7%
university of 5%,
groningen % %

i

University Medical Center Groningen

University of Groningen

Anionogenic ferromagnets
Attema, JJ; de Wijs, GA; Blake, Graeme; de Groot, RA; Wijs, Gilles A. de

Published in:
Journal of the American Chemical Society

DOI:
10.1021/ja0550834

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2005

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):
Attema, J. J., de Wijs, G. A., Blake, G. R., de Groot, R. A., & Wijs, G. A. D. (2005). Anionogenic
ferromagnets. Journal of the American Chemical Society, 127(46), 16325-16328. DOI: 10.1021/ja0550834

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 10-02-2018


http://dx.doi.org/10.1021/ja0550834
https://www.rug.nl/research/portal/en/publications/anionogenic-ferromagnets(b216ba1e-93ed-418d-831d-cb32130d4db5).html

A\C\S

ARTICLES

Published on Web 10/28/2005

Anionogenic Ferromagnets

Jisk J. Attema,t Gilles A. de Wijs," Graeme R. Blake,* and Robert A. de Groot*™*

Contribution from the Electronic Structure of Materials, IMM, Radboud dénsity Nijmegen,
Toernooveld 1, 6525 ED Nijmegen, The Netherlands, and the Solid State Chemistry Laboratory,
MSC, Unbersity of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

Received August 15, 2005; E-mail: R.deGroot@science.ru.nl

Abstract: Magnetism in molecules and solids is understood to originate from atoms in that part of the
periodic table where a particular value of the angular momentum appears first (i.e., the 2p, 3d, and 4f
series). In contrast to the many magnetic compounds containing transition metal or lanthanide atoms,
ferromagnetism based on atoms from the 2p series is very rare. We report density functional calculations
that show the existing compound rubidium sesquioxide is a ferromagnet with an estimated Curie temperature
of 300 K, unprecedented in p-electron magnetism. The magnetic moment is carried by the anion. Rubidium
sesquioxide is a conductor, but only for the minority spin electrons (a so-called “half-metal”). Half-metals
play an important role in spintronics, that is, electronics that exploits the electron spin. Since the magnetic
moment resides on a light element (oxygen), spin—orbit interactions are considerably reduced compared
to other half-metals. Consequently spin relaxation is expected to be suppressed by up to 2 orders of
magnitude in comparison with materials presently used in spintronics.

Introduction Materials containing magnetic 3d and 4f cations have been
widely studied and are generally well understood. However, a
further evolution in the study of magnetism is currently taking
place, and it is emerging that 2p-electron and even closed-shell
systems can display remarkable magnetic properties. For
example, ferromagnetism with the surprisingly high Curie
temperatureTc) of 600 K has been reported in La-doped GaB
(ref 3) and in HfQ_, films where theT¢ is 500 K# The origin

The recent emergence of a technology known as spintronics,
where information is carried by the spin of electrons, has led to
the requirement for materials with unpaired, mobile electrons
whose spins can be aligned in parallel fashion. Suitable materials
for practical spintronic applications need to have highly spin-
polarized carriers that can be transported with low decoher-

encel? However, the vast majority of currently available £ th ; ts in th losed-shell materials i
magnetic materials, which generally contain unpaired d- or ot'II € spoln _an((ajOL::s momen St'_n ﬁse closeb S ed ma entast, '3
f-electrons associated with transition metal or rare-earth atoms,isnI ourgz)ri?calcr;]r?afgeetrrgr?;?grnes;gst;;Iii:g f(::: rgg;ggé rate
fall short of these demanding requirements. We present elec- ) ’

g red P rhombohedral g,” and nanostructured carbon fo&Bystems

tronic band structure calculations showing that the existing that have been considered theoretically include CaO with a small
compound R is an intrinsic ferromagnet in which the . .
P #0s 9 number of calcium vacanci€sB-, C-, or N-dopeé® CaO,

magnetic moment is carried exclusively by the p-electrons of lci ictid ith the zinc blende structdt@nd H-. B
the oxygen anions. The calculated magnetic ordering temper-c"’1 cium pnictides wi € zinc bende structdrend H-, b-,
and P-doped diamonid.It is not clear whether these systems

ature is 302 K, unprecedented in p-electron magnetism. Fur- . . . .
P P g can be realized in practice. Magnetic systems based on 2p-

thermore, this compound displays metallic conductivity for one lect ted to displ | " t found i
spin direction only and is thus in line with the requirements of electrons are expected fo dispiay hovel properties not found in

an ideal spin injector for spintronic devices. Several more (3) voung, D. P.; Hall, D.; Torelli, M. E.; Fisk, Z.; Sarrao, J. L.; Thompson,

existing materials that are plausible candidates for anionogenic %g?'fﬁﬁﬂf* Oseroff, S. B.; Goodrich, R. G.; Zysler, Wature 1999

ferromagnetism and spintronic applications are discussed. (4) Venkatesan, M.; Fitzgerald, C. B.; Coey, J. M.Nlature2004 430, 630—
; ; ; ; ; 630.
A]though magnetic materials ha\{e fascinated manklnq smpe (5) Allemand, P. M Khemani, K. C.: Koch, A. Wudl, F.: Holczer, K.:
ancient times, unexpected magnetic compounds are still being Donovan, S.; Gruner, G.; Thompson, J. Stiencel991, 253 301-303.

; ; ; (6) van Meurs, P. J.; Janssen, R. AJJOrg. Chem200Q 65, 5712-5719.
freqqent]y discovered. Magneﬂsm requires adegreelof electron (7) Makarova, T. L Sundauist, B.: Hohne, R.. Esquinazi, P.. Kopelevich, Y.:
localization and magnetic moments are thus most likely to be Scharff, P.; Davydov, V. A.; Kashevarova, L. S.; Rakhmanina, ANsture
; ; P ; 2001, 413 716-718.
found in series of the periodic table where a particular value of (g par N; Yoon, M.; Berber, S.; Ihm, J.; Osawa, E.; TomanekPBys.
angular momentum first arises (that is, the 2p, 3d, and 4f series).  Rev. Lett. 2003 91, 237204.
(9) Elfimov, I. S.; Yunoki, S.; Sawatzky, G. APhys. Re. Lett. 2002 89,

216403.

TRadboud University Nijmegen. (10) Kenmochi, K.; Seike, M.; Sato, K.; Yanase, A.; Katayama-Yoshida, H.
* University of Groningen. Jpn. J. Appl. Phys2004 43, L934—-1L936.
(1) Wolf, S. A,; Awschalom D. D.; Buhrman, R. A.; Daughton, J. M.; von  (11) Kusakabe, K.; Geshi, M.; Tsukamoto, H.; Suzuki,JNPhys.: Condens.
Molnar S.; Roukes M. Chtchelkanova A.Y.; Treger, D. M:lence Matter 2004 16, S5639-S5644.
2001, 294 1488—1495 (12) Kenmochi, K.; Sato, K.; Yanase, A.; Katayama-YoshidaJph. J. Appl.
(2) Zutic, 1.; Fabian, J.; Das Sarma, Rev. Mod. Phys2004 76, 323-410. Phys.2005 44, L51—L53.
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Oxygen O, Superoxide O, Peroxide 0, indicates a very different electronic structure than that of
e\ anN VanN rubidium superoxide (yellow) and rubidium peroxide (white).
_2&_1__1_“2 ) _&_H_ _1_1;_ _&Fﬂ_—ﬂ“n\_ Fulrtherrr?c;re, this compound mahyEk ble thcl)ught ofas l2:)einfg mixed-
4 T \ 41 ‘H"" N %{ﬁ valent wit respe(?t to oxygen, the level containing?/; of an
electron per @unit. An analogy may thus be drawn between
o o o the alkali metal superoxideperoxides (A,O-) and transition
Figure 1. Electronic structure of the oxygen molecule)yQhe superoxide metal oxides that possess a partially filleglevel such as the
ion (O;7), and the peroxide ion (£). well-known doped rare-earth manganite series J&E,MNnOs.

These perovskites contain mixed-valent ¥Mrand Mrf+, the
relative proportions of which change as trivalent L& replaced

by a divalent alkaline-earth cation AE The nature of the
magnetic ordering and the electrical conductivity vary widely
across the doping series; the end members are both AFM
insulators, but ferromagnetic insulating and ferromagnetic

3d- or 4f-electron systems for the following reasons. First,
valence electrons in p-orbitals are more delocalized than those
in d- and f-orbitals. Second, spttorbit coupling is small or
negligible for atoms containing 2p valence electrons since it
scales with the fourth power of the atomic number. Properties

such_as _extrer_nely high magnetic ordering temperatures, SPIN" L etallic phases are found in betwééiThe changes in magnetic
polarization with low decoherence and stable quantum states . . . . .
and electronic properties arise from the different electronic

can thgs be expected, W'Fh possple applications in c_;lewces SUChconfigurations of MA™ and Mrf*: Mn3* has one electron in a
as spin valves and spin transistors, and also in quantum

. . . . L doubly degenerate,éevel, whereas Mft has an emptydevel
computing. Despite these considerations, the scientific and .y 'y ot filled 3. level, a closed-shell-type configuration. The
technological potential of materials that contain unpaired

. . superoxide ion is similar to Mt in that it possesses orbital
p-electrons has thus far been surprisingly little explored. . " . -
Perhans the best known examole of a maanetic 2n-com Ounddegeneracy (in the* level). In fashion similar to the manga-
P P 9 P P nites, this degeneracy is known to have a major effect on the

:(S nrw](inlicutlazr 40;2/??8?6 V\:hé?hxordef n a?t|fer)r(ci>r?at\§/;vnet|?\svﬁlizl\i/l1) crystal structure, giving rise to a rich variety of orbital ordering
aarz ghoivn i .Fi uree 10 _?_/ﬁs ssupeecrgfi(;ee S(z;lsoo ISnownC as phenomend® Furthermore, AFM ordering is observed for the
9 ) P x = 0 members of both the La,AEMnO; series and the

hype_rOX|de) anion .(Q) IS alsq mag_netlc since 't. contaln_s one hypothetical A+xO, series. The nonmagnetic peroxide ion is
unpaired electron in the* antibonding level, while the filled . . .
analogous to Mft due to its closed-shell electronic configu-

. . : ) - . .
T Iev_el in the peroxuje anion (&) renders it nonr_nagneuc. .., ration, with no orbital degeneracy. These observations raise the
Peroxide and superoxide ions resemble dumbbells in shape, with

oxygen-oxygen distances of 1.50 and 1.28 A, respectivély. qu_estlon of yvhether the _mlxe_d-valent cha_lrgcter of the super-
. . . 2" oxide—peroxides could give rise to metallicity and ferromag-
They can be stabilized by alkali metal cations to form ionic

. 7 . netism, as happens in a broad region of th Mn ries.
salts; this type of material is more likely to possess strong © ; as happens broad region of the LaMnOs series

magnetic exchange interactions and exhibit long-range orderingSUCh a possibility prompte_d us to |nvest|gatg the existing
compound ROs by electronic structure calculations.

phenomena than molecule-based systems due to the close
proximity of magnetic species in the ionic lattice. Indeed, long- Method
range AFM ordering has been observed for the alkali metal
superoxides at temperatures up to 15°KSuperoxides are

intrinsically stable compounds that release oxygen under heating
and on contact with water and carbon dioxide. They are

insulators and appear transparent orange or yellow in color. The

peroxide anion is stable in combination with a wider range of structure determinedtss K by Jansen. Hagenmaver. and
cations, including all of the alkali and alkaline-earth metals, " o » hagenmayet,
Korbe® from neutron diffraction data was used for the

and these compounds are all nonmagnetic insulators. However, . _ )
very few examples of mixed superoxidperoxides have been talculations (spac.e groupd3d, a = 9'22? 40 A ‘.T[ 5 K; Rb at
. : i . 16c,x = 0.053 95; O at 24dx = 0.4488; see Figure 2).
reported. In the literature, compounds with stoichiometries
between Cs@and CsO,, presumably containing both super- Results and Discussion
oxide and peroxide anions, have been syntheizeat their
structures and physical properties are unknown. Detaile
information is available only for rubidium sesquioxide, Rk,
which has been studied by elastic and inelastic neutron
diffraction1”18]t contains two superoxide anions to one peroxide
anion in a cubic lattice; the chemical formula can be written as
(RbM)4(027)2(0227). Interestingly, the black color of R®s

The calculations in this report were carried out by use of an
ab initio technique based on density functional theory (DFT),
in the generalized gradient approximation. This method is
implemented in the Vienna Ab initio Simulation Package
(VASPP1-27 (see references for more details). The crystal

d The calculated density of states (DOS) as a function of energy
is shown in Figure 3a, where the bands are labeled in the same
way as Figure 1. It shows a half-meta#fié®ground state with

a magnetic moment of g per RBO3 unit, that is,%/3 ug per
oxygen pair. Important questions to be answered are whether

(19) Kim, K. H.; Uehara, M.; Kiryukhin, V.; Cheong, S.-W. I€olossal
Magnetoresistie ManganitesChatterji, T., Ed.; Kluwer Academic Publish-

(13) Meier, R. J.; Helmholdt, R. BPhys. Re. B 1984 29, 1387-1393. ers: Dordrecht, The Netherlands, 2002.
(14) Wyckoff, R. W. G.Crystal Structures2nd ed.; Interscience: New York, (20) Kemeny, G.; Kaplan, T. A.; Mahanti, S. D.; Sahu,Bhys. Re. B 1981,
1963; Vol. 1, pp 168, 169, and 352. 24, 5222-5228.
(15) Hesse, W.; Jansen, M.; Schnick, ®tog. Solid State Chen1989 19, (21) Kresse, G.; Hafner, Phys. Re. B 1993 47, 558-561.
47-110. (22) Kresse, G.; Hafner, Phys. Re. B 1994 49, 1425}+-14269.
(16) Band, A.; Albu-Yaron, A.; Livneh, T.; Cohen, H.; Feldman, Y.; Shimon, (23) Kresse, G.; Furthiiller, J. Phys. Re. B 1996 54, 11169-11186.
L.; Popovitz-Biro, R.; Lyahovitskaya, V.; Tenne, R.Phys. Chem. B004 (24) Kresse, G.; Furthiiller, J. Comput. Mater. Sci1996 6, 15-50.
108 12360-12367. (25) Kresse, G.; Joubert, Phys. Re. B 1991, 59, 1758-1775.
(17) Jansen, M.; Korber, NZ. Anorg. Allg. Chem1991, 598599, 163-173. (26) Blochl, P. E.Phys. Re. B 1994 50, 17953-17979.
(18) Jansen, M.; Hagenmayer, R.; Korber,QN.R. Acad. Sci., Ser. licChim. (27) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M.

1999 2, 591-594. R.; Singh, D. J.; Fiolhais, CPhys. Re. B 1992 46, 6671-6687.
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Figure 2. Conventional unit cell of rubidium sesquioxide. The oxygen ] AF|
and rubidium atoms are white and black, respectively. g
b * -
z @ I c La, ,Ca,MnO,
.
0 T x=0 x=1
2r ) Figure 4. Schematic comparison of phase diagrams of JAE,MnOs
4 r L (AE = alkaline-earth; phase diagram based on that in ref 19) and the mixed
6 r — O superoxide-peroxide Ri;xO,. RyOg is atx = /3 in the series. Abbrevia-
tions are as follows: AF¥ antiferromagnetic insulator; F+ ferromagnetic
or (0) — 1 insulator; FM = ferromagnetic metal; NMI= nonmagnetic insulator.

S At = . Electrically insulating and conducting regions are shaded green and blue,

A ol respectively.

= )

u 3l ]

w . N The main reason for the low Métemperatures in the AO
L ] superoxides (the highest ordering temperature reported is 15 K
or . ——{ ' . for RbQy)1® is the weakness of the superexchange primarily
B (©) = i responsible for AFM interactions. Superexchange between
2| i adjacent @~ dumbbells is possible only via the alkali metal
3l e ] cations, which contain no energetically available states close
4l i to the Fermi energy, unlike the anions that mediate superex-

100 = p =0 100 change in “conventional” cation-based magrié#lthough no

States / 4 f.u. eV

Figure 3. Calculated electronic density of states of rubidium sesquioxide
(RbyOs) near the Fermi levelHg) for the majority (left side) and minority

data on the magnetic properties of R have been reported,
the neutron diffraction pattern collected®K did not contain
any superstructure reflectiofimplying that no AFM ordering

(right side) spins: (a) ground state with the bands labeled as in Figure 1; was detected.

(b) influence on ther andz* bands of a phonon mode with a displacement

of 1 RMS as observed at 5 K; (c) same phonon mode with a displacement
of 2 RMS. Note that the occurrence of a band gap in the majority spin

channel of a half-metal is unusual.

this state is stable with respect to AFM ordering and what Curie
temperature is expected. Several possible AFM-ordered struc-
tures were investigated, but the ferromagnetically ordered state
was found to be most stable. The nearest and next-neares
neighbor exchange couplings between the oxygen dumbbells

were calculated ag; = 4.194 meV andJ, = 0.398 meV,
respectively. By use of a simple Ising modgla Curie

temperature of 302 K was obtained. Although this is not the
most accurate strategy for calculating a Curie temperature, it
indicates an ordering temperature that greatly exceeds tee Ne
temperatures of the superoxides and is unprecedented in p-orbit
magnetism. These results also suggest that the analogy draw!

between the A-O, and La_,AE.MnOs series is a valid one
(Figure 4).

(28) de Groot, R. A.; Mueller, F. M.; van Engen, P. G.; Buschow, K. H. J.
Phys. Re. Lett. 1983 50, 2024-2027.

(29) Fang, C. M.; de Wijs, G. A.; de Groot, R. A. Appl. Phys2002 91,
8340-8344.

(30) Kiubler, J.; Williams, A. R.; Sommers, C. Bhys. Re. B 1983 28, 1745-
1755.

Experimental data on mixed superoxiggeroxide materials

are scarce. However, the pioneering work carried out by Jansen
et all”!8provides various clues about the electronic properties
of RbyOs. The black color of this material is consistent with
the metallic character predicted by the calculations. More
importantly, the neutron diffraction study of B was unable
{o distinguish between the peroxide and superoxide anions,
Elthough a pronounced anomaly in the atomic displacement
Stactors perpendicular to the-€D bond was observed, indicating
a dynamical occupation of the spin-polarized superoxide hole
over all oxygen pairs and down to at least 5'%This is
consistent with the occurrence of hole conduction with a
polaronic dressing. Although the conduction bandwidth is rather
mall, the dynamic behavior dowa 5 K indicates that no Mott
nsulating state occurs. Concerning the lattice dynamics, inelastic

eutron scattering data revealed two peaks at 750 and 1130
cm 118 corresponding well to the characteristic stretching
frequencies of peroxides (780 c#) and superoxides (1140
cm~1). However, the detection of genuine peroxide and super-
oxide vibrational modes implies that the electron mobility is

(31) de Boer, P. K.; de Groot, R. A. Phys.: Condens. Matté998 10, 10241~
10248.
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slower than the ionic motion, an unlikely scenario. To clarify Rb,Og. The first issue that should be clarified is the width of
this issue, the vibrational modes at thoint of the Brillouin the stability region of the sesquioxide phase in thgRD,

zone were calculated for the measured average structure by thghase diagram. If the superoxide-to-peroxide ratio can be varied
method of ref 32. Three modes with frequencies of 840, 866, across the series, then the analogy with the doped manganite
and 1024 cm! were obtained. Although the agreement with  geries La_wA,MnO;z represented in Figure 4 is likely to be valid,
the observed spectra is poorer than is usually obtained by this;nq half-metallic ferromagnetism with even higher Curie

method, these values are still consistent with the experimentalye o a1 res might exist in this system. Similar properties might
measurements for the foIIOW|_ng reasons. F_lrst, the calculatlo_ns also be found for other A0, materials. COs is also known
were based on the harmonic applroxmatlon, but a potential to be dark in cold and may have a similar electronic structure
landscape with at least three minima is necessarily strongly . ]
anharmonic. Moreover, the two experimental peaks show widths and properties to RiDs; furthermore, the system (RB‘CS‘?Z%
(fwhm) of 39 and 54 cmt. This implies that not only the  ¢@n be enwsaged., where thg half-metallic ferromagnet|sm gould
extremes of a charge fluctuation but also the intermediate stage® tuned by varying the ratios of both the cations and anions.
are consistent with the measurements, making the assumptionst is uncertain whether pure0; can be isolated, but the series
of slow electron motion with respect to ionic motion unneces- (Ki-xRbJ)203 might be worth investigating. The substitution of
sary. However, a more fundamental study with more emphasisa portion of the alkali metal atoms in8; by alkaline-earth
on anharmonicity is required to fully explain the experimental elements such as Ba has also been repdftedt the crystal
observations. structures and physical properties of the resulting materials are

As previously mentioned, the elastic neutron diffraction data unknown. This modification could open up a route to half-
showed an averaged structure in which the superoxide andmetallic ferromagnetism in the absence of nuclear magnetic
peroxide oxygen pairs could not be distinguished, but with large moments, further decreasing the effects of decoherence on the
atomic displacement factors even at 3mplying thata strong  polarized electron spins. The realization of such novel systems
electron-phonon interaction may be present. To test this iy require much effort in terms of chemical synthesis, but
possibility, we calculated the elec_tronlc d(_ansr[y of statgs (DOS) anionogenic ferromagnets based on dioxygen species could
I)Ot:sza/ee(;atl)r%g?jg?l?ngnolidiglsjrgo??s I:;?)T/\t/swtltgg g;?cﬁ)l(aﬂggrg%nsa!grconstitute a new family of magnetic materials of both scientific

: ’ ! . and technological importance, with enhanced properties not

a typical phonon mode with a root-mean-square (RMS) dis- : .
placement as observed at 5 K, while Figure 3c shows the DOSfOunOI in currently known magnetic systems.
calculated for a displacement twice as large. A large increase . .
in bandwidths is noted, while theband splits; the higher energy ACknOV\{Iedgment' This work is part of the research programi
7 band is shifted toward the Fermi energy by up to 2 eV in the of the Stlcht_lng voor Fundamenteel Onderzoek der Mgten_e
case of Figure 3c. This signifies a very large electrphonon (FOM), and financial support from the Nederlandse Organisatie

interaction indeed. voor Wetenschappelijk Onderzoek (NWO) is gratefully ac-
knowledged, in addition to that of the Technology Foundation
Outlook (STW).

Finally, we address the question of whether anionogenic

h . . . . . JA0550834
magnetism in superoxideperoxide systems is confined to

(32) Kresse, G.; Furthitier, J.; Hafner, JEurophys. Lett1995 32, 729-734. (33) Seyb, E.; Kleinberg, J. Am. Chem. Sod.95], 73, 2308-2309.
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