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Electronic structure of magnetic ternary alkali metal–manganese hydrides

Emilio Orgaz
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Magnetic ternary alkali metal–manganese-based hydrides have recently been discovered. These hydrides
show an antiferromagnetic order transition at low temperatures. We have investigated the electronic structure,
chemical bonding, and magnetic moment of such materials, by means of the full-potential linear-augmented-
plane-wave method. The corresponding isostructural manganese halide has been also considered. We found
that these materials are all semiconductors that show common features in terms of chemical bonding. The
estimate of the magnetic moment is consistent with the experimental observations, and indicates that the
manganese compounds have a high-spin ground state.
o

ng
n
a

o
e
ik
ag
ve
h

ic
ed
n

y
,
a

c-
es
a
re

te
n
t

re
te
ra

ay

e

ie
o

an

en

i-

so-

y
n-

-

en

d-

or
ro-

ues.

om-
For
pu-

the
of

cer-
ty
dict
ur
ates

and

an-
for
I. INTRODUCTION

Ternary hydrides based on transition and alkali
alkaline-earth metals have recently been discovered.1,2 For
these kinds of materials both covalent and ionic bondi
coexist. The covalent bonding results from a hydroge
transition-metal interaction, while the ionic one involves
hydrogen-alkali or alkaline-earth interaction. This leads t
variety of electronic properties going from insulators to m
tallic conductors. In addition, some such compounds, l
intermetallic Laves phase hydrides, exhibit interesting m
netic properties. Much effort has been devoted to the de
opment of preparation techniques and the crystallograp
characterization of these materials. However, the phys
properties of the ternary hydrides still have to be studi
Particularly interesting among the latter ones are compou
of the general formulaA3TH5 (A5K, Cs, Rb; T5Mn,
Zn!.3–5 They are all isostructural, and belong to the bod
centered-tetragonal~bct! I 4 /mcm space group. Recently
Bronger, Hasenberg, and Auffermann synthesized the m
ganese series of hydrides and deuteridesA3MnY5 (A5K,
Rb, Cs;Y5H, D!.3,4 They made a crystallographical chara
terization and measured magnetic properties for all th
compounds. These hydrides exhibit a paramagnetic ph
which orders into an antiferromagnetic one at temperatu
below 40, 15, and 5 K, for K3MnH5, Rb3MnH5, and
Cs3MnH5, respectively. The magnetic structures were de
mined by magnetic-susceptibility and elastic neutro
diffraction techniques. Spin orientations and local magne
moments for manganese atoms were obtained. It is inte
ing to note that such magnetic transitions are not correla
with structural transitions. On the other hand, isostructu
manganese halides such as Cs3MnCl5,6,7 as well as the chlo-
ride Cs3CoCl5, have been extensively studied by both x-r
and ~polarized! neutron-diffraction techniques.8–10 Yvon,
Bortz, and Fischer5 discovered the first example of thes
kind of hydrides based on Zn metal (K3ZnH5), which is
presumably nonmagnetic.

In the last few years we have successfully appl
ab initio techniques to the study of the electronic structure
a variety of ternary hydrides based on transition metals
alkaki or/and alkaline-earth metals.11–15 Mg3MnH7 has re-
PRB 610163-1829/2000/61~12!/7989~7!/$15.00
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cently been studied experimentally.16 This hydride is formed
by octahedral MnH6 units stacked along thec axis of a
primitive hexagonal lattice with Mg atoms inserted betwe
the units. Dimerized Mg2H chains are located along thec
axis. We found that this hydride is an insulator with an ind
rect energy gap of 2.56 eV opening between theG andM kW
points of the hexagonal Brillouin zone.17 Experimentally,
this hydride was found to be a diamagnetic material16 which
is consistent withd6 low-spin @MnH6#52 units.

The study of the electronic properties of the series of i
structural compoundsA3TX5 (A5K, Cs, Rb; T5Mn, Zn;
X5H, Cl! allows for an investigation of the role played b
hydrogen and chlorine on the bonding of the transitio
metal–hydrogen~chlorine! units. In addition, the zinc-metal
based hydride, although being a filledd shell compound,
allows for a comparison of the electronic structure betwe
magnetic and nonmagnetic isostructural varieties.

In this work, we use the full-potential linear-augmente
plane-wave~FPLAPW! method.18 We calculateab initio the
spin-polarized energy bands over a large sample ofkW points
of the irreducible wedge of the Brillouin zones. The form f
the local-spin-density approximation used is the one p
posed by Perdew and Wang.19 The energy cutoff, repre-
sented byRMTKmax in this method,20 was set in order to
insure convergence to 0.001 Ry in the energy eigenval
The total density of states~DOS! as well the partial-wave
symmetry analysis of the DOS at each atomic site were c
puted by means of the tetrahedron integration scheme.
all calculations described in Sec. II the reported charge po
lation analysis was obtained by a direct integration of
total and partial DOS’s up to the Fermi energy. The values
the energy gap reported are only indicative due to the un
tainty in their determination. This comes from the inabili
of the local-density approximation-based methods to pre
this property quantitatively. In what follows we present o
results for the energy bands and electronic density of st
for the elemental high-temperature manganese phases
the series of ternary compounds K3MnH5, Cs3MnH5,
Cs3MnCl5, and K3ZnH5.

II. BAND-STRUCTURE RESULTS

In order to outline the band-structure results for the m
ganese hydrides and chloride, we first show our results
7989 ©2000 The American Physical Society
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FIG. 1. Total density of states~in states of each spin per eV unit cell! as a function of energy for~a! K3MnH5, ~b! Cs3 MnH5, ~c!
Cs3MnCl5, and ~d! K3ZnH5. For each structure appearing in the total DOS, the most important orbital contributions are labeled.
stands for bonding, ab for antibonding, nb for no bonding, ands and p hold for symmetry-type bonding. Each unit cell contains tw
chemical formulasA3TX5.
n
c
d
p
ie
rt
e
a
e
ic

tial
ag-

c

one.

e
.93,
with

plit-
he
eas-

l-
an-
the high-temperature phases of elemental manganese i
face-centered-cubic~fcc! g-Mn and body-centered-cubi
~bcc! d-Mn structures.21 These calculations were performe
with the FPLAPW method within the above-mentioned a
proximations for both the exchange and correlation energ
We computed the energy bands and the total and pa
DOS’s for bothg-Mn andd-Mn metals. These results wer
obtained by computingab initio energy eigenvalues over
sampling of 258kW points of the irreducible wedge of th
Brillouin zones, and by considering the experimental latt
parameters.22

TABLE I. Lattice parameters for the tetragonal lattice (a and
c), transition-metal–hydrogen~halide!, and transition-metal–
transition-metal distances~in Å, T5Mn, Zn, X5H, Cl!.

a c d(T-X) d(T-T)

K3MnH5 ~Ref. 4! 7.519 11.672 1.802 5.317
Cs3MnH5 ~Ref. 4! 8.234 12.530 1.768 5.822
Cs3MnCl5 ~Ref. 6! 9.21 14.97 2.347 6.512
K3ZnH5 ~Ref. 5! 7.5819 11.1671 1.655 5.361
the

-
s.
ial

e

Spin polarization appears clearly from the total and par
DOS plots. The charge population analysis yields to a m
netic moment of 1.90mB and 1.29mB for g-Mn and d-Mn,
respectively. This agrees with previous estimates (1.26mB

and 1.24mB)22–24 for the magnetic moments of the bc
phase. Results ford-Mn, as previously indicated,25 are con-
sistent with a low-spin ground state. We found, forg-Mn,
that the magnetic ground state should also be a low-spin
For g-Mn we found approximate spin splittings~measured
from the peak to peak energy distances! of 1.09, 0.98, and
1.77 eV for thes, p, and d electrons, respectively. For th
d-Mn case, these spins splittings are found to be 0.82, 0
and 1.36 eV, respectively. These values are consistent
those reported by Fryet al.23 for the bcc phase. According to
these authors, the magnetic moment as well as the spin s
tings for d-Mn are very sensitive to lattice parameters. T
increasing of lattice parameters, corresponding to an incr
ing of the d(T2T) distance, favors thed and s ferromag-
netic band splitting.

Some words must be addressed about the muffin-tin~MT!
radii selection for the ternary compounds. It basically fo
lowed two considerations, namely, closeness to the Sh
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FIG. 2. Partial density of states~in states of each spin per eV atom! as a function of energy for each angular momentum contribution
~a–e! K3MnH5, ~f–j! Cs3MnCl5, and~k–o! K3ZnH5.
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non’s ionic radii,26 as geometry permits, and preservation
similar MT radii for all elements. Hence we fix the MT rad
for the transition metals and hydrogen~chlorine! as half of
the T-X (T5Mn, Zn; X5H, Cl! distance. This gives MT
radii for the T elements similar to Shannon’s values. Ge
metrical considerations allow for increasing of the alka
atom MT radii to large values. This does not significan
modify the population analysis when compared with repor
values~see Table II! for theseelectron donnoratoms. How-
ever, in order to avoid large differences amongRMTKmax
effective atomic values,20 we set the alkali metal’s MT radi
as the ones used for the transition metal. Hence the fillep
states of Mn, Zn, K, and Cs are treated as semicores. T
considerations yield the MT radii of 0.90, 0.88, 1.17, a
0.83 Å for each atom in K3MnH5, Cs3MnH5, Cs3MnCl5
and K3ZnH5, respectively. These open structures show
large interstitial volume. With the selected MT radii, the i
terstitial space ranges from 81% to 87% of the cell volum

In Figs. 1~a!–1~d!, the total electronic densities of state
for K3MnH5, Cs3MnH5, Cs3MnCl5, and K3ZnH5 are
shown. To obtain them,ab initio energy eigenvalues wer
computed at 100kW points of the irreducible wedge of the b
Brillouin zone. In Table I, we summarize crystal paramete
transition-metal–hydrogen@d(T-H)# and d(T-T) distances
f

-

d

se

a

.

,

for these compounds. These compounds systematically s
large d(T-T) distances compared to elemental mangane
and shortd(T-H) distances as in most of the transition-me

hydrides. The manganese atoms occupy the 42̄m (D2d)
point-symmetry sites, denoted 4b in the Wyckoff nomencla-
ture. The point symmetry of the Mn atom conducts two s
of irreducible representations to describes andp bondings.
s bonding maps intoA1% B2% E symmetries. Thedz2 and
dx2-y2 atomic orbitals are then of no-bonding character~case
of hydrides!. However, thep bonding is slightly compli-
cated, since it includes theB1 symmetry and allows for
bonding thedz2 anddx2-y2 atomic orbitals~the case of chlo-
rides!. By simple electronegativity arguments, we should e
pect a strong covalent character for the Mn-H bo
('85%) and a somewhat weaker for the Mn-Cl o
('63%). This crude analysis is consistent with thecharge
acceptornature of chlorine atoms. State-of-the-art quantu
chemical calculations27 indicate that thep-back donation
mechanism, usually present in the stabilization of transiti
metal coordination complexes, is weak when chlorine is
ligand atom, and obviously nonexistent in hydrides. Th
we expect some qualitative differences in the electro
structure of these compounds, particularly for the weakp



7992 PRB 61EMILIO ORGAZ
FIG. 2. ~Continued!.
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bonding in the chloride, for which ionicity should be mo
important than in the corresponding hydride. This view c
be supported by the analysis of the diffuse neutr
diffraction experiments in the parent compou
Cs3CoCl5.8–10 For the latter, the electronegativity analys
indicates, for both cobalt hydride and chloride, a covalen
stronger than the one of the manganese compounds.

For K3MnH5 we observe, in the spin up plot of the tot
DOS @Fig. 1~a!#, three structures below the Fermi energ
covering an energy range of 5.27 eV. The first structure
the bottom of the energy scale, is 0.90 eV wide and ess
tially concerns the H(1)-s/Mn-s/K-s and-p bonding interac-
tions of a1 symmetry, as can be appreciated in the par
DOS plots of Fig. 2~a!. This structure contains one electro
per chemical formula. At higher energies, a structure 1.09
wide appears, and is characterized by the Mn-d/H(1)-s bond-
ing orbital interactions filled with three electrons. In this e
ergy range the wave-function coefficients~not shown! at the
center of the bct Brillouin zone (G) indicate that the bonding
interaction between the Mn-dxy /H(1)-s orbitals and the dou-
bly degenerate Mn-dxz-dyz/H(1)-s orbital is dominant.

At higher energies, closer to the Fermi level, a large a
complex structure appears which is composed by the
bonding states Mn-dx2-y2 and Mn-dz2. A large peak at around
20.7 eV is mainly due to the H(2)-s no-bonding states, while
n
-

y

,
at
n-

l

V

-

d
o-

the peak at22.3 eV concerns the antibonding counterpart
the Mn-d/H(1)-s interactions. Both substructures are fille
with three electrons each. In Fig. 1~a! a vertical dotted line
indicates the separation among substructures. Well above
Fermi energy~2.84 eV!, for the same spin, the remainin
antibonding states Mn-d/H(1)-s appear.

The analysis for the spin-down part of the total DO
shows three structures. The first one is 1.03 eV wide and
in the case of the spin-up part, concerns the bonding M
s/H(1)-s/K-s and -p states. This structure is also filled wit
one electron per chemical formula. At higher energies,
second structure, containing three electrons, is 0.95 eV w
and concerns the weak H(1)-s/Mn-d bonding states. The
third structure has essentially no bonding, and has a H(2)-s
character. This is clearly shown in the partial DOS plot
Fig. 2~a–e!. This no-bonding structure is filled with one ele
tron. The antibonding part of Mn-d/H(1)-s states for this spin
appears well above the Fermi energy. This structure form
wide electron empty structure of 1.61 eV.

It is interesting to note that charge depletion toward
spin-up peak indicates a strong spin polarization for t
compound. We will come back to this point later. We fou
K3MnH5 ~rose colored! to be a semiconductor with an en
ergy gap of 0.50 eV.

The total DOS for caesium manganate is plotted in F
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FIG. 2. ~Continued!.
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1~b!. Here, as in the case of K3MnH5, the low-energy bands
form narrow structures due to the H(1)-s/Mn-s bonding or-
bital interactions. The DOS structure concerning the M
d/H(1)-s/K-s and -p is also narrow and, for the spin-up pea
it is separated from the no-bonding H(2)-s and antibonding
Mn-d/H(1)-s interactions. As in K3MnH5, the spin-down an-
tibonding Mn-d/H(1)-s states appear above the Fermi e
ergy. The charge distribution among the different DOS str
tures is similar to the one found for K3MnH5. The occupied
bands spread over an energy range of 5.03 eV. The en
gap of the greenish-yellow Cs hydride is found to be 0
eV.

We found that the bonding-antibonding Mn-d energy
splitting is similar in both hydrides. In the ternary hydrid
M2FeH6 (M5Mg, Ca, Sr!, of K2PtCl6 structure, we have
observed that the bonding-antibonding splitting of t
transition-metal states increases slightly with cell volume
spite the increasing in thed(T-H) distances.28,29 In the
present case, the cell volume andd(T-T) distances~see
Table I! are larger for Cs3MnH5 than for K3MnH5. The
d(T-H) distance is smaller for the former than for the latt
and the above-mentioned splitting remains almost consta

The total and partial DOS’s for Cs3MnCl5 are displayed
in Figs. 1~c! and 2~f–j!, respectively. The narrow no-bondin
Cl-s structure which appears centered at26.5 eV below the
-

-
-

gy
1

-

,
t.

Fermi energy is not shown. In this halide, the nature of
bonding structures appearing in the DOS plot is very co
plex, and covers an energy range of 3.92 eV. As in the p
ceding compounds, in the figure we indicate the main orb
contributions to each structure. It can be seen that, for b
spins, the low-lying structure is associated with Mn-s and
Cl(1)-p of s-bonding character ofa1 symmetry. For this
compound all the manganesed orbitals participate in the
bonding, as can be seen in the DOS and partial DOS p
We have pointed out that quantum-chemical calculations
not indicate any importantp-electron transfer from the tran
sition metal to the chlorine atoms. However, we fou
p-orbital interactions in this compound. This is clear
shown in the partial DOS~e.g., in the Cl(1)-p DOS contribu-
tions!. For this compound, the charge distribution among
structures appearing in the DOS plot is not easy to iden
due to the overlap of the different (s andp) substructures.
Again, for the spin-down peak the Mn-d/Cl(1)-ps,p anti-
bonding contributions are above the Fermi energy. For
greenish-yellow insulator we obtain an energy gap of 1
eV.

The electronic structure features of K3ZnH5 differ
strongly from that of the Mn-based compounds, due to
fact that Zn is a filled 3d shell metal. In the DOS plots given
in Figs. 1~d! and 2~k–o!, we observe a 1.80-eV-wide struc
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FIG. 2. ~Continued!.
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ture, centered at210 eV. This structure is filled with 20 Zn
d electrons. At higher energies, at around25.7 eV, a bond-
ing Zn-s/H(1)-s/K-s and -p structure ofa1 symmetry ap-
pears. At even higher energies, there are structures con
ing the almost no-bonding H(1)-s and the no bonding H(2)-s
structures, as it can be appreciated in the partial DOS plo
Fig. 2~k–o!. K3ZnH5 is clearly diamagnetic, and shows
large energy gap of 3.29 eV. The values of the energy
for K3MnH5 and Cs3MnH5 are too close to each other t
extract any clear trend. However, the origin of the ene
gap in K3ZnH5 is of a different nature. In thisd-filled band
hydride, the value of the energy gap is dominated by
splitting between the bonding and antibonding of the Zns
and K-s states.

In Table II we summarize the charge population analy
at each atomic site, resolved by an angular-momentum c
ponent. We observe that the Mn-based compounds sho
total magnetic moment of 5.0mB , corresponding to five un
paired electrons. These five unpaired up-spin electrons
clearly related to thed states on the Mn site, and other sit
are not significantly spin polarized. These results corre
well with the crystal-field value and the observed magne
susceptibility measurements.4 It also indicates the high-spin
molecular character of these compounds.30 Our analysis for
the manganese atoms shows local magnetic moment
rn-

of

p

y

e

s
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te
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of

1.42mB , 1.38mB , and 1.86mB for K3MnH5, Cs3MnH5, and
Cs3MnCl5, respectively. These values should be hand
with care. It should be noted that, for these open structu
the interstitial space is large compared to theatomic vol-
umes. As a consequence, a large amount of the total e
tronic charge is located in the interstitial region, as can be
in Table II. It is interesting to note that for Cs3MnCl5, a
small spin polarization is found on chlorine atoms. The co
puted local magnetic moments are 0.05mB and20.14mB for
Cl(1) and Cl(2) , respectively. Approximate spin splitting
were estimated from the projection of the DOS at the m
ganese site. This was computed by taking the energy
tance between the spin-up and spin-down peaks of the Md
bonding contributions. We obtained 1.1, 1.2, and 0.9 eV
K3MnH5, Cs3MnH5, and Cs3MnCl5, respectively. Results
for the magnetic ordered structures are not included in
work. A 23232 supercellab initio study will be reported in
the near future.

III. CONCLUSIONS

We have investigated the electronic structure of some
the most representative isostructuralA3TX5 (A5K, Cs; T
5Mn, Zn; X5H, Cl! hydrides and halides. We determine
the essential features of the bonding for these compou
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TABLE II. Population analysis of the valence states at each atomic site resolved by the angular momentum contributions forA3MnX5

(A5K, Cs; X5H, Cl!. Cl-s states belong to the core and are set to zero.

K3MnH5 Cs3MnH5 Cs3MnCl5 K3ZnH5

Up Down Dq Up Down Dq Up Down Dq q
Total 10.012 5.003 5.01 10.004 4.968 5.04 20.079 15.060 5.02 14.91
A(1)-s 0.003 0.002 0.00 0.004 0.003 0.00 0.002 0.002 0.00 0.005
A(1)-p 0.013 0.010 0.00 0.016 0.012 0.00 0.023 0.022 0.00 0.022
A(1)-d 0.003 0.001 0.00 0.002 0.001 0.00 0.002 0.001 0.00 0.003
A(2)-s 0.004 0.003 0.00 0.005 0.003 0.00 0.003 0.003 0.00 0.007
A(2)-p 0.018 0.014 0.00 0.021 0.016 0.01 0.049 0.044 0.01 0.028
A(2)-d 0.003 0.002 0.00 0.002 0.001 0.00 0.005 0.004 0.00 0.032
Mn-s 0.032 0.023 0.01 0.029 0.022 0.01 0.062 0.042 0.02 0.105
Mn-p 0.032 0.016 0.02 0.031 0.015 0.02 0.057 0.041 0.02 0.077
Mn-d 1.564 0.170 1.39 1.518 0.172 1.35 2.042 0.225 1.82 4.018
X(1)-s 0.234 0.232 0.00 0.226 0.225 0.00 0.000 0.000 0.00 0.419
X(1)-p 0.013 0.003 0.01 0.014 0.003 0.01 0.966 0.913 0.05 0.008
X(2)-s 0.226 0.225 0.00 0.213 0.214 0.00 0.000 0.000 0.00 0.405
X(2)-p 0.000 0.000 0.00 0.000 0.000 0.00 1.812 1.956 20.14 0.010
io
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The dominating character of the bonding orbital interact
is of directs nature between Mn and H or Cl atoms. In th
halide, the weak contribution of the lateralp bonding shows
a spin polarization that could be detected experimentally
these Mn-based compounds, the antibonding Mn-d/H-s or
Mn-d/Cl-ps orbital interactions appear systematically abo
the Fermi energy for the spin-down contribution. This stro
charge depletion produces a magnetic moment, whose
mate is consistent with the one obtained experimentally. T
indicates the high-spin character of such materials. We h
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that this work will stimulate further experimental research
these interesting materials.
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