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Introduction
Quantum entanglement is one of the most unique 

phenomena in modern physics and is a resource to 
many potential applications such as quantum telepor-
tation, cryptography, and quantum communications. 
It shows the strong correlation between the systems of 
particles which cannot be described by classical mechan-
ics. In the 1930s, Einstein, et al. [1] concluded that the 
quantum-mechanical description of a physical reality 
given by wave functions is not complete but believed 
that the theory is possible. Over the past few decades, 
significant research has been made on a variety of sys-
tems like atomic ensembles [2-5] and ion-traps [6] to 
demonstrate the photon-photon entanglement [7] and 
spin-photon entanglement [8-10] of different quantum 
states. The spin-photon entanglement is demonstrated 
in semiconducting nanostructures like Quantum Dots 
(QDs) with single spins interacting with incoming pho-
tons. The Kerr or Faraday rotation of the polarization 
of photons is observed in [11] and it created a renewed 
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interest in quantum magneto-optics by investigating the 
magnon-photon interaction and entanglement in metal-
lic nanostructures.

A magneto-optical Kerr effect (MOKE) magnetom-
eter has been previously used for the characterization 
of the magneto-optical properties of magnetic materials 
[12] at room and low temperatures but has not been uti-
lized for the exploration of entanglement of magnons. 
Theoretically the fundamental aspects of entanglement 
of magnons were presented in [13]. We here experimen-
tally report the magnon entanglement in multi-layer Co/
Pd thin films at low temperatures which are spatially sep-
arated inside a cryostat in a MOKE magnetometer.

Experiment
The Co/Pd test sample was grown by molecular beam 

epitaxy on a silicon dioxide substrate using electron beam 
evaporation. We followed a similar fabrication procedure 
illustrated in the work by Nwokoye, et al. [14]. The test 
sample composition is: 22 nm Si < 100 > /SiO2 substrate, 
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10 nm of Pd, (0.3 nm of Co and 1 nm of Pd) 15, 10 nm of 
Pd and 1.5 nm of Fe. The sample was designed to exhibit 
a high perpendicular magnetic anisotropy. The sample 

was cut into two pieces as shown in Figure 1 which were 
separated and glued on a thin rectangular copper sheet 
by a thermally conductive adhesive (Stycast 2850 FT/24 
VL) capable of withstanding low temperatures down to 9 
K and vacuum pressures lower than 1 × 10-5 torr.

The copper sheet with the two samples (S1, S2) was 
placed inside a vacuum cryostat of an automated cryo-
gen-free low-temperature PEM-based MOKE system. 
Details of the experimental setup and procedures are de-
scribed in [12]. The block diagram of the setup is depict-
ed in Figure 2. The design is used to study the correlation 
between magnons confined in two separated samples. 
The setup consists of two 638 nm red lasers (L1 and 
L2), Linear Polarizer (P1), PEM Modulator (P2), Opti-
cal CCR Cryostat (V), Electromagnet (E), Analyzer (A), 
Chopper (C), three Mirrors (M1, M2 and M3), and Laser 
Diode Detector (D).

(1) At room temperature, polar Kerr rotation hys-
teresis measurement on the sample S1 was recorded 
for applied magnetic fields ranging from -4 kOe to +4 
kOe with L2 switched off. On the same sample S1, polar 
Kerr rotation aftereffect measurement with holding field 
at the coercivity field of approximately 970 Oe for 600 
seconds was recorded. This is needed so that we could 
decisively identify the effect of the modulated laser from 
L2 on sample S1. Afterwards, L2 was switched on (allows 
modulated laser beam to be incident on sample S2) and 
both the polar Kerr rotation hysteresis and aftereffect 

         

Figure 1: Picture of two Co/Pd samples cut from same 
sample and placed 3.5 mm apart, edge to edge.
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Figure 2: Block diagram of experimental setup. L1 & L2 are laser sources, P1 is a linear polarizer, P2 is a PhotoElastic Mod-
ulator (PEM) crystal, E is an electromagnet, M1-3 are mirrors, A is an analyzer, V is vacuum cryostat, C is variable frequency 
chopper, and D is a laser diode detector.
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measurements were repeated on sample S1 for various 
chopper modulation frequencies ranging from 0 Hz to 
2 kHz. These measurements were performed in order to 
observe the coupling of the photon-magnon interaction 
in sample S2 onto sample S1 at room temperature.

(2) Keeping the temperature unchanged, the mirror 
M3 in Figure 2 was adjusted to redirect the modulated 
laser beam onto sample S1 in order to directly measure 
the influence of the modulated laser beam on the Kerr 
rotation of sample S1. Both the aftereffect and hysteresis 
Kerr rotation measurements were recorded.

(3) Following the procedure described in [12], low 
temperature measurements of the Kerr rotation hystere-
sis were recorded on the sample S1 at 9.5 K and 60 K with 
the following scenarios: (i) Laser L2 switched off; (ii) La-
ser L2 switched on and modulated laser beam incident 
on sample S2; (iii) Laser L2 switched on and modulated 
laser beam incident on sample S1. The proceeding para-
graphs discuss the results of the performed experiments.

Results and Discussions
The Kerr rotation aftereffect measurements at room 

temperature and holding field of 970 Oe for scenarios 
A1-3 are shown in Figure 3, where A1 represents mea-
surement with L2 switched off and there was no mod-
ulated laser on sample S1. A2 represents measurement 
with L2 switched on and mirror M3 is adjusted to allow 
the modulated laser with modulation frequency of 1 kHz 

to be incident on sample S1. A3 represents measurement 
with L2 switched on and mirror M3 is adjusted to allow 
the modulated laser with modulation frequency of 2 kHz 
to be incident on sample S1. We find from Figure 3 that 
the frequency of the incident modulated laser introduces 
amplitude offset to the Kerr rotation signal. This offset 
is evident in the aftereffect measurements because the 
aftereffect records the Kerr rotation signal over a time 
span. The hysteresis major loops measurement at room 
temperature are shown in Figure 4 and the curves depict 
no difference at the coercive field but a small difference at 
the remanence (zero applied field) and saturation field.

The result of the low temperature measurements at 
60 K are depicted in Figure 5. As shown, D1 depicts the 
Kerr rotation of sample S1 when laser L2 is switched on 
and modulated laser beam is incident on sample S2 at 60 
K. The D1 curve measures the amount of coupling from 
sample S2 onto sample S1. D2 depicts the Kerr rotation 
of sample S1 when laser L2 is switched on and the mod-
ulated laser beam is incident on sample S1 at 60 K. D2 
measures the influence of modulated laser beam from 
L2 on Sample S1. D3 depicts the Kerr rotation of sample 
S1 when laser L2 is switched off at 60 K. The D3 curve 
contains no influence of the external laser beam from 
L2 on sample S1. We noticed the following: (i) The Kerr 
rotation hysteresis loop response increased significantly 
with a decrease in temperature, this effect of an increase 
in magnetization with temperature was first observed 
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Figure 3: Kerr rotation signal time responses at coercivity field (≈970 Oe). A1 represents measurement without external mod-
ulated laser (baseline). A2 represents measurement with external laser with modulation frequency of 1 kHz. A3 represents 
measurement with external laser with modulation frequency of 2 kHz.
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by [15] and is been previously recorded [14,16]; (ii) At 
the coercivity field, all the curves D1-3 showed no dif-
ference between each other; (iii) At all the applied field 
values, curves D1 and D3 showed a negligible difference 
and were almost identical while, curve D2 showed an in-
creased value from the other curves.

The measurement results with lower temperatures 
down to 9.5 K are shown in Figure 6. The curve D4 de-

picts the Kerr rotation of sample S1 when laser L2 is 
switched on and the modulated laser beam is incident on 
sample S2 at 9.5 K. The D4 curve measures the amount of 
coupling from sample S2 onto sample S1. D5 depicts the 
Kerr rotation of sample S1 when laser L2 is switched on 
and the modulated laser beam is incident on sample S1 at 
9.5 K. The D5 curve measures the influence of the mod-
ulated laser from L2 on sample S1. D6 depicts the Kerr 
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Figure 4: Kerr rotation major hysteresis loop with and without external laser modulation frequencies at room temperature.
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Figure 5: Kerr rotation hysteresis major loops. D1 depicts 
the Kerr rotation of sample S1 when laser L2 is switched 
on and modulated laser beam is incident on sample S2 at 
60 K. D2 depicts the Kerr rotation of sample S1 when laser 
L2 is switched on and modulated laser beam is incident on 
sample S1 at 60 K. D3 depicts the Kerr rotation of sample 
S1 when laser L2 is switched at 60 K.
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Figure 6: Kerr rotation hysteresis major loops. D4 depicts 
the Kerr rotation of sample S1 when laser L2 is switched 
on and modulated laser beam is incident on sample S2 at 
9.5 K. D5 depicts the Kerr rotation of sample S1 when laser 
L2 is switched on and modulated laser beam is incident on 
sample S1 at 9.5 K. D6 depicts the Kerr rotation of sample 
S1 when laser L2 is switched off at 9.5 K.
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amount of interaction of the external modulated laser 
beam from L2 on the Kerr rotation of sample S1 at 60 
K (a temperature above the BEC transition temperature 
for the sample S1). The difference between curves D5 and 
D6 show the amount of interaction of the external mod-
ulated laser beam from L2 on the Kerr rotation of sample 
S1 at 9.5 K (a temperature below the BEC transition tem-
perature for the sample S1). Measurement curves D1 and 
D4 shows the amount of coupling (from the interaction 
of L2 laser on sample S2) gets into sample S1 at tempera-
tures above and below the BEC transition temperature 
respectively.

As mentioned above the presence of the external laser 
beam from L2 on sample S1 creates an offset in the Kerr 
rotation signal and we find that this offset is analogous 
to the increase in the Kerr rotation loops in D2 and D5. 
This interesting phenomenon has not been previously 
reported yet. This increase is due to the photon-magnon 
interaction and further investigation will be conducted 
on the phenomenon. Furthermore, we noticed that the 
Kerr rotation of D5 was greater than D6, but less than 
D4. Thus, there is a coupling phenomenon occurring 
when the temperature is decreased to 9.5 K as opposed to 
when the temperature is at 60 K. Low temperature mag-
netic measurements on the Co/Pd sample with similar 
nanometer dimensions has been reported to have a mag-
non Bose-Einstein condensation (BEC) phenomenon 
occurring at temperatures below 35 K [14].

The coupling phenomenon observed is attributed to 
quantum entanglement between the magnons in sample 
S1 and S2 as explained by the following arguments:

(i) At temperatures below the BEC transition tem-
perature of the sample, magnons confined in the sample 
begin to occupy the lowest energy state. Hence, at 9.5 K, 
a large portion of magnons confined in both samples S1 
and S2 occupy their lowest energy levels which are equal 
since both samples were once a single sample that was 
fabricated as described above in the experiment section.

(ii) The increase in the Kerr rotation does not arise 
from magnetic coupling between the two samples placed 
in closed proximity. The only coupling reported until 
now [17] is about the intra-layer coupling in multi-lay-
ered thin films. Also, the exchange coupling [18] is also 
limited to certain intra-atomic or molecular levels and 
not at such large distances as the two samples separated 
apart or the two lasers on the same sample. The magnetic 
field originating out of the two samples is not significant 
enough to be responsible for the observed coupling be-
cause at 60 K, the samples were placed inside relatively 
very high field up to 4 kOe and there was no coupling be-
tween the samples. The observed phenomenon indicates 
the occurrence of entanglement of magnons confined in 
the thin films.

rotation of sample S1 depicts when laser L2 is switched 
off at 9.5 K. This curve contains no influence of the ex-
ternal laser beam from L2 on sample S1. Again, we no-
ticed the following: (i) The Kerr rotation hysteresis loop 
response retained its large area size with the decrease in 
temperature; (ii) At the coercivity field, all the curves 
D4-6 showed no difference between each other; (iii) At 
all the applied field values except at coercivity, curves D4 
and D5 showed an increased value in Kerr rotation from 
each other and both curves had higher Kerr rotation val-
ues than D6.

The extracted remanent Kerr rotation temperature 
response is shown in Figure 7 which clearly shows the 
comparison of all the curves D1-6 with the aim to inves-
tigate the following questions:

(i) What amount of interaction will an external mod-
ulated laser beam have on the Kerr rotation of sample? 
This interaction arises from photon-magnon interaction 
in the sample.

(ii) How much of the photon-magnon interaction 
gets coupled onto another sample with identical material 
composition.

(iii) What happens when (i) and (ii) are repeated at 
temperatures above and below the BEC transition tem-
perature of the sample.

The difference between curves D2 and D3 show the 
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Figure 7: Normalized remanent Kerr rotation against tem-
perature. D1 depicts the Kerr rotation of sample S1 when 
laser L2 is switched on and modulated laser beam is inci-
dent on sample S2 at 60 K. D2 depicts the Kerr rotation of 
sample S1 when laser L2 is switched on and modulated 
laser beam is incident on sample S1 at 60 K. D3 depicts the 
Kerr rotation of sample S1 when laser L2 is switched off at 
60 K. D4 depicts the Kerr rotation of sample S1 when laser 
L2 is switched on and modulated laser beam is incident on 
sample S2 at 9.5 K. D5 depicts the Kerr rotation of sample 
S1 when laser L2 is switched on and modulated laser beam 
is incident on sample S1 at 9.5 K. D6 depicts the Kerr ro-
tation of sample S1 when laser L2 is switched off at 9.5 K.
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Conclusion
We have reported an experimental observation of en-

tanglement of magnons confined in the Co/Pd thin films 
at temperatures below the BEC temperature of the films. 
A MOKE-based system was used in the measurement. 
Magnon entanglement between the thin films resulted 
in the increase in Kerr rotation response of sample S1 
via coupling from a laser modulated sample S2 within 
a close proximity from each other. Further research in-
vestigation of the observed magnons entanglement phe-
nomenon will be conducted in near future. This finding 
paves a way for researchers to exploit quantum mechan-
ical effects of magnons for developing novel magnetic 
sensors.
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