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1 Introduction

Short pulses are useful for measuring ultrafast processes. In one femtosecond,
light travels a distance of ∼ 300 nm. This short time scale and distance
is useful when studying phenomena that occur at the atomic scale such as
electron excitation processes, lattice vibrations, magnetic phenomena, and so
on. These ultrafast pulses can also be used for generating higher harmonics
(HHG).
The aim of this project is to study the magnetization in Nickel Ferrite (NFO)
samples. Three samples of NFO are used here, each with a different substrate
- MgAl2O4 (MAO), MgGa2O4 (MGO), and ZnGa2O4 (ZGO), which create
different amounts of lattice mismatch with the NFO crystal lattice. The
objective of this project is to observe whether the lattice mismatch affects
the magnetization of NFO. This is done by using HHG with a T-MOKE
setup. When higher harmonics are generated, due to the symmetries of the
molecules and the laser field, only the odd harmonics are produced. There is
a gap of 3 eV between each harmonic. This proves to be a hurdle since some
of the data essential for studying these samples is lost in the large energy gaps
between each harmonic. However, this can be solved by creating a second
harmonic along with the fundamental laser. The second harmonic breaks the
symmetry, thus producing odd as well as even harmonics.
In this study, we first produce odd and even harmonics. We then use these
to observe the magnetization of the NFO samples. The methods used in this
study are described in detail below.

High Harmonic Generation (HHG)

Harmonic generation is a highly non-linear process in which the frequency
of the incoming laser light gets converted into its integer multiples. When
a highly intense and short, pulsed laser is focused onto atoms or molecules,
it can produce harmonics of very high orders [1]. This process can be used
to generate extremely short (attosecond scale), high energy pulses having a
high spatial and temporal coherence. The energy of the radiation generated
during this process is a superposition of odd multiples of the energy of the
driving laser.

If the driving laser has frequency ω, then the generated harmonics will
have frequencies in the form of nω where n is an odd integer [2]. These
frequencies can then be separated using an optical grating. Fig. 1 shows
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characteristic features of a high harmonic spectra.

Figure 1: Typical features of a HHG spectrum using argon gas showing the
decrease in intensity at the beginning, the plateau, and the cut-off. The
cutoff changes with different gases. Image credits: Ref. [1].

The intensity of the harmonics decreases rapidly in the beginning. They
have similar intensity for several orders in the middle, after which there is a
sharp cut-off and no more harmonics are generated. The maximum harmonic
photon energy can be found by:

Ecutoff = Ipot + 3.17Up (1)

where Ip is the ionization potential of the target atom. The ponderomotive
energy Up, which is the average energy of an electron driven by the oscillating
electric field of a laser, is given by

Up[eV] = E2
0/4ω

2
0 = 9.337 × 10−14I

[
W/cm2

]
(λ[µm])2 (2)

where E0, I, and λ are the strength, intensity, and wavelength of the
driving field, respectively [3].

The plot in Fig 1. shows peaks only at odd harmonics. This is because
the harmonics are produced twice with opposite phases in every laser cycle.
The even order harmonics interfere destructively and odd orders interfere
constructively, because the gas and the laser pulse show inversion symmetry
[1, 4]. This symmetry can be broken by using a second harmonic, that is, a
field which has double the frequency of the driving laser. When the second
harmonic is used, both the odd and even harmonics are produced. In this case
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only one harmonic pulse is produced per laser cycle and the overall efficiency
of high harmonic generation is also enhanced [4]. The odd harmonics with
two phases per laser cycle and the even harmonics with one phase per cycle
is shown in Fig. 2.

Figure 2: (a) Shows the harmonics generated in opposite phases twice every
laser cycle. (b) Shows odd as well as even harmonics which break the inver-
sion symmetry. The generated harmonic in this case is produced only once
per pulse cycle. Image credits: Ref. [4].

Transverse-Magneto-Optic Kerr Effect (T-MOKE)

The Magneto-Optic Kerr Effect (MOKE) is used to study ferromagnetism.
The main principle behind it is that when polarized light is reflected off the
surface of a magnetized material, there is a change in its properties due to
the magnetization in the sample. The change in properties gives information
about the behaviour of the magnetic material. The measurements by MOKE
do not affect the magnetization of the sample. MOKE can be used to measure
magnetization along polar, transversal as well as the longitudinal component.
The current setup is used to measure the magnetization of the sample when
the magnetization is perpendicular to the plane of incident light. It uses
an 800 nm laser with p-polarized light. A magnetic field is applied on the
samples to magnetize it. The intensity of the light changes when it gets
reflected off the magnetized sample. The photon counts are detected using
a microchannel plane (MCP) detector. These are seen as sharp peaks at
the absorption energy of the sample at specific harmonic orders as seen in
Fig. 1. The direction of the magnetic field is flipped every cycle. This gives
information about the asymmetry of the absorption peaks. The asymmetry

3



can be found using the formula -

Asymmetry =
I(M+) − I(M−)

I(M+) + I(M−)
(3)

where I(M+) and I(M−) are the intensities obtained by flipping the direction
of the magnetic field. Femtosecond HHG are used for studying samples such
as Nickel Ferrites as opposed to regular ultrafast optical light, due to their
higher energy. This higher energy level enables us to measure the 3p core
level energies of the sample which are the same as M-absorption edges. This
makes it is easier to distinguish the asymmetry contributions from Fe and
Ni separately, which would not be possible if optical light were used for this
purpose.

Nickel Ferrite - structure and properties

The samples used in this study are Nickel Ferrites or NFO (NiFe2O4). They
are soft ferrimagnetic materials. Crystal structures of this form are said to
have an inverse spinel structure. Ferrites with such cubic structure show
interesting magnetic properties, high resistivity, mechanical hardness, and
chemical stability, which has been of interest in several fields due to its var-
ious applications in spintronics, optoelectronics, magneto-electronics, and
biotechnology [5].

Here, Ni is a divalent cation and Fe is a trivalent cation. The complete
unit cell of this structure consists of 8 FCC cells as shown in Fig. 3. It has
2 FCC sub unit cells as shown in Fig. 4(a) and 4(b).

The NiII ions occupy the octahedral voids. Half of the FeIII ions occupy
the tetrahedral voids and the other half occupy octahedral sites. The O2−

anions occupy the FCC lattice points. The ratio of Ni:Fe:O is 1:2:4 [6]. Thus
there are two Fe sublattices and 1 Ni sublattice. Despite the spin alignment
for the sublattice being ferromagnetic, the strong exchange interaction be-
tween the two sublattices forces the octahedral and tetrahedral spins into
an anti-ferromagnetic alignment. The Fe magnetic moment will cancel out
but since the asymmetry signal is at different energies for Feoctahedral and
Fetetrahedral, the asymmetry signal will not cancel out. Thus the net moment
is generated by the resultant moment from the Ni cations on the octahe-
dral sites [7]. The NFO films used in this study have a thickness of 40-50
nm. They are grown on three different spinel substrates: MgAl2O4 (MAO),
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MgGa2O4 (MGO), and ZnGa2O4 (ZGO). The lattice mismatch between the
substrate and NFO is 0.06% for ZGO, 1.6% for MGO and 3% for MAO.

(a)

Figure 3: Unit cell of NiFe2O4 consisting of 8 FCC units cells. The Fe
atom (green) is shown occupying the tetrahedral (Td) voids as well as the
octahedral voids (Oh). Ni atoms (blue) occupy the octahedral voids and O
atoms (red) occupy the FCC lattice points. Image credits: Ref. [6].

(a) (b)

Figure 4: (a) and (b) show the two sublattices in the spinel structure. The
Fe, Ni, and O atoms are represented by the colours green, blue, and red
respectively. Derived from [8].

These films are compressively strained [7]. The magnetic properties of
these crystals are affected by the strain on the lattice caused by the substrate.
The effect of such strain from the substrates has been studied here.
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2 Background and Method

The setup to create odd and even harmonics required add-ons to the existing
T-MOKE setup at the HELIOS lab [9]. In this setup, a pulsed (<35 fs), 800
nm, near infrared (NIR), Ti:Sapphire laser system was used as the driving
laser. A schematic diagram of the setup is shown in Fig. 5.

Figure 5: Schematic diagram showing the beam path. The ’adj. iris’ is
used to adjust the beam width and power. The beam is then focused inside
the gas cell in the vacuum chamber. This is where the higher harmonics
are produced. They pass through the grating where a path difference is
introduced between the energies. It is then refocussed and sent to the T-
MOKE. Image credits: adapted from Ref. [9].

The laser beam is focused into a gas cell. An iris is placed in the beam
path to control the beam power and diameter. The XUV pulses are generated
inside a 16 mm long gas cell. The laser beam enters, and the generated higher
harmonic along with the driving laser exits the gas cell (Fig. 6(a)) by burning
holes through the walls of the cell in the beam path which are made using 0.1
mm thick copper plates. This process of laser-drilling the holes ensures that
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the gas cell is self-aligned and the drilled holes are optimal in size [9]. The
gas cell is placed on a linear translation stage along the beam path, inside
a vacuum, to fine-tune the HHG. The vacuum chamber and gas cell can be
filled with Ne, He or Ar gas. The XUV radiation is generated at the focus of
the NIR laser and is collimated using a mirror, then sent through a grating.
The grating can be used to separate specific energy ranges. A photodiode
can be placed after the exit slit of the grating to measure the photon flux of
the generated radiation. If the photodiode is removed, the beam can travel
further and reach the sample. In this case, the grating is replaced by a mirror.
The light then gets reflected of the mirror and reaches the microchannel
plate (MCP) detector after being reflected off the sample. The sample is also
placed inside a vacuum on a rotation stage, with a magnetic field across the
sample holder. When the magnet is on, the sample is magnetized. When
the incoming beam hits the magnetized sample, its intensity can get altered.
This setup is used to observe the generated higher harmonics. Only the odd
harmonics can be observed using this setup. When the gas cell is pumped
with Helium, several odd harmonics in the higher energy range are obtained
as compared to Argon gas which gives more harmonics in the lower energy
range. Since Ar gas has a lower ionization potential as compared to helium, it
requires lesser laser power and lower gas pressures to produce the harmonics.
This makes it easier to generate HHG. Generally, the amount of HHG photons
produced using Ar gas are 10 times higher than when He gas is used. Thus
the odd and even harmonics were initially tested and optimized with Ar,
then later attempted using He. The use of He gas is essential to study these
samples because the energy cutoff of the HHG produced with He is above
the absorption edges of Fe (54 eV) and Ni (66 eV). The cutoff energy for Ar
lies just below 54 eV so it cannot be used to study samples with Fe and Ni.
An Al foil is used to block IR as well as the harmonics produced below 20
eV.

Odd + Even harmonics

The previous setup requires certain additional equipment to produce a sec-
ond harmonic such that the symmetry is broken and both odd as well as even
harmonics are produced. The additional equipment includes a β-Barium Bo-
rate (BBO) crystal, two calcite plates and one waveplate which are arranged
as shown in Fig. 6(b).
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BBO crystal

The second harmonic was generated using a β-Barium Borate (BBO) crystal.
BBO is a nonlinear crystal which produces a second harmonic with high
efficiency. The crystal used here is a type 2 phase matching crystal. Its
refractive index for 800 nm (red) light is 1.66 along the ordinary axis and
1.54 along the extraordinary axis while that for 400 nm (blue) is 1.69 and
1.56 along the ordinary and extraordinary axis, respectively [10]. It is cut
30◦ out of plane. This helps to ensure that the phase difference in the two
harmonics (fundamental and SHG) is minimum. This is important since, to
get good HHG results, the power of the second harmonic is required to be
at least 10% of that of the driving laser. Other essential factors for good
HHG production are that the driving laser and the second harmonic must
have the same polarization, the pulses must reach at the same time, and the
ellipticity of the output pulses must be as low as possible [4].

(a) (b)

Figure 6: (a) Vacuum chamber where the Cu plates are highlighted with
red outline. (b) Additional optics required to create odd+even harmonics
showing the beam path before entering the gas cell. The BBO crystal, calcite
plates, and waveplate together produce odd and even HHG.

The BBO crystal produces blue light whose polarization is perpendicular
to that of the driving laser. On the other hand, the crystal maintains the
polarization of the driving laser (red light). As a result when they emerge
out of the crystal, their polarizations are perpendicular to each other. In
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addition, they also have a phase difference between them. The phase of the
red light is slightly ahead of the blue light. However, for our purpose, we
need the red and blue light to be in phase and have the same polarization.
This would require delaying the red light such that its phase agrees with that
of the blue, and rotating the polarization of red light such that it overlaps
that of the blue. For fixing the phase difference we use another nonlinear
medium - Calcite plates.

Calcite plates

Two calcite plates were used to change the phase difference between the red
and blue light. Calcite is a birefringent crystal. We make use of this property
to slow down red light. Two plates are used so that we have control over
the beam position. They are rotated and kept at an angle to each other
to get the correct timing. The plates create a larger phase difference than
required, this time with the blue light ahead of the red. This phase difference
is compensated by the waveplate.

Waveplate

Once the phase difference has been changed, the remaining task to produce
efficient HHG is to ensure that the red and blue light have the same polar-
ization state and overlap in time. The lights must show good spatial as well
as temporal overlap. Since the red and blue light have polarization perpen-
dicular to each other, a 800 nm waveplate is used to change the polarization.
This waveplate rotates the polarization of the red light but ensures that the
blue light is not affected. It also ensures that the two are overlapped in time.

Optimization

Thus the conditions required for generation of odd and even harmonics are
satisfied. The setup can be optimized by aligning the gas cell using the
translation stage, by adjusting the gas pressure inside the vacuum cham-
ber, changing the size of the iris to adjust beam width and power, and by
changing the shape of the beam by using the Dazzler. When each of these
parameters are well optimized, fine rotations of the tilted calcite plates along
one direction will show oscillations when the light hits the photodiode. Each
oscillation corresponds to changing the phase delay between the 400 nm light
and 800 nm light by one wavelength (400 nm). Large oscillations imply that
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there is a good spatial and temporal overlap between the 800 nm and 400
nm light. The oscillations obtained from this setup are shown in Fig. 7.
The amplitude of the oscillations obtained from fine rotations in either of
the calcite plates is seen to be about 2.5x10−9.

Figure 7: Oscillations seen on rotating either of the calcite plates.
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3 Result and Discussion

The setup was built to produce odd as well as even harmonics. The newer
harmonics generated can be seen in Fig. 8. The odd harmonics (blue) have a
large gap between each peak which is 3 eV. The even harmonics (black) fill in
the gaps such that there are peaks at every 1.55 eV as mentioned previously.

Figure 8: Odd harmonics (blue), odd+even harmonics (black).

The odd and even harmonics produced were used to study the magne-
tization in NFO samples on three different substrates. For the T-MOKE
measurements, the samples were placed inside a high vacuum at an angle
of 45◦. At this angle, the polarization of the light is not affected, although
the intensity varies. The highest asymmetry signal, which is what we use
for analysis, is seen at the this angle. The detector then counts the number
of photons and gives an intensity vs pixels plot. It takes two sets of mea-
surements by flipping the direction of the magnet, with each set averaged
over 500 readings. The background (without harmonics) was measured and
subtracted from the average of each of the measurements. The figures below
show the intensity vs pixel plots for all the samples before (Fig. 9 (a)) and
after (Fig. 10 ) subtracting the background. Fig. 9 (b) shows the average
background that is subtracted from the measurements.
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(a) (b)

Figure 9: (a) Intensity vs pixels plots for NFO-MGO, NFO-ZGO, and NFO-
MAO without removing the background. (b) Background (without harmon-
ics)

Figure 10: Intensity vs pixels plots for NFO-MGO, NFO-ZGO, and NFO-
MAO after removing background.

The change in reflectivity of NFO with respect to photon energy is seen
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in Fig. 11. This was generated using the website as mentioned in Ref. [11].
The chemical formula for NFO is specified (NiFe2O4). The density is set to
-1 gm/cm3 so as to use the tabulated densities as mentioned on the website.
The RMS roughness is set to 0 nm. The polarization is set to -1 which
implied that the light is p-polarized. The photon energy is scanned from
40-72 eV in 100 steps at an angle of 45 degrees and the resulting linear plot
is shown below. As observed, the reflectivity decreases from 40 eV- 50 eV
but again increases after 52 eV. This can be seen in Fig. 12 as the baseline
of the Intensity vs energy plots for all three substrates is not flat. It can be
seen particularly well in the NFO-MGO plot (blue).

Figure 11: Reflectivity of NFO. Image credits: Ref. [11].

The energy of the last peak is known to be at 72 eV. Although He gas can
produce harmonics with energies above 72 eV, these harmonics are blocked.
Since it is known that the last peak is at 72 eV and that the energy gap
between each peak is 1.55 eV, the energy of each peak could be calculated.
The energy of each peak is plotted against the intensity in Fig. 12. As
observed from the previous figure, the NFO-ZGO and NFO-MAO samples
have low reflectivity, so they required longer time-averaged measurements
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than NFO-MGO. A current of 15 A was applied to the magnets for the all
the samples.

Figure 12: Intensity vs energy plots for NFO-MGO, NFO-ZGO, and NFO-
MAO.

The asymmetry in the absorption peaks is found using Eqn. 3 mentioned
previously. The absorption edge for Fe is at 54 eV and that for Ni is at
66 eV. These appear as peaks in the asymmetry plots as shown in Fig. 13.
The x-axis represents the energy and the y-axis shows how much asymmetry
there is in terms of percentage.
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(a)

(b) (c)

Figure 13: Asymmetry vs energy plots for NFO with each of the substrates.

Each of the plots shows a peak at 54 eV for Fe and 66 eV for Ni. The
strength of the asymmetry change with substrate. Table 1 shows the relation
between the strain and the asymmetry.

It can be observed that the increase in strain on the NFO lattice decreases
the asymmetry although it does not appear to show a clear pattern.The
asymmetry appears to decrease drastically when the strain is increased from
0.06% to 1.6%, but it again increases when the strain is increased to 3% in
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Strain Asymmetry (Fe) Asymmetry (Ni)
NFO-ZGO 0.06% 23.5% 17%
NFO-MGO 1.6% 5.8% 5.9%
NFO-MAO 3% 7% 8%

Table 1: Relation between strain and asymmetry in the three NFO samples.

the case of NFO-MAO. We also observe that the direction of the asymmetry
signal for the NFO-MGO sample is flipped with respect to the other samples.
This can be seen clearly at the Ni peak (66 eV) where NFO-MAO shows an
asymmetry of +6% while NFO-ZGO and NFO-MAO show -17% and -8%,
respectively.
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4 Conclusion and outlook

The odd and even harmonics generated help us study the magnetization in
NFO with smaller energy gaps. It gives more information in terms of in-
tensity of the peaks as well as the asymmetry. The asymmetry appears to
decrease with increase in strain but it again increases slightly when the strain
is increased from 1.6% to 3%. In the future, more asymmetry measurements
could be done to study the changes in asymmetry with respect to strain in
NFO samples. Theoretical calculations of reflectivity (magnetization depen-
dent) could also be performed for investigating the effect of strain.
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