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Mn-doped cubic BN as an atomiclike memory device: A density functional study
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We investigate the electronic properties of Mng substitutional doping in cubic boron nitride (BN), for
different charge states, using density functional theory (DFT) calculations. We show that the neutral Mn has a
nonmagnetic ground state (S=0). Upon charge injection, it is unambiguously shown that the Mny has a
high-spin configuration with a strong, localized magnetic moment of 5ug,;,,. We developed a simple model,
parameterized by the DFT results, that allows us to interpret the rules played by the crystal-field and exchange-

correlation splitting in the magnetization process.
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I. INTRODUCTION

The challenge of increasing miniaturization of electronic
devices has lead to prototypes of transistors and rectifiers
based on, e.g., carbon nanotubes and silicon nanowires.'™*
However, in order to have a fully operational nanoscale de-
vice, it is fundamental to have, in addition to the logical
processing units, memory units that could store the processed
information. One would like to have a memory unit that
could easily have its state altered in order to have the infor-
mation readily written or erased.

We here present a theoretical proposal of such a memory
unit that (i) has strong magnetic moments localized in atom-
iclike regions centered on transition-metal impurities dis-
persed in a nonmagnetic host and (ii) can have its magnetic
moment changed by the simple exchange of an electron, i.e.,
via the control of a charge current instead of a magnetic field.
The system we investigate consists of a Mn impurity in a
cation site of cubic BN (cBN). We show, via state of the art
ab initio calculations, that this impurity in the neutral charge
state has a zero magnetic moment whereas it changes to a
strong local magnetic moment of 5up,;,, when the Mn impu-
rity captures one electron.

Ideas such as this one have already been realized for Au
or Ag impurity atoms in insulating NaCl thin films,> and
measurements and manipulation with atomic resolution are
already a reality.>"® Moreover, it has been demonstrated ex-
perimentally the possibility of changing the magnetic prop-
erties of single Mn atoms in quantum dots by charge
injection.’ The zinc-blende phase of BN presents several in-
teresting properties such as chemical inertness, extreme hard-
ness, wide band gap, being easily doped both p and n type.'®
Great advances in the synthesis of this material showed that
good-quality ¢cBN samples can be grown through chemical
vapor deposition on diamond substrates,!! allowing both
cBN-based electronic devices to be built in laboratories and
theoretical predictions to be checked. It seems, therefore, a
real possibility to dope this semiconductor with Mn atoms.

In the following section, we present the details of the
performed calculations. In Sec. III, the results of the ab initio
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calculations are presented and discussed, as well as a density
functional theory (DFT) parameterized simple model is de-
veloped and its results analyzed. Our conclusions end the
Sec. III.

II. METHODOLOGY

All results were obtained through total-energy calcula-
tions based on ab initio spin-polarized DFT.'> We used the
PWO1 generalized gradient approximation'® to the exchange
and correlation functional. Ultrasoft pseudopotentials'* were
employed to describe the interactions between the ionic
cores and the valence electrons. A plane-wave expansion
with a cutoff energy of 348 eV is used to represent the
valence electrons. The Brillouin zone was sampled by a
3 X3 X3 k-point mesh, according to the Monkhorst-Pack
scheme.'> A unit cell with 64 atoms was used to simulate
each of the studied cBN:Mn systems, with the atoms relaxed
until forces were lower than 0.001 eV/A. For all considered
charge states, we performed calculations taking both a fixed
and a nonfixed value of the total spin of the supercell. For the
spin-free calculations, whenever a Mn high-spin configura-
tion was possible, it has also been taken into account as a
possible initial guess.

In order to estimate the effects of the supercell size on the
obtained results, we performed additional calculations for su-
percells with 54 and 128 atoms. It is observed that for the
cases were the system has a nonzero magnetization, the re-
sulting magnetic moments are still much localized around
the Mn atoms. Further, the dispersion of the energy levels in
the band structure is not significantly altered, and the energy
difference between configurations with different total spin
states remain the same within 0.05 eV.

III. RESULTS AND DISCUSSIONS

A. Ab initio results

We initially study a substitutional neutral Mn atom in a B
site. We find that the Mn 3d levels are localized in the bulk
band gap, which leads to a nominally Mn 3d* configuration.
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TABLE I. Relative energies for the different electronic configu-
rations, associated with different total spins for the supercell, for the
positively, neutral and negatively charged Mn impurity. The last
column presents the projected weights ar, of the coordinates of the
nearest neighbors to the Mn onto the symmetrized coordinate QTd’
as described in the text.

Energy

Charge state Total spin  Elec. config. (eV) ar,
(+1) (3d%) 12 en 0.0 0.39
312 ey 0.31 0.45

(0) (3d*) 0 e 0.0 0.42
e 0.50 0.45

2 e 0.18 0.50

(=1) 3% 12 ' 126 048
3/2 e 110 052

512 en 0.0 0.56

If no distortions are considered, the local symmetry around
the Mn atom is tetrahedral. Therefore, the 3d orbitals cen-
tered on the ionic impurity can be classified according to the
irreducible representations of the 7, point group, and the
initially fivefold-degenerate 3d levels split into a low-lying
twofold-degenerate e and a higher-energy threefold-
degenerate ¢, subsets. The final state and, consequently, the
total spin of the neutral as well as charged systems will be
determined by the difference in the occupation numbers of
the spin-up and spin-down levels.

For the neutral and charged substitutional Mn, we consid-
ered different electronic states which have distinct occupa-
tions and total spin configurations, as shown in Table I.
These states are obtained by enforcing a given total occupa-
tion difference between the spin-up and spin-down channels
in the supercell. An investigation of the local magnetization
m(r)=n.(r)-n(r) indicates that it is mainly localized
around the Mn atom. Thus, the different total supercell mag-
netic moments can actually be correlated with the above-
mentioned Mn configurations. As an example of the degree
of spatial localization of the magnetic moments in the Mn-
doped cBN systems, the resulting magnetization for the
negatively charged system is shown in Fig. 1. It is clearly
seen from this figure that the magnetization is largely cen-
tered on the Mn impurity atom, decaying rapidly after its first
neighbors. It emphasizes the almost atomic character of the
resulting magnetic moment, and points to possible applica-
tions as charge controlled highly dense memory devices.

As can be seen in Table I, the lowest-energy state for the
neutral Mn impurity corresponds to the low-spin configura-
tion, S=0. The high-spin configuration (S=2) is higher in
energy by 0.18 eV, followed by the S=1 state (AE"C
=0.50 eV). These energy differences depend on both crystal
field and exchange interactions.'® On the other hand, for the
negatively charged state, we obtain that the high-spin state
(S=5/2) has the lowest energy, followed by the $=3/2
(AE¥*32=1.10 eV) and the S=1/2 (AE"*52=1.26 eV).!”
In Fig. 2, we show the spin-up and spin-down total density of
states as well as the Mn d levels projected density of states
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FIG. 1. (Color online) Contour plot of the resulting magnetiza-
tion in the negatively charged Mn-doped cBN. The magnetization is
centered on Mn impurity atom and decays abruptly after its first
neighbors. The contour plot is taken at the [110] view and its isos-
urfaces are separated by 0.02 e/A3.

for the lowest-energy neutral of negatively charged states. It
is clearly seen from this figure that the introduction of one
electron abruptly changes the magnetization of the system.
Similarly to the neutral charge state, the positively charged
state has the low-spin configuration as the lowest-energy
one.
The formation energies E?(u,) of BN:Mnj, (¢=0, = 1), in
the lowest-energy configurations for each charge state, can

_ pMn? pure
_Etot ~Etor +MB_MMn+4(:u'e+8u);

where E%[t“q is the total energy of the supercell with a Mn in
charge state g, E.'* is the total energy of the perfect BN
lattice supercell, uz and uy;, are the B and Mn chemical
potentials, respectively, and w, is the position of the elec-
tronic chemical potential relative to the top of the valence

band ¢,

be calculated as E9(w,)

PDOS (arb. units) PDOS (arb. units)
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FIG. 2. (Color online) The spin-up (left side) and spin-down
(right side) total density of states and Mn d levels projected density
of states for the (a) neutral and (b) negatively charged Mn-doped (at
a B site) cubic BN. The black horizontal lines indicate the Mn-
derived e and f, levels with the respective electronic spin-up and
spin-down occupations (indicate by vertical arrows). The Fermi
level is at 0 eV.
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FIG. 3. (Color online) Relative formation energies for the dif-
ferent Mn charge states, as a function of the electronic chemical
potential u,. The neutral charge state is taken as the reference.

In Fig. 3, we present the formation energies for each
charge state ¢, as a function of u,, obtained using the above
equation. However, as we are only interested in the values of
the charge states’ transition levels, we did not worry about
the chemical potentials wp and uy, since they will only
change the absolute values but not the transition levels. From
the curves of Fig. 3, we obtained the (+/0) and the (0/-)
ionization levels, which are positioned at 1.86 and 2.38 eV
above the valence-band maximum, respectively. From Fig. 3,
we see that there is a narrow but comfortable energy window
of =0.52 eV where the neutral state is the most stable con-
figuration.

Each charge state of the Mn-doped cBN system will in-
duce different relaxations on the host lattice. We have esti-
mated these lattice relaxations by considering the undoped
BN crystal as the reference configuration. The positions of
the four nearest nitrogen neighbors to the Mn impurity atom
can be described by a collective coordinate Q written as Q
:aTdQTd+ aDZdQDZd’ where QTd and QDM are the symme-

trized coordinates'® that transform as the totally symmetric
irreducible representations (A;) of the T, and D,,; point
groups. The components ar, and ap,  can be obtained via a
projection of the coordinates of the four nearest neighbors to
the Mn onto the symmetrized coordinates QTd and Q D, The

calculated projected weights ar, are shown in Table I. We
observe that the symmetry-breaking, Jahn-Teller distortions,
are very small, and therefore do not discuss them any further.
We also observe a systematic increase in the outward volume
relaxation going from the (+) state toward the (—) one, which

1] ¢

+ fd)ﬁ’é;(r)(— %V2>¢%d(r)dr+f{

Vi

won
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is consistent with the observed trend in the variation in the
crystal-field splitting. Note as well that, for a given charge
state, the higher-spin configurations have larger relaxations
than the lower-spin ones. Thus, the crystal-field splitting (and
most likely the exchange integral) is not constant for a given
charge state.

We have calculated the stabilization energy of the charged
states (relative to the neutral one) associated with the lattice
relaxations. It has been calculated by the total-energy differ-
ence between the configuration of the neutral state with an
additional charge, and the completely relaxed configuration
of the respective charged state. These stabilization energies
for the most stable configurations of the negatively and posi-
tively charged states are 0.55 eV and 0.12 eV, respectively.

B. DFT parameterized model

In order to rationalize the results from the ab initio calcu-
lations, we propose a simplified model which takes into ac-
count the two main contributions that will determine the rela-
tive stability of the different total spin states for each charge
state of the Mn-doped ¢BN: (i) crystal-field splitting and (ii)
exchange interactions.

Starting from the Kohn-Sham (KS) equations {—%V2
+Vipnt Viln(r)]+ Vyln(r) [} p,=€,b, where the terms rep-
resent the Kkinetic-energy, the ionic, exchange-correlation,
and Hartree potentials, respectively, let us take the set of KS
orbitals that have a strong Mn d-orbitals character, which are
rather localized around the Mn ion. Let us denote these or-
bitals {¢y, } with i=1-5 and o=1,]|. We now write the

Ny
ionic potential as V;,,= V2% + VMM and the total density as

n(X) =N pygia(T) + gy (r), where verstal s the jonic potential

caused by all the ions but the Mn, which has an ionic poten-
tial V)" and nMnd(r):‘E{i,g}fi,qqﬁﬁ;}‘:}qﬁi’,ﬂld, where f;, is the
occupation of orbital d)fvl‘;d

With this separation, the Hartree potential can be exactly
written  as  Viy(n)=Ve N npyg0) + V,“f“"(nMnd). The
exchange-correlation potential, on the other hand, due to its
nonlinear character, cannot be exactly separated. However, if
the overlap between the crystal and the Mn, densities is
small, we can approximately write ch(n)~ch?‘”“l(ncr),m,)
+V)l:g“d(nMnd). With all these approximations and definitions,
we can write for the eigenvalues si\’/ﬂd,

stal stal stal, i,
Vion () + Vi “Tnepyan(0) ]+ Vi ey (1) iy, (r)dr

(1) + Vi "nyge (0] + V¥ g, (0) I, ()l

(1)

Let us now consider two different Mn configurations, i.e., different populations in the e and ¢, levels, that will have two distinct

densities n'!'= Nerystal ™ ng}lzld

total energy,

and n®= ncrym1+nﬁzld, which we are assuming differ only in the Ny, part. Considering now the
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n(r")n(r)
Buln)=Z e, 3 [ 1D
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dr'dr +E,[n] - J V. [n(r)] X n(r)dr (2)

and writing for the sum of KS eigenvalues 2 ¢, D) LESAL S 8(1)‘ 7 and X 8(2)—2 LESSIAL S sﬁ;’ 7, we can express the

total-energy difference between the two configurations, AE 2’1>=E§§l)[n(2)]—Egt)[n D], as

AE®Y = f Vi ) [ni, (0) = ngy (01dr + T{nyg, 1= Ty, 1+ Ec[nig, 1= Ec[ngg, 1+ f Vien(r) X [n), (r) = n{p), (1)]dr

+—

fniﬁzdu)nm,,(r') i, (0D ()
2

r—r’|

won

drdr’ + f Lrystal{ ch (nl\/][ ) ch (}’and)}dl' (3)

where T [ny] is the Kohn-Sham Kinetic-energy functional of a system with electronic density ny.

We have assumed, in order to obtain the above expressions, that (1) =,&¢
[nmm,]+E,“[nl\’,lrl 1. We may now define the total energy of a Mn ion in a given configuration as

EXL[n ]

Ep? =T [ng, 1+ f VAa(e)nl, 0dr+ >

which allows us to rewrite Eq. (3) as

tot

AE®D = f Ve al(e) {3, () — nh (1) ]dr + [EMrd® -

Therefore, we show that the total-energy difference between
two configurations of a Mn impurity in the crystal has three
contributions: (i) a crystal-field term with an electrostatic
character. It is the difference between the effect of the ionic
crystal potential acting on the localized Mn charge-density
distributions for the two configurations; (ii) an intramanga-
nese total-energy difference; and (iii) a term also related to
the crystal influence on the Mn ions. This term, however, is
much smaller than the other two since it involves an overlap
between the crystal charge density and the difference in
exchange-correlation potentials for the Mn ions. As this latter
potential difference is rather localized, the overall integral is
much smaller than the other two terms. Thus, we can write
AECD~A. +AE§3[’HI), where  Acp=JVi(r)[nij) (r)
—nyp, (0)]dr and AEG) =[E}® - Er].

We can now approxunate the crystal-field Hamiltonian as
Hep= (84— 3 8cp)iie+ (244 3 8cp)i, , where &, is the Mn-ion d
level, 6. is the crystal-field splitting between the e and t,
levels, and 7, and ﬁ,z are the number operators for the e and

1, levels, respectively. If the two distinct Mn configurations
are represented by the states [Mn’) and [Mn'?), then

Acp=(MnP|HepMnPy — (Mn| H M)

: {%MM? - M- AN - Aé“]}, ©

where N“) and N(’) are the total number of electrons occupy-

ing the e and t, levels respectively, in the state |Mn(’)) The
Hamlltoman for the Mn ion can be written as Hyy,,

= El o'gda o’a[ (7'+2[Jk[ oo’ Uljkla ga/ o'k, Al o where Cl (az 0')

crystal s the same for both configurations and (2)

(i) '
1 nMn (r)nMn (I' ) .
— L rdr’ + E, [n{) 1, (4)
Ir—r’| N
EprV]+ f Merya(0)Veengh ) = Vie(nin )1 (5)

create (annihilate) an electron in the Mn d level (i,0). If we
consider the average energy in the Mn configuration |Mn£l’)),
we have

<Mn(1)|HMn |Mnd > E Ulln Tnti +7 2 E Uz](n T + nzl)

ij,i#j
X (nj +nj E Jifnygng +n;n;),
z]z#:]
()
where U;=U;, U;;=U;;;;, and J; ;=U,;;. If we now make

the assumptlon that the effective Coulomb and exchange en-
ergies are the same for all the e and 7, orbitals, i.e., Uj;
=U;;=U and J;;=K, which is reasonable since we only want
to provide an explanation of the ab initio results via a simple
effective Hamiltonian with the fewer possible number of pa-
rameters, we have

N(N )
2
+N|(N, - 1)]. (8)

1
(Mn|Hy, [Mnf) U= SKIN(N = 1)

In the above expression, N is the total number of electrons in
the Mn, levels and N, (N)) is the total number of up (down)
electrons in the Mn, levels. For the Mn}, in a given charge
state g, N is the same for all configurations. Therefore,

AECD g{[N(Tz)(Ng) -1) +N(12)(N(i2) _

—INPND =1+ MOV - DI+ Agr. (9)
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TABLE II. Energy differences, AES>S1, between different elec-
tronic configurations associated with different total spins S, and S,
for the positively, neutral, and negatively charged Mn impurity. The
expressions are obtained via Eq. (9). The effective parameters S¢p
and K are obtained using the total-energy results from Table I.

Charge AES>S1 (eV) (eV)
(0) AE'0 AE*0
Ser—K 2605—4K 091 04l
(-1) AE32502 AE12502
_Sp+AK  —280046K 078 047

Thus, we obtain a simple expression that has only two
parameters, 8- and K, where 8¢ is defined in Eq. (6). Even
though many approximations were made in the derivation of
Eq. (9), one should note that its main purpose is to provide
means to rationalize, from the ab initio results, the competi-
tion between the two main contributions to the energy differ-
ences for a given charge state, the crystal-field splitting and
the exchange energy. In Table II, we present these effective
parameters obtained from the ab initio results of Table 1. For
the neutral charge state, we obtain a crystal-field splitting ¢y
that is more than twice as large as the effective exchange
energy K. As can be deduced from Eq. (9), in order to have
the low-spin and high-spin states with the same energy, we
need to have 8¢p=2K. If 6cr<2K, the high-spin configura-
tion is favored. Otherwise, the low-spin state becomes the
ground state. This is precisely what happens for the neutral
substitutional Mn in cBN. Note, however, that as d-p=2K,
there is only a slight energy difference between the high- and
low-spin states (=0.2 eV).
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For the negatively charged state, there is a decrease in the
crystal-field splitting 6. and a slight increase in the ex-
change integral K when compared to the neutral state in such
a way that now S-r<2K. Thus, we show that by “injecting”
charge in the Mn ion, there is a dramatic change in the mag-
netic moment, going from S=0 for the neutral state to S
=5/2 for the negative state. To our knowledge, this huge
variation in the magnetization, from zero to 5ug,,, With the
addition of just one electron is unique among bulk materials.

For the positively charged state, on the other hand, we
cannot extract the parameters d-r and K separately, only the
combination d-r—2K, which we know to be equal to Sqf
—-2K=0.31 eV. However, in order to have an estimate of the
strength of these parameters, we chose the same value as for
the neutral charge state, K=0.4 eV. With this choice, d¢r
=1.1 eV. Thus, we see that there is a tendency toward an
increase in the crystal-field splitting as the system goes from
the negatively to the positively charged state. This increase is
most likely caused by different lattice relaxations around the
Mn ion.

In summary, we have shown that an isolated Mn substi-
tutional impurity in a cBN matrix may be used as a memory
storage media, with a huge variation of 5ug,,, in the mag-
netic moment when going from the neutral (nonmagnetic,
with a fully occupied e orbital) to the negatively charged
state. This possibility of controlling the magnetic moment
simply by charge injection is a very nice feature in the design
of nanoscale memory devices.
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