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Hydrogen anion as a strong magnetic mediator for obtaining high-temperature
ferromagnetic semiconductors: The case of hydride double perovskites
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Realizing ferromagnetic (FM) semiconductors with Curie temperatures (7;.) above 300 K is highly desirable
for spintronics but remains a big challenge. Up to now, the oxide double perovskite La,NiMnQg is regarded as
one of the most promising FM semiconductors, where the near-180° strong superexchange interaction brings its
T, up to 280 K, but it is still below room temperature. Here, we propose that, by using H™ instead of 0%~ as
magnetic mediator, the resulted perfect 180° bond angle and short interaction distance between magnetic ions can
notably raise the 7. beyond 300 K. The idea is verified by theoretically designing a class of thermodynamically
stable hydride double perovskites A;NiVHg (A = Na, K, Rb, Cs) with ferromagnetic 7, up to 789 K. Moreover,
the A;NiVHg are identified as intriguing bipolar magnetic semiconductors with the carrier’s spin orientation
readily reversible by electrical gating. In addition, the possible Ni/V disorder further changes A,NiVHg to be
compensated ferrimagnetic semiconductors with vanishing magnetization, which may have unique advantages

in antiferromagnetic spintronics.
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Ferromagnetic (FM) semiconductors are the cornerstones
of spintronic devices due to their broad prospects in magnetic
field sensors [1], magnetic random access memories [2], spin
field-effect transistors [3], etc. Ferromagnetic semiconductors
include intrinsic ferromagnetic semiconductors such as EuX
X =0,S§S, Se, Te) [4,5], ACr,X4 (A =Cd, Hg; X = S, Se)
[6], BiMnOj; [7], La;NiMnOg [8], CrGeTes [9], Crl; [10], and
diluted magnetic semiconductors such as (Ga,Mn)As [11].
Unfortunately, most known FM semiconductors have Curie
temperatures significantly lower than room temperature, mak-
ing them difficult to put into practical applications. Note that
in the community of diluted magnetic semiconductors, sev-
eral groups have previously claimed to obtain ferromagnetism
at room temperature, but these observations remain heavily
debated [12-15].

Double perovskites A;BBXg (X = O, Cl, Br, I) with
variable element combinations serve as fertile soils for
exploring intrinsic FM semiconductors [8,16-19]. Among
them, La,NiMnOg with near-room-temperature ferromag-
netism (7, ~ 280 K), large magnetroresistance, and colos-
sal magnetodielectricity is an outstanding representative.
Due to its excellent electronic and magnetic properties,
La;NiMnOg possesses great potentials in spintronics, mul-
tiferroics, and electrocatalysis [20-26]. The high 7. of
La;NiMnOg originates from the near-180° (160° on av-
erage) d*(Ni’*) — p(O*~) — d*(Mn**) FM superexchange
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interactions [8]. Considering that the Curie temperature of
La;NiMnOg is still below room temperature, developing fer-
romagnetic double perovskites with 7. > 300 K and good
semiconducting properties is urgently required for practical
applications.

On the other hand, owing to the rich physical and chemical
properties, metal hydrides play important roles in various
fields such as hydrogen storage, energy conversion, organic
synthesis, catalysis, and high-temperature superconductivity
[27-29]. For example, the metal hydride LaH;( has been con-
firmed in experiment as a superconductor with a rather high
critical temperature of 250 K [29]. However, almost all metal
hydrides studied so far are nonmagnetic and their potential
in designing functional spintronic materials remains largely
unexplored.

In this Letter, we demonstrate that robust ferromagnetic
semiconductors with Curie temperatures well above 300 K
can be achieved in double perovskites simply by exploiting
H instead of O as intervening magnetic mediators. The idea
is confirmed by theoretically designing a series of thermody-
namically stable hydride double perovskites A;NiVHg (A =
Na, K, Rb, Cs) with extremely high Curie temperatures (up to
789 K).

According to the Goodenough-Kanamori rules [30-32],
the 180° superexchange interaction between r5,ez(d®) and
tggeg(d3) is ferromagnetic (Fig. 1). In real materials, the an-
gle between magnetic ions may deviate from 180° due to
phonon instability, causing a notable decrease of the superex-
change strength, such as in La;NiMnOg. To enhance the
superexchange interaction, one needs to (1) make the angle

©2023 American Physical Society
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FIG. 1. (a) Structure of Na,NiVHg. (b) Schematic diagram of
Ni-H-V superexchange interaction.

between magnetic ions reach 180° as much as possible and
(2) shorten the interaction distance between magnetic ions.
Taking the structure of La,NiMnOg (space group 14) as the
starting point, we find that when O~ is replaced by H™,
one or both of the above conditions can be satisfied. Note
that, in order to maintain the charge balance of the system,
La* in La,NiMnOg should be replaced by alkali metal ele-
ments Li* /Nat/K*/Rb*/Cs*. Meanwhile, to keep the d®-d?
electronic configurations, Mn**(d?) is replaced by V>*(d?).
Therefore, the chemical formula of the obtained hydride dou-
ble perovskites is A,NiVHg (A = Li, Na, K, Rb, and Cs).

To evaluate whether these compounds can form stable per-
ovskite structures, the Goldschmidt tolerance factors (t) [33]
expressed as

f=_ATTH 1

VA=) ] v
are calculated. The Shannon ionic radii are used for all ions
except H™, which is assumed to have a radius of 140 pm [34].
Empirically, compounds with tolerance factors between 0.81
and 1.11 can crystallize in perovskite structures, and those
with tolerance factors close to 1 are likely to have a perfect
cubic structure. We find that when A = Li, Na, K, Rb, Cs,
the tolerance factors of A,NiVHg are 0.77, 0.92, 1.00, 1.02,
and 1.08, respectively. Therefore, A;NiVHg have the poten-
tial to form cubic perovskites, except for Li;,NiVHg, which
possesses a too small tolerance factor and is discarded in
the following studies. Using the distorted La,NiMnOg (space
group 14) structure as the initial structure, after fully structural
optimization, all A,NiVHg relax to cubic structures with the
FM?3M space group (group 225), which is consistent with the
prediction by tolerance factors. Furthermore, test calculations
on other commonly seen perovskite phases confirm that the
cubic phase is the most energetically favorable in the double
perovskite family [see the Supplemental Material [35] for
details (see, also, Refs. [36—48] therein)]. Thus the superex-
change angle between magnetic ions changes from 160° in
La;NiMnOg to perfect 180° in A;NiVHg. The structure of
cubic Na;NiVHg is shown in Fig. 1(a). The lattice constants
of unit cell NazNiVHG, KzNiVH(,, szNiVH6, and CSzNiVH6
are 7.231, 7.669, 7.913, and 8.225 A (Table I), respectively.
Compared with Ni-Mn distance (3.871 A on average) in
La;NiMnOg, the Ni-V spacing becomes shorter when the A
siteis Na (3.614 A) or K (3.835 A), while it is somewhat larger
for A =Rb (3.957 A), Cs (4.113 A).

To confirm that H behaves as an anion and is similar to O
within the perovskites, we calculate the electron occupation

TABLE 1. Lattice constant (a), enthalpy of formation (AH;) at
10 GPa, band gap (E,), effective mass (m*), and Curie temperature
(T,). m, is the mass of an electron.

a AHy E, m* T.
(A)  (meV/atom) (eV) (me) (K)

Na,NiVHg 7.231 —246 0.89 CBM:I' — X:0.92 789

M — K:1.49
VBM:K — V:0.98

VvV — TI:0.78
CBM:I" — X:0.99 568

M — K:2.72
VBMK — V:1.16

V —T:1.28
CBM:I" — X:0.86 489

M — K:2.14
VBM:K — V:1.29

V — I':1.08
CBM:I" —» X:0.73 410

M — K:2.17
VBM:K — V:0.95

VvV — I':0.89

Ky,NiVHg  7.669 —-320 1.15

Rb,NiVHes 7.913 —263 1.18

Cs;NiVHs  8.225 —130 1.12

numbers by integrating the projected density of states and
perform Bader charge analysis for O in La;NiMnOg and H in
Na;NiVHg (Fig. S1 in the Supplemental Material [35]). The
spin-up and spin-down electron occupation numbers of p or-
bitals of O are 2.79 and 2.80, respectively. And Bader charge
analysis shows each O accepts 1.20 negative charges, which
is consistent with the —2 valence state of O. As a comparison,
the spin-up and spin-down occupation numbers for H are 0.73
and 0.68, respectively. And Bader charge analysis shows each
H accepts 0.53 negative charges, indicating that the valence
state of His —1.

To evaluate whether the proposed hydride double per-
ovskites are experimentally synthesizable, we calculate their
formation enthalpies (AHy) under different pressures, which
are defined by

AHjy = Haniveg — (2Ha + Hyi + Hy + 3Hy,),  (2)

where Hy (X = A;NiVHg, A, Ni, V, H) represent the en-
thalpies of the corresponding species. For A, Ni, V, and H,, the
enthalpy of the most stable element crystal is used. As shown
in Fig. 2(a), without pressure, all compounds have positive
AH; except Na;NiVHg (—31 meV/atom). When the pressure
increases to 10 GPa, the AH; of all compounds become
negative, i.e., —246, —320, —263, and —130 meV /atom for
NayNiVHg, K;NiVHg, RbyNiVHg, and Cs;NiVHg, respec-
tively. This indicates the hydride double perovskite could
be fabricated at about 10 GPa. Note that such a pressure
is achievable during experimental synthesis [49-51]. Up to
now, some hydride perovskites have been synthesized, such as
NaMgH;, which is prepared via standard solid-state method,
by reacting NaH and MgH, powders (1:1 ratio) at 623 K under
7 MPa H, pressure [52]. It is possible that A;NiVHg could
be prepared in a similar way, i.e., by heating the mixture of
AH, NiH,, and VH, powders at certain temperature and H,
pressure.
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FIG. 2. (a) Calculated formation enthalpies (AH/) as a function
of pressure for Na,NiVHg, K,NiVHg, Rb,NiVHg, and Cs,NiVHg.
(b) The phonon spectrum of Na,NiVHg. (c)—(e) The structural
snapshots of Na,NiVHg after 10 ps ab initio molecular dynam-
ics (AIMD) simulation under the temperature of 1200, 1400, and
1600 K, respectively.

To examine whether there are other competing phases, a
global structural search for Na;NiVHg is performed based
on particle swarm optimization implemented in the CALYPSO
code [53-55]. Results show the cubic double perovskite is
only a metastable phase with its enthalpy 96 meV/atom
higher than that of the most stable phase (see the Supple-
mental Material [35] for details). Nevertheless, it is theoret-
ically proposed that metastable phases with energies within
200 meV /atom compared to the most stable phase are pos-
sible to synthesize, with the help of substrates, defects,
and temperature [56]. Experimentally, many metastable per-
ovskites have been synthesized [57-59].

To explore the dynamic stability of A,NiVHg, phonon
spectrum calculations are performed [Fig. 2(b) and Figs. S4-
S5]. No obvious imaginary frequency is found in all
structures, indicating that these structures are local min-
ima on the potential energy surface and dynamically stable.
Ab initio molecular dynamics simulations at standard pres-
sure are further employed to examine the thermal stability of
Na;NiVHg at 1200, 1400, and 1600 K. The structure snap-
shots in Figs. 2(c)-2(e) demonstrate that Na,NiVH¢ has a
high thermal stability and the structure can be retained at the
temperature up to 1400 K. These results imply that once the
cubic double perovskites are synthesized, they can exist stably
at normal temperature and pressure without decomposing into
other phases.

To confirm the ferromagnetic superexchange between
Ni>*(d®) and V?>*(d®) in A,;NiVHg, four magnetic
orders, i.e., ferromagnetic (FM), antiferromagnetic (AFM),
ferrimagnetic-I (FIM-I), and ferrimagnetic-II (FIM-II)
(Fig. S7), are computed. The results indicate that all
A,NiVHg indeed possess the ferromagnetic ground state,
consistent with the Goodenough-Kanamori rules. The spin
density distribution of Na;NiVHg in FM and FIM-I states are

——La,NiMnO,
——NaNiVH, 700 NaNivH,
——K,NiVH,

—— Rb,NiVH,
—— Cs,NiVH,

K,NiVH,
R Rb,NiVH,

Cs,NiVH,

0 300 600 900
T(K)

1200 1500 36 37 38 39 40 41 42
Ni-V distance

FIG. 3. Spin density distribution of Na,NiVHg in (a) ferromag-
netic and (b) ferrimagnetic states. Spin up and spin down are
indicated by red and blue, respectively. (c) The simulated specific
heat C, with respect to temperature for La,NiMnOg and A;NiVHg
(A = Na, K, Rb, Cs). (d) The predicted 7, of A;NiVHg as a function
of Ni-V distance.

shown in Figs. 3(a) and 3(b), from which one can see that
the magnetic moments in Na;NiVHg are mainly contributed
by Ni** and V?* ions. The Curie temperatures are further
estimated by employing the Monte Carlo simulations based
on the classical Heisenberg Hamiltonian [60]

H=—>"1;SS;, 3
ij
Erm — Epv—1
Ji=—— (€]
485;5, N
Ermvier — Erpv—nr — 244:15;:S
J, = _ B I;I;/Is,; 15iS; 5)
= _ Erv-nr —35251\;‘—# &J1 SiSj7 ©)
IR,

where J; is the nearest Ni>t — V>* exchange parameter and
Jo(J5) is the nearest Ni* — Ni** (V** — V2*) exchange pa-
rameter; S; = 1 and S; = 3/2 are the spins of Ni** and V>,
respectively. From the energies of different magnetic states
calculated by PBE+U (U = 3 eV), we deduce that J; =
31.56 meV and J,(J;) = —1.05(—0.38) meV for Na,NiVHs.
Since J,(J;) is at least an order of magnitude smaller than
Ji, it is omitted in the following Monte Carlo simulations.
To obtain 7., the specific heat C, = ((E?) — (E)?)/T? is cal-
culated after the system reaches its equilibrium at a given
temperature. Then the 7. is determined as the temperature
where the C,(T) peak occurs. The simulated C,(7T") curves
are shown in Fig. 3(c) and the obtained 7, are summarized
in Table I. The T, of all A;NiVHg are much higher than
room temperature, with Na,NiVHg possessing the highest
T. ~ 789 K. As a comparison, based on the same parame-
ter extraction method, the Curie temperature of La;NiMnOg
is predicted to be 289 K, consistent with the experiment
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FIG. 4. Band structures of Na,NiVHg (a) without doping and doping with (b) 0.25 electrons or (c) 0.25 holes per primitive cell. Schematic
of spin channel switching when (d) positive or (e) negative gate voltage is applied. Fermi levels are set to zero.

(280 K). In addition, we also calculate the Curie temperatures
of Na,NiVHg under different U values (Uggg = 2-5 eV; T, =
663-852 K) and HSEO6 functional (7. = 805 K), ensuring
that the high Curie temperature is an intrinsic property of
the system and not sensitive to the calculation methods (see
the Supplemental Material [35] for details). Figure 3(c) shows
the variation of the 7. of A,NiVHg with the Ni-V distance,
from which one can see that, as the Ni-V distance increases,
the 7. of the compounds decreases. For Na,NiVHg and
K;NiVHg, the high-7, ferromagnetism originates from both
the perfect 180° superexchange angle and short Ni-V distance,
while for Rb,NiVHg and Cs;NiVHg, although the Ni-V dis-
tance is somewhat longer than La;NiMnOg, the perfect 180°
superexchange angle still makes their 7, significantly higher
than 300 K.

The total and element resolved electronic band struc-
tures of A;NiVHg are calculated by PBE+U (U = 3 eV)
method to investigate their electronic properties [Fig. 4(a) and
Figs. S11-S14]. All A;NiVHg are ferromagnetic semiconduc-
tors with an indirect band gap of 0.89, 1.15, 1.18, and 1.12 eV
for NazNiVH6, K2NiVH6,Rb2NiVH6, and CSzNiVH6, re-
spectively. As a comparison, the band gap of La,NiMnOg
calculated by PBE4+U (Usr =3 eV) method is 1.23 eV
(the experimental gap is about 1.5 eV) [61]. The CBM of
A;NiVHg appears at the X point in the reciprocal space and
the VBM emerges between the K and I' points (labeled as
V point). The element resolved band structures in Fig. S11
show that the VBM of Na,NiVHg is mostly contributed by H
and Ni, and CBM is mainly constructed by Ni, respectively.
The minimum electron and hole effective masses at the CBM
or VBM are all less than 1 m. (Table I), indicating good
semiconducting properties. As is known, the formation of

small polarons may seriously lower the mobility of carriers.
Therefore, to investigate whether small polarons are formed,
we insert one electron into Na,NiVHg and perform an ab initio
molecular dynamics simulation with a2 x 2 x 1 supercell for
2 ps. Every 200 fs we calculate the density of states and partial
charge density at the CBM (Fig. S15). No apparent lattice
distortion is found during simulation. The density of states of
all structures show no drop in energy levels at the CBM and no
localized trap states are formed in the gap. The partial charge
densities also demonstrate that the inserted electron is not
localized. These results suggest no small polaron formation
in our system. Furthermore, we introduce symmetry breaking
in the system by respectively shortening a Ni-H bond or a
V-H bond at one atomic site and perform two AIMD runs
for a longer period of 8 ps (Fig. S16). The results suggest
the absence of polarons as well. It should be pointed out that,
although PBE+-U calculations show no formation of polarons
in Na;NiVHg, the presence of polarons can still not be ex-
cluded when using more advanced functionals, such as hybrid
functionals.

Importantly, all A;NiVHg exhibit the feature of bipolar
magnetic semiconductors with the VBM and CBM fully spin
polarized in the opposite spin direction [62—68]. This unique
electronic structure provides a feasible method to control
the carriers’ spin polarization direction simply by applying
a gate voltage. When the Fermi level is shifted around the
CBM after electron doping at a positive gate voltage, the
carriers are 100% spin-down polarized [Fig. 4(b)], while they
change to be 100% spin-up polarized under hole doping when
a negative gate voltage moves the Fermi level towards the
VBM [Fig. 4(c)]. By this way, the conduction spin channel
of A,NiVHg can be easily switched between spin up and spin
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FIG. 5. (a) Generated special quasirandom structure (SQS) for

Na,NiVHg with Na and H atoms omitted. (b) Total and orbital

projected density of states (DOS) for SQS. Fermi levels are set to
zZero.

down via reversing the gate polarity [Figs. 4(d) and 4(e)]. Note
that under both electron doping and hole doping, A;NiVH;g
maintain the FM ground state (Table S2).

To further confirm the ferromagnetic semiconductor prop-
erty of A;NiVHg, the electronic structures are further calcu-
lated by the HSEO6 functional (Figs. S11-S14), which are
qualitatively consistent with the results obtained by PBE+U,
except that the band gaps predicted by HSE06 (2.58, 2.74,
2.77, and 2.67 eV for Na,NiVHg, K,NiVHg, Rb,NiVHg, and
Cs,NiVHg, respectively) are larger than those by PBE+U. In
addition, the band structure of Cs,NiVHg changes to be a nor-
mal magnetic semiconductor with the same spin channel for
VBM and CBM rather than a bipolar magnetic semiconductor.

In La,NiMnOg, due to the similar ionic radii of Ni*t and
Mn** (0.69 A and 0.53 A), partial B site disorder exists in
experiment, which may also occur in A;NiVHg. Thus it is
necessary to figure out the magnetic and electronic properties
of A,NiVHg¢ when Ni-V disorder is present. To do this, a
320-atom special quasirandom structure (SQS) under com-
plete B-site disorder is generated for Na,NiVHg [Fig. 5(a)].
SQS is a method that aims to design a single finite special
supercell whose average atomic correlation functions of the
cluster best match those of the random alloys [69]. To deter-
mine the magnetic ground state of SQS, we calculate three
magnetic configurations, including FM (all the magnetic mo-
ments are assigned as spin up), FIM (the magnetic moments
of all Ni are assigned as spin down and those of V are as-
signed as spin up), and AFM (specify the magnetic moments
according to the GK rules: all Ni** — Ni** and V** — V>
coupling pairs are set as AFM and all Ni** — V>* coupling
pairs are set as FM). Results show that the AFM state is
most energetically favorable (Table S3 in the Supplemental
Material [35]).

Further calculations reveal AFM SQS has a lower enthalpy
than FM ordered structure, but their relative stability is in-
verted when SQS is in a FM state (Table S4). This indicates

the competition of disordered and ordered structures depends
on the magnetic state. There are several possible ways to mini-
mize disorder as follows. (1) Using special growth techniques,
such as laser molecular beam epitaxy. A typical example is
given by La,CrFeOg [70]. (2) Employing a suitable substrate
during growth, as exemplified by La,CoMnOg [71]. (3) Ap-
plying an external magnetic field to tune the magnetic state
during growth. In experiment, there have been some relevant
cases [72,73].

Now we turn to examine the electronic properties of the
SQS in AFM state. Interestingly, despite a zero total mag-
netic moment, the SQS possesses spin polarization in the
spin-up channel at both valence and conduction band edges
[Fig. 5(b)]. This unique nature of magnetism in the SQS is
consistent with the behavior of a fully compensated ferrimag-
net with vanishing magnetization [74]. The orbital projected
density of states [Fig. 5(b)] reveal the VBM and CBM are
mainly contributed by Ni e, orbitals. In addition, we generate
another eight SQSs for Na;NiVHg and find that, although
the arrangement of Ni and V in different SQSs are different,
they all have very similar total energies and exhibit the same
properties of fully compensated ferrimagnets (Table S5 and
Fig. S17). Furthermore, they are all magnetic semiconduc-
tors, though the spin polarization at VBM and CBM may be
different (Fig. S17). The density of states averaged over nine
SQSs keeps the behavior of a magnetic semiconductor with
significant spin polarization around the Fermi energy level
(Fig. S18).

In conclusion, by exploiting hydrogen anion as magnetic
mediator, a class of high-7, ferromagnetic semiconductors in
hydride double perovskites AyNiVHg (A = Na, K, Rb, Cs) is
theoretically designed. The high Curie temperature originates
from the strong superexchange interaction induced by the
perfect 180° Ni-H-V bond angle and short Ni-V coupling
distance. In addition, all A,NiVHg are identified as bipo-
lar magnetic semiconductors with great promise in electric
field controlled spintronic devices. In the case of complete
B site disorder, A;NiVHg show a fully compensated ferri-
magnetlike behavior, which may have unique advantages in
antiferromagnetic spintronics. This work shows the potential
of hydrogen anion as a strong magnetic mediator for realiz-
ing intrinsic ferromagnetic semiconductors with high Curie
temperatures.
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