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Spectroscopic signature of magnetic bistability in MBO™ anions and its implications
for piezomagnetism at the nanoscale
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A synergistic study, using gradient corrected density functional theory and photoelectron spectroscopy,
shows that the presence of oxygen can fundamentally alter the interaction between two Mn atoms. The
normally weak interaction between two Mn atoms exhibits strong bonding when an oxygen atom is added to
form Mn,O. This allows the atomiclike magnetic moments of each Mn atom to couple either ferromagnetically
or antiferromagnetically depending on whether J@nis anionic or neutral. Furthermore, the M@ anion is
found to possess an antiferromagnetic isomer that lies only 0.01 eV above its nearly degenerate ferromagnetic
ground state. The possibility of exploiting this magnetic bistability in the design of nanoscale piezomagnetic
materials is discussed.
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[. INTRODUCTION ferromagnetic anion ground state. The near degeneracy of
the two different magnetic configurations of the M is
The manganese atom has a unique electronic structure. Issipported by comparing our calculated photodetachment
valence manifold is characterized byl34s? shells which ~peaks with experiment. We also find that it is possible to
are separated by a large energy gap of 8.4 eV. Because of ig§ange the magnetic configuration of @ from ferro to
filled 4s shell, a Mn atom interacts weakly with another Mn antiferro by only slightly changing its geometry, namely the
atom. Consequently, the Mrdimer forms a van der Waals Mn—0O bond length and Mn—O—-Mn bond angle. The ability
complex that has the smallest binding energy and longedp @lter the magnetic coupling by small changes in the geom-
bond length of any dimer in theddtransition metal serigs. €ty Or by addition of an electron may be exploited in the

Similarly, the cohesive energy of bulk Mn is also the Iowestdef;‘gg and”smtheis\;s ?;: pl(tjaztorirragrfuiﬂc malterlla:is.n nd th
among the @-metals? ec. Il, we give the details of the calculation a e

The half-filed a-shell of the Mn atom empowers it to experimental procedure for measuring the negative ion pho-

: todetachment spectra. Section Ill presents the results and
carry a magnetic moment ofig; each. As Mn atoms coa-

Sec. IV contains the conclusions.
lesce to form clusters or crystals, the large energy gap be-

tween the half filled 8 and filled 4s shell prevents signifi-
cant overlap between these orbitals and thus Mn atoms

continue to carry a magnetic moment gk each, irrespec- We now discuss our theoretical and experimental proce-
tive of their environment. Nevertheless, the coupling bedures. The calculations were carried out using the linear
tween these moments can range from antiferromagnetic toombination of atomic orbitals-molecular orbitél CAO-
ferrimagnetic to ferromagnetic. For example, a Mfimer  MO) approach. The atomic orbitals were represented by an
isolated in a rare gas matrhis antiferromagnetic as is the all-electron Gaussian basis. The total energies were calcu-
Mn crystal, but small Mn clusters consisting of 3-5 atomslated using density functional thedrand the generalized
are ferromagnetic® gradient approximation for exchange-correlation potefitial.
Using a synergistic approach involving first principles cal-The geometries of neutral and anionic Mhwere optimized
culation and photodetachment spectroscopy, we show that dor all possible spin structures. For each spin multiplicity,
oxygen atom, mediating the coupling between Mn atomsM=2S+ 1, we computed the atomic forces at the Mn and O
has a major effect on their binding energy and magnetic cousites which were relaxed until the forces vanished. The
pling. The binding energy of MiD is very large, namely, threshold for zero force was set at T0a.u./Bohr. The com-
7.78 eV compared to 010.1 binding energy of the Mn  putations were carried out using the NRLMOL set of codes
dimer. This arises from the strong covalent bonding betweerdeveloped by Pederson and co-work&t&For Mn we used
Mn and O atoms. In addition, our calculations show that thep0 optimized Gaussians to construct® Bp, 4d basis set.
ground state of neutral MO is antiferromagnetic, whereas For O a basis set of§ 4p, and 31 was constructed from 13
its ferromagnetic state, with a magnetic moment o0  optimized Gaussians. For details about the optimization of
lies 0.17 eV above the antiferromagnetic ground state. Théhe Gaussians, the reader is referred to Ref. 11.
situation was found to reverse when an electron is attached. Anion photoelectron spectroscopy is conducted by cross-
The ground state of Mi©~ becomes ferromagnetic with a ing a mass-selected beam of negative ions with a fixed fre-
magnetic moment of Jdg, but its antiferromagnetic con- quency photon beam and energy-analyzing the resultant pho-
figuration with a moment of g lies only 0.01 eV above the todetached electrortd.In the apparatus used to perform

II. DETAILS OF CALCULATIONS AND EXPERIMENTS

0163-1829/2004/694)/1444185)/$22.50 69 144418-1 ©2004 The American Physical Society



KHANNA, JENA, ZHENG, NILLES, AND BOWEN PHYSICAL REVIEW B69, 144418 (2004

2.0 1 Anion VDE
] Mn, O,
O Neutral M=13
1.6 ’ Q 2.00 eV
s : : N N =
d AEaS WALZAS Er
> 1.2 ‘ :
=y s Mn 2.82
5 ]
LE 0.8 4 M=1 M=12 - M=12
2 ' AE =0.00 eV AE =0.00 eV Aidn
2 ]
o 0.4
[any
0.0
Neutral
?O\ e} - M=3
0 2 12 14 Ao 2 Ao 165V .
Multlpllcny 1.14 eV
2.80 2.74
FIG. 1. The energy of neutral and anionic M cluster as a M=11 M=2 M2
function of spin multiplicity measured with respect to the lowest AE=0.17eV AE =0.01 eV Anion

energy configuration. o . o
FIG. 2. The equilibrium geometries of neutral and anionic

n,O cluster isomers for ferromagnetic and antiferromagnetic con-
these experiments, mass-selection was provided by time-of: fqurations.
flight mass spectrometry, photons for photodetachment were
supplied by the third harmoni@.49 e\j of a Nd:YAG laser,

and electron energy analysis was provided by a magnetl

bottle electron energy analyzer. Beams of Jaq, n 101.2° in its low energy isomer. The corresponding distance

= 2-8, were generated by laser ablating a rotating, tr"’mSk’“::lnd bond angle in bulk manganese oxide are, respectively,
ing manganese rod while pulsing oxygen doped helium OVebh 55 A and 180°. Note that the Mn—Mn distance in the an-

it tiferromagnetic and ferromagnetic configurations are 2.60 A
and 2.80 A, respectively. The near degeneracy in these con-
IIl. RESULTS AND DISCUSSION figu_rations ari;es as Coulomb and exchange terms compete.
While energy is gained from the exchange interaction in the
We first discus our theoretical results. In Fig. 1 we plot theferromagnetic case, the shorter distance in the antiferromag-
energies of both neutral M@ and anionic MpO™ for vari- netic configuration benefits from the Coulomb contribution.
ous spin multiplicities, M relative to the ground state. Forin Fig. 2 we also plot the geometries of the two degenerate
each spin multiplicity, the two Mn atoms are treated as in-anion isomers. Note that the Mn—O and Mn—Mn distances
equivalent, thus enabling them the freedom to carry differenare slightly enlarged compared to those in the neutral geom-
magnetic moments and spin orientations. The energies @try having similar magnetic coupling. ThentMO—-Mnbond
neutral MO are measured with respect to the ground stateangles in the two isomers, on the other hand, are much closer
which is antiferromagnetic and thus has a total spin, S of Othan they are in the neutral isomers.
and hence Mr1. The ferromagnetic isomer with the spin  To establish the accuracy of our calculations, we compare
multiplicity M =11 (total magnetic moment of 1@g) lies  our calculated results with experiment. In Fig. 3 we plot the
0.17 eV above the antiferromagnetic statel¥]). Note that photodetachment spectrum of the M cluster. Note that
the configurations with intermediate spin multiplicities lie there are three distinct peaks at binding energies of 1.56 eV,
much higher in energy. The magnetic moment of each of thd.75 eV, and 2.04 eV. These peaks arise from the vertical
Mn atoms in the ferro- and antiferromagnetic configurationstransitions from the anion ground state to the electronically
is nearly Sug. excited states of the neutral having the same geometry as the
In Fig. 1 we also plot the total energies of the anionicanion. As the excess electron of the anion is photodetached,
Mn,O~ cluster for different spin multiplicities, M=2S the resulting neutral cluster can exist in a spin multiplicity
+1. Once again the energies are measured with respect state, M=M' =1, where M is the ground state spin multi-
the ground state configuration which now happens to be femplicity of the anion. Consider the ground state of the anion
romagnetic with a spin multiplicity of M 12 (total moment first. Its spin multiplicity is M =12. Thus the neutral follow-
of 11 ug). Here each Mn atom carries a moment gfband  ing the electron ejection can have a spin multiplicity of M
O carries a moment of Ag. The antiferromagnetic state =M’+1 or M’ —1, namely, M=13 or 11. Similarly, the spin
(M=2) is only 0.01 eV above the ferromagnetic state.multiplicity of the neutral originating from the nearly degen-
Within the accuracy of our calculation, this energy differenceerate antiferromagnetic (M=2) isomer of MO~ can be
is negligible, and hence both the configurations should coexeither 3 or 1. We have calculated these four transition ener-
ist in the anion cluster beam. We will see from the experi-gies by calculating the total energy of neutral Mnhcluster
mental photodetachment spectra that this, indeed, is the cas#.the corresponding ground state geometry of the anion for
The geometries of the two low lying isomers of the neu-the four different spin multiplicities discussed in the above.
tral cluster are shown in Fig. 2. The Mn—0O bond length andWe show these transitions in Fig. 2. These vertical detach-

—O-Mnbond angle in the ground state structure are, re-
gpectlvely, 1.78 A and 93.5°, while they are 1.81 A and
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FIG. 3. The experimental photoelectron spectrum of the®n 0.8
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ment energie$VDE) from the ferromagnetic ground state of
the anion lie at 1.14 eV, and 1.65 eV, while those from the ]
antiferromagnetic anion isomer lie at 1.35 eV and 2.00 eV. 0.2-
Three of these peaks agree well with the experimental peaks ;
at 1.56 eV, 1.75 eV, and 2.04 eV in Fig. 3. Based on our 0.0
theorgtlcally calculated transitions, the 2.04 eV_peak in the oo o5 10 18 20 25 a0
experiment can only be explained if the transition occurs
from the ferromagnetic state, while the 1.75 eV peak can Energy (eV)
only be explained if the transition occurs from the antiferro- g1 4. The calculated density of states for the ferromagnetic
magnetic state. Thus, the agreement between theory and €y4q antiferromagnetic configuration of Md~.
periment provides confirmation that the anion has two nearly
degenerate isomers with very different magnetic charactefor each isomer, the position of the first peak in the density of
The only remaining issue is the absence of a peak in thetates was adjusted to reproduce the first peak in photode-
experiment at 1.14 eV. Since the calculated VDE values tentachment spectra of the anion.
to underestimate the actual VDE's by about 0.2 eV, moving Figure 4 shows the calculated density of states for the
the lowest predicted VDE up in energy would place it underferromagnetic and the antiferromagnetic anion. Note that the
the broad peak profile. Thus, the transition peak at 1.14 eVerromagnetic anion is characterized by peaks around 1.55
could be buried under the edge of the first peak in Fig. 3and 2.04 eV while the antiferromagnetic state is marked by
which is broad. It is also possible that the transition probabil{peaks around 1.55, 1.81, and 2.12 eV, respectively. Com-
ity corresponding to this transition is small. We have madebined, these results reproduce correctly, the locations of the
no attempts to calculate this probability. three peaks in the experimental spectra. We would, however,
An alternate approach to analyze the negative ion photolike to caution that while such an explanation seems to fit the
detachment spectra has recently been used by sonmbserved spectra, it does have problems. First, the one
authorst® It is suggested that the spectra reflects the onelectron-levels in the density functional theory do not have a
electron levels in the negative ion and hence should be conwell defined physical meaning. Secondly, adjusting the posi-
pared with density of electronic states in the anion. Sincetion of the first peak introduces a fitting procedure that
such a comparison does not involve the neutral species, ihakes the theoretical calculation less than first-principles.
cannot provide absolute positions of the energy peaks. It is Since the ground states of both neutral and anionig®In
then customary to shift the density of states of the anion sare nearly degenerate, we have examined the possibility that
that the first peak in the density of states coincides with the structural distortion could indeed cause a magnetic transi-
experimental peak. The remainder of the density of states at@®n. We have, therefore, calculated the total energies of the
then compared with the peaks beyond the first peak. In thaeutral and anionic MyO cluster as a function of the Mn—
present case, the ground state is marked by two isomers. W@—Mn bond angle for the ferro- and antiferromagnetic con-
have therefore calculated the density of states in the twdiguration. For each fixed bond angle, the two Mn—O bonds
anion structures. To obtain a smooth density of states, wevere optimized. The results for neutral M are plotted in
used a Gaussian broadening where a Gaussian of half widfig. 5. Note that the ferromagnetic configuration is consis-
0.14 eV was placed at each of the occupied levels. Furthetently higher in energy than the antiferromagnetic state.
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A system where this transition can be explored is by put-
ting Mn,O in matrices where there could be a local charge
transfer making it locally like an anion and thus stabilizing
the ferromagnetic state. One such possibility is doping Mn in
metal oxide. Recently, the magnetism of Mn doped ZnO has
attracted considerable attention sine it has the potential to be
ferromagnetic with a room temperature Curie pdfhin the
wurtzite ZnO crystal, the average Z0-Znbond angle is
109° and the average Zn—O distance is 1.98 A. Note that, in
contrast, the M—O—Mnbond angle in bulk MnO crystal is
180° and the Mn—O distance is 2.25 A. It is known from
recent experimentsthat Mn, when doped in ZnO, occupies
the Zn site and remains in the Nih state. Thus the local
geometrical structure of Mn atoms doped in a ZnO matrix is
analogous to that of a MO cluster. Theoretical calculations

carried out by Wangt al® on a(11-20 slab of Mn doped
ZnO predict an antiferromagnetic state which lies 0.21 eV/
Mn-atom below the ferromagnetic state. The magnetic mo-
ment of Mn is atomiclike, which is consistent with itst+2
valence state. This is what we also find in the neutral and
anionic Mn,O clusters. It will thus be worthwhile to deter-
mine, if by distorting the MpO structure in ZnO, the system
FM can be made to undergo a magnetic transition. If so, this will
add another functional property to ZnO, which is already
known for its electro-optical properties. The almost degener-
ate ferromagnetic and antiferromagnetic couplings are also
likely to lead to interesting temperature dependence of mag-
netization.
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To conclude, this study shows that the binding energy and
magnetic coupling between Mn atoms can be substantially
altered by introducing oxygen. A synergistic approach in-
volving accurate first principles theory and photodetachment
Thus, no structural distortion can lead to a magnetic transispectroscopy allowed us to corroborate the nature of mag-
tion. We will show in the following that the situation is dif- netic coupling and the magnetic moments with theoretical
ferent for the anion. predictions. The sensitivity of the magnetic coupling to the

In Fig. 5 we plot the total energy of the antiferromagneticMn—O—Mn bond angle in the MyO™ cluster suggests that
and ferromagnetic configuration of M@~ as a function of this may be a prime candidate for exploring piezomagnetic
Mn—O—-Mnbond angle. Once again, for each bond angle, th&ffects at the nanoscale. Independent measurements of the
Mn-O bond lengths were optimized. Note that unlike themagnetic moment of isolated M@ cluster, both in the gas
case of the neutral cluster, the two curves cross, i.e., theghase and supported in a matrix, may be very useful to un-
exists a narrow range of angles where the antiferromagnetiderstand the magnetism of nanoscale systems from a funda-
state is less stable than the ferromagnetic state. Thus, byental point of view.
structural distortion, it is possible to go from one magnetic
state to another. What is even more interesting is that during
this transition, the @° electrons of each of the Mn atoms are
strongly coupled and when spin flip occurs; the spins of all The authors are grateful to Professor B. K. Rao for several
the five electrons flip in unison. This piezomagnetic effect isstimulating discussions. The work at Virginia Common-
similar to piezoelectric effect where structural distortion in- wealth University was funded in part by a grant from the
duced by pressure aligns the electric dipole moment. Th®epartment of EnergyDE-FG02-96ER45579 The Johns
application of piezoelectric effect in technology is well Hopkins University portion of this work was supported by
known. It is thus possible to envision an analogous effect irthe Division of Materials Science, Office of Basic Energy
magnetism where MO~ embedded in a matrix can be sub- Sciences, U.S. Department of Energy under Grant No. DE-
jected to external pressure and consequently undergo ferr¢-G02-95ER45538. Acknowledgment is also made to the Do-
to antiferromagnetic transition. The question, of course, iswors of the Petroleum Research Fund, administered by the
whether MO embedded in a matrix is ferromagnetic. Re- American Chemical Society, for partial support of this re-
call that the neutral MyO is antiferromagnetic. search(Grant No. 28452-ACpH

FIG. 5. The energies of neutral and anionic J@ncluster as a
function of Mn—O—Mnbond angle for ferromagnetic and antiferro-
magnetic configurations.
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