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Magnetic susceptibility: An easy approach to the spin-reorientation transition
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The reorientation of magnetization is studied during film growth by means of ac susceptibility. The suscep-
tibility is obtained via the magneto-optic Kerr effect. For Co(Ald) a maximum of the susceptibility is found
at 4.38:0.07 atomic layers of Co. The susceptibility peak is demonstrated to represent the spin-reorientation
transition. The influence of external fields on the transition is explored. In agreement with theory shifts of the
susceptibility peak are observed in bias fields.
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Fundamental experiments in magnetism deal with phaskently, to the stiffness of the spin alignment. Ideally, a singu-
transitions. A well-known example is the transition from larity of the transverse susceptibility should be expected
ferro-to paramagnetism which is commonly observed via thavhenever the angle dependent energy exhibits a flat mini-
magnetic susceptibility. The susceptibility is defined as themum as a function of the magnetization orientation, since
response of magnetization due to the alteration of a magnetitien even very small magnetic fields will cause large swings
field. Close to the Curie temperatufe the magnetization of the magnetization direction, leading to a huge transverse
tends to zero on the average as the ordering effect of theusceptibility. Our experimental facilities offer the opportu-
exchange interaction is compensated by the disconcerting abity to study the magnetic ac susceptibility during thin film
tion of thermal fluctuations of the spins. AboWg, the fer-  growth in residual fields. Hence, an in vivo study of the
romagnet becomes paramagnetic. This transition featuresthickness-dependent reorientation transition can be per-
very well-pronounced susceptibility péak that can be eas- formed.
ily detected. Additionally a bias field can be applied during the suscep-

It is only recently that the susceptibility has been used tdibility measurement. External fields affect the energetic bal-
investigate the spin-reorientation transitions of ultrathinance of the different anisotropy contributions for the same
films.5>~8 Such transitions are of a somewhat special, orientaphysical reason which is operational in sensing the magnetic
tional type, yet their description has been demonstrated teesponse, namely, the Zeeman coupling. The applied-field
comply with the general framework of mean-field theory, atéffect can be equivalently seen as the action, and balance, of
least? The change of symmetry here results from the intertorque, acting on the magnetization vector. This torque
play of different anisotropy contributions whose magnitudewould typically drive the magnetization out of its zero-field
can be controlleddriven) by temperature, thickness, or even orientation. Consequently, the bias field affects the spin-
composition variation®* Since the distinct contributions reorientation transition and, since the various anisotropy con-
would typically vary in different ways under changes in thetributions are so very sensitive to thickness variations, a shift
driving parameter, the shift in the subtle energetic balance®f the critical thickness can be expected. A field applied per-
shows up as a change in orientation of magnetization, whil@endicular to the film plane stabilizes a perpendicular mag-
its magnitude remains constant as the system is still far fronietization direction and the reorientation transition moves
the corresponding ¢ and deep in the ferromagnetic phase.into the thickness range where an in-plane orientation of the
This change in the preferred axis of magnetization directiormagnetization would be found without field. For ColAlL1)
is considered as reorientation transition. this means that the spin-reorientation transition will be

So far only the temperature dependence of susceptibilitghifted to higher thicknesses as the magnetization reorients
has been studied within the context of reorientations in ultraffom perpendicular to in-plane alignment upon thickness
thin films. In contrast, here we take up the opportunity toincrease>~*’With in-plane(horizonta) bias fields the thick-
study thickness dependence of such transitions via monitoRess of the transition for Co/Alill) shifts to the opposite
ing the susceptibility during film growth by means of the direction of lower thicknesses. This scenario was predicted
magneto-optical Kerr effect. We demonstrate the power oby Millev et al'® but has not been observed yet. As the
the technique by investigating the spin-reorientation transifagneto-optical susceptibility experiment can easily be per-
tion of Co/Au(11). formed in a bias field we can check this hypothesis.

The susceptibility is measured in an alternating magnetic Sample preparation and experiments were perforimed
field (modulation field. Generally, it is a tensor. If the direc- situ under ultra high vacuunm{UHV) conditions ©<1.0
tion of the modulation field and the magnetization arex10™'® mbar). The A¢111) surface was prepared by Ar ion
perpendicular/parallel to each other, the transverse/paralléputtering (30° incidengeand subsequent annealing at
susceptibility will be obtained, respectivé§:> The trans- 650 °C. The quality of the surface was checked by Auger-
verse susceptibility is most sensitive to the spin reorientatiotlectron spectroscopy and low energy electron diffraction
as it depends on the strength of the anisotropies or, equivdEED). The 23< /3 reconstruction of the A1) surfacé®
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FIG. 1. MEED intensity oscillations of the specular beam during  FIG. 2. Hysteresis curves at 3.2 Mleft) and 6.4 ML (right)
Co growth on A111). obtained in fields perpendicular ftop) and within the film plane
(bottom), i.e., polar and longitudinal MOKE geometry, respectively.

was always clearly visible in the LEED pattern. The cobalt
films were grown by electron beam evaporation at room temtween the maxima of intensity at higher thickness.
perature at a rate of 0.3 ML/mifML =monolayey. In Fig. 2 hysteresis loops for Co/AlLl) are plotted for
The magnetic properties of the films were probed bydifferent orientations of the magnetic field. On the left/right-
means of the magneto-optical Kerr effdMOKE). The ex-  hand side loops of a 3.2/6.4 ML film are shown, respectively.
perimental setup is similar to the one used by Bagteal®®  The magnetic field was applied perpendicular to the sample
The polarization change afpolarized He-Ne-laser light re- plane (polar geometry for the upper curves and in-plane
flected from the sample is analyzed by an arrangement of dongitudinal geometryfor the lower curves. At 3.2 ML the
N4 plate, a linear polarizer and a photodio&polarized loop in polar geometry exhibits a rectangular shape which
light is used to keep the influence of the transverse Kerindicates a switching of the magnetization between the two
effect as low as possibfé.The magneto-optical response is orientations parallel to the field. The curve in longitudinal
detected as a relative intensity change. It has been shown thg¢ometry exhibits hard axis behavior, i.e., a linear depen-
this intensity change is proportional to the Kerr elliptiéty ~dence on field. Thus the hysteresis loops demonstrate that the
which scales linearly with the magnetization componentsasy axis of magnetization is perpendicular to the film plane.
perpendicular to the light polarizatidi?* The A /4 plate was At 6.4 ML the polar and longitudinal hysteresis curves have
incorporated in order to compensate the birefringence of thexchanged their shape with respect to the 3.2 ML case. The
UHV windows and thus to increase the sensitivty. longitudinal hysteresis loop is rectangular whereas the polar
Magnetic hysteresis loops were obtained in magnetids linear and cannot be saturated. This indicates that the pre-
fields oriented within and perpendicular to the sample planderred axis of magnetization is in-plane.
via the longitudinal and polar Kerr effect. The angles of in-  The set of hysteresis curves reveals that the magnetization
cidence were 45° and 15°, respectively. is perpendicular at 3.2 ML and in-plane at 6.4 ML. In be-
The experimental setup is slightly modified for measuringtween the preferred axis switches from the perpendicular to
the susceptibility:?® Via coreless coils magnetic ac fields can the in-plane direction upon thickness increase, i.e., a reorien-
be generated either within or perpendicular to the sampléation transition occurs. Further insight is gained by the in
plane. The field strengths are some tenth of mT. The frevivo susceptibility experiments.
quency is fixed to 113.94 Hz. The magnetic ac susceptibility Figure 3 shows the susceptibility during Co growth. Only
is obtained by detecting the phase locked response of thibe in-phase response is displayed as the out-of-phase com-
system during Co growth via MOKE. As the frequency of ponents are of no importance in the context of this paper. ac
the modulation field is quite low, the susceptibility can befields have been applied withirHC) and perpendicular to
treated as quasistatic. The susceptibility experiments are pethe sample planeH, ) with amplitudes of 0.12 mT and 0.05
formed with bias fields applied within the film plane, parallel mT, respectively. The Kerr ellipticities have been normalized
to the in-plane modulation field, and parallel to the plane ofwith respect to the amplitudes of the modulation fields. As
incidence of the light. the polar Kerr signal is about 8 times stronger than the lon-
The growth rate was calibrated via medium energy elecgitudinal Kerr signaf® a non-negligible contribution can be
tron diffraction (MEED). The intensity of a specular beam expected when probing the system with an in-plane ac field.
versus thickness is shown in Fig. 1. Modulations of the re+or that reason we did not convert the signals into Sl units.
flectivity are attributed to layer-by-layer grovithwhich are The main features of the magneto-optic signals at both
found to set in after deposition 66 ML Co. Immediately modulation fields are well-pronounced peaks which appear
after every susceptibility experiment the growth rate wasapparently at the same thickness of (4:3807) ML (Fig.
calibrated by MEED. The Co thickness was calculated fronB). Clearly, the peaks are located within the established
the deposition time utilizing the average time interval be-thickness range and can be attributed to the spin reorienta-
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FIG. 3. The in-phase component of the magnetic susceptibility F|G, 4. The in-phase component of the susceptibility during
measured during growth of Co/ALLY). The ac modulation field of  growth in different bias fields. The values of the bias fields are
0.12 mT/0.05 mT was oriented withiH() or perpendicular to the  giyen in the plot. The modulation field was perpendicular to the film
sample planeH] ), respectively. plane.

tion. Different critical thicknesses for the spin-reorientation

transition of Co/A111) have been reported in the literature should shift the reorientation transition to lower thicknesses.

as, e.g., 3.7-4.10 ME2 4.3-4.7 ML® and 3.5-5 M3  Hence, the peaks in the ac susceptibilities should shift to

One reason for the spread in data for the critical thickness foower thicknesses as well.

reorientation is the surface diffusion of Au even at room In Fig. 4, the magnetic susceptibility obtained in different

temperature. The Au coverage of the Co film increases witftorizontal bias fields is plotted. The modulation fi¢@i16

time® which increases the interface anisotropféesausing MT) was applied perpendicular to the sample plane. It is

shifts of the thickness of reorientatiéh3? obvious that the peaks shift towards lower thicknesses in
Figure 3 reveals that the shape of the susceptibility defield. On field increase the shift gets larger and the peaks

pends on the orientation of the modulation field. At higherappear at lower thicknesses which is in complete agreement

thicknesses the evolution of the two susceptibilities is differ-With the theoretical predictions of Milleet al*®

ent. While for perpendicular modulation the susceptibility

continuously decreases, it increases with thickness in the in- 8 — . —
plane field. The latter signal can be attributed to domain wall shutter closed — ~—
motion. Magnetic ac fields lead to back and forth movement 7r 3
of domain walls that causes the alternation of the magneti- g
zation averaged over the laser spot. Hence, a nonzero con- 61 §
stant parallel susceptibility has to be expected. As the 60.7mT o OmT
magneto-optical Kerr effect depends linearly on thickness in 5T °
ultrathin films34®° the increase of the magneto-optic re- E Al °
sponse with thickness is solely a magneto-optic effect. These ® S
considerations explain the parallel susceptibility above 4.6 ?'j 3| 9
ML. The decreasing transverse susceptibility, on the other g
hand, is in agreement with the hypothesis that the effective 2t 3
in-plane anisotropy becomes larger on thickness increase. g
Consequently the upper limit of the reorientation range can 17
be confined to 4.6 ML.

Thus we may conclude that the susceptibility peaks in the

two different modulation fields are to be correlated with the
spin-reorientation transition. The shapes and the detailed in-
terpretation of the susceptibility signals will be discussed in a
forthcoming paper.

400 500 600 700 800 900
time [s]

FIG. 5. In-phase component of the susceptibility during Co

The second goal of this paper is to demonstrate the influgrowth in perpendicular modulation fiel®.16 mT). In the begin-
ence of external fields on the reorientation transition. Theoning a bias field of 60.6 mT was applied. After the peak the evapo-
retically, a bias field will shift the reorientation transition to ration was interrupted and growth continued in zero field. For fur-
other thicknesse¥. For Co/Au111) a horizontal bias field ther details, see text.
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To resolve the thickness shifts a combination of bias field The susceptibility experiments in bias fields offer the di-
and zero field susceptibility experiments was performed thatect and easy proof of the influence of the field on spin re-
allows to measure the relative shift of the susceptibilityorientation. The interpretation of hysteresis loops at different
peaks in field(see Fig. 5. Starting with in-plane bias field, thicknesses, particularly to the purpose of determining the
growth is interrupted immediately after the susceptibility critical thickness, is not straight forward, because the varia-
peak and continued in zero field. The zero field peak is themion of two parameters, thickness and field, is involved. Only
observed with a certain time delay. Calibrating the growthcareful analysis of the hysteresis loop can give the correct
rate by MEED after the susceptibility experiment allows theninterpretation of the switching behavior of the magnetization
the transformation of the time delay into a thickness in-in field®®2which has to include the field effecting the spin-
crease. As a result, the relative shifts of the susceptibilityreorientation transition.
peaks in horizontal field with respect to zero field were de- In summary, we have presented a simple, versatile and
termined with high accuracy. Shifts 0of~0.26+0.06) ML, fundamental method to study the reorientation of the magne-
(—0.29+0.06) ML, and (-0.44+0.1) ML were found for tization during growth. Zero-field susceptibility experiments
50.8 mT, 60.8 mT, and 111.3 mT, respectively. on Co/Au111) were performed at different modulation field

To compare quantitatively the field shifts more experi-orientations. The arising peaks have been shown to correlate
ments particularly in bias fields oriented perpendicular to thewith the spin-reorientation transition. The application of an
film plane are necessary. With the additional set of data &xternal bias field within the film plane causes a shift in the
classification of the spin-reorientation transition and a determagnetic susceptibility maxima towards lower thicknesses in

mination of anisotropy values should be possible. conformity with the theoretical predictions.
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