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Electronic structure of magnetic ternary alkali metal-manganese hydrides
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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.

. INTRODUCTION cently been studied experimentalfThis hydride is formed
by octahedral Mnl units stacked along the axis of a
Ternary hydrides based on transition and alkali orprimitive hexagonal lattice with Mg atoms inserted between
alkaline-earth metals have recently been discovéfelor ~ the units. Dimerized MgH chains are located along the
these kinds of materials both covalent and ionic bonding®xis. We found that this hydride is an insulator with an indi-
coexist. The covalent bonding results from a hydrogen—rect energy gap of 2.56 eV opening betweenlhandM k
transition-metal interaction, while the ionic one involves apoints of the hexagonal Brillouin zorté.Experimentally,
hydrogen-alkali or alkaline-earth interaction. This leads to ahis hydride was found to be a diamagnetic matétiahich
variety of electronic properties going from insulators to me-is consistent wittd® low-spin[MnHg]°~ units.
tallic conductors. In addition, some such compounds, like The study of the electronic properties of the series of iso-
intermetallic Laves phase hydrides, exhibit interesting magstructural compoundés;TXs (A=K, Cs, Rb;T=Mn, Zn;
netic properties. Much effort has been devoted to the develX=H. Cl) allows for an investigation of the role played by
opment of preparation techniques and the crystallographifydrogen and chlorine on the bonding of the transition-
characterization of these materials. However, the physicdl€t@l—hydrogerchloring units. In addition, the zinc-metal-
properties of the ternary hydrides still have to be studied®2Sed hydride, although being a filletishell compound,
Particularly interesting among the latter ones are compound /WS for a comparison of the electronic structure between
of the general formulaAsTHs (A=K, Cs, Rb;T=Mn, magnetic and nonmagnetic isostructural varieties.

3-5 . In this work, we use the full-potential linear-augmented-
Zn).°= They are all isostructural, and belong to the bOdy'pIane-wave(FPLAPV\b method® We calculateab initio the
centered-tetragonalbct) 1,/mcm space group. Recently,

Bronger, Hasenberg, and Auffermann synthesized the margPin-Polarized energy bands over a large sample pbints
ganese series of hydrides and deuteridadinYs (A=K, of the irreducible wedge of the Brillouin zones. The form for

Rb, Cs:Y—H, D).3* They made a crystallographical charac- the local-spin-density approximation used is the one pro-

terizat d f ; tos for all thegR0Sed by Perdew and Wanhg.The energy cutoff, repre-
erization and measured magnetic properties for all thesge oy R "k in this method?® was set in order to

) . k : firsure convergence to 0.001 Ry in the energy eigenvalues.
which orders into an antiferromagnetic one at temperature$ne total density of stateDOS) as well the partial-wave
below 40, 15, and 5 K, for gMnHs, RbsMnHs, and  symmetry analysis of the DOS at each atomic site were com-
Cs;MnHg, respectively. The magnetic structures were deterpyted by means of the tetrahedron integration scheme. For
mined by magnetic-susceptibility and elastic neutron-a|| calculations described in Sec. Il the reported charge popu-
diffraction techniques. Spin orientations and local magnetidation analysis was obtained by a direct integration of the
moments for manganese atoms were obtained. It is interesietal and partial DOS’s up to the Fermi energy. The values of
ing to note that such magnetic transitions are not correlatethe energy gap reported are only indicative due to the uncer-
with structural transitions. On the other hand, isostructuratainty in their determination. This comes from the inability
manganese halides such ag@sCls,%’ as well as the chlo- of the local-density approximation-based methods to predict
ride CgCoClk, have been extensively studied by both x-raythis property quantitatively. In what follows we present our
and (polarized neutron-diffraction techniquési® yvon,  results for the energy bands and electronic density of states
Bortz, and Fischérdiscovered the first example of these for the elemental high-temperature manganese phases and
kind of hydrides based on Zn metal {RnHs), which is  the series of ternary compoundssMnHs, CsMnHs,
presumably nonmagnetic. CMnCls, and KsZnHs.

In the last few years we have successfully applied
ab initio techniques to the study of the electronic structure of
a variety of ternary hydrides based on transition metals and In order to outline the band-structure results for the man-
alkaki or/and alkaline-earth metdfs.*> MgsMnH, has re- ganese hydrides and chloride, we first show our results for

II. BAND-STRUCTURE RESULTS
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FIG. 1. Total density of state@n states of each spin per eV unit gefls a function of energy fofa) KsMnHs, (b) Cs; MnHs, (¢)
Cs;MnCls, and(d) K3ZnHs. For each structure appearing in the total DOS, the most important orbital contributions are labeled. Here b
stands for bonding, ab for antibonding, nb for no bonding, andnd 7 hold for symmetry-type bonding. Each unit cell contains two
chemical formulagh;T Xs.

the high-temperature phases of elemental manganese in the Spin polarization appears clearly from the total and partial
face-centered-cubidfcc) y-Mn and body-centered-cubic DOS plots. The charge population analysis yields to a mag-
(bco 8-Mn structures?! These calculations were performed netic moment of 1.90; and 1.2%g for y-Mn and 8-Mn,
with the FPLAPW method within the above-mentioned ap-respectively. This agrees with previous estimates (1g26
proximations for both the exchange and correlation energiesaind 1.24:.5)%27?* for the magnetic moments of the bcc

We computed the energy bands and the total and partigfhase. Results fof-Mn, as previously indicate®, are con-
DOS’S for bothy-Mnl and 5Mn metals. These results were gjstent with a low-spin ground state. We found, fpiVn,
obtained by computingb initio energy eigenvalues over a a¢ the magnetic ground state should also be a low-spin one.
sampling of 258k points of the irreducible wedge of the For -Mn we found approximate spin splittingsneasured
Brillouin zones, and by considering the experimental lattic&rom the peak to peak energy distance$ 1.09, 0.98, and
parameters? 1.77 eV for thes, p, andd electrons, respectively. For the
5-Mn case, these spins splittings are found to be 0.82, 0.93,
and 1.36 eV, respectively. These values are consistent with
those reported by Frgt al?® for the bce phase. According to
these authors, the magnetic moment as well as the spin split-
tings for 5-Mn are very sensitive to lattice parameters. The

TABLE I. Lattice parameters for the tetragonal lattice §nd
c), transition-metal-hydrogen(halide, and transition-metal—
transition-metal distancg@n A, T=Mn, Zn, X=H, CI).

a c dT-X)  d(T-T) _ : _ : _
increasing of lattice parameters, corresponding to an increas-
KsMnH; (Ref. 4 7.519 11.672 1.802 5.317 ing of thed(T—T) distance, favors the and s ferromag-
Cs;MnH; (Ref. 4 8.234  12.530 1.768 5.822  netic band splitting.
Cs;MnCls (Ref. 6 9.21 14.97 2.347 6.512 Some words must be addressed about the muffifiMin)
KsZnHs (Ref. 5 75819 11.1671  1.655 5361 radii selection for the ternary compounds. It basically fol-

lowed two considerations, namely, closeness to the Shan-
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FIG. 2. Partial density of statéB states of each spin per eV atpas a function of energy for each angular momentum contribution for
(a—8 K3MnHs, (f—j) Cs;MnCls, and(k—0) K3ZnHs.

non’s ionic radii’® as geometry permits, and preservation offor these compounds. These compounds systematically show
similar MT radii for all elements. Hence we fix the MT radii large d(T-T) distances compared to elemental manganese,
for the transition metals and hydrogéchloring as half of  and shortd(T-H) distances as in most of the transition-metal

thz:l'}x (E:Mnl' Zn; X=H, .ICI) dista;]nce. This glives MT  hydrides. The manganese atoms occupy tRen4(D,q)
ra ;'. orl t eT.g emtfants SIIIITH arf to S annon's Vftl;]es' l(liel(_)'point—symmetry sites, denotedh 4 the Wyckoff nomencla-
metrical considerations allow for Increasing of the alkal-y, o pe point symmetry of the Mn atom conducts two sets

atom MT radii to !arge valu_es. This does not s[gnlflcantlyd)f irreducible representations to describbend 7 bondings.
modify the population analysis when compared with reporte

values(see Table Il for theseelectron donnomtoms. How- 7 bondmg_maps Intad; ®B,OE symmetrl_es. Thal,2 and
ever, in order to avoid large differences amoRgK dy2.y2 atlom|c orbitals are then of nq-bondlng charatﬁtexs_e
effective atomic value? we set the alkali metal's MT radii  ©f hydrides. However, ther bonding is slightly compli-
as the ones used for the transition metal. Hence the filled Cated, since it includes thB, symmetry and allows for
states of Mn, Zn, K, and Cs are treated as semicores. The§®nding thed,> andd,2.,» atomic orbitals(the case of chlo-
considerations yield the MT radii of 0.90, 0.88, 1.17, andrides. By simple electronegativity arguments, we should ex-
0.83 A for each atom in kMnHs, Cs;MnHs, CMnCls  pect a strong covalent character for the Mn-H bond
and KsZnHs, respectively. These open structures show g~85%) and a somewhat weaker for the Mn-Cl one
large interstitial volume. With the selected MT radii, the in- (=63%). This crude analysis is consistent with tferge
terstitial space ranges from 81% to 87% of the cell volumeacceptornature of chlorine atoms. State-of-the-art quantum-
In Figs. Xa)—1(d), the total electronic densities of states chemical calculatiorf$ indicate that thew-back donation
for KzgMnHs, CsMnHs, CsMnCls, and KZnHs are  mechanism, usually present in the stabilization of transition-
shown. To obtain themab initio energy eigenvalues were metal coordination complexes, is weak when chlorine is the
computed at 10& points of the irreducible wedge of the bct ligand atom, and obviously nonexistent in hydrides. Thus,
Brillouin zone. In Table I, we summarize crystal parameterswe expect some qualitative differences in the electronic
transition-metal—hydrogepd(T-H)] andd(T-T) distances structure of these compounds, particularly for the weak
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FIG. 2. (Continued.

bonding in the chloride, for which ionicity should be more the peak at-2.3 eV concerns the antibonding counterpart of
important than in the corresponding hydride. This view canthe Mn-d/H,)-s interactions. Both substructures are filled
be supported by the analysis of the diffuse neutronwith three electrons each. In Fig(al a vertical dotted line
diffraction experiments in the parent compoundindicates the separation among substructures. Well above the
Cs;CoCL.271% For the latter, the electronegativity analysis Fermi energy(2.84 eV}, for the same spin, the remaining
indicates, for both cobalt hydride and chloride, a covalencyantibonding states Md/H;)-s appear.
stronger than the one of the manganese compounds. The analysis for the spin-down part of the total DOS
For KsMnHs we observe, in the spin up plot of the total shows three structures. The first one is 1.03 eV wide and, as
DOS [Fig. 1(a)], three structures below the Fermi energy,in the case of the spin-up part, concerns the bonding Mn-
covering an energy range of 5.27 eV. The first structure, as/H;)-s/K-s and-p states. This structure is also filled with
the bottom of the energy scale, is 0.90 eV wide and esserene electron per chemical formula. At higher energies, the
tially concerns the k{)-s/Mn-s/K-s and-p bonding interac- second structure, containing three electrons, is 0.95 eV wide
tions of a; symmetry, as can be appreciated in the partialand concerns the weak tf#s/Mn-d bonding states. The
DOS plots of Fig. 24). This structure contains one electron third structure has essentially no bonding, and hagg$1
per chemical formula. At higher energies, a structure 1.09 e\¢haracter. This is clearly shown in the partial DOS plot of
wide appears, and is characterized by the dMkk,)-s bond-  Fig. 2a-e. This no-bonding structure is filled with one elec-
ing orbital interactions filled with three electrons. In this en-tron. The antibonding part of Md#H;)-s states for this spin
ergy range the wave-function coefficieritet shown at the  appears well above the Fermi energy. This structure forms a
center of the bct Brillouin zonel() indicate that the bonding wide electron empty structure of 1.61 eV.
interaction between the Mdg, /H4-s orbitals and the dou- It is interesting to note that charge depletion toward the
bly degenerate Mnsg-d, ,/H(4)-s orbital is dominant. spin-up peak indicates a strong spin polarization for this
At higher energies, closer to the Fermi level, a large anccompound. We will come back to this point later. We found
complex structure appears which is composed by the noK;MnH;5 (rose colorefito be a semiconductor with an en-
bonding states Mrik2.,2 and Mnd 2. A large peak at around ergy gap of 0.50 eV.
—0.7 eV is mainly due to the i-s no-bonding states, while The total DOS for caesium manganate is plotted in Fig.
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FIG. 2. (Continued.

1(b). Here, as in the case of;KInHs, the low-energy bands Fermi energy is not shown. In this halide, the nature of the
form narrow structures due to thefts/Mn-s bonding or- bonding structures appearing in the DOS plot is very com-
bital interactions. The DOS structure concerning the Mn-plex, and covers an energy range of 3.92 eV. As in the pre-
d/H(;)-s/K-s and p is also narrow and, for the spin-up peak, ceding compounds, in the figure we indicate the main orbital
it is separated from the no-bondingis and antibonding contributions to each structure. It can be seen that, for both
Mn-d/H;)-s interactions. As in KMnHs, the spin-down an-  spins, the low-lying structure is associated with Bland
tibonding Mnd/Hy-s states appear above the Fermi en-Cly-p of o-bonding character of; symmetry. For this
ergy. The charge distribution among the different DOS struceompound all the manganeskorbitals participate in the
tures is similar to the one found forsKInHs. The occupied bonding, as can be seen in the DOS and partial DOS plots.
bands spread over an energy range of 5.03 eV. The energ¥e have pointed out that quantum-chemical calculations do
gap of the greenish-yellow Cs hydride is found to be 0.41not indicate any important-electron transfer from the tran-
ev. sition metal to the chlorine atoms. However, we found

We found that the bonding-antibonding Mh-energy  m-orbital interactions in this compound. This is clearly
splitting is similar in both hydrides. In the ternary hydrides shown in the partial DO%e.g., in the Gk)-p DOS contribu-
M,FeH; (M=Mg, Ca, Sj, of K,PtCl structure, we have tions). For this compound, the charge distribution among the
observed that the bonding-antibonding splitting of thestructures appearing in the DOS plot is not easy to identify
transition-metal states increases slightly with cell volume dedue to the overlap of the different-(and 77) substructures.
spite the increasing in thel(T-H) distance$®?® In the  Again, for the spin-down peak the Mi#-Cl)-p,., anti-
present case, the cell volume addT-T) distances(see bonding contributions are above the Fermi energy. For this
Table ) are larger for C§MnHg than for K;MnHs. The  greenish-yellow insulator we obtain an energy gap of 1.34
d(T-H) distance is smaller for the former than for the latter,eV.
and the above-mentioned splitting remains almost constant. The electronic structure features of ;ZHs differ

The total and partial DOS’s for GBINCly are displayed strongly from that of the Mn-based compounds, due to the
in Figs. 1c) and 2f—j), respectively. The narrow no-bonding fact that Zn is a filled 8 shell metal. In the DOS plots given
Cl-s structure which appears centered-a6.5 eV below the in Figs. Xd) and Zk—0), we observe a 1.80-eV-wide struc-
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FIG. 2. (Continued.

ture, centered at 10 eV. This structure is filled with 20 Zn- 1.4245, 1.38ug, and 1.86ug for KsMnHg, C$MnHs, and
d electrons. At higher energies, at around.7 eV, a bond-  Cs,MnCls, respectively. These values should be handled
ing Zns/H(;)-s/K-s and p structure ofa; symmetry ap-  with care. It should be noted that, for these open structures,
pears. At even higher energies, there are structures concene interstitial space is large compared to titemic vol-
ing the almost no-bonding ki-s and the no bonding H)-s  umes. As a consequence, a large amount of the total elec-
structures, as it can be appreciated in the partial DOS plot afonic charge is located in the interstitial region, as can be see
Fig. 2k-0). K3ZnHs is clearly diamagnetic, and shows a in Table Il. It is interesting to note that for @dnCls, a
large energy gap of 3.29 eV. The values of the energy gapmall spin polarization is found on chlorine atoms. The com-
for KsMnHgs and CgMnHs are too close to each other to puted local magnetic moments are Qu@sand —0.14ug for
extract any clear trend. However, the origin of the energyCl,, and C|,), respectively. Approximate spin splittings
gap in KgZnH;s is of a different nature. In thig-filled band  were estimated from the projection of the DOS at the man-
hydride, the value of the energy gap is dominated by thejanese site. This was computed by taking the energy dis-
splitting between the bonding and antibonding of thesZn- tance between the spin-up and spin-down peaks of thelMn-
and K-s states. bonding contributions. We obtained 1.1, 1.2, and 0.9 eV for
In Table Il we summarize the charge population analysisK ;MnHs, CsMnHs, and CgMnCls, respectively. Results
at each atomic site, resolved by an angular-momentum confor the magnetic ordered structures are not included in this
ponent. We observe that the Mn-based compounds showgork. A 2x 2 2 supercelib initio study will be reported in
total magnetic moment of 5u3, corresponding to five un- the near future.
paired electrons. These five unpaired up-spin electrons are
clearly related to thel states on the Mn site, and other sites
are not significantly spin polarized. These results correlate
well with the crystal-field value and the observed magnetic- We have investigated the electronic structure of some of
susceptibility measuremerftdt also indicates the high-spin the most representative isostructufTXs (A=K, Cs; T
molecular character of these compoufi©ur analysis for =Mn, Zn; X=H, Cl) hydrides and halides. We determined
the manganese atoms shows local magnetic moments tfie essential features of the bonding for these compounds.

Ill. CONCLUSIONS
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TABLE II. Population analysis of the valence states at each atomic site resolved by the angular momentum contributigviaXgr
(A=K, Cs; X=H, CI). Cl-s states belong to the core and are set to zero.

KsMnHs CssMnH;5 CsMnClg K3ZnHs
Up Down Aq Up Down Aq Up Down Aqg q

Total 10.012 5.003 5.01 10.004 4.968 5.04 20.079 15.060 5.02 14.914
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 —-0.14 0.010

The dominating character of the bonding orbital interactionthat this work will stimulate further experimental research on
is of directo nature between Mn and H or Cl atoms. In the these interesting materials.

halide, the weak contribution of the lateralbonding shows

a spin polarization that could be detected experimentally. In
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