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Non-linear optic properties of colloids prepared by metal targets’
laser ablation in dimethylsulfoxide

A set of colloids on the base of aluminum, nickel, and zinc was prepared by their targets’ ablation in
dimethylsulfoxide medium. The samples were characterized with UV-vis spectroscopy, transmission electron
microscopy, and dynamic light scattering methods. The substantial non-linear attenuation was observed with
z-scan techniques using pulsed neodymium laser (532 nm, 14 ns). The transmittance of the samples diminish-
es when the light intensity increases. The photoacoustic signal amplitude rises with the energy density in-
creasing according to the sublinear law. The dependencies of the attenuation linear coefficient and pressure
generation efficiency on the pulse energy density were described with power laws with a threshold of the ef-
fect and the parameters were estimated. We found out that the dependencies’ parameters change when the
colloids were diluted. The pear pressure was determined using ferrocene as a calibration standard. It is shown
that the values of peak pressure could not be explained in terms of thermal expansion of the substance. The
results are discussed in terms of the non-linear attenuation mechanism concerned on the substance evapora-
tion leading to vapor bubbles formation around the nanoparticles.

Keywords: ablation, dimethylsulfoxide, non-linear light attenuation, photoacoustic spectroscopy, laser irradia-
tion.

Introduction

Non-linear light attenuation poses an important place among the non-linear optics phenomena because
it can be used in the intensity selection devices. Colloid metals and systems based on them performs signifi-
cant dependence of the transmittance on the energy density of the pulsed [1] or power density of the continu-
ous wave laser irradiation [2]. Numerous results were obtained in that way that make it possible to solve ap-
plied problems.

Silver nanoparticles were obtained by metal target in ethanol ablation and their influence on the
curcumin dye fluorescence and nonlinear light absorption was studied [3]. The authors found out that fluo-
rescence intensity increases linearly and normalized transmittance in focus decreases almost linearly with
silver nanoparticles concentration increasing while the fluorescence decay time remains unchanged. The sil-
ver nanoparticles coated with silica are able to shift the nonlinear attenuation of methylene blue depending
on the dye to nanoparticles concentrations ratio [4]. At low ratio the bleaching is observed changed to ab-
sorption increasing at the high ones. The effect is discussed as increasing in the triplet state absorption cross
section of the dye. Gold and platinum nanoparticles were prepared with laser ablation synthesis as well as the
respective bimetallic nanoparticles with laser molding of nanoparticles [5]. These nanoparticles show signifi-
cant non-linear absorption and refraction and they are heated efficiently with stationary laser at the wave-
length 403 nm. The silver coated gold nanoparticles were synthesized in [6] by metals reduction with Jatoba
extract. The light absorption of prepared colloid was tested with thermal lens techniques. The boron- Anti-
mony -europium glasses containing silver nanoparticles whose non-linear absorption and refraction coeffi-
cients are linearly dependent on silver content were prepared in [7]. It was shown in [8] that commercial sil-
ver and zinc nanopartciles performs significant non-linear light attenuation at the wavelength 1550 nm.

At the same time, the definite mechanisms of non-linear attenuation of light remain unclear in many
cases that lead to insufficiently predictable results when the sample parameters are changed. The concentra-
tion of metal nanoparticles influence is seldom discussed as well as the effects accompanying the non-linear
attenuation of laser beams. Thermalization always accompanies the absorption of laser irradiation [9], so
their study as photoacoustic effect [10] or themal lensing [6] can give essential information on the absorption
features.

The aim of the work is to study the non-linear light attenuation and accompanying effects in the model
metal colloids prepared with laser ablation method.
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The main tasks are:

1. Preparation of the colloids on the aluminum, nickel, and zinc base with ablation method.

2. Research into optic characteristics and photoacoustic response of these colloids varying the laser light
intensity and solution concentration.

3. Results description with empiric models and discussion.

We used ablation products of aluminum, zinc, and nickel in dimethylsulfoxide (DMSOQ) as experimental
samples. The methods of noble metal nanoparticles synthesis with ablation under the layer of water or organ-
ic solvents are descried in [10-12]. Aluminum nanoparticles formed by metal ablation in chloroform and
carbon tetrachloride showing pronounced non-linear attenuation were prepared in [13]. One of the problems
in the ablation under solvent layer approach is byproducts formation. Utilization of solvents less reactive
than water is one of the ways to inhibit formation of the oxides. Increasing in viscosity of the solvent hiders
the sedimentation. From that point of view, utilization of DMSO which is more viscose than water is able to
be beneficial in the products properties. At the same time DMSO decomposition could give additional by-
products such as carbon [14], sulfides or oxides. Silver sulfide forms in the case of silver ablation in DMSO,
for instance [15].

Experimental section

Synthesis of the nanoparticles, z-scan and photoacoustic measurements were done with YAG-Nd laser
Solar LQ929 operated in the Q-switch mode with pulse duration full width at half maximum 14 ns. A round
8 mm aperture was used for cutting the peripheral part of the beam central part of the beam, so the intensity
fallen on the sample was almost uniform in the spot.

Colloids were synthesized by pulsed irradiation with main wavelength of YAG-Nd laser of metal tar-
gets sink in DMSO in a beaker. The pulses frequency was 10 Hz. The solvent was agitated with magnetic
stirrer during the irradiation. Horizontal laser beam was focused on the vertical target with a lens having fo-
cus length 5 cm so the spark at the target surface was pronounced. The energy of the beam was taken as
50 mJ initially with subsequent increasing as the turbidity of the solution hindered the ablation. The beaker
was placed on the table with variable height which allowed us to shift the point of the beam action on the
target surface. The turbid yellow-to-gray colloid solution formed as a result of laser pulsed irradiation of the
target. Aluminum concentration estimated by the target mass losses was 196 pg/ml. Tough partial sedimenta-
tion of the solid was observed after the storage the colloid could be homogenized with ultrasonification. The
colloidal products of zinc and nickel targets were prepared the same way. The concentration of metals in
DMSO were estimated at 102 ug/ml and 100 pg/ml in the cases of zinc and nickel respectively. The
photoacoustic and dynamic light scattering measurements were conducted with colloids diluted 12.5 times
that did not suffer from sedimentation.

The samples were characterized with transmission electron microscopy (TEM) using electron micro-
scope JEOL-2100. Dynamic light scattering was done with Malvern Zetasizer Nano ZS (Malvern Instru-
ments). The UV-vis spectra of the colloids were measured with the spectrophotometer Shimadzu UV-3600.

The photoacoustic effect and laser beam attenuation by colloid ablation products was studied on the fa-
cility based on YAG-Nd laser operating in the Q-switch mode (pulse duration 14 ns, wavelength 532 nm).
The cuvette filled with colloid solution was placed on the stage that could be moved along the optical rail. In
the case of photoacoustic measurements the cuvette thickness was 2 cm and the sample was situated at the
lens focus (f=25 cm). The beam diameter in the focal plane was estimated at 485 um. The pulse energy varied
with the neutral light filters placed on the beam path. The photoacoustic signal was measured with a sensor
on the PZT ceramics whose aluminum “acoustic delay” sinks in the colloid from the top at the center or near
the front glass of the cuvette. The voltage generated by the acoustic sensor when it received the acoustic
wave was transferred to the resistance of the oscilloscope. We used ferrocene solution in DMSO (5 mg/ml)
as a standard.

The photoacoustic signals were processed as follows. The noises were eliminated with the moving av-
erage approach. This method has an essential drawback that is diminishing of the maximum and minimum
values in the absolute scale. For that reason, we approximated the signal near these points with parabolic
functions determining the extreme values. The dispersion and confidence interval at the confidence probabil-
ity level 95 % were calculated for each extreme value.

The non-linear attenuation was studied with open aperture z-scan method using the same facility by
moving the sample stage along the optic rail. We did not dilute the colloidal solutions in the case using the
cuvette with sample thickness 1 cm. The energy of the laser pulse was determined with OPHIR Photonics
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detector. The beam radius at the sample surface was determined by the spot diameter left on the photofilm
situated in front of the cuvette. The radii were approximated with Raleigh equation; the radius in the focus
was estimated as 263 um and the confocal distance as 1.43 cm. The measurements of the transmittance and
photoacoustic signal were done 5 times for each conditions used.

Results

TEM images of the aluminum and nickel ablation products in DMSO show metal nanoparticles free or
covered by substance with lower density (Fig. 1).

Figure 1. TEM images of aluminum (a), nickel (b), and zinc (c) colloid ablation products in DMSO.

In the aluminum case small particles with interplane distance about 0.6 nm were found, which is close
to interplane distance for one of the carbon forms [16]. TEM images of sinc ablation products show agglom-
erates of extremely fine nanoparticles.

The optical attenuation spectra of the systems studied are presented in Figure 2 (cuvette thickness was
1cm).
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Figure 2. Attenuation spectra of zinc (1), nickel (2) and aluminum (3 diluted 10 times), and ferrocene in DMSO

Cepusa «dusnkar. 2024, 29, 4(116) 125



A.A. Zvekov, A.V. Kalenskii et al.

The significant background level in the high wavelength area is observed that can be linked with carbon
particles formation of metal particles covered with carbon shell [14]. The sulfide formation, spectrum of
which is affected significantly by the stochiometry [17], while absorption maximum is situated near
300 nm [18], is possible in the zinc case. Nickel can also produce sulfides and oxides as ablation byproducts.

The dynamic light scattering results are presented in Table 1.

Particle sized determined with dynamic light scattering

Table 1

Ne Target Particles size, nm
By | Rel. peak area, % By N Rel. peak area, %
1 Zn 1.1+0.4 18.0 0.8+0.2 100
340+210 82.0
Zn 500+100 100 480£110 100
(US)
2 Ni 170+36 4.6 164+39 16.1
500+100 95.4 460+100 83.9
Ni 265+80 97.4 240+80 100.0
(US) 530+500 2.6
3 Al 58+11 12.3 47+10 96.9
200450 87.7 190+50 3.1

The aluminum ablation products are nanoparticles with typical diameter 47 nm and their agglomerates
of the size about 190 nm. The dymanic aggregation or sedimentation were not found in the aluminum abla-
tion products’ case. Zinc ablation products have typical size 1 nm, though these small particles are strongly
agglomerated. The agglomerate size in the nickel case is 460 nm. Both zinc and nickel ablation products ag-
glomeration extent is changed by ultrasonification that evidences the unstability of these colloids.
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Figure 3. The trasmittance dependence of aluminum (a), nickel (b), and zinc (c) colloid ablation products
on the pulse energy density measured for initial samples in 1 cm cuvette (1) and diluted
in 12.5 times in 2 cm cuvette (3) with their approximation (2, 4).

Figure 3 presents the transmittance of the colloids of the laser beam at the wavelength 532 nm versus its
energy density. The energy density was corrected by the beam reflectance at the cuvette wall taking into ac-
count. The data were measured with z-scan method and as additional information found in the photoacoustic
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experiments. The increasing in the laser pulse energy density makes the transmittance decrease for both three
systems studied. We assumed the power law dependence of the attenuation linear coefficient on the energy
density with some effect threshold H, one arrives at the following equation for transmittance:

_ [LH<H, ,
M_Fl"'{(H/HC)”,HzHC' @

where L, is the attenuation linear coefficient in the Beer’s law range (linear range), n is the power value, and
H is incident energy density. Using the following transmittance dependence on the energy density was de-
rived:

EXp(_/"oI)' Ho <H,,

H 1 H, '
=1—Cexp| — gl +=-| 1| == | ||, H, < Hy < H - (L—ngl)",
T H, Xp{ Hy n( [H jﬂ c 0 c( /-‘o)l/

0

A
{u Nl [%J } JHo > H - (@—ngl "

‘ )
where Hy = Hine'(1 — peen) 1S energy density on the front boundary of the sample which is the incident one
corrected by the cell wall reflection (pee=10 %).

The approximation results are shown in Figure 3 at the sample thickness 1 cm (initial concentration)
with solid lines. The respective variable parameters are presented in Table 2. In the aluminum ablation prod-
uct case the attenuation coefficient in the Beer’s law range found with spectrophotometrical approach and
extrapolated in the z-scan measurements coincide. The spectrophotometry gives 1.9 higher the linear attenua-
tion coefficient in the Beer’s limit than z-scan results’ extrapolations in the nickel case, while for zinc abla-
tion products the difference is about 5 %. This discrepancy evidences the instability of the colloids and
changing of their properties during the storage, agreeing with the conclusion of the ultrasonification influ-
ence on the average aggregates size estimated with dynamic light scattering.

The transmission coefficients of the colloid ablation products 12.5 times diluted in the cuvette with
2 cm thickness are shown in Figure 3. These results were obtained along with the photoacoustic data, so the
linear range was not reached, as the photoacoustic signal was too low in it. For that reason, the linear atten-
uation coefficient in the Beer’s range was taken as the determined in the z-scan measurement divided by the
dilution coefficient. The approximated dependencies are presented as dashed curves in Figure 3; the respec-
tive parameters determined could be found in Table 2. The comparison of the parameters determined in z-
scan and photoacoustic experiments revealed that the critical energy density of the non-linear attenuation
decreases by order of magnitude and power n decreases in 2-3 times for diluted solutions. The power n is a
strong parameter, while critical energy density depends on the linear absorption coefficient in the Beer’s
range. The colloid ablation products of nickel and zinc targets are rather instable, so the critical energy densi-
ties for such colloids could vary in 0.5-2 times. Nonetheless, the conclusion on the critical energy density
diminishing after the dilution is valid for every system studied.

The typical photoacoustic signal read with an oscilloscope is shown in Figure 4. The nickel target abla-
tion product was used when this curve was measured; the sensor was situated in front of the cuvette; the en-
ergy density was 0.47 J/cm?,
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Figure 4. The typical photoacoustic signal
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The first maximum on the photoacoustic curve is concerned on the compression wave due to the sub-
stance expansion in the irradiated zone. The maximum amplitude is linked with the linear absorption coeffi-
cient and energy density of the pulse. The ferrocene does not luminescence at all, so the thermal yield in its
case is 1, and pressure amplitude could be estimated as (3):

2 Xp+a 2

_ Mo Mo Iexp(—yax)dx= P, A1 'em(_ﬂax")-[l—em(—yaa)],

an % an (3)
where p, = 0.48 cm™ is linear absorption coefficient of the ferrocene solution, | is cuvette thickness (2 cm), a
is effective layer thickness forming the pressure wave influencing the sensor, w is radius of the laser beam at
the cuvette center, ¢, = 2.15 JI(cm’K) is volumic heat capacity of DMSO, p =1.0955 g/cm® is density of
DMSO, B = 8.8-10” K™ is thermal expansion coefficient of DMSO [19]. The starting integration point was
taken as 0, or (I — a)/2, or (I — &) depending on the sensor position at the front, center or rear point of the
Cuvette.

The photoacoustic signals measured at the lowest energy density value for ferrocene solution locating
the sensor at the front, center, rear points of the cuvette gave us valuer of a parameter. The respective ampli-
tudes were 1.36, 1.63, and 1.04 mV that gives the area value a= 1.1 cm at the experimental ferrocene solu-
tion linear absorption coefficient 0.48 cm™.

The amplitude of the photoacoustic signal dependences on the energy density of the laser pulse at the
sensor position in the front and center points of the cuvette are shown in Figure 5.

p
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Figure 5. The photoacoustic signal amplitude dependence on the pulse energy density in the cases of ferrocene (a) and
colloid ablation products of aluminum (b), nickel (c), and zinc (d) targets. On the “a” part 1 is experiment and 2 is linear
approximation, while on others 1 and 2 are experimental data and 3 and 4 are approximation using model (5).

The dependence is linear up to 1 J/cm? in the ferrocene case. The sublinear character at higher energy
densities arises due to optical breakdown on the bubbles and uncontrolled impurities. The photoacoustic sig-
nal amplitude dependence on the energy density is substantially sublinear in the cases of colloid obtained
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with metal targets’ ablation in the entire studied range. The linear type of the dependence at low energy den-
sities allowed us to estimate the calibration coefficient linking pressure and signal amplitudes at
101 kPa/mV.

We approximated the photoacoustic signal amplitude in the studied colloids case as:

Xo+a H(xg+a)
dH (x
p= [ 708 W= (k). @
Xo dX H (%)
Equation (4) assumes that the transformation of the laser energy into the pressure wave has the efficien-
cy n. The transformation is sensible in the range with a width only. In the linear range n = const. We as-

sumed, that the efficiency is a power function of the energy density in the attenuation becomes non-linear (H
>H) n=n, -(H/Hb )’m , Where Hy, is “basic” energy density value taken as 0.2 Jlem?, so n=n if H=H..

The linear absorption range is not reached in the case of photoacoustic measurements; the energy densi-
ty falling inside the cuvette is described with the lowest part of the formula (2). Having taken the integral in

(4) one gets:
p=77be. (H(Xo)j _[H(Xo‘*'a)] . (5)

1-m [ H, H,

The approximation results of the experimental dependencies of photoacoustic response amplitude on
energy density of the laser pulse are shown in Figure 5; the approximation parameters are presented
in Table 2.

Table 2
Approximation parameters for p(H) and n(H) dependencies
sample source 1, cm™ (spectrophotometry) I Z-sean > photoa(;oustlcs T
’ W, cm’ n H;, mJ/cm n | Hg, mlem® | np, cm m
Al 1.37 134 | 1.79 288 0.47 22.9 9.71 |0.94
Ni 0.692 0379 | 141 336 0.39 1.21 4.06 |0.75
Zn 0.811 0.849 |0.902 241 0.47 14.3 439 (091

Discussion

The experimental dependencies of the transmittance on the pulse energy density in the case of colloid
ablation products evidence the substantially non-linear light attenuation. The simple model based on the en-
ergetic threshold describes the results well (Fig. 3). An interesting feature is this threshold decreasing as a
dilution result. The power value in the respective law is not a positive integer number, which decreases with
dilution. The dependence of the equation (1) parameters on the colloid concentration observed cannot arise if
the laser light absorption centers act independently. The threshold of non-linear attenuation H, decreasing
after dilution is reasonable if the interaction becomes weaker with the distance between centers increasing.

One discerns the influences of the optic properties and absorbed energy transformation. The efficiency
parameter could be written as n(H) = pay. In the case of solids thermal expansion the dimensionless parame-

ter y is known as Griineisen parameter that can be estimated as pcgﬁ/cp . The respective value for DMSO is

0.99 [19] which is close to typical value about 1 for most of the substances. In the low energy density range
the value of n is higher than 1. For instance, at H =150 mJ/cm? the efficiency value is 12.7, 5.04, and
5.70 cm™ for colloid obtained with aluminum, zinc, and nickel targets’ ablation respectively. Estimating the
linear absorption coefficient roughly as the attenuation one, we may estimate the respective values for y as
39, 22, and 23 respectively for the same samples. The attenuation is the sum of absorption and scattering
processes, so real y should be even higher. So high values could be reached, if the substance undergoes phase
transitions accompanied by significant expansion, such as evaporation and sublimation. These considerations
agree with the parameters H, and n of the equation (1) decreasing after dilution. The decreasing in concentra-
tion means increasing of the average solvent volume containing one light absorbing center. The typical
acoustic relaxation time of the excited area is w/cs = 160 ns, which is an order of magnitude higher than the
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pulse duration. On the other hand, estimating the typical concentration of nanoparticles using average diame-
ter, one founds the acoustic relaxation time between nanoparticles about 1 ns. Thus, the irradiation zone can-
not increase its volume significantly during the pulse, so pressure increasing due to gases formation has to be
linked with the respective solvent contraction. In the pressure range experimentally estimated the 12.5 times
dilution has led to pressure drop in the system 12.5 times at the same gas phase volume. The pressure in-
creasing shifts the evaporation and sublimation equilibrium toward the condensed phase formation. This
way, the decreasing in H, after dilution agrees with the phase transitions influence on the qualitative level.
Formation of the gas phase around the light absorbing centers leads to the increasing in their scattering cross
section that agrees with transmittance decreasing when the energy density of the laser pulse increas-
es (Fig. 3).

The influence of the nanoparticles’ concentration is seldom discussed as the parameter influencing the
non-linear light attenuation. The effects discussed have some similarities with laser initiation of the second-
ary explosives doped with metal nanoparticles. It was shown in [20] that the minimal energy density is
achieved for the nanoparticles’ concentration providing the maximum of pressure measured with
photoacoustic techniques in the under threshold mode. The gas phase formation is highly endothermic be-
coming a fast means of the energy dissipation. If the pressure increases when the nanoparticles are heated
with the laser pulse, this increasing inhibits the sublimation and evaporation, making the temperature in the
reaction hot-spots increase and threshold energy density of explosion decrease [20].

In the case of zinc target ablation products and photoacoustic sensor position near the front of the cu-
vette the pressure values vary in the vide range. The pressure amplitude on the energy density dependence
for both sensor positions is poorer than in the aluminum and nickel cases. We suggest that in the zinc case
the optic breakdown begins at the front of the cuvette. The zinc sulfide colloids are able to self-focus the la-
ser beams [21] that increase the effective energy density. The breakdown is a probabilistic event that can ex-
plain high dispersion of the pressure amplitudes. Stronger laser light attenuation in the breakdown area mak-
ing the pressure increase in the front area decreases it in the middle one hindering the description of both
curves with one set of parameters.

Conclusion

Metal targets ablation in the liquid medium allows one to obtain colloid with strong non-linear light at-
tenuation. In the present paper we proved that photoacoustic data are important for the nature of the non-
linear absorption detection. The photoacoustic results and influence of the concentration on the non-linear
absorption parameters exclude such mechanisms of non-linear absorption as two-photon and two-step ab-
sorption. At the same time, the formation of the gas phase due to heating and subsequent evaporation and
sublimation of the matter qualitatively agrees with the effects observed.
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JuMeTHIICYJIb(POKCUATETi MeTAJT HBICAHTAPBIHBIH JIa3epJaik a0JasauuschbiMeH
AaiibIHAAJFAH KOJJIOMATAPABIH ChI3BIKTHIK eMeC ONTHKAJIBIK KacueTTepi

AJIOMUHWH, HUKENh >KOHE MBIPBHIII HETi3iHIETi KOJUIOMITH epiTIHAUIEp ITUMETHICYIb()OKCHI OpTAachIHAA
THICTI MEeTaJUl HBICAHZAPBIH a0JsIIMsUIAYy apKbLIbl aNBIHABL YJriiep ynbTpakyirin YK-euc crekrpockonusi-
Cbl, TPAHCMHUCCHSUIBIK 3JIEKTPOHABI MHUKPOCKONHS KOHE JUHAMHKAIBIK JKapblK MLIAIIbIpay OAiCTepiMeH
3eprrenni. Mmnynseri Heomum jasepiH (532 HM, 14 HC) KojmaHa OTHIPBIN, Z-CKaHEepliey OAICTEpiMEH
aifTapybIKTall CHI3BIKTHIK eMec aicipey Gaiikamabl. JKapblK KapKbIHIBUIBIFBI JKOFapbIIaFraH CallbIH YITIIepIiH
OTKI3rimTiri TemeHzaeiai. ONTOaKyCTHKANBIK CHTHAJABIH aMIUTUTYJAachl COYJENICHY KapKbIHBUIBIFBIHBIH
JKOFapbUIAybIMEH CBI3BIKTHIK TYple ecTi. DeppolieH epiTiHAICIH CTaHIapT peTiHae KOoJjaHy aOCOJIOTTI
OipiikTepAeri KbICBIM aMIDIMTYAACHIHBIH IMaMajlapblH allyFa MYMKIiHAIK Oepai. OnToakyCTHKaIBIK
CHTHAJIABIH OTKI3TIIITIr MEH aMIUIMTYAACHIHBIH UMITYJIbCTIK SHEPTHS THIFBI3ABIFBIHA TOYEIIUIINIH CHIaTTay
YIIiH ocep eTy mieri 6ap Kyar 3aHAapbl KOMIaHbUIIbL. KOJUTOMATE epiTiHaiIep i CYHBUITY Ke3iHIe ©3repeTiH
Toyenninik mapamerpiepi Oaramanzpl. IlIbIH KBICHIMBIHBIH IIaMaylapbl KbI3ABIPBUIFAH Ke3le YJITiHIH
CBI3BIKTHIK KEHEIOIH KapacTBIPATHIH KIACCHKAJIBIK ONTOAKYCTHKAIBIK 3()(HEKT TEOPHUSICHIHBIH O6iri peTiHue
TYCiIHAIpYTe OOJIMANTHIHIBIFEI KepceTinreH. HoTrmkenepi Tankpiay YIIiH 3aTTHIH OylaHYBIHA JKOHE OJap.Ibl
KBI3ABIPY Ke3iHIe HaHOOeJNIIEKTep/iH alHanachbiHAa Oy KeMipIIiKTepiHiH maiifa OoylyblHa Heri3JenreH
CBI3BIKTHIK €MeC dJCipey MeXaHH3Mi TapThUIajbl, O camajibl JACHreiie ONTOaKyCTHUKAJbIK CHUTHAI
AMIUTUTYIACHIHBIH YHEPTHS THIFBI3IBIFbIHA CYOCBI3BIKTHIK TOYEIIUTIrHE COKeC Kemei.

Kinm co30ep: abnsanusi, TUMETHICYIIL(QOKCH], XKAPBIKTHIH CBHI3BIKTHI eMecC alIcipeyi, (OTOaKyCTHKANIBIK CHEK-
TPOCKOIIHSL, JTa3ePIIiK COyJIeTICHY.
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HesmHeliHbIe ONTHYECKHE CBOMCTBA KOJJIOWIHBIX POAYKTOB a0JIALMH
METAJIMYEeCKUX MUIIIEHEeH B IMMETHJICYIb(OKCHIe

Kosutonnasle pacTBOpEI HA OCHOBE ATIOMHHUS, HUKEIS M IIMHKA OBUTH HOJTydeHB! a0Jsaueld COOTBETCTBYIO-
IIMX METAJUIMYECKHX MHIIEHEH B cpeae AuMeTwicyiabpokcuaa. OOpasupl ObUIM HCCIEIOBAaHBI METOIAMU
Y®-guc cieKTpoCKONNH, IPOCBEYUBAIOLIEH 3JIEKTPOHHON MUKPOCKOIIMU M TMHAMHUYECKOTO PACCESHHUS CBETA.
Cy1iecTBeHHOE HENMHEWHOe ocaliieHne U3TydeHHst He0JUMOBOTO J1azepa (532 M, 14 Hc) Obuto 0OHapyxe-
HO METOJIOM Z-CKaHMPOBaHMS, IPUUEM HaOIOAAI0Ch MaJeHUe MPOITYyCKaHUs MPU MPUONMKEHHH K (QOKycCy.
AMIDIATYZIa ONTOAKYCTHYECKOTO CHUTHAJA yBEINYUBATIACh CyOIMHEIHO IPU pOCTe WHTEHCHBHOCTH H3ITyde-
Hus. [IpuMenHeHne pactBopa ¢eppolieHa B KadeCTBE CTaHAapTa MO3BOJIHIIO TTOJIYINTh BEIUIUHBI aMILTUTY/IBI
JaBJIeHHS B a0CONIOTHBIX eanHHIax. [ omcaHus 3aBUCHMOCTeH Kod(duIenTa mpormycKaHus U aMINTH-
TYZABI ONTOAKYCTHYECKOTO CHTHAJA OT IUIOTHOCTH YHEPTHHU MMITYJIECA HCIIOIb30BAJIMChH CTCIIEHHBIE 3aKOHBI C
noporoM rnosBieHus dd¢dexra. Boum oneHeHsI mapaMeTpsl 3aBUCHMOCTEH, KOTOPBIE N3MEHSIOTCS IIPH pas-
6aBJIeHNN KOJIOMIHBIX pacTBOpoB. [loka3aHo, 4TO BETHYMHBI IMKOBOTO IABIEHUS HE MOTYT OBITH MHTEp-
HPETUPOBAHBI B PAMKaX KIACCHUECKOH TEOPHH ONTOAaKyCTHIEeCKOro 3ddekTa, paccMaTpuBaronel THHEHHOE
pacmupenue oOpasna npy HarpeBaHuu. [ 0O6CyKAeHUs pe3yIbTaToOB MPUBIEKACTCSI MEXaHU3M HEITMHEHHO-
TO OcnabJIeHNs, OCHOBAHHBIM Ha HCHApEHHH BEIecTBA H (POPMHUPOBAHUH ITy3BIPHKOB ITaPOB BOKPYT HaHOYA-
CTHUI] IPH UX HArpeBe, KOTOPHI Ha KaUeCTBEHHOM YPOBHE COIJIACyeTCs C CYOIMHEHHOH 3aBHCHMOCTBIO aM-
IUTUTY/IBI ONITOAKYCTHYECKOTO CUTHAJIA OT IUIOTHOCTH SHEPTHU.

Knoueesvie crnosa: abisuys, TMMETHICYIb(GOKCHI, HENTHHEHHOE ociabieHne, GpoToakycTuueckas CIeKTpo-
CKOIIHsL, JIa3ePHOE U3ITyUCHHE.
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