PISUKO-MATEMATHUYHI
HAYKHU

106

YIR 536.51.083.6/621.373.826+620.179.142.6

«Moaoguit BueHHi» * Ne 6 (21) » HacTtuHa 1 * yepBeHsb, 2015 p.

NONDESTRUCTIVE MAGNETO-OPTICAL LASER THERMOMETRY

Maksymykhin M.Ye.
University of Maine, France,
National Technical University of Ukraine
«Kyiv Polytechnic Institute»

Parpiiev T.A.
University of Maine, France

The research of nanomaterial samples by magneto-optical methods is performed. One set of the samples has little coercive
force and it is not possible for us to change it with weak external magnetic field. In another set of samples coercivity is
larger so after heating such sample with laser it is possible to observe the change of hysteresis loop under heating. Very
interesting observation was made, such as for thin layer of nonmagnetic material (40 nm of gold) with light penetration
of 15 nm we could still observe magneto-optical signal of next deposited magnetic layer. Application of this technique al-
lows controlling quality and homogeneity of the ferromagnetic samples with nanometer depth resolution without applying
complicated femtosecond technique. We did not observe decreasing of magnetic signal with heating by continuous laser of
high (up to 1.5 W) power but we saw the change of coercivity.
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ntroduction. Sustained interest in nanostruc-

tures due to the possibility of significant mod-
ifications and fundamental changes in the qualities
of materials known in the transition to the nano-
crystalline state. Created through nanotechnology
new nanoscale magnetic materials exhibit a num-
ber of unusual properties: giant magnetic resis-
tance (GMR), giant magnetic impedance (GMI), the
anomalous Hall effect (AHE), strong magneto-op-
tical (MO) response and anomalous optical effects.
The subject of intense experimental and theoretical
researches is the question of the mutual influence
of composition and microstructure on the magnetic,
magneto-optical and magnetictransport properties
of nanoheterostructures. Despite the large number
of works there is still no clarity in understanding of
the processes that accompany the restructuring of
the material. At nanoscale there are following sig-
nificant parameters that are responsible for ma-
terial properties: interactions among nanoparticles
and with substrate, as well as influence of the size
and surface effects.

In this connection are relevant experimental meth-
ods to gain an understanding of the internal structure
of such materials and features of the magnetic inter-
action in them. Optical and magneto-optical methods
are the most simple, efficient and informative in the
study of nanostructures. MO methods have several
advantages, the main of which consists in the fact
that, unlike optical, they are susceptible to spin. MO
methods sensitive to the presence of magnetic non-
homogeneities, changesof the shape and the particle
size, their volume distribution and the appearance of
new magnetic phases.

In the last ten years the field of femtosecond mag-
netism has attracted huge attention which is con-
firmed by a large number of researches in this area.
It poses fundamental questions as well as possible ap-
plications such as ultrafast magnetization switching.
Under influence of femtosecond laser pulses ferro-
magnetic films exhibit an ultrafast demagnetization.
Usually for investigating the underlying microscopic
processes responsible for the observed demagnetiza-
tion the magnetic solid picoseconds laser pulses are
used. Observed reduction in the coercivity with in-
creasing pump power is attributed to a heat-assist-
ed magnetization switching process taking place on
the millisecond timescale. We show that such type
of experiment could be formed with continues laser
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irradiation and propose an experimental setup that
would allow this experiment to be done.

Coercivity is a structurally sensitive characteris-
tic, so it can be used for the analysis of structural and
phase transformations in magnetic materials for the
study of lattice defects formed under various influ-
ences on the metal (plastic deformation, irradiation).
Through this work we will widely use this property
of magnetic material.

1.1. Samplesand experimental setup

The samples under investigation are cobalt thin
films (with thickness 30nm), grown quasi-epitaxially
on a sapphire substrate by means of electron beam
evaporation, covered by gold layer thus we had mul-
tilayer samples.

Sample set:

= 20 nm Au/30 Co/Sapphire

= 40 nm Au/30 Co/Sapphire
50 nm Au/30 Co/Sapphire
70 nm Au/30 nm Co/Sapphire

= 100 nm Au/30 Co/Sapphire

= 130 nm Au/30 nm Co/Sapphire

— 160 nm Au/30 nm Co/Sapphire

The detailed experimental setup for measurements
is described with help of fig. 1. Briefly, a two-color
pump-probe experiment is used, where pump laser
is operating at a central wavelength of 532 nm in
continues mode. For probe He-Ne laser is using with
wavelength of 632 nm. A high signal to noise ratio
(SNR) is accomplished by means of balanced opti-
cal bridge detection with subsequent lock-in filtering.
Experiments are performed at room temperature in
the transversal Kerr configuration. In our case the
external field is applied perpendicular to the multi-
layer gold/cobalt/sapphire sample.

Generally in TR-MOKE record full hystere-
sis loops is not recorded, but the difference in the
Kerr signals (positive and negative) for two external
fields that are large enough to magnetically saturate
the sample. For observing dynamic behavior of both
magnetic saturations and coercivity we record com-
plete hysteresis loops without any time delays. It al-
lows as to control quality of alignment and check if
irreversible sample damage occurs.

Beam splitter cube is put on for split a beam of
light emitted by a probe laser in two. It is necessary
for generating a reference beam which is in turn used
to balance the photodetector thus allows to increase
SNR. Another beam which passes the splitter is fo-
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cusing on the sample and then, after reflection, it falls
on the detector. Laser characteristics are listed below:

Probe laser:

— wavelength — 632 nm,;

— intensity — 1 mW.

Pump laser:

— wavelength — 532 nm,;

— intensity (max) — 5 W.
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Fig. 1. Schema of the setup

1.2. Hysteresis loop detecting

Dynamic method of measuring TR MOKE is de-
tecting small changes in the intensity of the reflect-
ed light when the sample magnetization reversal of
an alternating magnetic field. Computer program for
hysteresis loop detecting was developed by using
MatLab and LabView. The main idea of developed
program isfollowing: first of all we detect two signals
(sine wave magnetic field signal and magneto-optical
signal), further using DAQ Card and PC these two
signals are processedafter preliminary Lock-in treat-
ment. Then program build several graphics including
hysteresis loop of testingsample. A change of its form
can be observed as a result of heating the sample [1].
The scheme of data acquiring is shown on fig. 2

1.21 kHz | SRS SER)
Amplifier Magneto-
il optical signal
Detect
Lock-in Amplifier i
[~ New Focus -
2307 Sl S
Computer TR
(data
processing) ™
DAQ Card SCB-68 T

Oscilloscope

Fig. 2. Data detecting and processing diagram
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To observe two signals in real time mode we were
using two-channel oscilloscope.

For detection of the magneto-optical signal was
usedLarge Area Balanced Photoreceiver (400-1070
nm, 1 MHz). New Focus 2307 with maximum tran-
simpedance gain for several gain positions equal to
2*10%, 105, 2*¥10° V/A. We worked with low gain.

DAQ Card SCB-68 National Instruments was used
in our setup for convert physical values into digital
form for further processing. Data acquisition is the
process of sampling signals that measure real world
physical conditions and converting the resulting sam-
ples into digital numeric values that can be manip-
ulated by a computer. Data acquisition systems (ab-
breviated with the acronym DAS or DAQ) typically
convert analog waveforms into digital values for pro-
cessing. The components of data acquisition systems
include: sensors that convert physical parameters to
electrical signals; signal conditioning circuitry to con-
vert sensor signals into a form that can be converted
to digital values; analog-to-digital converters, which
convert conditioned sensor signals to digital values.
Data acquisition applications are controlled by soft-
ware programs developed using various general pur-
pose programming languages [2].

Due to the fact that magneto optical signal is rela-
tively low we got to use a lock-in amplifier. We used
a lock-in amplifier from Stanford Research Systems.
They are also known as phase-sensitive detectors.
This is a type of amplifier that can extract a signal
with a known carrier wave from an extremely noisy
environment. Depending on the dynamic reserve of
the instrument, signals up to 1 million times smaller
than noise components, potentially fairly close by in
frequency, can still be reliably detected. Recovering
signals at low signal-to-noise ratios requires a strong,
clean reference signal the same frequency as the re-
ceived signal. This is not the case in many experi-
ments, so the instrument can recover signals buried
in the noise only in a limited set of circumstances.
Lock-in measurements require a frequency refer-
ence. Typically, an experiment is excited at a fixed
frequency (from an oscillator or function generator),
and the lock-in detects the response from the exper-
iment at the reference frequency. Lock-in amplifiers
generate their own internal reference signal usually
by a phase-locked-loop locked to the external refer-
ence. We used this possibility for generate internal
reference signal by 1.21 kHz to create electromag-
netic field.

A skin-layer deep for material is calculated using

following expression:
A

" 4nk

where A — is wavelength, k — is absorption rate of

the material.

Table 1
Co optical parameters
A=0.5 pm A=5.0 pm
g § z | g § Z
H=lS B > = g >
ol ©% &9 | £ 9% &0 | £
Sl 2t | g5 | &% | 2 | g5 | ¥
3! o = B! o =
Kol < v = < 5]
a - = a - =
- o - o
1.56 343 65.9 4.3 14.6 92.9

Consequently, for probing Co with A=0.632 pm
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Fig. 3. Depends of the magneto optical signal
as a function of depth h

1.3. Measurement errors

Source of measurement errors, which affect the
value of the magneto-optical effects, but do not af-
fect on the spectral curves (systematic errors) consist
of errors associated with the accuracy class of devic-
es, with the inaccuracy of their setting, with noise
and pickups in the measuring system, the influence
of scattered light on radiation detectors and other
systematic errors may also include errors associat-
ed with inaccuracy of the position of the angle of
incidence of light on the sample, etc. Some of this
interference can be taken into account and elimi-
nated some minimized. In particular, the least-con-
trolled noise and crosstalk are minimized by appro-
priate positioning devices, lead wires, their shielding
and grounding. Therefore it is necessary to carefully
darken the optical part of the setup. It is difficult
to estimate theoretically the contribution of individ-
ual random errors in the accuracy of magneto-op-
tical effects; they can vary from measurement to
measurement. In each case, they can be determined

40Au/30Co/Sapphire

. a) Purmp poer (W) b)
l‘x'l[l 3 -
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experimentally by studying the distribution of the
measured value. Numerous inspection and evaluation
show that they do not exceed 10%.Influence of ran-
dom errors is minimized by multiple repetitions of
measurements, as well as a thorough stabilization of
power supply of photodetector and radiation sources.
In this case, random errors are minimal in the areas
of highest sensitivity setting and constitute 2-3%.

Results and discussion. Figures 2-6 presents a
series of hysteresis loops recorded for samples with
various goldthicknesses and with different pump la-
ser powers. All measurements except one are made
from substrate side. All presented curves are revers-
ible. We observed sample destruction after about
1.5..1.6 W powers.

For 40Au,/30Co/Sapphire sample (fig. 4) we were
able to record hysteresis loops from both sides (sub-
strate and gold). As was found earlier, skin layer for
cobalt for wavelength of 632 nm is about 14 nm and
for gold it is 15 nm. That is why, in principle we
should not see any magnetic signal from gold side but
we observe almost the same tendency for hysteresis
loop but with amplitude of magnetic signal which
is 10 times smaller. Such observation proves that all
measurements made from substrate side are clean
and could be trusted.

Through all the data we clearly observe a mono-
tonically decreasing coercive field with increasing of
pump power. Similar trend of magnetic coercivity of
cobalt was observed in [3].

For some samples (20Au,/30Co/Sapphire,
50Au,/30Co/Sapphire, 70Au,/30 Co/sapphire) we
did not observe so large change of the coercivity and
of magneto-optical signal (fig. 9) even after increas-
ing of magnetic field in 3 times. We suppose that
samples with initiallow coercive field (magnetically
hard) are less sensitive to temperature fluctuations.
And from another side all remaining samples could
be defined as magnetically soft and are good for in-
vestigation of heating.

It was considered that behavior of magnetic coer-
civity of ferromagnetic material under temperature
influence could be observed without using complicat-
ed ultrafast pump-probe techniques. Unfortunately
we could not get temperature of ferromagnetic ma-
terial under investigation during heating them from
our experiments because of relatively high Curie
temperature of Cobalt (*1400K) and relatively weak
magnetic fields (200 mT). Observed unusual growth
of signal amplitude could be due to some alloy of gold
and cobalt.

From fig. 9 it can be seen that amplitude of mag-
neto-optical signal grows linearly with increasing of
pump power.

Coercivity field is linearly decreasing at
higher pump powers as it shown on fig. 10.

To calibrate our results we use the re-
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flectivity measurements. For gold, it was
found that nis increasing with temperature
andkis slightly decreasing for wavelengths
500 nm, 670 nm, 830 nm [4]. It means that
the signal reflected from heated surface
should be of higher amplitude than that
from non-heated.

By solving the Fresnel equations in the
Matlabfor s and p polarized light we can
get the reflectivity ratio as a function of
angle of incidence (fig. 11).

After adding temperature term in these

?01 =03 -0 =01 Q 4] [+ oz o
External magnetic field, Alm

Fig. 4. Hysteresis loops for 40Au/30Co/Sapphire sample from

a) cobalt side and b) gold side

-4 =43 =02 =01 o
External magnetic field, Afm
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equations and solving them we can get the
dependence of reflectivity from tempera-
ture as it shown below:
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Where R,(ny) is reflectivity for p-polarized light
for a particular wavelength.

We are interested only in this component of light
because of our set-up configuration.

For gold at wavelength 632 nm the behavior of
reflectivity versus temperature is shown on fig. 12. As
it was supposed, reflectivity is higher for heated gold.

The result of fitting is presented on fig. 13, where
red stars are experimental data and blue line is fit.
Initially, we suppose that the starting point of fit-
ted curve is equal to ambient temperature T=300K.
And the only fit parameter that we use is the upper
bound temperature.

T0AW30Co/Sapphire
Jxo” . . Pump power (W)
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External magnetic field, A/m

Fig. 5. Hysteresis loops for 70Au/30Co/Sapphire
sample from Sapphire side
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Fig. 7. Hysteresis loops for 130Au/30Co/Sapphire
sample from Sapphire side

Dependence of the
signal amplitude from
pump power

Fit line

Kerr signal, V

0:‘2 0.‘4 0j6 OjB ; 'Ii'l 14
Pump laser power, W
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This fit gives the heating equal to 125K. Destruc-
tion of the sample on this relatively low tempera-
tures could be explained by inaccuracies in pump and
probe lasers focusing. Parameters that were used for
fitting:

ny = 0.19715
ky = 3.0899i
7107

ar ~ *—

dk

& _11-10
T

ng, ko — refractive index (real part of complex in-

dex of refraction), extinction coefficient (imaginary
part of complex index of refraction) %, % derivatives
with temperature for wavelength 1=632 nm [4]. And

temperature gradient AT.
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Fig. 6. Hysteresis loops for 100Au/30Co/Sapphire
sample from Sapphire side
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Fig. 8. Hysteresis loops for 160Au/30Co/Sapphire
sample from Sapphire side
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Fig. 10. Coercivity change as a function
of pump laser power
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Fig. 11. Dependence of reflectivity of gold
from angle of incidence

Conclusion. Asa result of this work experimen-
tal set-up for TR MOKE measurements was build.
Also automatic hysteresis loops recording program in
LabView was designed. Several samples sets were in-
vestigated. One set of the samples has little coercive
force and it is not possible for us to change it with
weak external magnetic field. In another set of sam-
ples coercivity is larger so after heating such sample
with laserit is possible to observe the change of hys-
teresis loop under heating.

Very interesting observation was made, such as
for thin layer of nonmagnetic material (40 nm of
gold) with light penetration of 15 nm we could still
observe magneto-optical signal of next deposited
magnetic layer.

Application of this technique allows control qual-
ity and homogeneity of the ferromagnetic samples
with nanometer depth resolution without applying
complicated femtosecond technique. We did not ob-
serve decreasing of magnetic signal with heating by
continuous laser of high (up to 1.5 W) power but we
saw the change of coercivity.

Also a technique for measurements of tempera-
ture via reflectivity changes was proposed. It was
estimated that heat up by continuous laser is equal
to 125K. To evaluate adequacy of such technique we
propose to make the same experiment but instead of
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continuous laser to use special heating device with
controlled temperature.

It is possible to create magneto-optical thermom-
eter if Curie temperature will be adjusted to the de-
sired value (lower than existing). It is possible to do
by varying the cobalt thickness. The optimal cobalt
thickness lies between one and two atomic layers.
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HEPYITHIBHA MAHITO-OITUYHA JIABEPHA TEPMOMETPIA

AwnoTanis

Buxonane pocrimgskeHHA 3pasKiB HaHOMAaTepMaJiB 3a JOIOMOIOI0 MArHITOONTMYHMX MeToniB.OINH KOMILIEKT 3pa3KiB Mae
HEBeJIVIKY KOEPUUTMBHY CUJIYy i He MOKJIMBO 3MIHMTM JI0r0 3a JOIIOMOTOI0 CJA0KOTrO 30BHIITHBOTO MAar”iTHOro moJsid.B
inmomy Habopi 3pa3KiB KoepLMUTMBHA cuja OijbIllle, TOMY IICJIA IPOTPIBY TAKOTO 3pas3Ka 3a JOIOMOIOI0 Jia3epa MOXKHA
criocrepiraTti 3MiHy netJi ricrepesucy npu HarpiBauHI. JlyKe IikaBe crocTepeskeHHA 0yJ0 3pobJieHO, AJIA TOHKOTO IIapy
HeMarHiTHoro marepiaJy (40 HM 30Js10Ta) i3 MIPOHMKHEHHA CBiTJIa 15 HM MokHa OyJio criocTepiraTyi MarHiTOOIITMYHMI CUT-
HaJI HACTYIIHIN BKJIAJI MAarHiTHOrO IIapy. 3acTOCYBaHHA JaHOI METOOMKN JO3BOJIAE€ KOHTPOJIIOBATH AKICTD i OHOPIIHICTE
dpepoMarHiTHNX 3pas3KiB 3 HAHOMETPOBMM JIO3BOJIOM II0 IJMOMHI Oe3 3aCTOCYBaHHA CKJALHOI (PEeMTOCEKYHIHOI TeXHIKI.
Muwn He cnocrepirasnyu 3MeHIIIEHHS MAarHiTHOIO CUTHAJY 3 HArpiBaHHAM 3a JIOIIOMOTOI0 0e3IepepBHOro Jia3epa BUCOKOI (o
1,5 BT) noTysKHOCTI, aJle criocTepirasach 3MiHa KOEPIMTUBHOI CUJIL.
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HEPA3SPYHIAIOIIAA MATHUTO-OIITNYECKA{A JASEPHAA TEPMOMETPIA

AHHOTAIIUA

Brmosneno uccienoBanue 00pasiioB HAHOMATEPUAJIOB C IIOMOIIBI0 MAarHUTOOITUYECKNX MeTonoB.OMH KOMILIEKT 00pas-
LIOB MMeeT HeDOOJIBIIYI0 KOSPLMUTVUBHYIO CUJYy ¥ He BO3MOYKHO M3MEHMTBH €T0 C IIOMOIIBIO CJIa0Oro BHEIIHEr0 MarHUTHOTO
nosa.B npyroit Habope 00pas3LoB KOSPIMTUBHAA cusa OOJIbIIE, II0ITOMY IIOCJe IIPOTrpeBa TAaKoro obpasija ¢ IMOMOIIBLI0 Ja-
3epa MOYKHO HabJIIoaTh M3MEeHeHe IIeTJ IcTepesyca Ipy HarpeBauuy. OdeHb nHTepecHoe HabJoqeHne ObLIO cesaHo,
JIJIsT TOHKOTO CJIOA HEMAarHuTHOro Matepuasa (40 HM 30510Ta) ¢ IPOHMKHOBEHMA cBeTa 15 HM MOXKHO ObLIO HaOJ/IIONaTh Mar-
HUTOOIITUYECKNUIT CUTHAJ CIIEeLYIOIIel BKIAJKY MAarHUTHOTO cJos. IIpuMeHeHne TaHHOM METOAVKY TO03BOJISIET KOHTPOJPO-
BaTh KAYECTBO U OQHOPOLHOCTH (DEPPOMATHUTHBIX 00Pa3I[0B ¢ HAHOMETPOBBIM pas3pelleHneM I10 riyonHe 6e3 npuMeHeHns
CJIOYKHOV (peMTOCeKyHIHO TexHMKyM. Mbl He HAOJIOAA YMEHbIIeHNU MAarHUTHOTO CUTHAJIA C HATPEBaHMEM C IIOMOIILIO
HEIIPEPBIBHOTO Jiadepa BbICOKOI1 (o 1,5 Br) moiHOCTH, HO HAOJII0AJI0Ch N3MEHEHNE KOIPIMTUBHONM CUJIbL.
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Ananus BSaMMOZ[ef/’ICTBI/IH QJIEKTPOHa M IIPOTOHa IIOKa3bIBaeT, 9TO Ha OHpeI[eJIéHHbIX PacCCTOAHUAX B3aVMHOE IIPUTAMEHUE
MEeMX Oy HVMM CMEHAETCA OTTaJIKMBaHNMeM, 9YTO II03BOJIAET IIPEeAIIOJIOMKIUTh, YTO B aTOME BOJAOPOJAa M APYIMUX aTOMaX 3JIEKTPOHBIL
U AP0 CBA3aHbI CTATUYHO. B craree pacCcMOTPpEeHbl BOSMOYHbBIE BapPVaHThI yCTpOﬁCTBa CTAaTUMYHBIX aTOMOB.
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COI‘JIaCHO uccseoBaEnAM Pezepdopria aToMbl co-
CTOAT 3 LIEHTPAJIBHOIO IIOJIOMKUTEJIBHO 3apsayKeH-
HOTO AApa, OKPY?KEHHOTO OTPMIATENBHO, 3apAsKeHHBIMU
aJjleKTpoHamMu. IIpocTerias aToMHasA cucTeMa — aTOM BO-
JIOPOZia COCTOMT M3 IIPOTOHA VM OIHOTO BJIEKTPOHA, pasze-
JIEHHBIX PACCTOSHMEM ITPeAIIOJNIOKUTeNIbHO paBHbIM 0,53 -
1078 cm, Ha3bIBaEMBIM IIEPBLIM BOPOBCKMM paitycoM.
IIpennosnaraercd, 4TO AJA COXpaHEHMUS yCTONUM-
BOCTM aTOMa, SDJIEKTPOH IOJIKEH HAaXOAUTbCA B He-

NPEepPLIBHOM ABVMYKEHUN 10 3aMKHYTOI OpOMTEe BOKPYT
sAnpa, HANOMMHAIOINIEM [BMIKEHME ILJIAHET BOKPYT
Cosnia. B mpoTuBHOM ciiy4yae cuja TPUTAMKEHUSA 3a-
CTaBUT UX COJMBUTHCS, M OHU CTOJIKHYTCS 4epes JI0JIu
MUKPOCEKYH/bL.

JleiicTBUTEIJILHO JIM HeM30eKHO 9TO COObITHE, B CBe-
Te MOCJEeAYIOIMX CO BPEMEHM IOSBJIEHUA 3TOV TUIIO-
Te3bl MMO3HAHUI O MPUPOJIE YaCTUI[ DIIEKTPOHA U IIPO-
TOHA. DTOT BOIIPOC ¥ MPEJICTABJAET OCHOBHOM MHTEpPEC
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