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Reorientation transition in Fe,,/Au(100)
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Experimental investigations and theoretical magnetic anisotropy energy calculations show a reorientation
transition of the magnetization in fAu(100 from a normal-to-plane to an in-plane direction at about three
monolayers of Fe. In the present paper the magneto-optical properties of this system are investigated theoreti-
cally by using the spin-polarized relativistic screened Korringa-Kohn-Rostoker method, the Kubo-Greenwood
equation for finite photon frequencies, and a classical optical approach that takes into account all reflections
and interferences. By varying the thickness of the Fe film, the reorientation of the ground-state magnetization
is clearly traced as a strong decrease in the calculated Kerr rotation angles for oblique incidence of light. For
all film thicknesses under consideration, it is found that by continuously varying the angle of the incident light
the Kerr rotation angle reaches a maximum at an incidence of about 70°. In the case of normal incidence a
direct proportionality of the Kerr angles to the normal component of the magnetization is demonstrated by
changing the orientation of the magnetization. When relating Kerr angles as calculated for a set of angles
between the surface normal and the orientation of the magnetization to the corresponding magnetic anisotropy
energy a very compact description of the occurring reorientation transition can be given. Moreover, based on
these data and using a simple phenomenological picture a qualitative description of the Kerr angles with
respect to applied external fields is provided.
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[. INTRODUCTION signal produced no hysteresis. If, however, the easy axis was
normal to the film, then the polar SMOKE signal yielded a
face magneto-optic Kerr effe€BMOKE) measurement for square hysteresis Iopp and the_ longitudinal SMOKE ;igqal
Fe on AU100). They found sub-monolayer ferromagnetism, showed no hysteresis. In a regime _of car_lted magnetization
which, however, was unstable because of diffusion of Fe intdysteresis, loops related to both configurations occurred. At a
the Au substrate and also because of Au segregation on tgven film thickness the Kerr intensity was identified with
of the surface. Furthermore, they observed that thdne height of the hysteresis loop in the remanent state.
Fe/AU100 system had no thermally stable out-of-plane Using the spin-polarized relativistic screened Korringa-
easy axis in any thickness range. Grown at room temperd$ohn-Rostoke(KKR) method the magnetic anisotropy en-
ture, Fe on A(00) exhibited an in-plane easy axis in the €rgy E,, defined as the sum of the band-energy anisotropy
monolayer regime; grown at 100 K, the easy axis turned ouf\Ep and the magnetic dipole-dipole interaction enefdsq,

to be out-of-plane for films thinner than 2.8 monolayerswas calculated for F¢Au(100) and found a perpendicular
(ML) and in-plane for thicker films. As a comparison will be orientation of the magnetization for<3 and an in-plane
made to these measurements, it seems appropriate to recalggnetization fon=4.

important experimental details of this by now famous study, In the present paper the magneto-optical properties of this
namely (1) crossed magnetic field@riented in-plane and System are investigated theoretically by varying not only the
normal to the film plangwere used to sequentially monitor thickness of the Fe film, but also the geometry that relates
the corresponding magnetization components, whereby th&e direction of the incoming light to the orientation of the
in-plane and the normal-to-plane configurations were remagnetization.
ferred to as longitudinal and polar geometries, respectively;

(2) a p-polarized He-Ne laser source was used; &Bdas

analyzer served a crystal prism polarizer nearly crossed with

the incident polarization. The experimental evidence for the The charge and magnetization densities were calculated
reorientation transition can be summarized as follows: if theself-consistently for Rg¢ Au(100), n=1,...,6, in terms of the
easy axis was in-plane, then the longitudinal SMOKE signakpin-polarized relativistic screened KKR metAagsing the
yielded a square hysteresis loop while the polar SMOKEdensity functional parameterization of Voskt al* and a

Back in 1989 Liu and Badémreported on arin situ sur-

A. Computational aspects
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FIG. 1. The Kerr setup used in the calculations in the case of

p-polarized incident light. Herer and 8 specify the orientation of 20k theory
the magnetizatioM and the direction of the incident light, respec- ’
tively. Both are specified with respect to the surface normal. Note = 15 [ =70° E
that the magnetization always lies in the plane of incidence. 2 r p= ]
E y
uniform perpendicular orientation of the magnetization. The o= 10 C ]
corresponding potentials served then as input for the evalu- L ]
ation of the magneto-optical conductivity tenSoBoth S a ]
angles in Fig. 1, namely the orientation of the magnetization r p=0°

| | |
0 1 2 3 4 5 6
number of Fe layers [ ML]

(«) and the incidence of lightB), were varied in steps of 5° 0
between 0° and 90°. It should be noted, however, that the
angle « is varied only for normal incidence of light

(8=0°) and that a scan over the angeis performed only FIG. 2. Top: SMOKE experiments by Liu and Badgéef. 1).

for the ground-state orientation of the magnetizatia®=0°  Circles denote the measured data for the polar, whereas triangles for

or 909. the longitudinal Kerr setup. Bottom: calculated values of the Kerr
Since for Fg/Au(100) there are no experimental spectra rotation angles in the case op-polarized incident light and for the

of the Kerr rotation angledx and ellipticity anglesx avail-  magnetic ground state of ffAu(100). Circles mark the theoretical

able in the literature, a photon energy of 3.8 eV was choseresults for a normal incidencg3=0°) and triangles for an inci-
that in the case ofFe,Au,,)y superlattices on a Au substrate dence ofg=70° (see also Fig. 1

yields simultaneously the largest experimentally deteded

and ey in the visible regimé. For this particular photon en- adopted in Ref. 8. It should be noted that the calculated
ergy the magneto-optical conductivity tensor was determinedff-diagonal element is by one to two orders of magnitude
fully relativistically by using the approach discussed in detailsmaller than the diagonal ones.

in Ref. 5. The classical optical calculations were carried out

then by means of the 22 matrix technique as described in g The magneto-optical Kerr effect in polar and longitudinal

Ref. 7 and the last entry in Ref. 5. geometry

Since—as already stated—in the SMOKE experiments by

Il. RESULTS Liu and Badet the polar and longitudinal Kerr intensities are
given by the height of the hysteresis loops in the remanent
state, the reorientation transition from a perpendicular to an

Kawagoeet al® measured the ratio of the amplitudes of jn-plane orientation of the magnetization is manifested in a
the complex reflectivities forp- and s-polarized light,  strong decrease of the Kerr intensity for normal incidence
p(M)=R,/Rs (A being the wavelengihin the Fe/A§100  (B=0°) and a rather moderate increase of the Kerr intensity
and Fe/Ad@100). They varied the number of Fe layers from 2 for grazing incidencé=90°) (see the upper part of Fig).2
to 20, used an optical wavelength regime of 270-760 nnBy considering the ground-state orientations of the magneti-
(1.6—4.6 eV and fixed the angle between the surface normakation resulting from magnetic anisotropy energy calcula-
and the incident light to 57°. By taking into account multiple tions the lower part of this figure shows the calculated Kerr
reflections and using the optical constants of bulk Au theyrotation angles for two different angles of incidence, namely,
then deduced an effective dielectric constardf the upper  for 3=0° and 70°. Although Kerr angles and Kerr intensities
Fe layer in Fg/Au(100): at a photon energy of 3.8 eV they cannot be directly related to each other, due to their linear
obtained -3.68 and 9.82 for the réal) and imaginary(s”)  dependence on the magnetization projected onto the direc-
parts ofe, respectively. For the top Fe layer indf&u(100,  tion of the incident light, it is not surprising at all that their
the largest system investigated in here, #ieinitio calcu-  respective dependence on the number of Fe layers is in good
lated values of —5.26 and -2.06 fef, and ¢,, as well as qualitative agreement. As can be immediately seen from Fig.
5.09 and 4.45 foe}, and &}, compare reasonably well with 2, the calculated Kerr rotation angle for the system
the experimental data and confiarposteriorithe procedure  Fe,/Au(100) in the magnetic ground state remarkably well

A. The permittivity of the top Fe layer
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FIG. 4. The calculated Kerr rotation angle as a function of the
angle of incidenced and for different thicknesses of Fe films on
Au(100). Open circles, squares, and triangles refer to 1, 2, and 3
ML of Fe on the top of A@L00), respectively; full circles, squares,
and triangles to 4, 5, and 6 ML, respectively.

6 [mdeg]

As can be seen from Fig. 4 the Kerr rotation angle for
[ ] oblique incidence increases independent of the Fe thickness
1 5 3 4 5 6 until B3=70°, where a maximum oy is reached; increasing
number of Fe layers [ ML ] the incidence anglgs beyond 70° causes a continuous de-
crease of the Kerr rotation angle. It seems therefore that two
FIG. 3. The calculated Kerr rotation andlepper partand el-  regimes of 6¢(8) values can be distinguished: one for
lipticity angle (lower par} for different angles of incidendsee Fig. n<3(a=0°) where 6«(8=0°)#0, and one forn>4 («
1) for the corresponding magnetic ground state qf/Pe(100). =90°) with 6¢(8=0°)=0.

For the particular case of [BAU(100) the Kerr angles are
describes the magnetic reorientation transition in comparisodisplayed in Fig. 5 for normal incidendg=0°) and differ-
with the experiments:the perpendicular orientation of the ent orientations of the magnetizations=@r=< 90°. As can be
magnetization is preferred below 3 ML, whereas above thigeen from this figure bot#(a) andex(a) show an almost
Fe thickness the ground state is characterized by an in-plargerfect coée) dependence. This finding supports the experi-
orientation of the magnetization giving rise to exactly zeromentally known fact that for normal incidence the Kerr ro-

Kerr rotation angles for normal incidence. Since the presenfation angle is directly proportional to the normal component
theoretical model does not include non-collinear magnetiGf the magnetization.

arrangements, the reorientation transitiéend consequently

the calculated Kerr rotation anglas not as smooth as in the

experiment. In the case of oblique inciden¢say for D. Kerr angles versus magnetic anisotropy energies

/=70°) nonvanishing Kerr rotation angles are obtained for For the case of normal incidence Fig. 6 offers an interest-

both normal-to-plangn=<3) and in-plane(n>4) ground- ing view of the Kerr anglesgq(a) and e(a), since in this

state magnetizations and the reorientation transition appeas .o cach entrv refers to a particular value afthe ab-
as a drop inbk. It is interesting to note that fo8=70° the 9 y P

value of ¢ is by a factor of 2 to 3 larger than that for
B=0° (n<3).

C. The magneto-optic Kerr effect for arbitrary incidence
of light and orientation of magnetization

For the magnetic ground state of FAu(100 the theo-
retical Kerr rotation anglegy and ellipticity anglessx are
shown in Fig. 3 for oblique incidence gd-polarized light.
Similar as in Fig. 2(with exception of grazing incidence,
£=90°), all curves have a maximum at3 and—as a con-
sequence of the reorientation transition—considerably de-
crease fon=4. Forn<3, i.e., for a normal-to-plane ground- angle of the moment o [ deg |
state magnetization, the Kerr ellipticity angle continuously
decreases as the angle of incidepdacreases, a feature that  FIG. 5. The calculated Kerr angles in the case of normal inci-
does not apply for the Kerr rotation angle. dence for Fg/ Au(100) as a function of the angle (see Fig. L

Kerr angles [ mdeg ]
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FIG. 6. The calculated Kerr angles displayed as a function of the FIG. 7. The calculated Kerr angles displayed as a function of a
magnetic anisotropy energy for different thicknesses of the Fe filmongitudinal (HL,, right par) and a polar(Hg,, left pary external
on Au(100). Full symbols refer to Kerr rotation, open symbols to magnetic field applied to F€Au(100 for n<3 andn>4, respec-
Kerr ellipticity angles. The data for this figure were obtained by tively. As in Fig. 6 the data for this figure were obtained by varying
varying the angle of magnetizatienwhile the angle of incidence is a and keeping the angle of incidence fixed@e0° (see also Fig.

fixed to B=0° (see Fig. 1L 1).

scissa being the anisotropy enerigy«). Obviously points O = OVl — (H/HQ)?, (3)
along the ordinatéE,=0) correspond tax=90°, while those

along the abscissa belong &6=0°. Forn=<3 all curves fall where 6, denotes the Kerr rotation angle for vanishing ex-
into the regime of positive anisotropy energigerpendicu- ternal field, and foK <0

lar orientation of the magnetizatipnwhile those forn=4
refer to that of negative anisotropy energiesplane orien-
tation). The reorientation transition is thus particularly
clearly visualized.

The paths shown in Fig. 6 can, in principle, be accesse@here 6, now refers to the Kerr rotation angle k. Simi-
experimentally if continuous reorientation transitions are in-lar expressions apply for the ellipticity angles. It should be
duced by applying external magnetic fields in appropriatenoted that the obtained values B, are typically by one
directions.  Assuming a second-order anisotropy,order of magnitude larger than the experimentally measured
E.(a)=-K co(a), for the case oK >0 (perpendicular an- coercive fieldd, which within the model used here are
isotropy) a longitudinal magnetic field yields the equilibrium equivalent toH,.
orientations,

H
Ok = HKOH_v (4)
0

90° for H> H,, [ll. CONCLUSION

a={arcsiH/Ho) for —Hy<H <H,, @) The present calculations illustrate in quite some detail the
-90° forH=-H, change of the magneto-optical properties near and at a reori-
WhereHy=2K/M and i thetota) magnetc moment of STALCT tansilon and thus most kel provide » dearer
the ferromagnetic system. In the case of an in-plane aniscthe thickness of thg ma nggc film is changed and when the
tropy (K< 0) a polar magnetic field has to applied in order to 9 hanged X
) . . . o polar Kerr effect does not apply. In particular Fig. 6 provides
induce a continuous reorientation transition, : . : "
a compact view of the relationship between Kerr quantities
0° for H> H,, and the anisotropy energy. Furthermore, by associating non-
equilibrium canted magnetic states with applied external

a=)arccogh/Ho) for —Ho<H <Ho, @ fields along appropriate directions, it is possible to character-
180° for H<-H, ize in a very simple manner Kerr angles as functions of these
with Hy=-2K/M. fields.
In Fig. 7 exactly the same Kerr angles as in Fig. 6 are
used, but this time as a function of an applied external mag- ACKNOWLEDGMENTS
netic field, the size of which being obtained by using either
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