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Multi-layer magnetic recording driven by a tunable laser
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All-optical magnetization switching with features of low-power consumption and high writing speed is a prom-
ising road map to satisfy the demand for volume data storage. To promote denser and faster magnetic recording
technologies, herein, all-optical helicity-dependent switching (AO-HDS) in multi-layer magnetic recording is
proposed based on the chromatic aberration of an optical lens (Thorlabs’s N-BK7 plano-convex uncoated lens).
The power of the incident beams and the thickness of the multi-layer magnetic recording film are designed care-
fully. Besides, the uniformity of this multi-layer magnetic recording is optimized. At last, a prototype system of
information multiplexing based on this multi-layer magnetic recording technology is constructed as well. Flexible
and controllable magnetization reversals in different layers are also demonstrated by tuning the wavelength and
helicity of working beams. We believe that such a prototype system can pave the way for increasing the storage
density in an effective and low-cost mode.
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As conventional two-dimensional (2D) magnetic storage
technologies, hard-disk drives have existed for more than
half a century and almost reached their performance
envelope. Researchers have made enormous attempts
at new approaches to promoting denser and faster mag-
netic recording technologies for a long time22. All-optical
helicity-dependent switching (AO-HDS), where the mag-
netization can be reversed precisely, is driven by a series of
ultrashort optical pulses with left- or right-handed circular
polarization, offering a new pathway to satisfy the de-
mand for high-density data storage with low-cost energy
and high writing speed, and has attracted considerable
attention due to its potential applications®¥. The mech-
anisms of AO-HDS originate from the inverse Faraday
effect (IFE) and thermal effect®. In fact, this process
depends largely on the distribution of the optical electric
field®2X, Consequently, tailoring the optical electric field
distribution is an effective and simple way to achieve
multi-layer magnetic storage.

Based on the aforesaid concept, many new strategies
on multi-layer magnetic storage have been provided,
e.g., a4 optical configuration™, a plane wave spectrum
method™2 and an inverse calculation method with dipole
antenna theory2 2, However, those three strategies suffer
from the complexity of aligning these double optical paths,
poor efficiency of the wave spectrum method, and high
costs of components employed in the inverse calculation
method. These prototype systems face serious practical
limitations. Recently, the AO-HDS in a Co/Pt system is
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surveyed, and the threshold of AO-HDS for the ferromag-
net is 0.67 mJ/cm?2). When the laser fluence is smaller
than the threshold, no switching is performed, and only
a demagnetization and slower re-magnetization process ex-
ist. However, with the increase of laser energy, AO-HDS is
observed. In further increasing the laser energy, thermal
demagnetization appears, as the magnetization is heated
up to a high temperature, where the ferromagnet cannot
cool down, and the resulting value of magnetization will
be zero. Hence, when the laser fluence is selected at a proper
value, the IFE can determine the switching of the magneti-
zation. To promote denser and faster magnetic recording
technologies, based on the chromatic aberration of an op-
tical lens, in this paper, we use a computer to simulate the
chromatic aberration of the optical system and demon-
strate the possibility of multi-layer magnetic recording
by using a tunable laser. The power of the incident beams
and the thickness of the multi-layer magnetic recording
film are designed carefully, and the magnetic system is
heated to just below the Curie point by the femtosecond
laser. Besides, a prototype system of information multi-
plexing is constructed as well, according to this multi-layer
magnetic recording technology.

As shown in Fig. 1, two beams with wavelengths 1; and
A5 from a dual-wavelength laser22 as an example, are
first collected by a Thorlabs objective lens (N-BK7 plano-
convex uncoated lens?) and then focused towards the
interface at z = O; and z = O,, respectively. The focal
length of a plano-convex lens can be calculated as follows:
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Fig. 1. (a) Optical system of layered-resolved all-optical toggling
of magnetization. (b) Diagram showing incident beams focused
by an objective lens into a two-layer MOF. L, objective lens;
MOF, magnetic-optic film.

f = R/(n;— 1), where R is the radius of curvature for the
convex surface of the plano-convex lens, and nj is the
refractive index of the lensZ2). According to the tutorial
of a Thorlabs N-BK7 plano-convex uncoated lens, the re-
fractive index of the objective lens is changed under differ-
ent wavelengths, as the blue line shows in Fig. 2. As a
result, the focal length is altered, which is presented in
the pink line (see Fig. 2). In Fig. 2, the radius of curvature
of the plano-convex lens selected is R = 6.2 mm.

In Fig. 2, the focal length of the uncoated lens can be
modeled as an inhomogeneous dependence given by the
following expression:

f(A) = —2.56 x 10* x 171762 4 12.34. (1)

As for two illuminating beams with wavelengths
A =780 nm and Ay = 800 nm, their focal lengths are
frs0 = 12,1287 mm and fggy = 12.1384 mm, respectively.
Thereby, when these two beams illuminate the same
plano-convex lens, they will be focused at different depths.
Consequently, the optical electric field distribution in the
image space can be tailored.

According to the vectorial Debye theory, the electric
field of these two beams at their focal points can be calcu-
lated precisely®2Y. As the inset shows in Fig. 1(a), in
the ' — ¢/ reference frame for a left-handed circularly
polarized incident beam, the field at the image space point
Q(r, ¢, z) can be expressed as
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Fig. 2. Refractive index and focal length of an N-BK7 plano-
convex uncoated lens as a function of the wavelength A.
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Here, 6, is the convergence semi-angle of the lens, and
0nax = arcsin(r/f), where 7 is the maximum radius of the
lens, and we set r = 6.2 mm. k = 2z/1 is the wave num-
ber, .J, is the nth Bessel function of the first kind, and A4 is
a constant, which is determined by the wavelength of the
incident beam, the focal length of the lens, and electric
field of the incident beam. As the most extensive applica-
tion of laser technology, Laguerre-Gaussian (LG) beams
are widely applied in modern scientific research. The fun-
damental mode of an LG beam is taken as an example in
our simulation. Since most objective lenses obey the sine
condition, the constant A can be described as the following
formulal:

4(0) _—ikaU(\/iﬁo sino) exp[ﬁg( sin @ )Z}

27 Sin @, Sin 6,,ax
(4)

In Eq. (4), Ay is another constant representing the
amplitude of the incident beam, and A, =1 is selected
in the next simulation. Following the foregoing analysis,
the intensity distribution of the focused beam in the focal
region can be obtained. According to the IFE, the induced
magnetic field in the magnetic-optic film (MOF) can be
expressed as

M = iy[E x E*], (5)

where y and E* are the magneto-optical susceptibility of
the MOF and the conjugate of the electric field E, respec-
tively. In our simulation, the MOF can be GdFeCo or
Co/Pt2, and their switching of magnetization is deter-
mined by the helicity of the laser pulse, when the laser flu-
ence is selected at a proper value. Figure 3 presents the
intensity distribution and the induced magnetization in
the focal region, and the polarization and wavelength of
the incident beam are left circular polarization and
780 nm, respectively. Figures 3(a) and 3(c) show the three
components of the electric energy (I,,I,,1,) and total
electric energy (I = I, + I, + I,) in the 2/ — 3 plane and
the ¢ — z plane, respectively. Figures 3(b) and 3(d)
show the three components of the induced magnetiza-
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Fig. 3. Intensity distributions in the (a) 2/ —¢ plane and
(¢c) ¥ — z plane, respectively. Induced magnetization in the
(b) 2 —y plane and (d) y —z plane, respectively. The
incident beam is left circularly polarized with wavelength
A = 780 nm. The intensity and the magnetization are normalized
to the maximum value of the intensity and magnetization,
respectively.
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tion (M,, M,,M,) and total magnetization (|M|=

VME+ M2+ M?) in the o/ —y plane and the ¢ — 2z

plane, respectively. In Fig. 3, these intensities and the in-
duced magnetization are normalized to the maximum
value of the total electric energy I and the maximum
value of M, respectively. From the analysis of Eq. (2),
in Figs. 3(a) and 3(b), we can see that the polarization
of the focus is left circularly polarized. Thereby, a mag-
netic field with a positive direction along the z axis is in-
duced by IFE [Fig. 3(d3)]. In Fig. 3(d4), it can be found
that an optical needle with about 6.3 pm in depth and
0.484 in width is obtained in the focal region. According
to Eq. (5), we can find that the distribution of the induced
magnetization is relative to the intensity distribution of
the focused optical laser™®?. Figures 3(a4), 3(b4), 3(c4),
and 3(d4) conform to the assumption. Comparing with
Figs. 3(c4) and 3(d4), we can see that there is an overlap
between the distribution of electric energy and the in-
duced magnetization. Therefore, tailoring the optical elec-
tric field distribution is an effective and simple way to
achieve multi-layer magnetic storage.

As revealed before, focusing optical beams with differ-
ent wavelengths will generate different focal points.
Figure 4 shows the total electric energy distributions of
two focused beams with different wavelengths on the
y — z plane, and the incident beams are left circularly po-
larized with wavelengths 4; = 780 nm and 4, = 800 nm,
respectively. As we have analyzed before, the distribution
of the induced magnetization is in accordance with the in-
tensity distribution of the focused optical pulse, and Fig. 4
presents the distribution of the focused optical pulse only.
In Fig. 4(a), these two total electric energies are normal-
ized to the maximum value between 780 nm and 800 nm,
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Fig. 4. Total intensity distributions on the y — z plane of two
focused beams with wavelength (a) 4, = 780 nm and (b) 4, =
800 nm. (c) Cross-section total intensity distribution on the
y — z plane.

and we can find that an offset with a value of about
0.01 mm exists between these two foci. Figure 4(b) shows
the cross-section total intensity distribution of these two
focused beams on the y — z plane, and these two focal
points almost have the same energy distributions. Hence,
a two-layer magnetic recording can be achieved easily if a
two-layer MOF with an interlayer is located after the ob-
jective lens, where the two MOF layers are positioned at
the two focal planes, respectively.

However, if the two-layer MOF is located at the two
focal planes, as shown in Fig. 1(b), where the first layer
of the MOF is located at the focal plane z = Oy, the real
focal plane of wavelength A, will shift a distance to point
05, due to the mismatch of the refractive indices across the
interface®22). and this distance is called focal shiftl
Therefore, the thickness of the interlayer should be de-
signed seriously. Based on the vectorial Debye theory
again, the transmitted electric field in this optical system
with an interlayer interface could be expressed asZ22

B A + Be )
Ey(r,p,2) = | B} | = | —iA(Il; — Ije ™) |, (6)
E? —QiAI% e
where

x Jo(kyr sin ) ek2? 50240,
= /U%M e hPl0L 8] eos Osin 0,(t,sinby)
x J1(kyr sin 0;) ett2# 0240,

2 91!)?[){ _
I5 = e
0

X Jo(kyr sin ;) eih2# 050240, (7)

ho®(01.0:)\/cos O sin 0 (t, — t, cos Oy)

Here, r, ¢, and z are the cylindrical coordinates of
an observation point near the z= 0, plane, 0, =
arcsin(r/f,), and k; = n;k, where n; is the refractive index
of the corresponding layer. In Eq. (7), ¢, and t, are the
amplitude transmission coefficients of the parallel polari-
zation state and the perpendicular polarization state,
and they can be calculated by the Fresnel equation as
follows22:
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In Eq. (7), ®(0,,6,) is a well-known aberration
function®, acquired by the mismatch of the refractive in-
dices of these different layers, and it can be written as

®(0,,60,) = —l(ny cosf; — ny cosby), (10)

where [ is the probe depth, and the incident angle 8; and
the refraction angle 0, are connected through Snell’s law,
as shown in Fig. 1(b).

Besides, the wavelength of 4, will also be reflected to O,
across the interface, and the reflected electric field in this
optical system can be calculated as follows2:

ry=— M’ (11)
sin(6, + 6,)

v, — tan(0; — 6,) . (12)
tan(6; + 6,)

Figure 5 shows the transmission coefficients and reflec-
tion coefficients under different €, and we can find that
most of the energy of the incident beam passes through
the interface. Therefore, the reflection on the interface
is neglected in this paper.

Figure 6 shows the intensity distribution of these two
incident beams with wavelengths 1; = 780 nm and 4, =
800 nm in the whole spatial range. The probe depth
[ =0.01 mm can be seen in Fig. 6. To simplify the calcu-
lation process, we assume that the interlayer has the same
refraction as the MOF and the refractive index ny, = 1.75.
Figures 6(al) and 6(bl) show the electric field intensity
distribution and the cross-section total intensity distribu-
tion in the focal region. Compared with Fig. 4, we can find
that in Fig. 6 the focal shift of 1, is about 0.01 mm, and the
full width at half-maximum (FWHM) of the focal point is
stretched simultaneously. Due to the mismatch of the
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Fig. 5. Transmission coefficients and reflection coefficients
under different 6.
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Fig. 6. Total intensity distribution of the focal fields with differ-
ent wavelengths in the whole spatial range. (al), (bl) Amplitude
constant 4, = 1. (a2), (b2) Amplitude constant 4, = 1.35.

refractive indices of these different layers, some energy
is reflected, resulting in about a 58% decrease of the focal
energy.

In the aspect of three-dimensional (3D) magnetic-optic
recording, the uniformity of the focal field amplitude has
been applied to evaluate the performance of multi-layer
magnetic recording, and the uniformity is routinely de-
fined as 1 D, where D is the maximum difference among
these focal points in the normalized total intensity distri-
bution. To increase the uniformity of these two foci, the
amplitude of the second incident beam is increased by
tuning the constant A, to 1.35. As shown in Figs. 6(a2)
and 6(b2), the uniformities of these two foci are evaluated
as almost 100%, and such a high uniformity can offer an
excellent tolerance multi-layer magnetic recording. On the
other hand, by controlling the amplitude of the corre-
sponding incident beams, magnetization reversal in differ-
ent layers, where these MOFs have different coercivity,
can also be realizedTY.

Next, we expand the two-layer magnetic recording to
three-layer magnetic recording as shown in Fig. 7, where
three incident beams with wavelengths A, = 780 nm,
Ay = 800 nm, and A3 = 820 nm are focused by the same
objective lens. According to Eq. (1), the focal length of
the third incident beam is fgoy = 12.1476 mm. The inten-
sity distributions of these three focal points are shown in
Fig. 7, in which the amplitude constant A, of the second
and third incident beams is the same, equaling 1.35. We
can find that these three focal points have good uniformity
[see Fig. 7(b)]. The FWHMs of these three focal points are
about 6.72 pm, 10.92 pm, and 12.6 pm, respectively.

The thickness of the interlayer is calculated as well. As
shown in Fig. 1(b), the thickness of the interlayer satisfies
dy = fi, — f1 — dy, where d; is the thickness of the first-
layer MOF, and f}, is the real focal length of 1,. It is easy
to obtain that the thickness of the second interlay
dy = f4 — f4 — ds, where f} is the real focal length of 3.
Figure 8 presents the chromatic aberration of the focal
lengths under different probe depths /. In Fig. 8, we define
A as the chromatic aberration of the focal length, and
Ay =fh—f1, Ay =fL — f,. In Fig. 8, Ay is a monotoni-
cally increasing function of I, while A, is a constant with

102501-4



COL 18(10), 102501(2020)

CHINESE OPTICS LETTERS

October 2020

1211 1212 1213 1214 12.15 12.16 12.17 12.18 1219 12.2

z/mm
1 - : : ‘
]
o W el fie] —
08" b¢ ——2, (]
(5 ——),
061 ¢
3
8
0.4
$
02} $

0
1211 1212 1213 1214 1215 1216 1217 1218 1219 122
z/mm

Fig. 7. (a) Total intensity distribution of the focal fields with
different wavelengths in the whole spatial range. (b) Cross-
section total intensity distribution on the y — z plane.

16.212 pm. Due to the foregoing assumption, we propose
that the interlayer has the same refractive index as the
MOF. In Fig. 7, it can be found that the thicknesses of
the first and second interlayers should be larger than
the FWHM of the second and third focal points to reduce
the interactive influences among different intensity distri-
butions caused by these different incident beams. There-
fore, the thicknesses of these two MOFs should be less
than 8.82 pm and 15.12 pm, respectively. In Fig. 8, we
can see that when [ = 0.01 mm, A; is about 18.066 pm.
Consequently, if d; = d3 = 0.01 pm, the thicknesses of
the first and second interlayers are about 18.056 pm
and 16.202 pm, respectively.

At last, we also construct a multi-layer magnetic record-
ing system by using a tunable laser, as shown in Fig. 9. As
a conceptual illustration, this prototype system consists of
an n-layer MOF with n wavelengths impinging into the
MOF, respectively. The different states of the MOF in dif-
ferent layers can be obtained by tuning the wavelengths of
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Fig. 8. Chromatic aberration of the focal lengths under different
probe depths 1.
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Fig. 9. Scheme of information multiplexing by the multi-
layer magnetic recording system. The incident beams are with
different wavelengths and polarizations. L, left-handed circular
polarization; R, right-handed circular polarization; H, hybrid
polarization.
the incident beams by a tunable filter®2J, Intriguingly,
this prototype system can also induce MOF with in-plane
states by modulating the polarization of the incident
beam®2. As shown in Fig. 9, the red wavelength induces
the spin in the first-layer MOF with the “right” state, the
blue wavelength induces the spin in the second layer MOF
with the “left” state, and the green wavelength induces
the spin in the nth-layer MOF with the in-plane state.
In Fig. 9, the polarization of 4; and 4, is left- and right-
handed circularly polarized, respectively. As shown in
Fig. 10, when the polarization of the induced beam is
right-handed circularly polarized light, the induced mag-
netic fields is along the —z direction [Fig. 10(b3)]&24
while the intensity distribution in the focal region is
the same as the left-handed circularly polarized light
[Fig. 10(a)]. The polarization of A3 is hybrid, which can be
generated by tailoring the amplitude, phase, and polariza-
tion??, and an oriented in-plane magnetization is induced,
resulting in the spin in layer three with the in-plane state.
In this case, this system shows its potential in multi-
layer magnetic recording. In practice, if the polarization,
phase, and amplitude of the input beam are further opti-
mized, more states of MOF can be realized. Therefore, this
system has great potential applications in information
multiplexing. We should also point out that the readout
process is another key process in AO-HDS. To readout
the data record in different layers of MOF, the magneto-
optical Kerr effect, combining with the cross sections
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A

Fig. 10. (a) Intensity distributions and (b) induced magnetiza-
tion in the 3 — z plane. The incident beam is right circular
polarization. The intensity and the magnetization are normal-
ized to the maximum value of the intensity and magnetization,
respectively.
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extracted from background-corrected magneto-optical
images can be applied?. Last, but not least, the storage
densities can also be promoted by selecting proper inci-
dent beams, for example, azimuthally polarized vortex
beams? 2, where the magnetic bits recorded can be
reduced to nearly 30%, enabling multi-layer magnetic re-
cording of nanoscale domains. Besides, an oil immersion
objective lens with a larger NA can also be applied to fur-
ther reduce the size of the focal point, and the storage
densities can be enhanced more.

In summary, according to the chromatic aberration of
an optical lens, we investigate the chromatic aberration
of the focal lengths of different wavelengths, and a strat-
egy to achieve multi-layer magnetic recording through a
tunable laser is proposed in this paper. By tuning the
wavelength and helicity of the working beams, the choice
of layer of the MOF dictates what is used to record. The
thickness of the multi-layers magnetic recording film is de-
signed carefully as well. In addition, the uniformity of this
multi-layer magnetic recording is surveyed and optimized.
Lastly, the potential for volume data storage of this strat-
egy is explored, and a prototype system of information
multiplexing is constructed according to this multi-layer
magnetic recording technology. We believe that such a
prototype system can present an effective and low-cost
step towards high-density storage.
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