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Abstract

We theoretically investigate the spin-flop transition in easy-axis antiferromagnets, with particular
emphasis on nickel oxide and related materials. Using a simple phenomenological energy function that
incorporates hexagonal anisotropy within the easy magnetization plane, we analyze the behavior of the
antiferromagnetic state in the presence of an external magnetic field. It is demonstrated that a magnetic
field applied parallel to the easy plane can induce a spin-flop transition, as long as the field is collinear
with one of the easy axes within the easy plane. This finding is complementary to a more conventional
situation of a spin-flop transition in easy-axis antiferromagnets placed in magnetic field applied along
their easy axis. In contrast to the first-order transition in easy-axis materials, the transition in easy-plane
systems is shown to be of second order. It is accompanied by a discontinuity in the differential magnetic
susceptibility. The latter may serve a clear experimental signature of the spin flop. We compare our
theoretical predictions with available experimental magnetometry data and find that the data partially
support our conclusions. Furthermore, we show that the proposed theoretical framework can be used to
extract key parameters of the antiferromagnetic state, including anisotropy constants and exchange fields,
directly from magnetometry measurements. These results extend the understanding of field-induced phase
transitions in antiferromagnets and may be relevant for the interpretation of magnetic response data in a
broad class of easy-plane antiferromagnetic materials.
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AnHoTanusa

Mpr Teoperuuecku mcCeIyeM MEPEXO ] TUIA CIUH-(JION B aHTU(MEPPOMATrHETUKAX C JIETKON OChIO,
yaessiss 0coboe BHUMaHUE OKCHUJLY HUKEJIsl M POJACTBEHHBIM MarepuasaM. Vcrnonb3yst mpocTyio (heHOMEHO-
JIOTUYECKYIO SHEPIreTUIECKYI0 (DYHKIINIO, YINTHIBAIOILYIO T€KCATOHATBHYI0 aHU30TPOIHUIO B MJIOCKOCTH
JIETKOTO HAMarHUYUBAHUs, Mbl AHAJU3UPYEM IOBE/IEHNE aHTU(MEPPOMATHUTHOTO COCTOSTHUSI BO BHEITHEM
MarHuTHOM ToJie. [lokazaHo, 94TO MArHUTHOE II0JIe, MPUJIOKEHHOE MapaJjljIe/IbHO IIJIOCKOCTU JIETKOTO
HAMATHUYUBAHWSI, MOYKET HHJYIIMPOBATH CIUH-(DJION-TIEPEXOJ] MPU YCJIOBUM, UTO HAIMPABJIEHUE TOJISI
KOJUTMHEAPHO OMHOM M3 JIErKUX OCell B 9TOU IMJIOCKOCTU. DTOT PE3Y/IbTAT JOMOIHSIET O0jiee TPaIUIHOHHYTO
cUTyanuio cnuH-GJIona B aHTH(EPPOMAarHeTUKax C JIEFKOW OChbIO, TMOMENIEHHBIX B MarHUTHOE IIOJIE,
HaIpaBJIeHHOE BJIOJIb JIEPKOI ocu. B oryimume or mepexosa mepBoro pojia, XapakKTEPHOro JJIs MaTepHaJjoB
C JIETKOIl OChIO, ITOKA3aHO, YTO B CUCTEMAX C JIETKOH IJIOCKOCTBIO CHUH-(JION SABJISIETCS IIEPEX0IOM BTOPOTO
pora. OH compoBOXKAaeTCs pa3pbiBoM AuddepeHInaaIbHO MArHUTHONW BOCIIPUUMYUBOCTH, YTO MOYKET
CJIY2KUTh OTYETJIMBBIM SKCIIEPUMEHTAJBHBIM MPU3HAKOM Iepexojia. Mbl CpaBHUBAEM TEOPETUUECKUE
MPEICKA3aHUsI C JOCTYITHBIMU KCIEPUMEHTATbHBIMA JTAHHBIMA MAarHUTOMETPUN, YACTUIHO ITOATBEPKIAIO-
UMY HaIllA BBIBOABI. KpoMe TOro, mokasaHo, YTO MPEIIOXKEHHBIN TEOPETUIECKHUI MTOAXO0, ITO3BOJISIET
W3BJIEKATDH KJIOUEBBIE TTAPAMETPHI aHTU(MEPPOMATHUTHOTO COCTOSIHISI, BKJTFOYasi KOHCTAHTHI AHIM30TPOIIHH
1 OOMEHHBIE TIOJISI, HETIOCPEICTBEHHO M3 MarHUTOMETPpUYIeCKnX m3Mepenwuit. Ilomydennbie pe3yabraTsl
PaCIIUPSIOT TOHUMaHWe MATHUTOIOJEBBIX (PAa30BBIX IIEPEXOJIOB B aHTU(MEPPOMArHETUKAX W MOTYT
HCTIOJIE30BAThCSI IPU WHTEPIIPETAIINY MATHUTHOTO OTKJINKA B IMMPOKOM KJIACCE aHTU(MEPPOMATHUTHBIX
MaTEPHUAJIOB C JIEPKOH IIJIOCKOCTBIO.

KuaroueBbie cioBa: okcuj wHukessi, NiQ, mepexosn crnuH-(JION, aHTU(DEPPOMATHETUK THUIIA JIETKAST
TJIOCKOCTH, BOCIIPUIMYHBOCTH

Introduction

In recent years we witness growing interest toward the so-called antiferromagnetic spintronics [1-3].
This area of applied research aims to manipulate antiferromagnetic (AFM) order parameter for various
technological needs, such as information storage/transmission, energy accumulation, etc.

To successfully address these challenges, AFM materials with well-characterized and verified properties
are required. One such material is nickel oxide (NiO). This compound has been studied for many decades
using various experimental techniques, and its physical and magnetic properties are well documented in the
scientific literature.

Nickel oxide is an antiferromagnetic material of the “easy-plane” type. Traditionally, it has been
assumed that AFMs of this type do not exhibit a spin-flop transition, which has always been associated with
the easy-axis anisotropy. In this work, we propose a simple formalism that demonstrates that a spin-flop
transition is in fact possible even in easy-plane AFMs, provided that (weaker) anisotropy exists within the
easy plane, which is indeed realized for NiO. Unlike the well-known easy-axis spin-flop transition, which is
first-order, the easy-plane spin-flop is second-order transition.

Experimental work on this problem is rather limited [4]. The available data partially support our
conclusions. Yet more experimental and theoretical work is necessary to elucidate this issue. To stress the
importance of this work we want to note that the data obtained from observing the spin-flop transition can
be used to calculate and refine several AFM material-parameters values. Clearly, magnetometry experiments
is considerably more cost-effective and accessible in comparison to many other experimental techniques, e.g.,
neutron scattering, that often are used to extract the AFM state data.

Magnetic field parallel to easy axis within easy plane

We study the magnetic properties of NiO in its antiferromagnetic phase as function of applied magnetic
field H. Our material has hard axis along [111] direction. The plane {111} normal to [111] is the easy plane.
The easy plane is not isotropic, however. Instead, it has hexagonal structure: within the plane there are three
easy axes and three hard axes. This symmetry structure is important for our choice of the magnetic energy
function:

E = K cos(0; + 02) — A(cos 66 + cos 603). (1)

Writing this expression we assumed that the AFM is characterized by two sublattice magnetizations, M; o,
such that |M;| = |Ma| = My. To simplify our calculations, My is absorbed in definitions of energy function
parameters. Variables §; o represent angles between M; o and the easy axis, K is the exchange coupling, A is
the anisotropy inside {111} plane. Easy-plane geometry is shown in Fig. 1.
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Figure 1 — Schematic illustration of the magnetic configuration inside easy plane. The blue dashed lines represent

the three equivalent easy axes. The external magnetic field H is applied along the vertical easy axis. The sublattice

magnetization vectors M; and M2 have identical magnitude My. Their directions relative to the vertical easy axis are
characterized by angles 61 2.

We see that the exchange is the smallest when 61 + 85 = 7, which is basically the requirement that the
sublattice magnetizations must be antiparallel in the AFM phase. The anisotropy term, on the other hand, is
the smallest when 6 o = mn; 2/3, where n; o are integers. These values represent the easy axes directions. It
is trivial to check that F is the smallest when

™m m(3—n)
0p=—, lp=—— 2
1 3 ) 2 3 ) ( )
for n =0,...,5. These six solutions correspond to three easy axes inside the {111} plane, see Fig. 1.

Now we account for the magnetic field applied along one of these easy axes. For definiteness, assume
that the magnetic field is parallel to the axis corresponding to 61 = 0, 82 = 7 solutions (2). For this direction
choice, total energy reads

E = —H(cos 61 + cos ) + K cos(f1 + 02) — A(cos 601 + cos 663). (3)

Per our convention, field strength H absorbes My in its definition, that is, H is measured in terms of energy
density.

An expression similar to Eq. (3) was presented in Ref. [4], Unlike the latter paper, which used the
anisotropy in the Hutchings-Samuelsen [5] form, we use proper six-fold anisotropy, as it was derived in Ref. [6].
While the usage of the Hutchings-Samuelsen anisotropy may be justified for weak deviations from a local
energy minimum, it performs poorly in more general situations, similar to those studied here.

We must keep in mind that experimental reality implies that K is the largest coefficient in this energy
expression

K> A, K-> H. (4)

It is also worth noting that, at finite H, it is impossible to minimize simultaneously all terms in the
expression (3): clearly, the applied field frustrates the original energy minima (2). To find the new minima,
we introduce © = 0 + 65, and 8 = 07 — 0. The energy function becomes

. - - © B
E(©,8) = K cos© — 2A cos(30) cos(36) — 2H cos <2> cos <2> . (5)

In the limit (4) the energy is minimized near © ~ 7. To account for this, let us shift © as follows © = © + .
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(Physically, © can be conceptualized as canting angle.) Then the energy function becomes

E(©,8) = —K cos© + 2A cos(30) cos(353) + 2H sin ((;)) cos (g) . (6)

In this framework, M = —2sin (%) cos (g) is the total magnetization.

To find the lowest-energy state, we need to find the stationary points of E. The stationary conditions

are:

K sin® — 6Asin(30) cos(33) + H cos (?) cos <§> =0, (7)
6A cos(30)sin(30) + H sin (2) sin (g) =0. (8)

Now we utilize the smallness of © to derive
[K — 18Acos(38)]© + H cos (§> =0, (9)
1245in(38) + HO sin (g) 0. (10)

Using the first of these equations, we obtain
ot () e (3) o (22).

We can drop O(HA/K?) correction here due to its smallness. Indeed, even if we substitute © into the
exchange energy contribution o K02, which is large due to exchange interaction constant K being large,
we establish that O(HA/K?) term in Eq. (11) translates into O(H?A/K?) contribution to total magnetic
energy. This is much smaller than O(H?/K) term. Thus, we write

~ oo (8 o B2 (B
O~ Kcos<2>, = MNKCOS (2> (12)

Substituting this expression for © into Eq. (6) one can establish

E~—K+2Acos(38) — % cos? (g) , (13)

where (3 is to be fixed by the second stationary condition (8). It can be expressed as follows

H2?
12A4sin(3p) = ﬁsinﬁ. (14)
Thus, we need to solve the following equation for g8 for a given value of H
2
sin 8 [2 cos(28) + 1 — 24AK] =0 (15)
Deriving this formula, we used the following trigonometric identity sin 38 = sin 8 [2 cos 28 + 1].
One can clearly see that Eq. (15) has two families of roots:
p1=mn1, m €Z, (16)
1 2 1
Bo = :I:§ arccos (48AK — 2) + o, Ng € 7. (17)

Among these solutions, we must choose the one with the smallest energy F. Omitting the smallest term
o AH?/K?, see the discussion below Eq. (11), one finds for 3;

2

By = —K +2A(-1)™ — ;{—K cos? (%”1) . (18)

It is convenient to split this family of solutions into two: one for odd ni, the other for even ny. Thus

2

e H o __
Bf =K +2A~ =, BE{=-K 24 (19)
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Both © and magnetization also depend on the parity of n;. Specifically, for even n; = 2¢ one has

€ H € €
07 = (*1)”1?’ My ~ (*1)”1@1 =(-1)

2@+2£ — E (20)
K K

It is easy to see that for this solution 6, = 65, and weak canting © oc H is present. This solution describes a

spin-flop state: sublattice magnetizations are almost orthogonal to the applied field, and almost antiparallel

to each other, with total magnetization being weak and parallel to H.

On the other hand, for odd n; =20+ 1
07 =0, My=0. (21)

This corresponds to both sublattice magnetizations being collinear with the applied magnetic field (one of
them is parallel to the field, the other is antiparallel). In an easy-axis spin-flop experiment, such a state is
stable for weak field, yet, in our case of easy plane, as we will see below, this solution is unstable for any
finite H.

For s we can write

2 2

H H? H?
Ey = —K + 2A |cos(382) — cosﬁg] ——— =-K+24 (4 cos? By — 3 — ) cosfo — —. (22)

S8AK 4K 8AK 4K
Since
1 H?
= - 1 2
cosPz = 5\ o T (23)

as follows from Eq. (15) and trigonometric identity 2 cos(2832) + 1 = 4 cos? B2 — 1, one finds for energy and
total magnetization

H? 32 g H 1 [ H?
Ey=-K-2A(——+1) -, My=-——[1+2 1. 24
2 (24,41(+ ) ik T or \UTaVaar T 24)

These formulas remain valid as long as |H| < 6v/2AK. Otherwise, solution 8y disappears.

For low magnetic field, © vanishes, while |f82| &~ 7/3. It is easy to check that in this configuration
M; — —M;, and M, 3 are collinear with either of two easy axes that are not parallel to H.

When By approaches zero as H — 6vV2AK — 0, angle 35 approaches zero, which is equivalent to 6
approaching 6». At H = 6v/2AK, the 52 solution merges with the spin-flop solution /5{: the energies of these
states coincide Fy = EY = —K — 34A, and 6, = 6, for both of them. At higher fields, only spin-flop state 5{
persists.

Spin-flop transition

Let us now explore the behavior of the system as function of magnetic field. Consider certain value
of H. Then, among the three solutions, namely, 87, and 33, one must choose the one with the smallest
energy. The energy comparison is shown in Fig. 2 (top). To abbreviate the notation, we introduced field scale
H = \/AK. The energies are normalized according to the prescription AE/A = (E + K)/A. The presented
plots indicate that, at H = 0, there are two solutions with identical energy. These are 5§ and Ss. (Solution S§
has higher energy in the zero field limit.) These solutions correspond to configurations when the Néel vector
is parallel to one of the three easy axis: for 5{ the Néel vector is parallel to the field, for 83, the easy-axis
constitute 7/3 with the field.

The latter degeneracy is partially lifted by finite H: energy EY remains independent of H, while
Ey = E5(H) bends downward. This pattern is consistent with basic intuition about an antiferromagnet in
external magnetic field: if Néel vector is parallel to the field, susceptibility is weak (or zero, depending on a
chosen theoretical model), and such a state becomes metastable (unstable) at higher fields.

When H exceeds 6v/2H, solution B2 is replaced by { as the model’s ground state. This is the spin-flop
transition in the easy-plane setting. Below the transition, the order parameter (described by 32 solution)
“feels the pull” of an easy axis (the one non-collinear with H). This axis partially pins the order parameter
and makes 6; unequal to #5. Above the transition, the angles are identical 1 = 65, which is a standard
spin-flop configuration with sublattice magnetizations being symmetric relative to H.
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Figure 2 — Figure presents energy (top) and susceptibility (bottom). In the top panel we see that, when the
magnetizations are collinear to the field, the energy is independent of H (red dotted line). Spin-flop state (magnetizations
are almost normal to the field, with small canting angle, shown by blue lines) becomes ground state for H > 6v/2H,
where H = vAK. In the regime 0 < H < 6v2H , the lowest order state corresponds to (2 solution (solid green line):
the Néel vector rotates from easy axis at low H to being almost normal to the magnetic field as H — H —0. The
transition is second-order as the blue and green curves touch each other. In the bottom panel “differential"susceptibility
is shown. The susceptibility is multiplied by K to make it dimensionless, see Eq. (25). The resultant function is
perfectly universal: it is independent of any material constants. The susceptibility demonstrates discontinuity at the
transition field H, = 6v/2H.

Unlike easy-axis case, our transition is smooth: the magnetization is continuous at H = 6v/2H.
However, if “differential"susceptibility is introduced according to x(H) = —0*E(H)/0H?, one can observed
discontinuity of x, see Fig. 2 (bottom). Dimensionless y, expressed as a function of dimensionless field H/ H,
is a universal function. It is this function that we present in Fig. 2 (bottom). If we restore dimensions, we find

. %+%m% L__ . if0< H < 6V24K,
= = x Vit e (25)

, if 6v2AK < H.

X

Curiously, the susceptibility jump Ay and zero-field susceptibility x(0)
(26)

are both independent of A. The value of A, however, does affect the zero-field susceptibility: when A — 0, the
range, where (35 is stable, shrinks to zero, and the spin-flop state becomes ground state for all fields, except
ever-narrowing domain of very weak H.

Comparison with experiment
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Figure 3 — Experimental data for NiO susceptibility (blue dots) from Ref. [4]. The data is low-temperature (T" = 5 K).
The data points were harvested from Fig. 1(a) of Ref. [4]. Theoretical susceptibility, see Eq. (25), is shown in dashed
red line. It is plotted for 1/K = 11.5 x 10~ % emu/g Oe, and H = vVAK = 5.9kOe.

Our calculations suggest that magnetometry measurements can, in principle, be used to extract parameters
of the antiferromagnetic state. In particular, the field dependence of the magnetic susceptibility may provide
access to both the anisotropy constant A and the exchange parameter K. Given the wide availability of
magnetometric instruments, this would constitute a highly useful experimental approach.

At present, however, the situation is less straightforward. Experimentally, the differential susceptibility
X = x(H) was measured in Ref. [4]. The susceptibility data from Fig. 1(a) of the latter reference were digitized.
We present the harvested data in Fig. 3. Following convention of Ref. [4], we mark vertical axis on that figure
as dM/dH. The experimental data were collected at low temperature (T' = 5K). The differentiation was
executed numerically.

The data are overlaid with the theoretical susceptibility, see Eq. (25). This curve is plotted for
1/K =115 x 10~ % emu/g Oe, and H = 5.9kOe.

The comparison between the theoretical predictions and the experimental data shows mixed agreement.
At low H the data has a lot of noise, possibly due to domain structure changing under the influence of the
field. Our analysis reinforces this interpretation: indeed, as Fig. 2(top) indicates, at low H the degeneracy of
various solutions is lifted by the field, making domain reorientation energetically favorable. (Basically, all
domains with order parameter collinear with magnetic field loose their stability.)

Yet, despite the noise, a minimum stretching from -40 kOe to 40kOe is clearly visible in the measured
susceptibility, similar to the theoretical curve. However, the susceptibility discontinuities are absent from the
data. They seem to be replaced by broad maxima. Another problem with this comparison is very low value
of H. Our value H = 5.9kOe qualitatively captures the magnetic field scale that characterize variation of
X = x(H). At the same time, if we were to use exchange and anisotropy parameters values cited in Ref. [4], a
much large value of 59 kOe is calculated.

Of course, we can offer several reasons behind these discrepancies. Obvious experimental concerns
are the sample quality and the accuracy of the magnetic-field alignment relative to the easy-axis directions.
Sample disorder and field misorientation may lead to a smoothing of the susceptibility curves, thereby
suppressing discontinuities and generally rendering the response more monotonic.

Regarding the disparity between the extracted values of H, it should be noted that H depends on both
the exchange parameter K and the anisotropy constant A. The in-plane anisotropy is relatively weak and, as
a consequence, is particularly susceptible to evaluation uncertainties. The observed differences between the
estimated values of H may therefore indicate that this anisotropy is weaker than is commonly assumed. In
addition, as noted above, sample quality and imperfect alignment of the applied magnetic field can further
influence the experimental data.

In the case of NiO, an additional layer of complexity arises from the pronounced spin-lattice coupling in
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this material. Properly accounting for these effects may be necessary for the development of a quantitatively
successful theoretical model.
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Annoranusa

Usy4waerca niaHapHas JUSJIEKTPHYECKas CTPYKTypa BHJA KBApIeBas MOMJIOKKA / TOHKHI CJION
Tpuokcua BoibdpaMa / peméTka KBAPIEBbIX IOJIO0COK / CBEPXTOHKAs IUIEHKA MAJIAIUA. Pe3ysibraTbt
M3MEPEHU ONTUYIECKOrO CIIEKTPA IPOILYCKAHKsI CPABHUBAIOTCS C pacdéTHbIME pesysbratamu. Corsacue ¢
SKCIIEPUMEHTAJILHBIMU JAHHBIMU JIOCTUTAETCS ITYTEM KOPPEKTUPOBKNA T€OMETPUU CTPYKTYPHI, 8 TAKKe
[IOCPEJICTBOM Y4UéTa B MOZE/IN OObEMHOTO IMOIJIONIEHUsSI U TIOBEPXHOCTHOT'O PACCESHUS HA IIEPOXOBATOCTIX
CTPYKTYPBI, MOJIEJINPYEMBIX IIOTEPSIMU B CJIOE TPUOKCHJA BOJIbppaMa U 10O6ABKOM K MHHUMOI HacTh
JIA3IEKTPUIECKO TPOHUIIAEMOCTHU MAJJIAIUS, TTPOTIOPIIMOHATBHON TPEThEH CTEMEHN IacTOThI (ITOBEPX-
HOCTHBIM IIOTVIOIIEHUEM ) COOTBETCTBEHHO. KaK 9KCIEePUMEHTAJbHBIHA, TaK U PACIETHBIA CIIEKTPBI ObLIN
APOKCUMUPOBAHBI IIPU MTOMOIIN CyIEPIIO3UINHI TOJUHOMUAIBHOrO (POHA U JIBYX PEe30HAHCOB JlopeHIa.
B kagecTBe KpuTepusi COOTBETCTBUS MOJIEJIN M3MEPEHHBIM JAHHBIM PACCMATPUBAJIOCH PABEHCTBO Mapa-
MEeTPOB AlIIPOKCUMAIIMOHHBIX (DyHKIU, Hanbosiee MPUHIUITNAIBHBIMA U3 KOTOPBIX SBJISIIOTCS IAPUHA,
rIyOMHA U MOJIOYKEHNE PE30HAHCHBIX IMMKOB, 8 TAKXKe CPEJIHUI YPOBEHb HEPE3OHAHCHOMW YaCTH CIIEKTpA.
JIoCTATHYTO COBIaIeHne GOBITMHCTBA TTApaMeTPOB ¢ TIOIPENTHOCTRIO, He npebimatomeit 10 %. Bosee
TOTO, IIPEJICTABJIEH TOJTAITHBLIN Pa300p BIAUAHUS PA3JIUIHBIX (PAKTOPOB Ha BHJ CIIEKTpa Ko3hduImeHTa
IIPOITYCKaHUsl, KOHKPETHBIE OCOOEHHOCTHU CIIEKTPA COMOCTABJIEHBI TEM U3MEHEHUSIM YUCJIEHHONW MOIEJIH,
KOTOPBIE TIPUBOJISAT K UX MOSBJICHUIO.

KiroueBble ciioBa: onTuyecKas XapaKTePU3alUs, CIIEKTD IIPOIYCKaHU, IIJIaHAPHAs ONTHYECKasd CTPYK-
Typa, TudPaKINOHHAS PENIETKA, PACCESHUE ONTUIECKON MOBEPXHOCTHIO
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Abstract

We examine a planar dielectric lattice consisting of the quartz substrate / thin layer of tungsten
trioxide / lattice of quartz strips / ultrathin palladium film. The measurement results of the optical
transmission spectrum are compared with the calculated results. Agreement with the experimental data
is achieved by adjusting the geometry of the structure, as well as adding bulk absorption and surface
scattering on the roughness of the structure, modeled by losses in the tungsten trioxide layer and addition
to the imaginary part of the dielectric constant of palladium proportional to the frequency third power
(surface absorption), respectively. Both the experimental and calculated spectra were approximated
using a superposition of the polynomial background and two Lorentz resonances. The equality of the
parameters of the approximation functions, the most important of which are the width, depth and
position of the resonant peaks, as well as the average level of the non-resonant part of the spectrum, was
considered as a criterion for matching the model to the measured data. Most parameters match with
an accuracy exceeding 10 %. Moreover, a step-by-step analysis of various factors affecting the type of
transmission coefficient spectrum is carried out, the specific features of the spectrum are compared with
the changes in the numerical model that lead to their appearance.

Key words: optical characterization, transmittance spectrum, planar optical structure, diffraction
grating, scattering by the optical surface

BBenenune

PaspaboTka Bb1cOK03bDMEKTUBHBIX ONITHIECKUX YCTPOUCTE, TAKUX KaK ceHcops [1,2] n 6momerexTopst |3,
a TaKzKe JIeMEeHThI HeJUHEHHOH ontuku [4,5], B 3HAUATELHOM CTENEeHN OMUPAETCsl HA TOUHOE THCIEHHOE
MOJIEJIMPOBAHNE WX OITUIECKOTO OTKJMKA. Takue MeTonbl, Kak MeToj| KOHeUHbIX aieMeHToB (FEM) [6,7]
NJIM METOJ, KOHEYHBIX pasHocTell Bo BpeMeHHOi obsactu (FDTD) [8-10], m03BOJISIOT € JIOBOJIBHO BBICOKOA
TOYHOCTBIO PACCUNTHLIBATH CIIEKTPAJbHBIE XapAKTEPUCTHKN OINTHYECKUX CTPYKTYP. OHaKO MeXKIy momo6-
HBIMU PACYETAMHU U KCIIEPUMEHTAJIBHBIMA JAHHBIMHA IS H3TOTOBJICHHBIX B COOTBETCTBHU C HUMHU O0OPA3IIOB
HOYTH BCETJIa CYMIECTBYET 3HAYUTEILHOE PA3JInINe, IPOABIISIONECECd B CIIEKTPAILHOM CJIBUTE PE30HAHCHBIX
[IUKOB, U3MEHEHUH UX JOOPOTHOCTH. DTO pasjmdue 00yCJIOBJIEHO KAaK TEXHOJOIMYECKUMHU OTKJIOHCHUSIME
reOMEeTPUH PEAJbHOI CTPYKTYPBI OT IMPOEKTHOM, TaK W HAJUYIUEM MOBEPXHOCTHBIX M OOBLEMHBIX MOTEPh B
obpasme |11]. Urnopuposanne sTux GaKTOPOB B MPONECCE MOIEIUPOBAHUST MOYKET TIPUBECTH K U3TOTOBJICHUIO
HEONTUMAJIbHBIX WK BOBCE HEPAOOTOCIIOCODHBIX 00PA3IIOB.

Cy1iecTByole MeTO/IbI OIIPEIEIeHNs] IIaPAMETPOB U3TOTOBJIEHHBIX ONTHYECKUX CTPYKTYP B OCHOBHOM
OIPaHUYMBAIOTCS OIUCAHUEM IIOTEPH B BEIIECTBE IIPU MTOMOIIY BBEJIEHUS B MOJEJb JIONOJHUTEIHbHON MHUMOIT
qacTu JauasieKTpudeckoit nponnnaemoctu [12;13]. Takoil mogxom MoxKeT ObITH IIOJIE3E€H IJIs IEPBUIHOTO
aHaJan3a, HO He MO3BOJISIET yUeCThb CIenuUKY PA3JIUIHBIX (DU3MIECKUX MEXaHU3MOB morepb. OcobeHHO
0oCTpO 3Ta 1pobJieMa CTOUT IS CIOYKHBIX THOPUIHBIX CTPYKTYD, COYETAIONINX IIMIJIEKTPUIECKIE, MeTaJIu-
4yeckre n GyHKIMOHAJIbHBIE (HAIPIMED, Ta30XPOMHBIE) MaTEPUAJIbI, [Jle NCTOYHUKH I0TePb PA3HOPO/IHBI U
JIOKQJIN30BaHbI B PA3HBIX CJIOSX.

B pannoit pabore MpoBOANTCS ONTHYIECKAS XapaKTEPU3AIUsl M3rOTOBJIEHHON cTpyKTypbl. CpaBHUBaA-
I0TCsl U3MEPEHHBIN U PACUYETHBIN CIIEeKTPHI mporrycKanus. COOTBETCTBHE MEXKJTy HUMU YJIyUIIAeTCs IIyTEM
11o/100pa reoMeTpHH, 100aBIeHIs 0OBEMHOIO U IIOBEPXHOCTHOT'O IIOIJIONIEHN, MOJIEJIUPYIOIIET0 PACCETHIE.
AHnajmsupyercsl BIUsSHIE KayKJI0i U3 BHECEHHBIX IIOIPABOK.
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OnucaHue N3roToBJICHUS CTPYKTYPhbI 1N 3KCIIEPpUMEHTAJIbHBIX JAaHHBIX

B manHOIl paboTe paccMaTpUBAETCs CTPYKTYpPa, KOTOPasi UCIOJIb3YeTCs JJI CO3MaHUsl OIITUYIECKOTO
cercopa. OHa mpejicTaBisieT cob0il PaCIIOJIOXKEHHBIN Ha KBAPIEBOM IOJJIOYXKKE OJIHOPOIHBIN CJIOH TPUOKCUIA
Bosbdpama (WO3), moBepx KOTOPOTrO HaHECEHa PEIIETKa MOJI0COoK okenza KpemHust (SiOs). ITokpeiTne u3
CBePXTOHKO miéHku nauiaaus (Pd) HameceHo MOBEPX OTKPBITHIX yYACTKOB TPUOKCUJIA BOJIb(MPAMa U IIOJOCOK
okcuzia Kpemuus (puc. 1).

Pucynok 1 — Cxemaruynoe n3o0pakeHrne pPacCMaTPUBAEMOM CTPYKTYPBI

leomerpuueckue mapaMerpbl ©3roTOBJEHHOIO 00PA3Ia BBIMIEOINCAHHON CTPYKTYPhI ObLIN U3MEPEHBI
[IPU ITOMOITY CKAHUPYIOIIEH JIEKTPOHHOM MUKPOCKONINHU €ro cKoja. Losrmuabt cjiosd W03 u mostoc SiOg paBHBI
coorsercrBeHHo h(WOQO3) = 186 um u h(SiOg) = 226 am. dja crpykrypupoBanus noBepxHocTH cjios SiOg
HAHOCHJICS 9JIEKTPOHHBIN (DOTOPE3UCT, TOCIIE 9ero MPUMEHsIIIOCH IJIa3MeHHoe TpaBJienne. 11pu aTom O6bLTO
BBISIBJIEHO, YTO UCIIOJIb3YEMOE PACCTOsIHAE MEXKJY Pa3HbIMU IoJjiocaMu ¢oropesucra B 80 HM COOTBETCTBYET
[EJIEBOMY 3a30pY, TO €CTh PACCTOSTHUIO MEXK Iy OCHOBAHUSIME JIBYX cocenuux mojoc SiOs B MecTe MX KOHTAKTa,
co cioem WO3, B 50 um (puc. 2). Iosnnpiii nepuog, crpykTypbl cocrasiser 470 Hu.

a [§)

Pucynok 2 — M306parkeHne CKoJia B IONEPEYHOM CEYEHUN CTPYKTYDBI, MOJIyUeHHOE C MOMONIBIO CKAHUPYIOIIErO

9JIEKTPOHHOrO MHUKpockona (COM-usobpaskenne) Jyisi pacCTOSHUA MeXKy HojocaMu dporopesucra 80 HM ¢ yKasaHHeM

reOMETPUYECKUX Pa3MepoB (a) U ¢ yKazaHHeM MATEpPHAJIOB, IPUCYTCTBYIOIIUX B CTPYKTYPE JI0 YIAJIEHNs 3JIEKTPOHHOIO

doropesucra (6). 3asop cocrasisier or 33 HM (OTMEUEH Ha CHUMKE) 10 57 HM (MaKCHMAaJIbHbLA 3a30D, HAOJIIOAABIINIACS
Ha CHUMKaX), B pacyérax MCIOJIb3yeTcsl yCpeHEHHOe 3Hadenune 50 HM, nepuox — 470 HM

Ilociste TpaBieHust BEPXHUIl CJI0# 3JIEKTPOHHOIO (DOTOPE3UCTA YIAJIAETCA IIPHU ITOMOIIHM KUCIOPOI-
HOIl OYMCTKH, 3aTE€M BCs TIOBEPXHOCTH 0Opa3iia mokphiBaeTcs ciaoem Pd ¢ BecoBoil TosmuHoit okoio 1 HM
(KOHTPOJIMPOBAJIACH TIOKA3aHUSIMA KBaPIEBOTrO OCHMILIsiTOpa). TakuM obpasom dhopmupyercsi Tpebyemast
CTPYKTYypa.

J17151 M3rOTOBJIEHHBIX 00PA3IIOB OBLIN M3MEPEHbBI CIIEKTPHI IIPOILYCKAHUS B S-IIOJISIPU3AIIH, TO €CTH BEKTOD
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3JIEKTPUIECKOTO TI0JIsT OBLT TIapaJsIeieH MOoJI0OCAM OKCHIa KpEeMHUsI, IpH yruie najenus csera § = 3°. Ormernm,
YTO OCh BpallleHus oOpa3lia TaKXKe MapaJulejbHa IojiocaM. s m3MepeHnii CIeKTPOB MCIOJIH30BAJIACH
ycTaHOBKa Ha ocHOBe KoH(oKajabHOro cruekrpoMerpa NTEGRA Spectra u mmpoKOIIOJIOCHOIO UCTOYHUKA
uzstyaenns CUPIIT 6-40. [TomygyeHHbIit ClieKTp XapakKTepu3yeTcs JIByMs pe3oHaHcaMu: OoJjiee MUPOKUM Ha,
nymHe Bostbl 0Kos10 800 1M, a Takzke Gosiee y3kuM — Ha Gosibiedt fayune Bosubt (puc. 3). dus ynobersa paboTst
€ U3MEPEHHBIM CIEKTPOM IIIyMbI B HEM OBLIN CIVIaXKEHbBI ¢ UCHob30BanneM ¢uabrpa Casurkoro-Tosres.

Pucynok 3 — MI3MepeHHBIH CIIEKTD NPOILYCKAHUs UCCIELYyeMOM CTPYKTYPbI (KpacHasi KpUBasi), a TaKzKe CIVIAYKeHHBII
mpu nomouu Meroga Casunkoro-I'osiest BApHaHT 9TOro CIieKTpa (CHHsAST KpUBasi)

O6paboTKa 3KCIIepUMEHTAJIbHBIX JaHHBIX

AHHpOKCI/IMaI_[I/ISI CIIEKTpa C IIOMOIIIbIO PE30OHAHCOB HopeHua n YncJIEeHHOe€e
Moage/JIiMmpoBaHue

PucyHnok 4 — Annpokcumanust criekrpa Koadduimenra npoiryckanus (KpacHasi Kpupasi) BblpaxkeHueM (1) u akcuepu-
MEHTAJIBHBIA CIEKTD IPOIyCKanus (roaybas KpuBas)

st xapakTepusanuu oOpa3la U OIpeeieHns] KOJMIEeCTBEHHOIO 3Ha4YeHUsl IIOTEPh B PAa3HBIX €ero
qacTsIX HeOOXOIMMO, BO-IIEPBBIX, TAPAMETPU30BATH 3aBUCUMOCTD KO(D(MDUITNEHTA TPOIYCKAHUS C TTOMOIIHIO
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€ro anIpoKCUMAIIN HEKOTOPO aHaInTHIecKoil dyHnkineil. Bo-BTOPBIX, YNCIEHHO PACCIUTATD CIEKTD MO-
JEeJIbHOI CTPYKTYPHI, IO MaTepuajiaM M I'e€OMeTPUU aHAJIOTHMYHON M3ydaeMoil, U 1ogo0paTh BEJIUYUHY U
[IPOCTPAHCTBEHHYIO JIOKAJIM3AIIAIO [I0TEPh B MOJIEJIBHOI CTPYKTYPE ISl JOCTUKEHUST HAMJIYYIIIEr0 COBIAIEHIS
C 9KCIIEPIMEHTOM.

PazymmuO 11peanosoKuTh, 9T0 CHEKTP CTPYKTYPBI AllPOKCHMUPYETCS C IOMOIIBI0 aHAJIMTUIECKOH
byHKIIUN, ABIATONTENHCT KOMOMHAIIMEH IBYX JIOPEHIIEBCKUX PE30HAHCOB ¢ HEHYJIeBO (ha30il, TO eCTh PE30HAHCOB
®ano [14], u nosruHOMHUANBHOTO hOHA:

A =970 A — 970)° iay et iapeifz
T=|Tp+ 5~ Th + ( 50 ) g P (1)
Y vl e S sl v g

T7e o2 U 7,2 — HapaMeTPHl IVIyOMHBI U IMIUPUHBI PE3OHAHCA COOTBETCTBEHHO, (12 — (a3bl PE30HAHCOB,
01,02 — IEHTpAJbHbBIE JJIMHBI BOJH PEe30HAHCOB, a Ty — cpenuuii ypoBeHb (oHa (HEPE30HAHCHON HYaCTH
ko3 durmenta nporyckanus), Ty u T}, — napaMerpbl JHHEHHON U KBaPATHIHOI IIOIPABKH K HEPE3OHAHCHOM
qacTi KOIMDMUITNEHTa, TTPOITYCKAHWSI.

B pesysibrare anmpokcumanuu SKCIEpUMEHTAIBHO M3MEPEHHOIO CIIEKTPA [MOJIYIeHbl CJIeAyoNne 3Ha-
yenns mapamerpos: a; = 0.121 um, ¢; = 5.098, A1 = 798.483 mm, v; = 0.000107 M~ !, oy = 0.064 mm,
$2 = 0.310, Aoz = 861.233 HM, 2 = 0.000030 um~!, Ty = 0.844, T}, = —0.038, T, = —0.000322, koTOpBIE
MPUBOJISAT K COBIAJICHUIO AHAJIMTHIECKON (DYHKIINU U SKCIIEPUMEHTATIHFHO U3MEPEHHOIO CIIEKTPA ¢ XOPOIIeit
TOYHOCTHIO (pHC. 4).

a 6

Pucynok 5 — ['eomerpua pacuaérnoit mogemn 8 COMSOL Multiphysics (a) n COM-u3obpazkenue 0JHOTO TIEpUOAA
CTPYKTYPBI B Ionepednom cedenuu (6)

YucyieHHBIN PACYET CHEKTPA [IPOITYCKAHUST H3y4aeMOro 00pa3Ia MPOU3BOIMIICS C TOMOIIBIO IIPOrPaMMBbI
COMSOL Multiphysics. IIpu 3ToM reoMeTprdecKue HapaMeTpbl MOJIEIbHON CTPYKTYPBI (pHC. Ha) 3a1aBauch
PaBHBIMHU COOTBETCTBYIOIINM [TaPAMETPAM U3TOTOBJIEHHOIO 00pa3iia, M3MEePEHHBIM ¢ moMombio COM-cHuMKa
ckosia 06pasia (puc. 56). B gactHoCcTH, HabmOnaeMoe Ha cHuMKe yriy6senue B cioe WQO3, 00yciioBieHHOe
U30LITOYHBIM TPaBJieHuEeM (II€PeTPaB), MOAEIUPYETCs SJUIUITHIECKIM KOHTYPOM.

YucaeHnHoe MoJeJ/MmpoBaHue 1 olipejejJeHrne MCTOYHUKOB IIOTeEPb

Pazbepém 60s1ee oapoOHO TIPOIIECC U PE3YIbTATHI YUCIEHHOTO MOJIETUPOBAHUS CIIEKTPA MPOITYCKAHMSI.
Onruyeckue u reOMeTpUIeCKre CBOWCTBA MaTepHUasioB ObLIN OM00PAaHbl TaK, YTOOBI JIOCTUYh HAUJIYUIIEro
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COBIIQJIEHUS] IKCIEPUMEHTAIHHOIO U MOJIEJIBHOTO CIIEKTPOB. B pacdérax MCIOIb30BAINCH IUCIIEPCUOHHBIE
3aBMCUMOCTH JIUIJIEKTPIIECKOil niporuiiaemoctu Pd B coorBercTun ¢ paboroit [15] 1 WO3 B cooTBeTcTBIM
¢ paboroit [16]. IIpu sTOM B KadecTBe KPUTEPUsI COBIAJEHUS PACCMATPUBAETCS PABEHCTBO MAPaMETPOB
annpokcumanuu Koddduimenta nporyckanus (1).

KadyeCTBe UCXOJHOIO BapHaHTa MOIEJIU MOTPHUM CTPYKT JIOEM HepeTpaBIeHHOL
B kagecTBe MCX0omHOTO BapwaHTa MOJIE accMo ¢ co ciioem WOQO3 6e3 meperpaBjIeHHOIO
yJacTKa. PacCIMTaHHBIA CHEKTp MPOMyCKaHUsI TAKOH CTPYKTYpHI (puc. 6a) CyIeCcTBEHHO OTJINIAETCS] OT
9KCIIEPHMEHTAIBHO U3MEPEHHOro criekTpa (puc. 4).

IlepBoe 3aMeTHOE OT/IMYME COCTOUT B PA3JMIHBIX HAK/JIOHE W BBIMYKJOCTA HEPE3OHAHCHOW YaCTH
Ko3ddunmenta mpomyckanusd. JJanubiit 3¢pdeKT MOKeT ObITH CBSI3aH C MOBEPXHOCTHLIM PACCESTHUEM, KOTOPOE
IIPU MOJIEJTMPOBAHUH OBLIO YUTEHO depe3 10baBeHNe ITOIPABKU K MHUMON YACTH ITOKA3aTesIs IPeJIOMIIEHS
Pd, xapakTepHoii JjIs PIJIEEBCKOTO PACCESTHUS:

3
1" ]'
oe" X 5 (2)

rie €” = 2nk, 9T0 COOTBETCTBYET MONPABKe K MHUMON YacTH IOKazaTesd npejoMiaenus Pd suia

1 (1762[nm]\°
Okpa = ST 3 . (3)

Hucsosoii koadduient B dopmyiie (3) HaljeH U3 HAMIYUIIErO COOTBETCTBHS YIVIa HAKJIOHA U BBIITYKJIOCTH
doHa ¢ FKCIIEPUMEHTAJIBHBIMY 3HAYEHUAME. B pe3y/brare 1moadopa 3Toro KosguimenTa yaaaoch J00UThCs
XOPOIIIET0 COOTBETCTBUS PACUYETHOrO HAKJIOHA HEPE3OHAHCHON YacTu Ko3(hMUIMEHTa MpOIycKanus (3eeHast
cTpesika Ha puc. 66) ¢ HAbGIIONAEMBIM B 9KCIEPUMEHTE.

Pucynok 6 — Pacuérnble ciekTpbl KoaddunuenTa npoiyckanus (CHHAe KPUBbIE) ¥ UX AHAJIUTUIECKUE AIIPOKCAMALN
(kpacHble IIyHKTHPHbIE KPUBBIE) JJIsi HCXOAHOM Mozenun (&) U ¢ JoGaBI€HHBIM [OBEPXHOCTHBIM paccesiHueM (0)

Ob6paruM BHUMaHUE, YTO IPHU J00ABJIEHUN B MOJIEJIb IMOBEPXHOCTHOTO DPACCESHUS] U3MEHSIETCS He
TOJIBKO CIIEKTpaJjibHasi (pOpMa HEPE3OHAHCHON YacTU KO3 UIMEHTa TPOIIyCKAHNSI, HO ¥ YMEHBIIIAETCs ero
cpennuii yposenb. [Tonfop npasuibHoro koadg duimenra B BbipazkeHun (3) MO3BOMMI JOOUTHCH COOTBETCTBUSI
CPEeJIHEr0 yPOBHsSI U OOINEro M3MEHEHUsI HEPE30HAHCHON JacTh BeJUIUHBI KOI(MMUITMEHTA TPOIYCKAHUS B
paccMaTpuBaeMOM CIEKTPaJbHOM JIMalla30He.

Emé omHO HecooTBETCTBHE MEXKIy PACUYETHBIM M SKCIHEPUMEHTAJIBHBIM CIEKTPAMH 3aKJII0YAETCs B
GOJIbIIIEM CIIEKTPAIBHOM MPOMEXKYTKE MEXKJIy PE3OHAHCHBIMU MUKAMU (CPABHUTH PACCTOAHUE MEXKJLY TTHKAMU
Ha puc. 4 u puc. 6). Ykazannoe paziniue ObLI0 YaCTUIHO HUBEJUPOBAHO IIPHU IIOMOINY JT00aBJIEHUs B MOJIEb
JUIAIITHYECKOTO Bhipe3a B cyioe W3, OMUCHIBAIOIIErO IEPETPAB B M3TOTOBJIEHHOW CTPYKTYPE, 00YCIOBIEHHBII
JI0CTaTO4YHO GOJIBIIMM BpeMeneM Tpasienns. Kak sunuo na COM-uzobparkenun (puc. 56), riybuna neperpasa
COCTABJISIET MOPSIIIKA, Y€TBEPTU TOJIIMHBI Beero cjiosd WQO3. VIMeHHO Takoe COOTHOIIEeHNE U OBLIO BHIOPAHO IIpH
YUCJIEHHOM MojieinpoBanuu. loyryauBimiicst ocje y4éra rmeperpaBa CIEKTP UMEET YBeJMIeHHOe PACCTOsIHUE
MEZKJIy PE30HAHCAMU, YTO COOTBETCTBYET CIIEKTPY PeabHOro obpasia (3eséHast crpeska Ha puc. 7). Ormernm,
9TO PACCTOSHUE MEXK/Iy PE30HAHCAMH yBEJIUIUBAETCs 338 CUECT YIMUPEHUsI U YIVIyOJI€HUsT KOPOTKOBOJIHOBOTO
pe30HaHCca, TIOCKOJIbKY TI0JIe JJAHHOTO Pe30HAHCA HAYMHAET CHJIbHEE MEePeKPhIBAThCA co ciioeM Pd B obiactu
JTUITUIECKOTO BBIPE3a.

[Tepeitném Temeps OT paccMOTPeHUs O0IMUX XaPAKTEPUCTUK CIIEKTPA, TAKIX KakK (hopMa HEPE30HAHCHOM
qacTu KO3DPUIUEHTA IPOILYCKAHUS 1 PACCTOSHIE MEXKTy IIMKAMU, K IT0I00PY IapaMeTPOB CAMUX PE30HAHCHBIX
[IIKOB, & UMEHHO UX JOOPOTHOCTEN U CIIEKTPAJILHBIX HOJIO2KeHn. [jis 9TOr0 npu MomesiupoBaHuu 106aBUM
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Pucynok 7 — Cuextp KoadduIeHTa IPOIyCKAHMs JIJIsl MOJEIH ¢ JOOABIEHHBIMY [OBEPXHOCTHLIM PACCEsSHUEM U
UIMITHYIeCKUM BbIpe3oM B cyioe WO3 (CuHsist KpUBasi) U €ro aHAJIMTUYECKast allllPOKCHUMAalust (KpacHasi IyHKTHDHAS
KpuBasi)

B CJIOI W03 JOIIOJTHUTEJIbHbIC ITIOTEPU U yBEJIUINUM ,HeﬁCTBI/ITeJIbHyIO qJaCTb €ro IokKa3aTeJid IMpeJIOMJICHUI,
TOCKOJIbKY MUKW CABUHYTHI B JIJITMHHOBOJIHOBY IO O6J1aCTI); JIydinasl alrpoOKCUMaIld JJOCTUTHYTa IIPU CJICJYIOTINX
BeJIMYMHAX:

S(nwo, +ikwo,) = 0.18 4 0.0134. (4)

IToMUMO COOTBETCTBUS APAMETPOB PE30HAHCOB, J06ABIEHNE OOBEMHBIX MOTEPh MOMOIAeT TAKYKE CHU3UTD
ypoBeHb ¢goHa. B cBoro ouepein, yBeaumuenue AeiicTBUTeILHOI YacTh ToKazares npegomienus WOs npusoaut
K CJBHUT'Y PE30OHAHCOB B 00J1aCTh GOJIBINUX JJIMH BOJIH, TEM CAMBIM YJIyHIas COBNAJICHUE C SKCIIEPUMEHTATHHBIM
pesysibraroMm (puc. 8).

Pucynok 8 — CrekTp ImpomycKaHusi Jjisi MOJENU ¢ JOOABJIEHHBIMU [TOBEPXHOCTHBIM PACCestHuEM, OObEMHBIME IIOTEPSIMHI
7 SJITMOTHYECKUM BBIpe3oM B c1oe WO3 (CuHsIsA KpUBAas) U ero aHAJIMTHYECKAsl allllPOKCUManus (KpacHasl Iy HKTUPHAS
KpuBasi)

CpaBHUM TIApaMeTPhl AIMIPOKCUMAIINN CIIEKTPa MPOIYCKAHUS JIJIs UTOTOBOM Mojean: o = 0.122 uwm,
61 = 5.6, A1 = 814.2 M, v; = 0.000109 M, an = 0.072 M, ¢ = —0.35, A2 = 859.1 HM, Yo =
0.00007 am~ !, Ty = 0.80, T, = —0.06, T, = —0.0003 c mapameTpamMu, COOTBETCTBYIONIIMHI AIIIPOKCHMAIIH
9KCIIEPIMEHTAJILHOTO CIIEKTpa Ipolryckanus (tabir. 1).

3aMeTHM, 9TO MOrPEITHOCTD ONpeIeJIeHnsT GOMBLITMHCTBA napaMeTpos He npesbimaer 10 %. Nckmodenne
COCTABJIAIOT JIUIID IIAPAMETDP IUPUHBI BTOPOI'O PE30HAHCA Yo U JIMHEIHas monpaBKa K (HoHy T}, HOrPentHOCTb
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Tabmuna 1 — CpaBHeHME TAPAMETPOB AIPOKCUMAIMN CHEKTPa IIPOIYCKAHUsI, H3MEPEHHOI'O B KCIIEpUMEHTE (JIeBbIi
cTOsIGEIL) ¥ MOJIy9€HHOI'O M3 UTOroBOi Mozesn (Ipasblit cTosiberr)

Ammporcumariist
[Tapamerp anpoKCHMAIMN AnmpokcuManust MOZIEJIbLHOIO
KCIIEPUMEHTAIBHOIO
CIIEKTPA CIIEKTPA
pe3yJibraTa
aq 0.121 am 0.122 M
d1 5.1 5.6
Ao1 798.5 HM 814.2 um
o2l 0.000107 am—! 0.000109 am~?!
Q9 0.064 aMm 0.072 um
oD 0.31 —0.35
o2 861.2 uMm 859.1 aMm
Yo 0.00003 mm—! 0.00007 et
To 0.84 0.80
Ty —0.04 —0.06
T, —0.0003 —0.0003

ompeiesieRnst KOTopbix pagaa npumMepno 50 % n 30 % coorsercTBenHO. TpyIHOCTD B OMHOBPEMEHHOM HOIOODE
IMIUPUHBI 000UX PE30HAHCOB MOXKET OBITH CBSI3aHA C TeM, UTO JIJI 9TOTO TpebyeTcst MEHATh CBOWCTBA CJI0S
WO3 He 0HOPO/IHO TIO BCell CTPYKTYpE, a MO-PA3HOMY B PA3HBIX €€ JacTsX, TaK KaK MPOCTPAHCTBEHHOE
pacIipejiesieHIe 3JIeKTPUIECKOrO TOJIs HA JaCTOTaX ITUX PE30HAHCOB PA3JINIAETCS.

Taxkum 006pa30M, UTOTOBBIN PACIET yIUTHIBAET 00bEMHBIE ToTepu B ciioe W3, MOBEPXHOCTHOE paccesi-
HUe, a TakKe Hajm4ane neperpaBa B WO3, CBI3aHHOTO ¢ HETOYHOCTHIO TIPU IJIA3MEHHOM TPABJIEHUU CJIOS
Si04. Kazkapiit u3 Tpéx mnepeduncyieHHbIX 3PdEKTOB mmocjie J106aBIeHns] B MOJEJIb [T03BOJIII CKOPPEKTUPOBATH
HECOOTBETCTBUE OIPEJIEJIEHHON XapaKTePUCTUKHI PACYETHOIO U IKCIEPUMEHTAJIBLHOIO CIIEKTPOB. J[obuBImuch
MaKCUMAJIbHOTO COOTBETCTBUS, YIAJOCH OJHOBPEMEHHO ITOJIYYUTh WH(MOPMAIUIO O KOJUIECTBEHHOM 3HAUEHUN
moTepb B 00pasiie U yTOYHUTH reoMerpudeckne ocobennoctn meperpasa B WOs.

SakJirouyeHue

Takum 06pazoM, pacCMOTpEHa ONTHYECKasi CTPYKTYpa Ha OCHOBE PACIOJIOKEHHOTO Ha KBapIEeBOit
MOJIJIOXKKE CJIOST TPUOKCUJIA BOJIL(MDpama, MoBepX KOTOPOro HaHeceHa pernérka u3 mojoc SiOg, moKpbiTas
CBEPXTOHKUM CJI0eM najiaaus. JlaHHas CTPyKTypa MOXKeT UCIIOJIb30BATHCS IPU U3TOTOBJIEHUN OITHIECKO-
IO CEHCOpa. DKCIEPUMEHTAIHLHO U3MEPEHHbIN CIIEKTP MPOILYyCKAHUSI U3TOTOBJIEHHOTO 00pa3lia OIMUCAHHOMN
CTPYKTYPBI OOHAPYZKUJI CYIIECTBEHHBIE PA3INYUs CO CIIEKTPOM, PACCUMTAHHBIM C IIOMOIIBIO ITPOrPAMMBI
COMSOL Multiphysics Ha ocHOBe mieaM3upoOBaHHON reoMmerpun. J[aHHBIE PA3/MINs Mbl HUBEJIMPOBAJIU [IPU
MOMOIIY JTOOABJIEHUST B MOJIEJIh O0BEMHBIX TIOTEPh B TPUOKCHUJIE BOJIBMPaMa U MOBEPXHOCTHOIO TIOTJIOIIEHUS B
najutagun. Takyke m00aBjIeH BBIPE3 B CJI0€ TPHOKCUIA BOJIbMPaMa, IMEoNuil hopMy IUINH/IPA C MOJIYIJLIAI-
TUYECKUM CEYEHUEM, KOTOPBIN OMUCHIBAET MMEPETPAB, BOSHUKAIOIINI M3-38 HETOUHOCTEH TEXHOJIOTHMIECKUX
nportieccoB. CBOJIHAS MILIIOCTPAIINS, JIEMOHCTPUPYIONIAsI BJIUSHUE PA3IUIHBIX (PAKTOPOB, YUUTHIBAEMBIX IIPH
MOJICJTUPOBAHNY, Ha BHJI CIIEKTPA IPOIIYCKAHWs, IPUBEIeHa Ha puc. 9.

B xoze MOJe/IMpOBaHUs PA3IHIHBIX 3MMEKTOB yAaI0Ch CONOCTABATH UX BIIMSAHUE HA TY HJIH HHYIO
XapaKTEPUCTUKY CIEKTPA MPOIYCKaHUs. B 4acTHOCTH, 0KA3AJI0Ch, Y9TO OBEPXHOCTHOE PACCESHHE H3MEHSET
HAKJIOH HEPE3OHAHCHON YaCTH CIEKTPa B PACCMATPUBACMOM [IUANA30HE HA [POTUBOIOJIOXKHBIN (3eséHast
cTpesika Ha puc. 9) U MoHMKaeT eé obIMil YPOBEHDb (CpaBHATE CHHIOI U 3€JIEHYI0 KpHBble Ha puc. 9). Bmecre
C TeM IIepeTpaB B CJIOe TPHOKCHA BOJAb(dpaMa HECKOJIBKO U3MEHsieT CHEKTP B KOPOTKOBOJIHOBOI 9acTh
CIIEKTPATILHOTO [IHANAa30Ha, YBEJININBasi IIPU 9TOM PACCTOsTHAE MEXKIy Pe30HaHCcaMu (KpacHasi CTpesKa Ha
puc. 9). Jobasienue ke 00bEMHBIX [IOTEPh COBMECTHO C YBEJIMYEHNEM JIEHCTBUTEILHON YaCTH HOKA3aTEs
IIPEJIOMJIEHNST TPHOKCHIA BOJIbhPaMa O3BOJISET CABUHYTH II0JI0XKEHIE PE30HAHCHBIX IIUKOB B 06,1aCTh GOJIBIIIX
JUIVH BOJIH, YMEHBIIUB WX [VIyOWHBI ¥ yBEJIMIUB TOJIIUHBI (CPABHUTE KPACHYIO U OHPIO30BYIO KPUBBIE HA
puc. 9).

JeTanbHoe MOJEINPOBAHNE OMMUCAHHBIX BBIMIE 3(PPEKTOB MO3BOJMIO JOOUTHCA XOPOIIET0 COOTBETCTBHUS
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Pucynok 9 — Cuexrp ko3 durpenTa npomyckanus Jjisl 9eThIPEX BAPHAHTOB MOJIEJIN: UCXOJHOIO (CHHsISI KpUBas), €

J106aBJIeHHBIMY HOTVIONIEeHneM B cjioe Pd (3es1€Hast KpuBast), S/UIMITHIECKUM BbIpe3oM B ciioe WO3 1 HOIVIONIEeHneM B

cnoe Pd (kpacnas xpuas), 06béMubiMu orepsayvu B WO3 n mornomenuem B cioe Pd, a Takake ¢ ssmnTnaeckum

BbIpe3oM B cioe WO3 (6uprozosas kpusas). CrpeskamMn 0603HaU€HbI OCOGEHHOCTH CIIEKTPA, ONUCAHHBIE COOTBETCTBY-
OIUM (DAKTOPOM, YITEHHBIM B MOJIE/TH

9UCJIEHHOTO U 9KCIEPUMEHTAIHLHOTO CIEKTPOB, 9TO MOATBEPKIAETCS COBIAEHINEM MapaMeTPOB X (PyHKITHI
ANIPOKCUMAIAN: 3HAMEHUS OOJIBIINHCTBA MAPAMETPOB OTIMYAIOTC He Gosee wem Ha 10 %.

BaxxkHO OoTMETUTB, YTO IPEJICTABJIEHHBI AJITOPUTM XapPAKTEPU3AINN OINTHYECKUX CTPYKTYD MOXKET
OBITH UCIIOIB30BAH JIJIsI ONPEIEJCHUs] ICTOYHUKOB ITOTEPb U TEXHOJIOTMYECKUX HEJIOCTATKOB B MHOI'OCJIOMHBIX
MIEPUOAMIECKIX CTPYKTYPaX C PA3IMYHOM cUMMeTpHreil U Tomojorueil. B wacTHOCTH, PEe3yIbTaTHI, IOy YCHHBIE
Iyt 00pA3IOB B JAHHOI paboTe, TOBOPAT O TOM, UTO YJIydIl€HIE UX KA9eCTBA MOYKET OBITh JOCTUTHYTO Iy TEM
KOPPEKTUPOBKU TEXHOJIOI'UHU, HAIIPABJIEHHON Ha yMEHBIIEHUE IIEPOXOBATOCTH ITOBEPXHOCTEH N OOBEMHBIX
1I0TEPb.
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