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Surface Energies of Rutile B-MnO, from I nteratomic Potentials

This study employs well-established interatomic potdéstiaethods, which are reviewed in detail
elsewherée:? The model due to Parker and co-work&fss employed. The interactions between
ions are represented in terms of a long-range Coulmbic tetmtive addition of an analytic term

representing short-range interactions such as chemicadihg. In the model employed these

short-range effects are modeled by a Buckingham potentthltive form:
Vij(rij) = Aexp(—rij/p) —C/r}) (1)

where r is the interatomic separation a\g, andC are ion-ion potential parameters. The charges
on the Mn and O ions are represented by a rigid ion model, vattigd charges. The potential

parameters are presented in Table S1. This model reprothekgtice parameters of rutile MO
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within 2% of experiment. In this work we use this accurateiatomic potential model to calculate
the surface energies using METADISE up to high indexes. ®leutated surface energies are
shown in Table S2. The resulting equilibrium crystal modplgy from a Wulff construction is

shown in Figure S1.

Table S1: Parameters describing the interatomic potsrigtiveen component ions BfMnO..

interaction AR  p@A) CeVIA® species o
Mn%%f—Mn®?t  23530.50 0.156 16.00 Mit  2.20
Mn22t—ot1-  15538.20 0.195 22.00
otl-—otl- 11782.76  0.234 30.22 B -110

Figure S1: Predicted morphology BtMnO, from interatomic potentials.

Methodology in the PBE+U Framework

The electronic ground state of rutile Ma@ossesses a low temperature magnetic transition to anti-
ferromagnetic order at = 92 K.® Below this temperature transport measurements show a ggowin
resistivity that reaches 10° Q cm atT = 0 K, which indicates insulating behaviEarly studies

by Franchiniet al.” applying PBE+U to this material in the spherically averagedi@ev imple-

mentation® however, predicted a ferromagnetically ordered metal itrawention of experiment.
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Yet a recent study by some of the present autheh®wed that application of PBE+U in the fully-
localized limit® gave a good reproduction of both the low temperature magpetier and band
gap. The reader is referred to that work for a detailed dsouns Consequently, the fully-localized
limit has been applied throughout the present work.

An important aspect in the use of PBE+U is the selection of qrgpiateU value for the
system. This may be achieved for a given material within thenéwork of Density Functional
Theory (DFT) by a self-consistent calculatibhIn the present work an additional complication
is introduced due to the desire to study oxygen vacancy foomat surfaces, which results in
a change of oxidation state of the transition metal from*Mto Mn3t. Therefore, a value of
U must be chosen to represent the system in both states. Tevadhis we have followed the
practice in previous DFT+U works involving changes in oxida state, for instance for Li-ion
intercalation!? by calculating the value d&f in both oxidation states and then utilizing the average
between the two. It is important to note that the self-cdasiscalculation ofJ is employed to
calculate the spherical part of the PBE+U interaction, whicthe framework of fully-localized
limit is appropriately expressed éd — J),° which we do from here on. In this work we choose a
value of(U — J) = 5.1 eV, which is the average of the self-consistently caleadalues for Mfr*

(U —-J)=55eV)and Mit (U —J) = 4.7 eV). The M#* calculation was performed using
B-LiIMnO», which retains the same structural featuregddnO, with a differing oxidation state
for Mn. Since the Slater integrais® andF* (that determine exchange and the anisotropy of the
Coulomb ineraction) are typically weakly screened in sdftdéwe employ an atomic-limit value

of J = 1.0 eV, which is appropriate to Mt and Mr?+.

Reconstruction of the (111) Surface

The (111) surface, which with its calculated surface enefdy42 Jnm?2, is very near to being ex-
pressed in the morphology. Lowering the surface energy$ty0ji®2 Jm? brings the (111) surface

into the Wulff morphology. However, the low energy of 1.42 Jnis only obtained if the surface
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is subjected to a simple reconstruction to improve its Mne@rdination as shown in Fig. S2. This
raises an interesting case where a simple surface recomstrliowers the energy significantly.
The surface that is cleaved from the bulk crystal, shown g1 B2(a), possesses a 3-fold and a
six-fold coordinate surface Mn and results in a surfacegnef 2.06 Jn2. If the surface is re-
constructed by a simple movement of an outer oxygen, asdtetidy the dotted line in Fig. S2(a),
from the 6-fold site to the 3-fold site we obtain the reconstied surface shown in Fig. S2(b). This
reconstructed surface possesses 5-fold coordinate anid 4dordinate manganese ions and after
relaxation possesses a surface energy of 1.422Jihe substantial reduction in surface energy

afforded by this reconstruction clearly indicates the imigace of surface Mn coordination.

(a) ()

Figure S2: Structure of the (111) surface MnO,: (a) Before reconstruction and (b) after
reconstruction. The dashed line indicates the simple mewntwf the oxygen ion that reduces the
surface energy.

Oxygen Vacancies at Rutile B-MnO, Surfacesfrom PBE+U

In this work we are interested in oxygen vacancy formatiothweference to catalytic processes.
These processes are likely to occur at isolated sites onuttiece and therefore the dilute limit
formation energy for oxygen vacancies is a relevant quaniihe formation energy of oxygen
vacancies at surfaces has been converged with respect gtabucalculation geometry. In Fig-
ure S3 the convergence of the formation energy with respeitiet separation of the defect from

its nearest periodic image in the surface plane is shown rigifea separations > 15 A the defect
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energy is converged to within an error of 0.02 eV. In addiiogure S4 shows the convergence
of the formation energy as a function of slab thickness. Thtipdicates that the defect energies
were converged within an error of 0.02 eV for slabs thickaesgeater than 20 A. We note that
the geometric thresholds for the convergence of defecgersewill vary strongly with different
materials. Indeed, as our results here show the geometeishtblds vary strongly between differ-
ent surfaces of the same material. The high dielectric respof rutile MnQ has meant that we
are able to converge our calculations explicitly to thetaillimit, but this will not be possible for

all systems.
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Figure S3: Calculated defect formation energies as a fumciceparation between a defect and
its nearest periodic image in the surface plane. The zeevarete formation energy is set to that
calculated for the greatest separation between defeceatir surface.
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Table S2: Predicted surface energies foMnO, from our interatomic potential model. The
subscripts after the miller indices of a single surfacedat# different surface terminations.

Miller Index Esurf (INT2) Termination
(001) 2.73 MnO
(100) 2.42 0
(101), 2.15 o)
(101), 3.92 Mn
(110), 2.07 o)
(110), 2.88 o)
(111), 3.02 MnO
(111), 3.32 0

©(2 335 o
(120), 2.99 o)
(120), 4.11 MnO
(211), 2.47 o)
(211), 3.22 Mn
(221), 3.71 o)
(221), 2.33 MnO
(122), 2.74 Mn
(122), 2.87 Mn
(201), 2.61 o)
(201), 2.61 o

(213, 246 O
(213), 2.50 MnO
(310), 2.47 o)
(310), 4.01 Mn
(331), 3.40 o)
(331), 2.28 MnO
(321), 2.43 o)
(321), 2.74 Mn
(103), 2.62 o
(103), 3.81 Mn
(133) 2.47 0
(301) 2.66 0
(301), 2.69 Mn
(311), 2.56 o
(311), 2.67 o)
(312) 2.44 0
(322) 3.22 o)
(322), 2.86 MnO
(331) 2.28 0
(331), 3.40 MnO
(332) 2.63 0
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