PRL 102, 207206 (2009)

PHYSICAL REVIEW LETTERS

week ending
22 MAY 2009

Oscillatory Magnetic Anisotropy Originating from Quantum Well States in Fe Films
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The magnetic anisotropy of Fe film grown on vicinal Ag(1,1,10) surfaces was studied with the in situ
magneto-optic Kerr effect. Below 200 K, strong oscillations of the uniaxial magnetic anisotropy as a
function of Fe thickness with a period of 5.7 monolayers are found, which can even cause the easy
magnetization axis to oscillate between perpendicular and parallel to the steps. Such novel oscillation of
the anisotropy is attributed to the quantum well states of d-band electrons at the Fermi level in the Fe film.
This is unlike the previously observed oscillatory behaviors of ferromagnetic films caused by the quantum

well states in nonmagnetic interfacing layers.
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Modern magnetoeletcronic devices are based on metal-
lic films with thicknesses on the nanometer scale. The
electrons in such thin films could be confined perpendicu-
lar to the films to form quantum well states (QWS) [1-3].
The formation of QWS could result in oscillatory physical
properties as a function of film thickness such as the
oscillation of the interlayer exchange coupling [4-6],
magneto-optic effect [7], tunneling magnetic resistance
[8], and magnetic anisotropy [9,10]. Exploring such a
quantum size effect opens an opportunity to manipulate
various magnetic properties in magnetic nanostructures.

Magnetic anisotropy is one of the most important prop-
erties of magnetic materials. It can determine the orienta-
tion of the easy magnetization axis, and thus is crucial for
magnetoelectronic technology and its applications. The
magnetic anisotropy is caused by the spin-orbit coupling
of the electrons and therefore is affected by an altered
electronic band structure. In Cu/Co/Cu(001), the mag-
netic anisotropy was found to be modulated by the QWS
in nonmagnetic (NM) Cu film [9,10]. While the QWS in
the NM overlayer can modulate the electronic structure of
ferromagnetic (FM) film only through the interfacial hy-
bridization, the QWS inside the FM film itself can directly
alternate its electronic structure and modulate the magnetic
anisotropy much stronger. Theory predicts such effect in
Fe/Au(001) superlattices [11] and in Co/Cu(001) system
[12,13].

There are few experimental studies on QWS in FM
films. For example, QWS were observed in Co and Fe
films by inversed photoemission and spin-polarized elec-
tron reflection [14—17], however in unoccupied electron
band only. The intrinsic physical properties of FM are
related more to the electrons in the occupied band, but
there is only one report on QWS below E observed in Fe
films by angular resolved photoemission spectroscopy—
ARPES) [18]. Up to now no experimental observation of
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anisotropy oscillations induced by QWS in FM film has
been made. Thus, further experimental effort should be
made to answer whether (and how) do the QWS in FM
films affect the magnetic anisotropy.

In this Letter, we report on the oscillation of step-
induced in-plane uniaxial anisotropy with the Fe thickness,
dre, for Fe films grown on a Ag(1,1,10) vicinal surface,
with an oscillation period of 5.7 = 0.2 monolayers (ML).
Such an effect is attributed to the QWS of Fe d-band with
minority spins, and it occurs only at low temperatures (LT),
i.e., below 200 K. If measured at room temperature (RT),
1/dp. dependence of in-plane uniaxial anisotropy is
obtained.

The experiments were performed in a multichamber
ultrahigh vacuum system with the pressure below 2 X
10719 mbar during Fe deposition. A Ag(1,1,10) substrate
was used with 8° off the (001) surface and the step edges
along the [110] direction. The Ag(1,1,10) substrate was
prepared with cycles of 1 keV Ar ion sputtering and sub-
sequent annealing at ~600 °C. The sharp double-splitting
diffraction spots were formed in low-energy electron dif-
fraction. Using scanning tunnelling microscopy, mono-
atomic steps along the [110] direction were observed that
were nearly equidistant and regular. The average terrace
width is found to be ~2 nm. The Fe films were grown at
RT by molecular beam epitaxy as a wedged shape with a
slope of ~4 ML/mm along the [110] direction of the
Ag substrate, i.e., along the [100] direction of the Fe
film. After growth, the films were annealed at 150 °C for
30 min in order to improve the surface morphology
[19,20]. Magnetic properties were probed by the in situ
longitudinal magneto-optical Kerr effect (MOKE) with a
laser diode (wavelength 670 nm, beam diameter
<0.2 mm).

For Fe films grown on Ag(1,1,10) vicinal surface, the
competition between the surface anisotropy and the shape
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anisotropy results in a spin reorientation transition (SRT) at
a film thickness of ~7 ML Fe [21]. Above the SRT thick-
ness, the Fe film shows in-plane uniaxial anisotropy with
the easy axis parallel to the step direction. The longitudinal
hysteresis loops show rectangular shape when the external
field is parallel to the step direction; the double split loops
can be observed when the magnetic field is perpendicular
to the step direction, as shown in the inset of Fig. 1(a). The
split loops are characterized by a shift field (H) which is
proportional to the uniaxial anisotropy [9,10,21,22], so the
in-plane uniaxial magnetic anisotropy can be obtained
quantitatively from this single-loop measurement across
the Fe wedge.

Figure 1(a) shows that the shift field H, increases with
the Fe thickness and saturates above 60 ML of Fe when
measured at RT. The saturation value of the uniaxial an-
isotropy refers to the volume contribution, HY°""™  due to
the strain induced by the atomic steps. The strain originates
from the large step-height difference between film and
substrate due to the bcc or fcc character of the system
[22]. The thickness-dependence of H, can be well fitted
by a 1/dp. dependence formula H(dp.) = HYM"™ +
H/dg,, with the parameter HY°™® = 126 Oe and
H" = —1090 Oe - ML. Although the measured mag-
netic easy axis of the Fe film is along the step direction,
the negative sign of H{" indicates that the total contribu-
tion from the Fe/Ag interface and vacuum-Fe surface
prefers to align the magnetic moment perpendicular to
the step direction.
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FIG. 1 (color online). Shift field as a function of Fe thickness
measured for Fe/Ag(1, 1, 10) at (a) RT and (b) 5 K. Red line in
(a) is a result of fitting as described in the text. Inset shows
geometry of the MOKE experiment and a representative hys-
teresis loop.

At T =5 K we found that the SRT thickness shifts to
~10 ML. The thickness dependence of the shift field H
does not show any resemblance to the 1/dp. relation
observed at RT, but exhibits a large amplitude oscillation
with the Fe thickness with a period of 5.7 = 0.2 ML. The
oscillation amplitude around 15 ML of Fe is about 150 Oe,
1 order of magnitude larger than the anisotropy oscillation
in Cu/Co/Cu(001) system [9,10]. Above 35 ML no oscil-
lation behavior can be observed. The thickness-dependent
oscillation of a physical property usually originates from
either surface morphology [23] or the QWS in the films [4—
10]. However, the oscillation of the surface morphology
should have exactly 1 ML period, which is different from
our experimental results. Therefore we attribute the ob-
served thickness-dependent oscillation of the uniaxial an-
isotropy to the QWS in the Fe thin film. The QWS are
expected to relate to the electron wave confined perpendic-
ularly to the film surface. A possible effect on the magnetic
anisotropy of the lateral electron confinement perpendicu-
lar to the step edges [24] is assumed to be negligible since
it would originate at the film surface. Such QWS can
modulate periodically the density of states at the Fermi
level and thus modulate the magnetic anisotropy.

Since the thickness dependence of magnetic anisotropy
in an Fe/Ag(1, 1, 10) system is very different at RT and LT,
we systematically studied how changes in temperature
influence the QWS effect on the magnetic anisotropy. To
avoid the influence of possible contamination during the
measurement with long periods of time, a new capped
sample Au(4 ML)/Fe/Ag(1, 1, 10) was prepared showing
only in-plane magnetization for dg, > 5 ML. Figure 2
shows the representative loops for different Fe thicknesses
measured at 5 K in the magnetic field, H, applied either
perpendicular to the steps or parallel to the step edges. It is
seen that the easy axis direction of the uniaxial magnetic
anisotropy oscillates with the Fe thickness. When dg, =
11.5, 17.5, and 23.5 ML, the loops with H perpendicular to
the steps show square shape, and if we measure the loops
with H parallel to the steps, the double-splitting loops can
be obtained. When dp, = 15, 20.5 and 27.5 ML, the loops
show double-splitting loops for H perpendicular to the
steps, and the square loop can be obtained for H parallel
to the steps. A small portion of out-of-plane magnetization
is observed for the hard-axis loops in Fig. 2(b). This is due
to the competition between the shape anisotropy and the
magneto-crystalline anisotropy for the magnetization per-
pendicular to the steps [25,26].

The thickness-dependent H, at different temperatures is
plotted in Fig. 3(a). The shift field H| is defined as negative
when the double-splitting loops occurs for H parallel to the
steps (Fig. 2). The QWS effect on the Fe magnetic anisot-
ropy remains after Au capping. It is clear from Fig. 3(a)
that not only the quantitative value, but also the sign of the
shift field H, oscillates with the Fe thickness for 7 = 5 K.
The period of H; oscillations is the same as for the un-
covered sample, i.e. ~5.7 ML. When the temperature is
increased, the amplitude of the oscillation decreases and
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FIG. 2 (color online). Representative hysteresis loops for dif-
ferent Fe thicknesses measured at 7 = 5 K in a magnetic field
applied (a) perpendicular and (b) parallel to the steps. The results
indicate easy magnetization axis of the film oscillating with Fe
thickness.

only a monotonic change of the magnetic anisotropy can be
observed for 7> 200 K .

At RT, we found that the easy axis runs along the step
direction for thick film, similar to the uncovered sample.
However, for dg, < 19 ML there is an in-plane spin reor-
ientation transition and the easy axis switches to a direction
perpendicular to the steps. To directly compare the experi-
mental data with the 1/dp. dependence, the shift fields as a
function of 1/dg. were also plotted in Fig. 3(b), which
shows a good linear relation at RT for Fe films thicker than
10 ML. The fitted HY°""™® contribution (~150 Oe) is close
to that of the uncovered sample, whereas the H""" contri-
bution (—3004 Oe - ML) is strongly altered by the Au
covering. Such different H$"" values for uncovered and
Au-covered samples are responsible for the different back-
ground of the H, variation with the Fe thickness at LT as
shown in Fig. 1(b) and 3.

Based on the result shown in Fig. 3, the QWS effect
appears only at LT and increases with decreasing tempera-
ture. To make the temperature-dependent effect more clear,
the sample Au(4 ML)/Fe/Ag(1, 1, 10) with uniform Fe
thicknesses was investigated (Fig. 4). For a thick film
(dre = 40 ML), the shift field gradually decreases with
decreasing temperature. However, for dg, = 27 ML, one
sudden increase of H; can be observed at 60 K, and for
dg. = 15 ML, the transition temperature is 110 K (Fig. 4).
Such a transition should be related to the quantum size
effect according to the results of Fig. 3. Obviously, the
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FIG. 3 (color online). Shift field as a function of (a) Fe film
thickness and (b) of 1/dp. measured at different temperatures for
Au/Fe/Ag(1, 1, 10). Straight dashed line in (b) is a guide to the
eyes.

effect of QWS occurs at lower temperatures for thicker Fe
film.

It should be pointed out that QWS in NM films can
appear in many systems at RT, like in Cu/Co(001) and
Ag/Fe(001) [1-3]. However, QWS affects the magnetic
anisotropy in Fe films only at LT. One possible explanation
could be the short electron mean free path (MFP) in Fe
films. In order to form QWS, the MFP should be larger than
the film thickness. At RT, the MFP for Fe spin-up and spin-
down electrons at the Fermi surface are 1.5 and 2.1 nm
respectively [27], and may be different for s and d elec-
trons. Such small MFP can cancel the QWS at RT for thick
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FIG. 4 (color online). Shift field H, as a function of tempera-
ture for Au/Fe/Ag(1, 1, 10) with different Fe film thickness.
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films. Usually the MFP increases at LT by reducing the
electron-phonon scattering. Thus, the QWS can form at LT
in thinner Fe films at the point the MFP could become
larger than the film thickness. The effect of QWS on
magnetic anisotropy should occur at higher temperatures
for thinner films, which is consistent with the results of
Fig. 4. Indeed, the first ARPES evidence of the QWS in
Fe(110) films was also found at 7 = 25 K [18].

The oscillatory character of another important property,
i.e., of the spin-dependent transport in Fe/MgO/Fe tun-
neling junctions was also predicted by theory [28] and
confirmed experimentally [29]. The oscillation is attributed
to the QWS of minority electrons with a A; symmetry (s
character) of Fe(001). However the oscillation periodicity
is ~2 ML, which is different from our result. Since the
magnetic anisotropy originates from the spin-orbit cou-
pling, the more localized d-band electrons should contrib-
ute more to the magnetic anisotropy than the isotropic s
character electrons. Therefore, it is very reasonable that the
oscillation of the magnetic anisotropy is different to that of
the spin-dependent tunneling of s electrons with A; sym-
metry in an Fe/MgO/Fe system.

The perpendicular magnetic anisotropy in Fe/Au multi-
layers is predicted theoretically to be modulated by the
QWS in a d band of minority electrons with a A5 symmetry
[11]. However, the predicted oscillation period is ~10 ML.
The oscillation of the step-induced in-plane magnetic an-
isotropy may originate from the QWS in different
d-electron band. The oscillation period of QWS at Ey is
determined by the Fermi wave vector, kg, as A = 7/kp
[1-3]. We consider the theoretical bcc Fe band structure
along the I'H direction, i.e., along the direction the elec-
trons are confined in our Fe films [29]. In this case, the
value of ky of the Fe minority-spin d-band with A, sym-
metry is estimated to be 0.2kg, where kg7 is the Brillouin
zone wave vector. Thus, QWS at E in this band should
have an oscillation period of 5 ML, which is close to our
experimental value. All other electron bands result in very
different oscillation periods, so our result indicates that the
magnetic anisotropy in Fe film should have a stronger
relation to the minority-spin d-band with a A, symmetry.
Although no experimental results on the QWS in this Fe
d-band has been reported, it is very likely that the d
electrons in Fe film can be confined to form the QWS,
since there is no d electron states around Er for Ag(001)
substrate [1].

The absence of the QWS effect above 200 K is unlikely
attributed to thermal fluctuation. From the theoretical bce
Fe band structure [29], we estimate that for 15 ML thick Fe
film the energy separation of QWS around E in a
d-electron band is ~160 meV. This is much higher than
the thermal energy at RT, but no QWS effect is observed at
RT for Fe films of this thickness.

In summary, we studied the step-induced in-plane mag-
netic anisotropy of Fe film grown on a Ag(1,1,10) surface.

A strong quantum oscillation of the uniaxial anisotropy is
observed at LT with a period of 5.7 = 0.2 ML. For the
Au-covered Fe films, the easy magnetization axis also
oscillates between perpendicular and parallel to the steps
with the same period. Such a quantum oscillation is attrib-
uted to the QWS in a minority-spin d band at Er. The lack
of oscillation at RT may result from the thermal reduction
of the MFP. At RT, the 1/dp. behavior of the in-plane
uniaxial anisotropy was observed.

Technical support from H. Menge and G. Kroder is
acknowledged. Y.Z. Wu acknowledges the support by
NSFC and MOST of China (No. 2006CB921303 and
No. 2009CB929203), by SHEDF, STCSM, and Fok Ying
Tong education foundation.

*wuyizheng @fudan.edu.cn
[1] T.-C. Chiang, Surf. Sci. Rep. 39, 181 (2000) and refer-
ences therein.
[2] Z.Q. Qiu and N.V. Smith, J. Phys. Condens. Matter 14,
R169 (2002) and references therein.
[3] M. Milun, P. Pervan, and D. P. Woodruff, Rep. Prog. Phys.
65, 99 (2002) and references therein.
[4] S.S.P. Parkin, Phys. Rev. Lett. 67, 3598 (1991).
[5] J. Unguris, R.J. Celotta, and D. T. Pierce, Phys. Rev. Lett.
67, 140 (1991).
[6] Z.Q. Qiu et al., Phys. Rev. Lett. 68, 1398 (1992).
[7]1 Y. Suzuki et al., Phys. Rev. Lett. 80, 5200 (1998).
[8] S. Yuasa, T. Nagahama, and Y. Suzuki, Science 297, 234
(2002).
[91 W. Weber et al., Phys. Rev. Lett. 76, 3424 (1996).
[10] Ch. Wiirsch et al., Nature (London) 389, 937 (1997).
[11] G.Y. Guo, J. Phys. Condens. Matter 11, 4329 (1999).
[12] L. Szunyogh et al., Phys. Rev. B 56, 14036 (1997).
[13] M. Cinal, J. Phys. Condens. Matter 15, 29 (2003).
[14] D.H. Yu et al., Phys. Rev. B 68, 155415 (2003).
[15] E.J. Himpsel, Phys. Rev. B 44, 5966 (1991).
[16] R.Zdyb and E. Bauer, Phys. Rev. Lett. 88, 166403 (2002).
[17] J. Graf et al., Phys. Rev. B 71, 144429 (2005).
[18] J. Schifer et al., Phys. Rev. B 75, 092401 (2007).
[19] Z.Q. Qiu, J. Pearson, and S. D. Bader, Phys. Rev. Lett. 70,
1006 (1993).
[20] D.M. Schaller et al., Phys. Rev. B 59, 14516 (1999).
[21] R.K. Kawakami, E.J. Escorcia-Aparicio, and Z. Q. Qiu,
Phys. Rev. Lett. 77, 2570 (1996).
[22] Y.Z. Wu, C. Won, and Z. Q. Qiu, Phys. Rev. B 65, 184419
(2002).
[23] W. Weber et al., Phys. Rev. Lett. 76, 1940 (1996).
[24] A. Mugarza et al., Phys. Rev. Lett. 87, 107601 (2001).
[25] Y.Z. Wu et al., Phys. Rev. B 67, 094409 (2003).
[26] N. Mikuszeit, S. Piitter, and H. P. Oepen, J. Magn. Magn.
Mater. 268, 340 (2004).
[27] B.A. Gurney et al., Phys. Rev. Lett. 71, 4023 (1993).
[28] Zh.-Y. Lu, X.-G. Zhang, and S.T. Pantelides, Phys. Rev.
Lett. 94, 207210 (2005).
[29] T. Niizeki, N. Tezuka, and K. Inomata, Phys. Rev. Lett.
100, 047207 (2008).

207206-4



