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Magneto-optical properties of MnBi and MnBIAl
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First-principle electronic structure calculations are used to describe the magneto-optical properties of Mn-
BiAl alloys as a function of the Al concentration. The calculated Kerr rotation and ellipticity are in good
agreement with the experimental data for MnBi. Due to lack of good structural information, the magneto-
optical properties of MnBIAl are studied for Al g8) an interstitial andb) partially substituting for Bi. The
Kerr rotation of MnBi degrades with interstitial Al but remains about the same for a small amount of substi-
tutional Al. The latter result is in agreement with the experimental data. Thus, both theory and experiment are
in agreement that Al does not improve the magneto-optical properties of MnBi.

I. INTRODUCTION oo Oxy O

MnBi has received considerable attention since its favor- Ty o 0 @
able magneto-optical properties were recogniz&cently, 0 0 oz
many attempts have been made to improve the properties of
MnBi by varying the stoichiometry or by substitution. Earlier ~ For the linearly polarized light the complex Kerr rotation
investigations usually gave the magnitude of Kerr rotation inis given by
the range 0.55-1.0°. Then a huge increase of the Kerr rota-

tion up to 2.04° was reported by the addition of Al and Si to o Vet e
MnBi.? A maximum Kerr rotation was reported for the com- Ot m=1Veo JerJe — éo' ©)

position Mn Biy gAl g 5Si, 5. The recent experimental data by
Di et al. show similar large Kerr rotation both in homoge- where ¢, and 7, are the Kerr rotation and ellipticity, respec-
neous MnBi and MnBiAl alloys for concentration of Al up to tively ande, and e™ are the dielectric constants in nonmag-
10%34 They also find that 14% Al concentration suppressesetic and magnetic media, respectiveﬁ_ is related to the
the Kerr rotation angle to zero degree. The results foi™ by
MnBIiAl films also suggest that Kerr rotation for
Mn;Bi, gAl o4 is similar to that in pure MnB. . A7 |

The self-consistent spin-polarized band structure calcula- Bt el 4
tions for MnBi were performed by Coehooet al®’ and the
effect of spin-orbital interactions on the electronic structure  The magneto-optic effect is determined by the off-
has been studied by Jaswetial® We report hereab-initio  giagonal component of the conductivity tensor. This anisot-
investigation of the electronic structure and magneto-opticalopy of the motion of an electron is determined, in the ab-

properties of MnBi alloys. We also consider the influence ofsence of external magnetic field, by the spin-orbital
Al on the magneto-optical properties of MnBi. Due to the jnteractions.

lack of structural data we study both interstitial and substi- The conductivity tensor, as a function of the frequeacy
tutional (Bi-site) position of Al atoms in MnBiAl alloys. for interband transitions in the random phase approximation
without allowance for the local field effects, is given®by

IIl. COMPUTATIONAL PROCEDURE 1 1

1
We consider the direction of magnetization and the lin- Tapl ) Wf do’l(e )(w—w'+i/7+ wto'+ilr)’
early polarized light to be normal to the interface between 6)
nonmagnetic and magnetic medmadirection. The rotation
of the polarization direction and the ellipticity of the re-

whereris the relaxation time and the expression [fo®) is

flected light are called the Kerr effect. The left-handed given below.
and the right-hande@t) components of the conductivity are el
given by l(w)=5— 2 8ho—E\ (}OELK) —E)
kn# N/
0 (0) = T @) £ (), (1) —0E ()~ EIMIN (it (01, ()
whereE,, (k) is the difference in the energies of the one-
where the conductivity tensor has the following form: electron stategk\) and [k\"), the Fermi function has been
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FIG. 1. Real and imaginary parts of”* and ¢*¥ of MnBi.
replaced with the step functiofy and the matrix element of

the current density operator without the spin-orbit term is
given by

Pa (k)= (kN [Palk\"). ™
We use the linear-muffin-tin-orbitaleMTO) method® in 400 200 1200 1600
the near orthogonal representation to perform spin-polarized Wavelenth (nm)

self-consistent electronic structure calculations with the
scalar-relativistic and spin-orbit correction terms included in  FiG. 2. Kerr rotation ¢,) and ellipticity (7,) for MnBi. Dots
the Hamiltonian. The local-density LMTO calculations are represent the experimental data at 85 K from Ref. 4. Full line gives
based on the atomic sphere approximation corrected to firghe results with the interband and intraband contributions while the
order by the combined correction term. The details of thedashed line corresponds to interband contribution only.
calculation of matrix elements of the current density operator
in terms of LMTO method are given in Ref. 11. The linear 47e?
tetrahedron methdd*3 is used to calculate the real and wi= Q > IVial28(Ex —Ep), €)
imaginary parts ofo simultaneously. We use the procedure ki
developed in Ref. 14 to calculate Green function in the comynere() is the volume of the primitive cell and
plex plane(some other papers dealing with similar proce-
dures are Refs. 15 and 18Nhen the Fermi surface inter- Vi = (KN |V KN ) (10)
sects a tetrahedron, the matrix elements are linearly
interpolated and the integration is carried out up to the Fermis the mean velocity of an electron in stéta) andEg. is the
energy only. Oppeneeast all” have used the linear tetrahe- Fermi energy.
dron method to calculate the real and imaginary parts of the
conductivity tensor simultaneously. This procedure avoids lIl. RESULTS AND DISCUSSION
the numerical errors that can arise in Kramers-Kronig trans-
formation. Stable MnBi alloy has hexagonal symmetry with four at-
The intraband contribution to the diagonal component ofoms per unit cell(space groupP6s/mmgc a=4.285 A,
conductivity tensor is given by Drude formula c=6.113 A.*° The Wigner-Seitz radii for Mn and Bi are
1.633 A and 1.1924 A, respectively. The relativistic spin-
polarized self-consistent calculations of the electronic struc-
S (8)  ture have been carried out for 3&4oints in the irreductible
l-iwmp part of the Brillouin zone. The conductivity tensor calculated
with this electronic structure is shown in Fig. 1. The inter-
where gy is the dc conductivity andy, is the intraband re- band contributions are based on a Lorenzian broadening with
laxation time. 7y is calculated from the computed plasma a lifetime parametefi/7=0.35 eV to take into account qua-
frequencyw, and the experimental value @fy. In single  siparticle lifetime effects. The relaxation time, for intra-
frequency approach the,, is given by® band contribution is estimated from calculated plasma fre-

o(w)= 70
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FIG. 3. Spin-resolved joint density of states divided by the en- 10—
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quency and experimental dc conductitfty giving
fil 15 =0.22 eV. We see from Fig. 1 that,, on the average is
lower thanao,, by about a factor of 10. The calculatedand

the values of, from Ref. 21 for the glass substrate are used - _ ) . . .
to calculate the Kerr rotation for MnBi studied experimen- Plotted in Fig. 5 are without the spin-orbit term in the Hamil-

tally by Di.* The calculated spectra are compared with thelonian. This approximation does not have any effect on the
experimental data in Fig. 2 and the two results are in goo(erresent discussion due to the fact that the spin-orbit contri-

agreement with each other. The Kerr rotation angle has twgutions are small. The bands have been truncated at 6 eV
main peaks: calculate@l,=2.3° around 630 nrt~2 eV) and above the Fermi energy becaus_e they do not contribute to the
6,=1.3° around 380 nnt=3.3 eV). Figure 2 also shows the Kerr spectrum of experimental interest.

Kerr rotation without the intraband contribution which is ap-  S€veral attempts have been made to improve magneto-
preciable at longer wavelengths but become negligible beloyPtic@l properties of MnBi using various doping elements
600 nm. The intraband contribution to only the diagonal
component ofr has been included in all Kerr rotation calcu-
lations.

The Kerr rotation is a fairly complex function ef,, and = |
o,y as given by Eq(3) but o, must be nonzero to get finite XE
Kerr rotation. As mentioned above the intraband contribution 0 >~ 7 = TN
is significant below 2 eV but is negligible above this energy. é
To correlate the calculated Kerr rotation to interband transi- %
tions we have plotted the joint density of state®09 di- s ]
vided by energE in Fig. 3. The minority spin JDOS has a
large peak around 2 eV which arises from a modest peak
around 1.4 eV belovie: and a large peak at 0.6 eV abokg
in the density of statedOS) of MnBi shown in Fig. 4. The
2 eV peak in JDOS makes the major contribution to the
largest Kerr rotation angle in Fig. 1 with transitions primarily
from Bi 6p states around 1.4 eV beloi: to Mn 3d states
around 0.6 eV abové&g. The majority spin JDOS has a
small broad peak around 3.3 eV which arises from a large
peak around that energy belo&: and a fairly flat DOS
aboveEr as shown in Fig. 4. This peak in JDOS is respon-
sible for the second peak in Kerr-rotation angle around 3.3
eV with transitions primarily from Mn 8 states beloviEg to
Bi 6p state aboveEg. The three main peaks in lm,, in

FIG. 4. Spin-polarized total and projected density of states of
MnBi. The zero on the energy axis corresponds to the Fermi energy.

7
b

Fig. 1 correlate well that the corresponding features in the -10 (b

combined JDOS implying appreciable MO matrix elements L _><

between Bi  and Mn 3 states mentioned above. r M K T A
The bands in the symmetry directions are plotted in Fig. 5

which clearly show the flat bands near g responsible for FIG. 5. Scalar-relativistic band structure for MnB& majority

the peaks in DOS mentioned above. Since the spin-orbit inspin and(b) minority spin. The zero on the energy axis corresponds
teractions mix the majority and minority states, the bandso the Fermi energy.
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TABLE I. The spin (M) and orbital M,) moments of Mn, Bi,

T T T T T T . T, |
o » Mitority spin . and Al in ug in various MnBiAl compounds.
10 MnBiAl (interstitial)
Composition Atom Mg Mg
MnBi Mn 3.60 0.082
~ Bi -0.11 -0.036
% MnBiAl Mn 4.02 -0.034
&2 0} (interstitial) Bi 0.04 0.005
a Al 0.01 0.004
Q
A
MnBig 75Al .25 Mn 3.61 -0.010
‘ (substitutional Bi -0.12 —0.047
“““““ ‘ Al -0.29 0.045
) T Y —
| Maiority spin ] MnBig Al 5 Mn 3.53 —0.068
L '5 ! (substitutional Bi ~0.13 ~0.058
E(eV) Al ~0.26 0.050

FIG. 6. Spin-polarized total and projected density of states o
MnBIAl. Al is located in interstitiald sites. The zero on the energy
axis corresponds to the Fermi energy.

fdoping. It is a difficult problem. We consider cohesive en-
ergy, E.on, as one of the criteria for relative stability of the
system with different locations of the doping element. Cal-

such as Al. There is a lack of structural information on Mn-culated cohesive energies for four elementary cells show that

BiAl necessary for first-principle calculations. It is now well

known that thec lattice constant of MnBi remains un- 5
changed with the addition of Al. However, the effect of Al on
the a lattice constant of MnBi is unclear. Di claims that
lattice constant also remains unchanged with the addition of
Al.* He also found thaj3-MnBi phase grows preferentially
for Al concentration larger than 10%. The location of Al in
MnBIAl is also not known. Jaswagt al. considered intersti-

tial site for Al®> They had to increase theelattice constant by
15% to allow for a reasonable distance between the neigh-
boring Bi and Al atoms. Density of states for this system is
presented in Fig. 6. The main change is the absence of the
peak in the minority spin DOS belo® that is responsible

for the major contribution to the Kerr rotation in MnBi.
Thus, despite the large magnetic moment on Mn and consid-
erable orbital momer(see Table), the Kerr rotation angle is
more than three times smaller than that in MnBi at the same
frequency(Fig. 7). Most of the experimental data, however,
suggest the Kerr rotation is not very sensitive to the Al dop-
ing.

Since the Bi concentration in MnBiAl is below that of a
stoichiometric compound and Al radius is comparable to that
of Bi, a partial substitution of Al for Bi is a possible struc-
tural model for MnBIAl. This is a more plausible model if
the lattice constants remain unchanged with the addition of
Al as claimed by Di. We consider two compositions,
MnBig 75Al g o5 and MnBj sAly 5. The DOS for these modifi-
cations are more similar to that of MnBi than that of the
interstitial model(Fig. 8). As a result, the Kerr rotation de-
creases on the average 8y10% for the first and~40% for
the second composition compared to that of Mi(Big. 7).

For a good overall agreement with structural and magneto-
optical data, the present calculations suggest that Al substi-
tutes for about 13% Bi in MNB{MnBi 1Al 5 »5).

The possible locations of Al in MnBIAl can also be con-  FIG. 7. Kerr rotation, §,, and ellipticity, »,, for different

sidered from the point of view of stability of the system with MnBi-Al alloys.
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exchange interactions. A ferromagnetic induced moment
means that the nonmagnetic atom has stronger exchange hy-
bridization with the majority spin states of Mn. The opposite
holds for the antiferromagnetic induced moment. The signs
of the moments vary in different alloys depending on the
local geometry of the nonmagnetic moment. We are not able
to make a similar qualitative statement to explain the sign
changes of the small orbital moments of different atoms.
However, it is clear from Table | that a larger total orbital
moment does not always imply a larger Kerr rotation.

Minorify spin
|

IV. CONCLUSION

The results of the present calculations show strong depen-
dence of magneto-optical properties on the peculiarities of
hybridization in MnBi alloys. The calculated Kerr effect re-
sults agree reasonably well with the experimental data for
MnBi. When compared with the experimental results that the
addition of Al to MnBi has very little effect on the lattice
constant and Kerr rotation, the present calculations suggest
that Al substitutes for about 13% of the Bi sites in MnBi.
Perhaps the rest of the Al ends up at the grain boundaries.
Additional structural studies might shed more light on the

4 <0 locations of Al atoms in the MnBiAl system.

E(eV)

DOS(States/eV-cell)

-12 -8
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