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A study is reported of the structural, magnetic, and magneto-optic properties of Mn/Dy/Bi films
obtained by multilayer technology. The maximum Kerr rotation angle in such films is

shown to bef,=2.25°. Possible reasons for such a large Kerr effect enhancement are considered,
namely, an increase in thep6-3d transition probability caused by symmetry distortion,

polarization of the Bi§ band, and a change in the density of states near the Fermi level. The
latter reason has been analyzed by simulating the electronic structure of Mn/Dy/Bi

through superposition of Dy levels on the MnBi band structure. This approach has revealed
possible additional transitions which may be induced by the presence of a Dy buffer and could
contribute to the Kerr magneto-optic effect. 99 American Institute of Physics.
[S1063-783%9)02001-9

MnBi polycrystalline films were one of the first mate- sion is consistent with cluster-model calculatinsAn
rials' in which a large room-temperature Kerr effedi,( analysis of experimental data gives one grounds to assume
=0.7°) was observéd Mn/Dy/Bi films, obtained presently that the relative significance of the above contributions to the
by multilayer technology, exhibit, besides a reduction ofKerr effect is determined by the characteristics of the
mean crystallite size to 15 nm and an increased perpendicalopant®*
lar anisotropy, a rotation angle of 2.28Ref. 3, which is of This work reports an investigation of the structural, mag-
considerable interest from both scientific and applicationsietic, and magneto-optic properties of Mn/Dy/Bi films and
standpoints. Experiment shows that incorporation into theanalyzes the mechanism responsible for the considerable en-
bulk of the film of such impurities as TizZn, Te? Sb® v,  hancement of the Kerr effec(=2.25°) observed in these
Cr, Cu, Ni/ Ag, Au, In, Pt® as well as of Dy results in  films.
degradation of the magneto-op{iglO) properties. While Al
doping enhances the Kerr effé¢tup to 2°, it reduces at the
same time the perpendicular anisotropy by one half. Usiné' SAMPLES AND EXPERIMENTAL METHOD
Sm, Ce, and Pt as dopants permits one to obtain rotation  Mn/Dy/Bi films were prepared by successive deposition
angles of 2 to 2.5°, but the hysteresis loop rectangulatityyf alternating Bi, Dy, Mn, Dy etc. layers on glass substrates
ratio becomes less than unity. at room temperature in a vacuum ok30 ® Torr.'® Imme-
Self-consistent calculations of the MnBi spin-polarizeddiately after the deposition, the samples were annealed in a
band structure, in which spin-orbit interaction was consid-vacuum of 5< 10 ° Torr at a temperature of 250270 °C.
ered as a perturbation, showed that the main contribution t¥he anneal times were chosen 60, 30, 15, and 7 min, depend-
the MO effect should come from Bj§ — Mn3d| transi- ing on the thickness and number of lay&tdhe thicknesses
tions!? Relativistic electronic-structure calculations made inof the Bi and Mn layers were chosen so as to satisfy the 1:1
the local density-functional augmented spherical-waveatomic ratio, and varied within the 12.5—100-nm interval for
(LDA—-ASW) approximation yield a spectral response of theBi, and from 4 to 39 nm for Mn. The Dy layer thickness was
Kerr effect in MnBi which agrees well with experimefit!*  varied from 3 to 40 nm.
Using this approach in an analysis of the microscopic nature  The structural properties of the films were studied by
of the Kerr effect in MnBi permitted one to relate its large transmission electron microscopy. The chemical composition
values to a combination of the fairly large magnetic momentand thickness of the samples were determined by spectral
on Mn, a strong spin-orbit Bi coupling, which is believed to fluorescence analysis. Auger spectra permitted measuring the
be ten times larger than that ind3metals® and a strong distribution of components through the thickness. Chemical
hybridization between the Mt band and Bp states’. A bonding was derived from X-ray photoelectroXPS) spec-
theoretic consideratidft’® of the effect of impurities on the tra. The saturation magnetization() and the perpendicular
Kerr effect shows that their presence gives rise to a change ianisotropy constant,) were measured with a torsion mag-
Mn magnetization and Bi spin-orbit couplifgand a redis- netometer. The polar Kerr-effect rotatiod,§ and its spec-
tribution of the density of states near the Fermi level andral response were obtained from the side of the substrate at
affects the hybridizatiof®'®while the magnitude of the MO room temperature on a magneto-optic setup in fields of up to
effect depends to a considerable extent on the position of th6 kOe. The coercive forceH) was extracted from Kerr
impurity atoms in the MnBi cel(Ref. 13. The latter conclu- hysteresis loops.
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FIG. 1. Auger depth profile of a Mn/Dy/Bi film. FIG. 2. Hysteresis loops dfl) Mn/Dy/Bi and (2) MnBi films.
2. EXPERIMENTAL RESULTS crystalline structuré. Doping with Dy by sandwiching the

. o L . corresponding buffer layer favors a more uniform distribu-
The characteristics of Mn/Dy/Bi films optimized in on of Dy atoms in the bulk of the film in the course of

thickness gnd number of layers in the starting condition Wergnhealing and their incorporation in the crystal lattice, and
as follows: avi;age crystallite size 15 nfde=6kOe, Ky " here are grounds to assume that they preferably occupy in-
=1x10" erg/ent, and 6=2.25° for A=633 nm. Before o magiate positions in the MnBi cell and/or substitute for
annealing, these films consisted of alternating Bi, Dy, andBi 11yt not for Mn(Ref. 4. One cannot exclude a possibil-
Mn layers of thickness 49.5, 5 and 17 nm, respectively, withy, w4t 4 small fraction of Dy segregates to form a separate
the tOtil number Of layers being seven. They were annealeghase rather than entering a solid solution. If the content of
at 270°C for 30_m|n. . ) the Dy dopant is small, this phase will apparently become
A comparative analysis of the crystalline structure of yisyribyted over MnBi grain boundaries, and for large con-
these films and of MnBi films fabricated by standardyq pure Dy inclusions will appear.
t_echr.]ologﬁo shows thaF the cons.iderable.decrease in crystal- Figure 2 presents a room-temperature hysteresis loop of
lite size in the former is due to introducing Dy as a buffer. 5 Mn/Dy/Bi film with optimum parameters. A comparison
After annealing, MnBi films contain a lot of large crystallites | i, the loop of a MnBi film obtained by us by standard
250-400 nm in size, with some of them measuring 1000-technology indicates that a Dy buffer improves considerably
3000 nm. The average size of crystallites |n.structurally OPthe hysteresis-loop rectangularity ratio, which for all the Mn/
timum Mn/Dy/Bl films decreases after anngallng from 300 tODy/Bi films is unity. Table I lists the magnetic and magneto-
15 nm, i.e., by nearly two orders of magnitude compared tQ,niic narameters of Mn/Dy/Bi films having different thick-
MnBi. The electron diffraction patterns of Mn/Dy/Bi films \oqses and number of layers before anneal. Also presented
obtained before annealing show Bi, Dy, and Mn to be poly-5r6 the parameters of MnBiDy and MnBi films fabricated by
crystalline, with the average size of Bi and Mn crystallites, g ,sing standard technology, and the relevant data available
about 300 nm, and that of Dy crystallites, an order of Magy,om, the literature. As seen from Table I, the Kerr rotation
nitude smaller. Afte_r the annealing, one observe; besides t%gle for all Mn/Dy/Bi films is larger than that quoted for
newly'formed MnBi phase a small volume fractlt_)n of Mn MnBi. The largest valued, was measured in the above-
and Bi as a .free phase. Anneqllng reduces conSIQergny thﬁentioned films with optimum parameters. The MO rotation
volume fracnon of pure DY’ which may be due to its incor- in films prepared by us by conventional Dy doping at the
poration into the MnBi lattice. Formation of Dy compounds g jiyalent percentage level is smaller, 0.8Bble ). Figure
with oxygen and/or Mn oxide is also pos_S|bIe_, which flnds3 shows the spectral response @f for Mn/Dy/Bi films,
support in the presence of a DyMg@eflection in the elec-  nich is seen to peak around=633 nm. This maximum is
tron diffraction patterns and XPS spectra. These spectra rggighy shifted toward shorter wavelengths compared to the

veal Fhe presence of B_’i .and Mn in metallic state, and Dy’corresponding relation for MnBi films also displayed in the
both in metallic and oxidized states. figure.

Figure 1 shows an Auger depth profile of a Mn/Dy/Bi
film showing that the distribution of each component is suf-
ficiently uniform throughout the volume of the film. The en-
hanced content of oxygen and dysprosium in the near- Note the large Kerr rotation angle in Mn/Dy/Bi films,
surface and near-substrate regions can be attributed towehose maximum value exceeds by 1.5 times the value ob-
tendency characteristic of RE elements to migrate to the filntained by us in MnBi filmgTable ). As already mentioned,
surface and become oxidized théte. Kerr rotation depends on the spin-orbit coupling, magnetiza-

A detailed analysis of the structural features of Mn/tion, and density of statés.Our measurements showed that
Dy/Bi compared with MnBi films permits a conclusion that the magnetization of Mn/Dy/Bi films is about 30% less than
multilayer technology favors formation of a fine-grained that of our MnBi films. This may be due to a large extent to

3. DISCUSSION OF RESULTS
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TABLE |. Magnetic and magneto-optic properties of Mn/Dy/Bi, MnBiDy, and MnBi films.

Thickness Total
number Anneal time, He, M, K, 1077, Oy,
Composition Bi, nm Mn, nm Dy, nm of layers min kOe G erg/cn? deg
Mn/Dy/Bi 49.5 17 5 3 30 2 485 1 15
Mn/Dy/Bi 49.5 17 20 3 60 5 - - 1.4
Mn/Dy/Bi 50 18 4 7 30 1.6 520 1.2 1.9
Mn/Dy/Bi 104 39 5 3 60 4.7 320 0.7 1.0
Mn/Dy/Bi 49.5 17 5 7 30 6 330 1.4 2.25
MnBIiDy 148 30 8 0.35
MnBiI 148 60 35 400 14 1.3
MnBi [13] 148 300 0.8 620 20 0.7

the formation of a fine-grained crystalline structdfe€alcu-  4a—4c), whose matrix elements entet,, . Incorporation of

lations suggest that incorporation of an impurity, e.g. Al, inDy atoms in the MnBi lattice may distort the symmetry and

MnBi results in a decrease in the spin-orbit coupling becausgive rise to the associated increase in thpe-8d transition

of the impurity and Bi states becoming hybridiZ€dt thus  probability, i.e., to an increase of the corresponding matrix

appears hardly likely that the former two reasons could conelements. The symmetry is distorted when impurity atoms

tribute to the increase df,, and the explanation should be occupy intermediate positions in the MnBi cEllAs already

sought rather in a change of the electronic structure inducepointed out, Dy atoms in Mn/Dy/Bi films have a higher prob-

by the presence of a Dy buffer. ability to occupy intermediate positions, and this may be one
To picture more clearly the mechanism of Kerr effect

enhancement, consider the MnBi band structéreshose

calculated density of states is shown in Fig.—4&. We 12
readily see that the Bi®] — Mn3d| optic transitions with a 1
energies of 1.5-2 eV have the highest probability. Quantita- 6+
tive calculations support this conclusibht* The calculated
spectral response passes through a maximum at 1.8 eV, 0_<> T g S
which agrees with both ouiFig. 3) and other available ex- RV
perimental data. i

Phenomenological consideration identifies Kerr rotation —6r l
with the off-diagonal term of the optical conductivity
tensof® =12 ; ' : ' =

4 e{ Txy z’f 12 t
6,=—R : —, (o » b
w (1—(n+ik)?)(n+ik) 8 sk

wheren+ik is the complex refractive index at frequeney :
Several microscopic-scale mechanisms can be proposed t0 < g | <AL ==
account for the large Kerr effect in Mn/Dy/Bi films, which E
may lead to an increase ef,, in the presence of a Dy A -5tk 1
buffer: +

1. As already mentioned, the large Kerr effect in MnBi g" n , , , \ ‘
may be due to the |5-3d electronic transitiongsee Fig. R

12

(o]
ol

2.5 T T T T T 6

-6k l

-12 1 1 1
- -4 -1 -5 -2 2 6
a ! E,ev
400 600 800 1000
Anm FIG. 4. MnBi densities of staté.(a) joint DOS, (b) density of Mn3
states,(c) density of Bifp states. The vertical arrows in Figs. 4-6 refer to
FIG. 3. ¢, dispersion relations fofl) Mn/Dy/Bi and (2) MnBi films. spin direction.

-




Phys. Solid State 41 (1), January 1999 Ovchinnikov et al. 83

of the reasons for the enhanced Kerr effect. Our MnBiDy
films prepared by codeposition of the components, the con- E 12
ditions favoring substitution of Dy atoms for Mhexhibit a R
substantially smalleg, (Table ). § i
2. The off-diagonal term of the optical-conductivity ten- 3 4t
sor can be expanded in terms depending on electron spin @
orientatiort® S 0
W
ny:ny(TT)+ny(li)+0xy(Ti)+0'xy(lT)- (2) E -4+ ",'
A comparison of the energy dependences of these terms :’; N - J
shows that transitions involving spin mixing yield an insig- Q '*.'," “f
nificant contribution, and calculatiotis suggest that the 8 ‘7_214 —1Ji _g. 1 é L ;

magneto-optic transition in MnBi is dominated by transitions f,e-\}
from the 6 spin-down state of Bi to & Mn spin-down

states. As seen from Fig. 4b, the Mih®and is totally po- = 72

larized, and impurities should not affect it noticeably. An g -

analysis of the electronic structure of MnBiAl films leads to :

the conclusion that Al doping gives rise to a considerable & #[

polarization of the Bi® band, i.e., to an increase in the 3

number of § spin-down electrons and spin-up holes, and E 4

that this should enhance the MO effé€tDysprosium in >

Mn/Dy/Bi films could act in this way. The mechanism un- <3 ~#[

derlying this interaction may be hybridization of the Cfy4 § B

and o states with the Bif states(Fig. 4b), which increases o

the density of states of Bi below the Fermi level, and this, in § =12 1 L 1 ! 1
its turn, should result in an increase of the optical transition 7% -1 =6 -2z 2 6

probability. EyeV

3. The discussion of the Kerr effect in Mn/Dy/Bi films FIG. 5. Superposition of MnBi and Dy DOS fda) parallel and(b) anti-
can be facilitated by simulating the electronic structure ofparallel Mn and Dy spin orientation.
this system through superposition of Dy levels on the MnBi
band structure. The RE andd electrons in the compound
form metallic bonds, whereas thé électrons can apparently
be considered in a single-impurity approximation as an ensity of states of Dy in a compound, one can use for this
semble of isolateddisregarding hybridization with Mn and purpose the local density of states of Fbwhich was
Bi) local terms. These terms can shift relative to those of thelerived® directly from XPS and XPS' spectra for
pure metal. According to XPS data, this shift depends on th&b,,Fe;. This density of states, calculated taking into ac-
percentage content of the RE elem&ngnd for Th;Fe,y  count the joint density-of-states function for ferromagnetic
amorphous films, for instance, is about 1 &%f. 23. Itis  Gd?2®is shown in Fig. 5a by dashed and dot-and-dash lines
believed to be due to-state hybridization between Fe and for the 4f and & electrons al =0. The hybridization of the
Tb.2% The spectrum of TQFe,q contains a low-energy maxi- 4f and & electrons of Dy with the 8 electrons of Mn was
mum with a binding energy of 2—3 eV corresponding totaken into account. The case of parallel Dy and Mn spin
Tb4f electrons. For low binding energieS,~1—3 eV, the  orientation, i.eMp,TTMy,, andJy>0 was considered. It
density of states of the RE element is dominated by tte 5 is assumed that there is no spin splitting of the Dytfand,
electrongwhich is also supported by XPS d&t#or pure RE  or itis very small. Based on this model, Fig. 5a can permit us
elementy which are responsible for the maximum in the to find the additional transitions contributing to the Kerr ef-
optical conductivity o (w) at hw~2eV.?® Because RE fect enhancement that can be induced by incorporation of
5d—Mn3d transitions are forbidden by optical selection Dy. These transitions are listed in Table II. Figures 4 and 5a
rules, d states of an RE element are insignificant from theoffer a possibility of making a rough estimate of the contri-
standpoint of optical transitions. butions due to these transitions. The transitions numbered 1,
The 4f electrons in Mn/Dy/Bi films are in the ferromag- 4, 5, and 8 should not contribute, because the densitypof 6
netic matrix and can be magnetized byf exchange cou- states should already be involved in the transitions observed
pling. In this case, however, in contrast to pure RE elementdn MnBi, i.e., Bibp—Mn3d. The intensity of transition 6 is
where intratomic s—f exchange interaction is dominant, extremely weak because of the low density of unoccupied
Js_i~1 eV, the 4f electronic spins interact also with the spin-up Mn 3l states. The contributions due to the other
band electrons of Mn, and this interaction is an order oftransitions are of about the same order of magnitude. The
magnitude weaker. Therefore, one may neglect the exchangdove figures permit determining the limits on the energy of
splitting of the & levels and present the Mn/Dy/Bi band- each transition, which are also given in Table II. By the
structure model as a superposition of the Dy density of statesansition energyA E one understands the difference between
in Fig. 4a. Because of the lack of literature data on the denthe energies of the final and initial states. The subscrigt
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TABLE |I. Possible transitions in Mn/Dy/Bi films for parallel Dy and Mn ing of the contributions due to transitions terminating on
spin orientation. unfilled 4f states.

No. Possible Significant transition As seen from Table II, in the case MDYTTMMH the

n/n transitions Transition energy interval, nm contributions due to pOSSibIe transitions should be Uniformly
distributed within the 400—1000-nm wavelength range under

1 5d 1 —6p T AE>0 400-1000 . . . . I

> 5d | —6p | AE>0 400-1000 consideration. The intensities of these transitions are of about

3 6p 1—5d | 0<AE<Esq; 770-1000 the same order of magnitude, i.e., they can produce only a

4 6p | —5d | 0<AE<Esgy, 770-1000 shift of the spectral curve as a whole toward higher values of

5 4f1—6p1 AE>Ey 400-860 0, and cannot give rise to the energy shift of the maximum

6 af1—3di A>Ey 400-860 observed for Mn/Dy/Bi, which, as in the case of MnBi, is

7 4t 1—5d1  Eg+Esy>AE>Ey 400-860 . . .

8 6p |4t | E,+AE.>AE>E 400-860 provided by the Bi¢p| — Mn3d] transitions. The pattern for

9 3d|—4f |  E+AE>AE>E, 400-860 theMpy | TMy, case is approximately the same. The relevant

10 5d | —4f |  Eq+AE>AE>Ey 400-860 transition 4| —3d]|, however, should contribute substan-

tially within the wavelength interval determined by the width
of the peak of unfilled Mn@8| states, and it corresponds in
this case to the interval of the observed maximum in the Kerr
the energy identifies the edge of the density-sfates band effect. There are unfortunately no data on the mutual orien-
closest to the Fermi level. tation of the Dy and Mn spins, and the decrease in magneti-
Table Il presents similar data for the case of antiparallelzation observed in Mn/Dy/Bi films cannot be considered as
Dy and Mn spin orientation. The corresponding density-of-evidence for their antiparallel orientation, because it can be
states function is shown in Fig. 5b. One readily sees that theaused by a decrease in crystallite size.
transitions labeled 1 and 4 do not contribute for the above- In Mn compounds with Dy one observes both ferro-
mentioned reason. The intensities of transitions 2, 3, 5, 7, 8nagneti¢® and antiferromagnetit spin ordering of these el-
and 9 are of about the same order of magnitude, because tieenents, with the magnetic properties depending to a consid-
densities of the corresponding initial and final states differerable extent on interatomic distafitelt may be conjec-
insignificantly. Transition 10 may provide a noticeable con-tured that ordering, similar to REe,C9*® compounds,
tribution. Note also the #| —3d]| transition, which may varies from antiferromagnetic to ferromagnetic with increas-
become strong under certain conditions. ing distance between the RE and Mn atoms. If Dy atoms
The limits on the energies of possible transitions can beccupy intermediate positions in the MnBi cell, the distance
estimated quantitatively taking due account of the fact thabetween the Mn and Dy atoms is larger than when they sub-
the edges of the Dy#dbands may differ from those presented stitute for Bi atoms, i.e. in the second case antiferromagnetic
in Fig. 5a and 5b for Th. Published XPS data suggest that therdering is more probable. As already mentioned, the Dy
maximum in the density of Dy#states irRE-Fe, lies closer  positions depend on the technology by which the Dy was
to the Fermi level than that for T¥.Tables Il and Ill give incorporated, and, hence, the differences in the MO proper-
the ranges for the contribution of possible transitions, whiclties between Mn/Dy/Bi and MnBiDy films may be due to the
were determined under the assumption that the filledand  fact that these films differ to a certain extent in the mutual
is shifted toward the Fermi level only by 1 eV compared toordering of Mn and Dy spins and in the corresponding con-
the diagram in Figs. 4 and 5a, i.&; =—1.4 eV, and the tributions due to the above transitions.
others, in accordance with the figure, dgy =0.3 eV, For the caséMp,T My, if the unfilled 4f band is nar-
AE34 =05 eV, E;=2.6 eV, andAE;;=3 eV. Note also row enough, the maximum in the Kerr effect can be assigned
that this shift should be accompanied by about the same shifo transitions to this band. The interval within which these
of the unfilled 4 band toward higher energiésand vanish-  transitions provide a contribution should be determined by
the width of the peak of unfilled f4 states, so that, for in-
stance, in the case &; =1.6 eV corresponding to Fig. 6a
TABLE IIl. Possible transitions in Mn/Dy/Bi films for antiparallel Dy and and AE;; ~0.8 eV it extends from 520 to 770 nm. Hence
Mn spin orientation. such transitions may produce the maximuméjnobserved
exactly within this wavelength interval. Electronic structure

No. Possible " Significant transition  ¢4|c1ations, which were carried out by means of the LMTO
n/n transitions Transition energy interval, nm . .
method localized to a maximum extent and were based on
1 5dT—6p1 AE>0 400-1000 the atomic-sphere approximation and the recursive approach,
g gd Hgg l 0<i§j& ;‘gg—iggg showed that the position and width of the peak of unfilléd 4
. 62 I:Sdl 0<AE<Ec 770-1000 states in RE-TM amorphous films depend on the RE &pe.
5 4f | —6p | AE>E”sl 400-860 It_w_as shown also that variatioq of interatomic d?stance
6 4f | —3d | Ef,+Easqg, + AEgq, 560—730 within 1 to 2% for the same atomic content shifts this peak
>AE>E +Egq) by 0.3 eV. Hence there is a possibility of varying the width
; gf lT—’i‘H EEfi:AEEdEAAEiEH igg‘ggg and position of the peak of unfilledf4states by properly
pl— f1 f1 ft - . . .
9 341 -4f | Ey+AEn>AESE, 400-500 chooslng the Correspon_dlng composmon_._
10 5d1—-4f | Eg+AE>AE>E, 400—500 Figure 6a and 6b displays the densities of states calcu-

lated taking into account the spin splitting of theé Band for
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2 thus conclude that, if the filled Dy4band in Mn/Dy/Bi films

lies sufficiently close to the Fermi level, a maximum in the
6, spectrum may appear only for antiparallel orientation of
Dy and Mn spins, and it will be dominated byf 4—3d]
transitions. If the unfilled #4 band is very narrow and is
located sufficiently close to the Fermi level, then a maximum
may appear in the spectrum due to new transitions only in
the parallel-orientation case. This maximum may be contrib-
uted by | —4f|, 3d| —4f], and 5| —4f| transitions.

As already pointed out, the shift of the unfilled 4and
toward the Fermi level should be accompanied by the corre-
sponding shift of the edge of the filled $and toward higher
binding energieé! and it is this bandi.e. the 4| —3d]
transitiong that will account for the maximum in the Kerr
effect observetf in the short-wavelength region. The spin
splitting of the 5 band lowers thef, spectral-response
curve, which rises again with increasing temperature.

The present consideration of the reasons which may be
responsible for the Kerr effect enhancement in Mn/Dy/Bi
films is of a preliminary nature. Further structural studies of
such films, as well as theoretical calculations taking into ac-
count different positions of Dy atoms in the MnBi cell, in-
vestigation of the optical and magneto-optic properties made
within a broader wavelength range and for different tempera-
tures, combined with XPS analysis, will offer a possibility of
corroborating the influence of the above factors on the Kerr

FIG. 6. Superposition of MnBi and Dy DOS with inclusion of the spin offact as well as to determine quantitatively the contribution
splitting of Dy5d band for(a) parallel and(b) antiparallel Mn and Dy spin .
orientation. of each of them to its enhancement.
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