Ba;FeN,, with parameters a =
8.014 A, ¢ = 5.608 A, and c¢/a = 0.70.>> However, the color
reported for this phase is black, indicating metallic behavior.
DFT calculations do show that Ba;FeN;H is more stable than
Ba;FeNj,, and relaxed lattice parameters are close to the values
reported. The PBE values of the lattice parameters of
Ba;FeN;H are a = 7.96 A and ¢ = 5.65 A. For BaFeN,
without H, we obtain a = 8.19 A and ¢ = 5.48 A. Furthermore,
Ba;FeN;H is determined as a metal as well. Since Ba;FeNj also
shows strong underbonding of the Ba, with a bond valence
sum of 1.6 and the bond valence sum of 4.2 for iron indicates
Fe*, it is conceivable that the Ba;FeNj is actually Ba;FeN,H.
Magnetic measurements could shed further light on the
valence of the iron in this compound.

B CONCLUSIONS

The new nitride hydride Ba;CrN;H has been obtained from a
molten barium flux. The phase contains [CrN;]°~ trigonal
planar units, with Cr*" ions. The two nonbonding chromium
d-electrons are in the d, orbital, rendering the compound an
insulator and nonmagnetic. DFT calculations show that the
introduction of hydrogen increases the stability of Ba;CrN;H
over the nonhydride phase. In contrast to Ca;CrNj, the
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[CrN;] units in Ba;CrN3;H are not distorted and remain
trigonal planar, consistent with the absence of a Jahn—Teller
distortion for Cr*" in this trigonal coordination.
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