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Optical and magneto-optical properties of MnBi film
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The spectral features of Kerr rotation and ellipticity of MnBi film have been found to greatly change with
temperature from 85 to 475 K, and the Kerr rotation at 700 nm increases over 50%. And the complex refractive
index at room temperature and the dielectric and conductivity tensors at 85, 300, and 475 K have been
determined with the reflectance of an opaque film, the transmittance of a semitransparent film and the Kerr
effect. There are two distinct peaks in th&r;y spectrum, corresponding well to that of Kerr rotation. By
comparing those results with the reported calculations, it becomes clear that the Kerr rotations originate
principally from the interband transitions of Mrd3 electrong%»<2.5 eV) and of Mn 31 electrongzw>2.5
eV). And the changes of the exchange splitting and the spin-orbit interaction strength are responsible for the
strong temperature dependence of Kerr effect. Specific Faraday spectra at different temperatures have also been
calculated with the above optical and dielectric constants and are much different from the reported data.

[. INTRODUCTION constants are sensitive to not only the film composite ratio of
Mn/Bi,®® but also the surface states of films since there al-
Since reading information from MnBi film with a laser ways remain excess manganese and/or bismuth on the film
beam has succeeded in 196®nBi film has intensively surface'® That is why the ordinary optical constants of MnBi
been investigated as a candidate of the magneto-opticiims were reported very differently.It is better to measure
(M_O) recording media. In addition to its |arger perpendicu_reﬂectance on the opaque films but not the Semitl’ansparent
lar Crysta”ine magnetic anisotropy, MnBi film also has ex_fi!ms and from the substrate side but not the film surface
cellent M-O effects The author has recently found that there Side. For the M-O parameters, one can measure the Kerr
are two peaks in the Kerr rotation Spectrum ranging fromeﬁect instead of the Faraday effect. Because the Iatter, the
ultraviolet to infrared: one peak reaching a maximum rota-faraday effect, has usually to be measured on thin films and
tion of 1.7° is located at a wavelength of 675 nm, and as generally enhanced by the interference waves inside films,
second peak with 1.4° rotation is centered at 375° k. the reported Faraday rotations of MnBi film were apparent
though MnBi film has not gotten its application to the M-O Values and hence greatly different from each other, depend-
recording yet because of its larger grain size which bringdnd on the preparations and compositions of fiftfis:* And
out a high level of media noise when the signal is read out, itherefore, the intrinsic value of the Faraday effect of MnBi
still is a potential candidate for magnetic and/or M-O devicedilm, to our knowledge, has never been cleared.
when deposition technique of film is improved in the near In this paper, the author reports the optical constant of
future. On the other hand, a recent technique can control thinBi film determined from the reflectance measured on an
growth of films in the atomic scale. So it is not impossible 0Paque film in conjunction with the transmittance on a sepa-
for us to Obtain new materia|s W|th designed M-O properties_rate th|n fllm, and ShOWS the intl’inSiC Faraday effeCt del’ived
In order to approach that stage, it is essential to understarf@om the optical constant and the Kerr effect in a wavelength
the physical origins of large M-O effects, namely, to know range of 260—1500 nm. And the physical origins of the Kerr
Wh|Ch k|nd Of quantum interaction is most Crucia' in a given rOtation are discussed from the VieWpOint of eleCtroniC struc-
solid, and how controlled atomic arrangements obtain largéure by comparing the spectra of the dielectric and conduc-
M-O effects at the expected wavelength. Theoretically, man)pivity tensors at low temperature with the theoretical results
calculations on M-O effects have recently been carried ou®f the band-structure calculation by Coehoetral*
with the relativistic self-consistent spin-polarization théory
or the first-principles methot.In order to compare with Il. METHODS
those calculations, experimental data have to be measured at
low temperature, since the calculations are generally for the
electronic statested K and only describe the behaviors of ~ Samples were deposited on the fused quartz substrates of
electrons at low temperaturéstrictly, at 0 K). It is not 0.3 mm thick in a vacuum of 210 ® Torr with the method
enough to assess if the theoretical models are suitable hyescribed elsewhereand surfaces of films were all covered
only comparing the calculations with the room-temperaturewith a SiO protective layer of 70 nm thick for thick MnBi
data. In fact, the Kerr effect at low temperature is muchfiims before drawing from the vacuum chamber. The Kerr
different from that at room temperatuté.In addition, for  rotation ¢, and Kerr ellipticity 7 were measured on thick
discussing the origin of the M-O effect, one needs to knowfilms (>170 nm from the substrate side. Sources of light
the off-diagonal conductivity. So it is also indispensable toused in the measurement were Xe lamp for wavelength of
obtain experimentally the reliable optical and magneto-220—800 nm and W lamp for that of 800—1600 nm. Samples
optical constants. In the case of MnBi film, however, thosewere set in a liquid Btcooled cryostat for the mea-

A. Preparations and measurements
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surement below room temperatyg4—300 K and the mea-
surements above room temperat(890-475 K were car-
ried out in air. After cooling them back to room temperature, MnBi Film
the Kerr rotations of the films used for high-temperature
measurement were found to be unchanged. This implies that 0.75 | 0= .
the films were not damaged during the high-temperature
measurement and therefore the data are reliable.

For the measurement of the Kerr effect from the substrate
side, the thickness of the substrate is optically much larger
than the coherence length of the incident light, and therefore
reflections within the substrate give rise to light waves which
must be added incoherently to determine the net intensities

REFLECTIVITY
o
o

of reflected waves. The multiple incoherent beams contribute 025
to the measured M-O signal in proportion to their reflected room temperature
intensities. So the measured Kerr rotation and ellipticity can
be defined &S 0
200 400 600 800
S 6kn S kn WAVELENGTH (nm)
Oxm= 2|n v Km— E'n ) (1)

. . . o FIG. 1. Reflectivity measured on MnBi films with different
wherel,, is the intensity ofth beam. For the MnBi film, we  ¢ompositions. Kerr rotatiom were measured at 700 nm.

can take, as a good approximation, only the first two beams
of 1, which is the beam intensity reflected from the front
surface of the substrate and contributes no M-O signal
(6,,7,=0), andl, reflected from the interface of the film and
substrate. Then the Kerr rotation and ellipticigbserved in o
the substratecan be determined as Ll
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B. Evaluations of optical and M-O constants X= ~ Nodz, 6=-— N kidy;
Optical constants1 and k are determined by inverting
normal-incidence reflectand® and transmittanc&. R were nj—n; i .
measured on a thick opaque filf-170 nm from the sub- r”:nj+ni‘ tij UEY (1j=01.2.

strate side, and therefore influence of a possible nonmagnetic

overlayer is negligibleT were measured on a separate thin-N;=n;+ik; and d; are the complex refractive index and
ner film (36 nm thick which covered no SiO layer. It is thickness of medium, respectively. As seen in ES).r is
known that the effect of such a nonmagnetic overlayer orequal tor,, as seen from Eq3) for the thick opaque film.
transmittance is not so significant. The measurement®for The optical constants, andk, of MnBi film can, therefore,
and T were carried out at room temperature with a spectrobe derived fronR andT with Egs.(3) and(4) using standard
photometer(Hitach 3403 ranging from 190 to 2600 nm. iteration technique. In measuring tReand T of MnBi film,

In finding n and k, we used the standard thin film one has to check if the film composition is optimum because
equationd’® (the effective Fresnel coefficient methamd de- R is also sensitive to the composition like the Kerr rotation
termine the complex reflectance amplitudeand transmit- 6 .2 Figure 1 shows thaR decreases with the film compo-
tance amplitude for the electric field of a light wave inci- sition approaching to the optimum value Mn#5/45 ob-
dent from quartz substratémedium 2 onto MnBi film  served in our experiment. The thin films of 36 nm thick used
(medium 2 normally. The back boundary of the film is an for measuringdr in this experiment were checked to be in the
interface with airfmedium Q (for R from opaque film, this optimum composition and showed a Kerr rotation as large as
back boundary can be neglected@he total reflected and 1.3° at 700 nnt’
transmitted intensities are obtained as below by calculating The off-diagonal element of the dielectric tengar con-
the intensities resulting from each internal reflection in theductivity tensoro were determined from the optical con-

substrate and performing an infinite sum stantsn, andk, obtained above, together with the Kerr rota-
tion 6« and Kerr elliplicity 7 . In this paper, we take a sign
o, la=rgyre?d? convention in which right-circular polarizeRCP light has
R=|ro,*+ 1—]rr 2?2 3 its electric field vectolE rotating in a clockwise sense at a
given point in space and the signs of Faraday rotajoand
|t01te5|2 Kerr rotation 6 are ppsitive_for a clockwise rotation of the
= W' (4) axes of the polarization ellipse, as viewed by an observer

who looks in+z direction when the incoming linearly polar-
where ized light from a source is traveling along thez direction
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FIG. 2. Reflectanc® and transmittanc& used for determining FIG. 3. Optical constanh and k determined fromR and T

the ordinary optical constantsandk. R were measured on a 170 Shown in Fig. 28 and + are then andk determined supposing’
nm thick opaque film and@ on a 36 nm thick semitransparent film; 1S less tharR by 0.01 above 900 nm and 0.02 below 900 r¥frand

T’ were calculated for a system {.3 mm quartz substrate/36 nm ¢ are the reported andk for MnBi film (Ref. 14.

MnBi film} using the determined andk to check if the calculation

for the determination oh andk is correct. (3) and(4) as shown in Fig. 3. In the whole measured region,

k is larger tham. And bothn andk decreases monotonously

with wavelength and exhibit some structures near 700 and

%00 nm. W and + represenin andk, which are evaluated

supposing the reflectanc® was measured 0.01-0.02

smaller, i.e.R has an error of-2.5 to —5.6%. Considerable

differences cannot be observed between the two setantl

(7) k. Similarly, if T had aAT of +0.01 (an error of 6-12%
thenAn<+5% andAk<+3%. So possible errors in our

The intrinsic specific Faraday rotation and ellipticity can beandk are believed to be within=10%. However, our data

determined froms,, with Eq. (8) or from 6 and 5 directly ~ are smaller than Atkinson’s ddfaas shown in Fig. 3 which

(in this definition of sign, a negative Kerr rotation and a

visible spectral region Thus we determined,, and oy, in
terms of the following equation:

Bt m NsExy :4_77 iNgoyy
KUTKT(MZ-NDN, @ (RZ-NJNy

with Eq. (9), were, to our knowledge, the most complete optical constants
for MnBi film reported before our experiment. This larger
. T igyy difference is due to the fact that the interferences of waves
O ime=— AN, ® inside films were neglected in their calculations of determin-
ing N and magneto-optical paramet&=Q’ +iQ".*3 We
i nZ—N3 _ noted that Kerr effectsb,  (P=6x+iny) calculated
= o (GkFim), (9 from theirN, Faraday rotatiof’, and ellipticity F” with Eq.

s (9) are larger than our data but approximately equabto,

whereng andN,=n,+ik,= (&,,) 2 are the complex refrac- determined from theiN andQ (&,,= —iN?Q) with Eq. (7).
tive indexes of the substrate and the MnBi film, respectively|lf their N andQ are intrinsic values{x o should be much

and sxy=s;y+is;’y and oy, = a'>'(y+ i a';('y. different from®y ¢, l_aecause theid, ¢ is an apparent value
and therefore contains enhancement due to boundary effects.
IIl. RESULTS AND DISCUSSIONS _ F|gure 4 shows f_requency dependences’of _thf’a real and
. . imaginary parts of diagonal componesit,(=e,,+iey,) Of
A. Ordinary optical constants the dielectric constant at 300 K. The spectra are similar to

Figure 2 shows the reflectanBemeasured on an opaque that of transition metals, Ni for instance, rather than that of
film from the fused quartz substrate side and the transmitaoble metals or Bigy, does not pass cross zero poist,{
tanceT on a semitransparent film with incident light from =0) and is always negative and less than 1, wheegas
the substrate side. In the measured wavelength reBidalls  falls off monotonically with increasing frequency and a faint
off monotonously with wavelength and does not vary steeplystructure which may arise from interband transitions appears
except below 300 nm, anfl fluctuates somewhat due to the near 1.8 eV. Therefore, so called plasma resonance frequency
interferences of light inside the thin film. FroR and T, is beyond our measured region, and the large magneto-
ordinary optical constants andk are calculated with Eqs. optical effect of MnBi film is not a resonancelike enhance-
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approach zero at 0.79 eV for 300 K and at 0.67 eV for 475 K.
Corresponding to the variation of Kerr rotation, the Kerr el-
lipticity exhibits a minimum near 1.1 eV, a maximum near
4.3 eV, and singularity around 2.7 eV, and changes its sign
near 1.8 eV. Considerable temperature variations are ob-
10 served in the spectral features of both Kerr rotation and el-
f % lipticity. With increasing the temperature from 85 to 475 K,
57 ® [cooeq, ] there are two other characteristics in the spectral variation.
i ‘ ] One is that the Kerr rotation stand up with different slopes at
of different temperatures around 1 eV, and they cross at a point
1 M@DOC’ 000009 A near 1 eV. The slope becomes gentle when temperature
. increases, and the sloping curve behaves as if it rotates
{ Ex around the poinA as a fulcrum, resulting in a 0.25 eV dis-
-10 placement of the point where the Kerr rotation changes its
" sign on the low-energy side. The other is that the spectrum of
MnBilFilm the Kerr rotation varies in an unique way with temperature as
300K ] can be seen clearly from Fig. 5. At 85 K, the two peaks of
i ] Kerr rotation are narrower and separate distintthe part of
-20 the valley between the two peaks is deép&orresponding
0 1 2 3 4 5 8 . LY
PHOTON ENERGY (eV) to this valley, the Kerr ellipticity displays two clear structures
around 2.7 eV. When temperature increases, the variation of
Kerr rotation spectrum can be roughly divided into two parts.
From 85 to 300 K, the two peaks decrease and broaden, and
the part of the valley does not vary so much in its magnitude.
The two spectra at 85 and 300 K still overlap one another at
the part of valley. And from 300 to 475 K, the Kerr rotation
%pectrum translates vertically in the direction of the ordinate.
Simultaneously, the two peaks become even smaller and
broader, and the outline of the valley becomes obscure. The
B. Magneto-optical effects peak at 3.35 eV shifts obviously in the low-energy direction

Figure 5 shows spectra of the Kerr rotation and ellipticity PUt no changes are observed on the location of the peak at
of MnBi film with optimum composition at 85, 300, and 475 1.84 eV. Those variations will continue till the Kerr rotation
K. Two pronounce peaks center at 1.84 and 3.35 eV on théisappear as the temperature approaches the Curie tempera-
Kerr rotation spectra. This spectral feature is similar to thosdure. Unfortunately, it is technically difficult to observe those
observed on Fe, Co, and Ni, all of which exhibit character-variations above 500 K because the coercive force becomes
istic double peak of the Kerr rotation in the energy range ofS0 Strong that samples cannot be saturated and the crystal
1-5 eV!8 The Kerr rotation decreases rapidly below 1.5 evStructure will experience a transition from the low-

and changes its sign at 0.91 eV at 85 K, and it is deduced tigmperature phase to the high-temperature phase. The varia-
tions of the Kerr rotation spectrum are similar to that of Ni

film above 300 K, but are much different from that of Ni film

20

15

o
ODo

FIG. 4. Frequency dependence of the diagonal composignt
=gy, tiey, of the dielectric tensor for MnBi film at room tempera-
ture.

ment in the investigated energy region, but stems mostl
from the interband transitions of bound electrons.

28 N T below 300 K! It has been known that changes of the spin-
5 5 MnBi Film orbit interaction strength cause a simple translational motion
% ﬁﬁﬁ] Oy | A B of the spectrum of the Kerr rotation in the direction of the
T 15 &= =N g ] ordinate? So, the temperature dependence of the Kerr spec-
= gw Lﬁh&g‘m Boa,, tra of MnBi film might originate a more complicated mecha-
2 1 S o8,0 nism than that of Ni film. It has also been known that an
% 05 A e A exchange splitting of the electronic structure is also essential
o Yo X Oy to the Kerr rotation, in addition to the spin-orbit interaction.
2 ﬁ X For ferromagnetic materials, the electronic structure changes
2 & ol Tk with increasing temperature and gives rise to reductions of
§-0.5 g@éﬁ; the exchange splitting and the saturation magnetization. This
< 1 o 7O 8¢ | ny change will certainly affect the Kerr rotation. Recently Op-
i jg.y'& A o gsK peneer’s calculation has shown that the change in the ex-
< 15 S O |v 3dok change splitting causes spectral features of the Kerr rotation
x |0 atsk ] to changé?® It is shown that when the exchange splitting
2 decreases, the structure of double peak tends to disappear,
Y 1 2 3 4 5 6 and the peak at higher energy moves toward the peak at
PHOTON ENERGY (V) lower energy and the point @ =0 shifts much to the low-

energy side but part of the valley does not reveal a marked
FIG. 5. Kerr rotationd, and Kerr ellipticity ¢ spectra of MnBi  variation in its magnitude. Those variations are very similar
film, measured at temperatures of 85, 300, and 475 K. to that of the Kerr rotation of MnBi film with temperature
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FIG. 6. Temperature dependences of the Kerr rotajpat 700 FIG. 7. Frequency dependence of the diagonal compomgnt
nm and the saturation magnetization for a MnBi film with the op- = Pxxt 10xx of the conductivity tensor for MnBi film at room tem-
timum composition. perature.

below 300 K shown in Fig. 5. There another calculationpeak value at 1.84 eV, together with that of the saturation
showed that the double spectral feature of Kerr rotation fofmagnetization. When the temperature decreases from 475 to
the transition metals Fe, Co, and Ni also changes similarly3® K, the increment of the saturation magnetization is less
with the relaxation timer.? It is well known that ther is  than 30%, in essential agreement with the result reported by
generally affected by all kinds of scattering mechanismsChenet al,'® whereas the Kerr rotation increases over 50%.
MnBi can be expected to have a more complicated scatterin?jhis increment of the Kerr rotation is in agreement with the
mechanism than Ni, for instance, because the electrical resigeported resuft (which was measured from the film surface
tance of MnBi is almost ten times larger than that of Ni andwith an SiO antireflection coating therefore containing the
decreases by a factor of 2 as the temperature decreases frénerference of light waves and showed an increment of
300 to 84 K(Chen and Gondo in Ref)Z2This variation ofr ~ a@bout 20% from 300 to 85 Kt is obvious from Fig. 6 that
will give rise to an additional temperature dependence of théhere are no simple proportional relationships between the
Kerr rotation spectrum. Therefore, the temperature variatiof(eIT rotation and the saturation magnetization. This is a
of the Kerr rotation spectrum of MnBi film is a synthetic Natural result, because the saturation magnetization is rela-
effect composed of the temperature dependences of the Spi}i,ve to the spin orientations of electrons in thé Bands but
orbit interaction strength, the exchange splitting, and the rethe Kerr rotation depend not only on the spin orientations of
laxation time. In a practical solid, the three parameters maglectrons but also on the details of their distribution in the
change simultaneously with temperature, and therefore th@nergy bands. And the saturation magnetization is a result
spectral variations cannot be simply specified. It is knowncontributed by all the spin-polarized electrons in unfilled
that the exchange splitting increases steeply with decreasirifiells, and the Kerr effect at given frequencies arises from
temperature much below the Curie temperature, though th@nly & part of electrons which occupied some energy levels
saturation magnetization changes slo@yOppositely, the ~and absorbed photons with the given energy. That is why the
spin-orbit interaction strength changes greatly near the Curikerr effect depends on frequency and the electronic structure
temperature, where the saturation magnetization quickly discan be investigated with the M-O absorption spectra.
appears, due to the rapid reductions in the total quantum The absorptions can be observed more clearly in the di-
numberS andL of atoms. Considering those calculated re-agonal component,, of conductivity tensow as shown in
sults, it is suggested for MnBi film that the change of theFig. 7 than ine,,. We can see that,, spectrum is approxi-
exchange splitting dominates the spectral variation of thénately composed of two broad absorption peaks located at
Kerr rotation below room temperature but the change in thel.8 and 4 eV, respectively. The two peaks may be responsible
spin-orbit interaction strength gives principal effects abovefor strong interband transitions of electrons which result in
room temperature. The change of the relaxation time mighthe corresponding large Kerr rotations at 1.84 and 3.35 eV,
influence the whole temperature range. since oy, describes the ordinary optical absorption, namely,
In addition to those spectral variations, the magnitudes ofepresents a sum of absorptions for RCP and left-circular
the peaks of Kerr rotation reveal a strong temperature depempolarized (LCP) light. On the other side, the off-diagonal
dence. Figure 6 shows the temperature dependence of tikemponenio,, of conductivity tensolo describes magneto-
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FIG. 8. Frequency dependence of the off-diagonal component FIG'_ 9'I woyy Spectra of MnBi film at 85, 300, and 475 K,
ayy= 0y, tioy, of the conductivity tensor for MnBi film at tem- respectively.

eratures of 85, 300, and 475 K. . . . . . .
P interaction. Its density of states for the majority-spin direc-

optical absorptions, and its imaginary part is proportional tofio (1) 3d electrons shows a peak around 2.5 eV below the

the difference in the absorptions for RCP and LCP light."€rmi level, and for the minority-spin directidn) 3d elec-
Figure 8 is spectra oy, for different temperatures. In de- trons, a main peak_ situates at 0.5 eV above the Fermi level
riving those spectra at 85 and 475 K, the ordinary opticaPnd @ weak peak is observed neat eV. As a whole, the

constants) andk at the room temperature are used, since thd'Umber of the minority-spin electrons is larger than that of
ordinary optical absorption depends very slightly on the majority-spin electrons near the Fermi surface. TheBi 6

temperatur [for example, it is=3% for Ni over a tempera- band strongly hybrid with the Mn @& band both below and
ture range of 295-770 KRef. 23] and also depends slightly above the Fermi level. The electrons in the states below the
on the magnetizatio?2In thoseo,, spectra, spectral struc- Fermi level will be excited up to the states above the Fermi
. X ] . . . el .
tures appear more distinctly. Theypronounced one is a did€vel after absorbing radiation energy. The initial and final

magnetic structure centered at 0.9 eV, i.e., a peak;g;fand states for Fhe .possmle transitions at a symmetry pﬁ"?“f
X T ” . . the first Brillouin zone for the hexagonal lattice of MnBi was
a dispersive line shape efy,. Another is a paramagnetic

. . given theoretically by Coehoorn and de Gftftas shown in
structure located near 1.84 eV, a pealot)f and a dispersive Fig. 10. For understanding easily, only the main states are

of oy, whereo,, also changes its sign from positive to ghan in this figure. The abscissa is the strength of the spin-
negative. In addition, another diamagnetic structure appeaggt interaction, whose magnitude has not been clear yet for
weakly near 2.9 eV and a paramagnetic structure at 3.35 €¥he MnBi compound. The ordinate is the electron energy. All
The two peaks otr}, correspond well to the two peaks of jnjtial states(5" and I') for the interband transitions have
Kerr rotation in Fig. 5. positive parity, and the final states that are magneto-optically
It is known that magneto-optical effects arise generallyactive are 6 and 4  states which are split by the exchange
from both interband transitions of valence electrons in vainteraction and show a large spin-orbit interaction. The 6
lence bands and intraband transitions of free electrons igtates have strongly mixed majority-minority character. In
conduction bands. In infrared and visual regionS, the Contriour Kerr measurement, the magnetic moment and the inci-
bution of free electrons te’, is proportional to(wr)~*?**"  dence of the polarized light are all along theaxis ((001]
In wa, spectrum shown in Fig. 9, hence, the free electron’sdirection of NiAs-type structuje According to Coehoorn,
contributions will be a constant proportional tor150, the the possible interband transitions are denoted with arrows in
structure of double peak im)oﬁéy represent the magneto- Fig. 10. It is obvious that the contributions taery or the
optical Kerr absorption due to the interband transitions ofKerr effect in regionfw<2.5 eV are essentially from the
valence electrons between occupied and unoccupied statesansitions of 31| electrons at 5 and I states, marked with
and therefore reflect the density of sta2OS) distribution  dashed arrows. Therefore the difference between the oscilla-
of electrons near the Fermi level, sinoagiy scales both the tor strengths for the right- and left-circular polarized light is
joint density of states and the joint spin polarization. Accord-large because of the absence of the up-spin electrons, and
ing to the self-consistent spin-polarized band-structureexplains the paramagnetic structure appearing,jnor woy,
calculation? the Mn atoms in MnBi have an effectived3®  and therefore the large Kerr rotation around 1.84 eV. Simi-
configuration, being responsible for a magnetic moment ofarly, the peak ofwo’, or Kerr rotation at 3.35 eV arises

Xy
3.6ug. The Mn A band is split about 3.5 eV by exchange from the following interband transitions:
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FIG. 10. Band structure af as a function of the spin-orbit FIG. 11. Specific magneto-optical Faraday rotaténand Far-
parameten for the case of spins along tleaxis. —, states which aday ellipticity 7= spectra of MnBi film at 85, 300, and 475 K,
are predominantly of majority-spin character————— , states  calculated with Eq(8).
which are predominantly of minority-spin character;------- ,
states which have a strongly mixed majority-minority spin charactetion spectrum of MnBi film. By fitting the calculations to the

(Ref. 4. experimental data, the magnitudes and temperature depen-
dences of both the spin-orbit interaction strength and the
Mn 3d7(5%,1")—Mn 4p7(67),Bi 6pT(67), exchange splitting can be traced.
On the other side, Faraday rotation spectra of the low-
Bi 6p1(5%)—Bi 6d1(67). temperature phase MnBi film had been reported much differ-

ently in 1970's?**? The differences are due to the different

We noticed that the peaks afo?, (paramagnetic structure preparations of films since those as-measured data were
at 1.84 and 3.35 eV are corresponding well to the electronignixed with the boundary effects and the influence of the
transitions from 5 states which are split by the spin-orbit mica substrate. We are able to calculate intrinsic values of
interaction near—1.9 and—3.6 eV in Fig. 10. In addition, the magneto-optical Faraday effect of MnBi film with Eq.
the final state 6 is split and goes down to the Fermi level (8). Figure 11 is the calculated results for the Faraday rota-
because of the large spin-orbit interaction. This large splittion and ellipticity spectra at different temperatures, where
ting might be the origin of the diamagnetic structure at 0.9we assumed again the ordinary optical constants are approxi-
eV (the transitions of electrons occupied at &nd 1" lo-  mately independent on temperature and therefore nsett
cated at—0.1 and—0.5 eV) and at 2.9 eMthe transitions k at room temperature. It has to be noted that those data are
from 5" and 1" located at-2.7 and—3.3 eV) of the spectra the results of waves traveling in the positizadirection in-
of oy, or woy,,. When temperature increases, there will beside MnBi for 1 cm long, and without boundary effects. At
two variations in the electronic structure. One is that elec85 K, there are three main structures originating from inter-
trons at lower-energy levels are excited thermally to higherband transitions in the Faraday rotation spectrum, which cen-
energy levels, resulting in variations in the absorptionter at 350, 700, and 1000 nm, respectively. The maximum
strength for RCP and LCP light. The other is that majoritypeak is at 700 nm and reaches 7A&° deg/cm, andd:
electrons change their spin direction and become minoritghanges its sign at 310 nm. Correspondinggtq Faraday
electrons, which is represented by a decrease of the saturaHipticity 7= get a peak of 7.9810° deg/cm at 330 nm and
tion magnetization. Consequently, the spin-orbit interactioranother peak of 5.8610° deg/cm at 525 nm, and changes its
strength and the exchange splitting change corresponding &ign at 850 nm. With increasing temperature from 85 to 475
the two variations and result in great variations in the specK, two peaks ofg- at 350 and 1000 nm seem to disappear,
tral feature of Kerr rotation. We also noticed that the twoand the maximum peak at 700 nm reduces to 358
peaks ofwa;’y almost have the same magnitude. It mightdeg/cm and shifts its location to 800 nm. Correspondingly,
reveal a fact that the M-O absorption strength at 1.84 eV ighe peak ofz: at 525 nm disappears and that at 330 nm
equal to that at 3.35 eV, and this feature is less dependent arduces to 4.810° deg/cm, and the point of==0 largely
temperature. shifts from 850 to 1050 nm.

For further understanding the details of the origin of the Practically, the Faraday effect is usually measured on
large Kerr effect and its temperature dependence, it would bsemitransparent thin films and the results, hence, will be
helpful to perform arab initio calculation of the Kerr rota- much different from those in Fig. 11 due to the boundary
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film. And the spectra of dielectric and conductivity tensor

120 il ] have also been derived from the k, and Kerr effect. The

g Substrate A‘A‘A 300K frequency dependence of diagonal compongptof the di-

& - [vnBi ) VN ] electric constant at 300 K is similar to that of magneti- 3

€ 801 Ta 6omm| W “U[][uj@;sa o, ] transition metals. Because the plasma resonance frequency

> [ LSi0 200 nm VVVWV ﬁmrﬂg ] does not appear in the measured region, the large magneto-

5 40 . optical effect of MnBi film is not a resonancelike enhance-

e i oo 00000 ] ment. Inwoy, spectrum at 85 K, there are two distinct peaks

I of S & pBAREA at 1.84 and 3.35 eV, well corresponding to the two peaks of

ﬂ I @OAAA ] Kerr rotation. The spectral features of the Kerr rotation and

Z 40 227 "7 ] Kerr ellipticity greatly change with the temperature from 475

= to 85 K. And the Kerr rotation at 700 nm increases over 50%

g whereas the increment of the saturation magnetization is less

c 80 than 30%, suggesting that the Kerr effect and the magnetiza-

> BF T]F X . . . .

< ] v A ok tion depend on the electronic structure in different ways and

< -120 2 o Ben therefore show different temperature dependences.

< o o bom | By comparing the spectra of the dielectric and conductiv-
160 . ] ity tensors with the reported calculations, it is clear that the

0 200 400 600 800 1000 1200 1400 1600 Kerr rotations of MnBi film are principally from the inter-
WAVELENGTH (nm) band transitions of Mn & minority electrons foriw<<2.5 eV

and of Mn 3 majority electrons foriw>2.5 eV. Because
FIG. 12. Faraday rotation and ellipticity spectra, which Werethe e'ec"of‘@ structure Cha_nges .W'.th temperature’ the ex-
change splitting and the spin-orbit interaction strength de-

simulated for some practical films at room temperature with taking . . .
the bound effect into accouni/ and A are for a structure of PENd on temperature, which are considered to be responsible

{substrate/MnBi 50 nm/SiO 200 rmthe other are for that of for the strong temperature dependence of the Kerr effect.

{substrate/MnBx nm/Al 60 nm/SiO 200 niwith x=36 (A and  1aking Oppeneer’s calculations into account, it is suggested
¢) andx=50 (0 and O). that the change in the exchange splitting dominates the

changes of the spectral feature of the Kerr rotation below

effects (or multiple interferences of wavesdepending on  "00M temperature but that of the spin-orbit interaction

the details of films. Figure 12 displays some stimulant resultStréngth contributes great effects to the spectral change
of MnBi films with two types of practical structures. The @°0ve room temperature, since the exchange splitting in-
Faraday rotations and ellipticities are calculated from thefréases steeply with decreasing temperature much below the
complex transmittance amplitudes in E@) for RCP and Curie temperature and the _spln-orblt interaction strength
LCP light with Connell's equatioR® supposing the light changes greatly near the Curie temperature where the satu-

transmits through films from the substrate side. The case dfiion magnetization quickly disappears due to the rapid re-
x=50 nrrf is for the structure ofquartz substrate 0.3 mm/ ductions in the total quantum numbgrandL of atoms. The
MnBi 50 nm/SiO 200 nrfy the others are for that dfjuartz varlgjuon of the relaxation time will give the Kerr effect an
substrate 0.3 mm/MnBi nm/Al 60 nm/SiO 200 nmix=36,  additional temperature dependence. _

50 nm}. The latter are a typical type of structure for MnBi The intrinsic magneto-optical Farad_ay spectra at dlﬁergnt
film, being similar, for instance, to those in Refs. 11 and 12 temperatures have been calculated with the ordinary optical
in which there is an overlayer composed of excess Mn giconstants and the off-diagonal component of dielectric ten-
and/or their oxidations on the surface of MnBi, and a protecS°"> and found to be different from the reported result. At 85
tive layer of SiO on the top of film. Here we used an Al layer K, there are 'Fhree main structures of the Faraday rotation
as a substitution of the overlayer sineeandk of the over-  SPectrum, which center at 350, 700, and 1000 nm, respec-
layer are unknown. From Fig. 12, it is clear that resonancedve!y- ;he maximum peak is at 700 nm and reaches
occur near 600 nm and the Faraday effect can be greatl{-96<10" deg/cm, andde changes its sign at 310 nm. With
enhanced if there is a protective layer and an overlayer. Sdncreasing temperature from 85 to 475 K, two peakgjoat

the Faraday effect strongly depends on the method of prepé’-50 and 1000 nm tend to disappear, and the maximum peak

ration and the structures of films even if the composition of2t 700 nm reduces to 3.68.0° deg/cm.

MnBi film is optimum. That is why it was reported much For the further understanding of the Kerr effect of MnBi
differently by different researchers. film, it is significant to carry out a@ab initio calculation and

to fit it to the experimental results. Thus the spin-orbit inter-
action strength and the exchange splitting and their tempera-
IV. SUMMARY ture dependences could be understood.

Ordinary optical constants andk of MnBi film at room
temperature in a wavelength range of 220-2100 nm have
been determined from the reflectance measured on an opaqueThe author would like to thank S. Iwata, K. Sato, and S.
thick film and the transmittance on a semitransparent thifsunashima.
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