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O0mass xapakTepucTUKa padoThl

AKTYaJIbHOCTb TeMbl HCCJIC0BAHUS

B3aunmMozeiicTBre 1a3epHOTo U3TyUYeHHs C METANIAMU COITPOBOXKIACTCS pa3any-
HbIMU HEJIMHEHHBIMU siBIeHUAMHU. OTHUM U3 HUX SIBJISETCS T€HEepalus IUPOKOIOI0C-
HBIX T€PareproBbIX MOJIEH. AKTYyalIbHOCTh UCCIIEIOBAHHUS 3TOTO SIBJIICHHS CBA3aHAa C BO3-
MOKHOCTBIO IIPUMEHEHUS TE€PArepLoOBbIX UMITYJIBCOB JUIS PAa3JIMYHBIX IMPAKTUYECKUX
3ana4. K npumepy, TeparepiioBble UMITYIbCHI IIUPOKO UCIIONB3YIOTCSA MPU U3yUYEHHUU
Pa3IMYHBIX CBOMCTB 00pa3I0B, B CIEKTPOCKOIUH, TPU U3YUEHUU JUHAMUKHU HOCUTEIEH
3apsia Ha MUKOCEKYHIHBIX U CyONMHUKOCEKYHIHBIX BPEMEHHBIX MacllITabax B MeTasuIax,
noJyMeTajax, MoJlyIpoOBOAHUKAX WU rpadeHe, IPUMEHSIOTCS MPU YIPaBICHUU XU-
MUYECKUMHU PEaKLMsIMU WIH MPU MAHUIYJIUPOBAHUU AJICKTPOHHBIMU COCTOSIHUSIMU B
KBaHTOBBIX SIMax, a TAK)K€ B MEJIULIUHE.

Psg paGoT mocBsIIeH 3KCIIEpUMEHTAIbHOMY M3yUEHHUIO0 FeHepaluy Teparepio-
BbIX I10JIEH, BOSHUKAIOUIUX MPU 00JyYEHUH METAJUIOB (PEMTOCEKYHIHBIMU UMITYJIbCa-
MU JIa3epHOro u3nyuyeHus [1—S5]. B HUX u3MepeHbl JIUTENbHOCTA U (OPMbI UMITYJIb-
COB HU3KOYACTOTHBIX IOJIEH, pACIIPENE/ICHNUs] SHEPIrUU HU3KOYACTOTHOIO MOJIS MO yI-
JaM ¥ 4actoTam, U 3p¢PEeKTUBHOCTh KOHBEPCHUHM JIA3E€PHOI0 U3yUYEHUs B HU3KOYACTOT-
HO€ n3iryyeHue. M3ydeHo BiIrsHue NOJIIpU3alii U MHTEHCUBHOCTH J1a3€pHOTO U3JIyde-
HUS, a TAKXKE pa3MepoB 00paslia Ha TeHEPAIM0 HU3KOYACTOTHBIX Toiiei. TeopeTuye-
CKOMY OIMCAHUIO0 TeHEepallii HU3KOYACTOTHOTO M3JIYYEeHHsSI MOCBAIIEHBI paboThl [6—
9]. B HUX nOKa3aHO, YTO UCTOYHHUKOM TEPATE€PLOBBIX IOJIEHN SIBISIOTCS HU3KOYAaCTOT-
HbIC HEJMHEHHbIC TOKHU, BOZHUKAIOIIUE Y MOBEpXHOCTU MeTauia [6—9]. [Ipennoxe-
HO HECKOJIBKO MEXAHMU3MOB I'€Hepallii TakKuX TOKOB. OJTHUM U3 HUX SIBISETCS MOHJE-
POMOTOpPHOE BO3AEHCTBHUE HA 3JEKTPOHBI MPOBOAUMOCTH [7]. BTOpoi npuunHON BO3-
HUKHOBEHMSI HU3KOYACTOTHOTO TOKA SIBJIIETCS T'PAJIUCHT JABJICHUS 3JEKTPOHOB [§; 9].
Hanuuue Takoro rpajueHTa CBsI3aHO C HEOJAHOPOJHOCTHIO TEMIIEPATYPhI AIEKTPOHOB,
BO3HMKAIOIIEH NPU NOMIOMIEHUH Ja3€pHOT0 n3inyyeHus. Ecinu nazepHoe u3nyyeHue na-
JaeT MoJ YIJIOM K NOBEPXHOCTH MeTajlia, TO BO3MOKHA T€HEpaLHsl U 3a CUET BO3HHUK-
HOBEHHUS TOKA YBJICUEHUS, TEKYLIETO BIOJIb IMOBEPXHOCTU MeTayia. CpaBHUTENbHBIN
aHaJIU3 ATUX MEXaHU3MOB I'eHEpaIlMH MOKA3bIBAET, UTO €CJIM 3a BPEMsI BO3/ICCTBUSA J1a-
3€pHOT0 UMITYJIbCA MPOUCXOJUT MAJIO ANEKTPOHHBIX CTOJIKHOBEHUN B I10JIE JIA3EPHOTO

H3JIYyUCHHA, TO ICHCPALHA 3a CUCT IIOHACPOMOTOPHOI'O BOBI[GI‘/IICTBI/IH SABJISICTCA JOMUHU-



pytouieii. B mpoTHUBOMNOI0KHOM Cilyyae TeHepalus 3a CYET TpaJueHTa JaBICHUS dJICK-
TPOHOB U TOKA YBJICUCHHUS SIBIISICTCS onpeesatonieid. B pabote [6] onucana reHepamnus
HU3KOUACTOTHOT'O U3JIyUYEHUS IIPU BO3IECUCTBUM Ha METaJ1 C(POKYCUPOBAHHOTO Jla3ep-
HOI'O W3JIyY€HHUsI, MaJIal0lIero HOpMaabHO K MOBEPXHOCTH MeTajia. [Ipu stom B [6]
paccMarpuBaach reHepanusi HU3KO4YaCTOTHOTO M3JIYyYEHHUs TOJIBKO 3a CUET MOHIEPO-
MOTOpPHOM cuiibl. ['eHepalus 3a cueT rpajJueHTa JaBjIeHUs AIEKTPOHOB B 3TOM padoTe
paccmoTpeHa He Obuta. [TockoabKy Takoit MeXaHW3M reHepalui MOXKET ObITh JOMUHU-
PYIOIIUM, TO MPEACTABISET UHTEPEC AOMOIHUTH TEOPUI0, CHOPMYIMPOBAHHYIO B pa-
6ote [6], yaeToM BKJIaJia OT JTaBJICHUS 3JIEKTPOHOB. DTO caenano B [maBe 1 u 2 quccep-
TallUU.

[TomMmuMoO TeHepaluu TeparepiioBOro U3IyUeHUs TakKe BO3ZMOXXHO HEJIMHEHHOe
BO30Y>K/IEHHE HU3KOYACTOTHBIX MOBEPXHOCTHBIX BOJH. DKCIEPUMEHTAIBHO MOKa3aHa
BO3MOXKHOCTh TaKOTO HEJTMHEHHOro BO30YXKIIEHUs HU3KOYACTOTHBIX MOBEPXHOCTHBIX
BOJIH 32 CUET MOHIEPOMOTOPHOIO BO3ACHCTBYA Ha ANEKTPOHBI IPU CMENIMBAHNH JIa3€EP-
HOTO U3JIyYEHUS C pa3InyHbIMU HecymmMu yactotamu [10; 11]. Bmecte ¢ TeM Teope-
TUYECKH MPEACKa3aHO, YTO BO3MOYXKHO BO30YK/IEHUE HU3KOYACTOTHBIX TOBEPXHOCTHBIX
BOJIH MPU BO3JEUCTBUU C(POKYCHPOBAHHOIO JIA3€PHOTO U3Iy4YEHHs Ha meTraia [6; 7).
Onu B030YX1al0TCSI BMECTE C TEPareplioBbIM U3YyUYEHUEM U 33 CUET TeX e MEXaHU3-
MOB TeHepauuu. Bo30yxJieHne HU3KOYaCTOTHBIX MOBEPXHOCTHBIX BOJIH C(HOKYCHPO-
BaHHBIM JIA3€PHBIM HU3JIyYEHUEM OTYACTH aHAJIOTUYHO BO30YKIECHUIO TOBEPXHOCTHBIX
BOJIH B Mponecce AUPPAKIUU ONTUYECKOTO U3ITyUYEeHUs HA CyOBOJHOBBIX OTBEPCTHSIX
VI HEPOBHOCTSX IMOBEPXHOCTU MPOBOAHUKA [12—15]. [IoCcKOIbKY HU3KOYAaCTOTHBIE
MOBEPXHOCTHBIE BOJIHBI BOSHUKAIOT BMECTE C HU3KOYACTOTHBIM H3IIyYEHUEM, TO BO3-
HUKAET BONMPOC 00 MX KOHKYpPEHIMHU BOJIM3U MOBEPXHOCTH. BMecte ¢ Tem B paboTax
[6; 7] HE YUHTHIBAIOCH U3JIYyYEHUE BJIOJIb TOBEPXHOCTH METAJIA, U TaHHBIA BOIIPOC
uccinenoBaH He Obu1. Takke B pabotax [6; 7] He yuTeH BKJIaJ B I€HEpallio MOBEpPX-
HOCTHBIX BOJIH OT IpaJIi€HTa JaBIEHUS 3JIEKTPOHOB. ONUCaHUIO TeHEepallui HU3KOYa-
CTOTHBIX TTOBEPXHOCTHBIX BOJIH C YYETOM TaKOTO MEXaHH3Ma, ONpeAesIeHuI0 00IacTH
UX JIOMUHUPOBAHUS, YCIOBUN CYyIIECTBOBAHUS TaKkoi 00JacTu, a Takke Haubosee om-
TUMaJIbHBIX YCJIOBUHN BO30YXKJACHHUSI MOBEPXHOCTHOM BOJIHBI MOCBsIIEHBI [T1aBel 1 u 2
JUCCEPTALIUU.

Emie onnuM HenuHeWHBIM 3(pPeKTOM, BO3HUKAIOMIUM IpU 0OTYyUYECHUN MeTalljia

KOPOTKHUM HUMITYJIBCOM JIA3CPHOI'O H3JIYUCHHA, SABJIACTCA ICHCPAlNA IMHMKOCCKYHIHBIX



3BYKOBBIX MUMITYJICOB [16—25]. MIHTEpec K M3yUYEHUIO T€HEpALUH TAKUX aKyCTHYe-
CKHMX HMMITYJIbCOB M MX CBOMCTB CBSI3aH C BO3MO)XHOCTBIO MX IIMPOKOIO IIPUMEHEHUS
B JIMarHOCTHUKE AUDJIEKTPUKOB U MPOBOASAIIMX Cpel Ha IIyOuHaX, OONbIINX ITyOuHaX
CKMH-CJIOS. TakyKe MMKOCEKyHAHbIE aKyCTUYECKUE UMITYJIbChl HAXOAT IPUMEHEHUE B
JTUArHOCTUKE 0e3 MoBpexkaeHus o0pa3ia. MeTo/ibl TUKOCEKYHIHOM Ja3epHOil aKyCTH-
KU UCTIIOJIB3YIOTCS MPU U3yUYEeHUU (PU3NUECKUX CBOMCTB MaTEepHUAIOB, MOUCKE 1€(PEKTOB
Y TPEILNH, U3yYEHUH CTPYKTYpbl 00pa3LoB, JUarHOCTUKE HAHOMACIIATOHBIX OOBEKTOB.

[TuoHepckue ucciaenoBanus Ja3epHOi reHepalu U IETEKTUPOBAHMS 3ByKa B Me-
Tajiiax ObUTH MpoBeieHbI B 80-X rojax mponuioro Beka [16]. B Hux mpoaemMoHCTpHpO-
BaHa BO3MOXXHOCTbh T€HEpPALMH KOPOTKHX MUKOCEKYHJIHBIX 3BYKOBBIX UMIYJIbCOB IIPH
00JTy4eHUH TJIEHKU HHUKeJs UMIYJIbCOM Jla3epHOro u3nyueHus. [Ipu atom ans nerek-
TUPOBAHUS 3ByKa U3MEPSIIOCh U3MEHEHHE KOA(PPUIIMEHTa OTpakKeHUs!, BbI3BAHHOE Ha-
auaueM aedopmaliu pemeTku. J{is n3Mepenus Takoro u3MeHenus koddduirienra or-
pakeHUs TaKKe UCIOJIb30BAIN JIA3EPHOE U3IYyUEHUE, 3a/1EpP’KaHHOE BO BpeMeHH. Cxema
HAKauKU-30HIMPOBAHMSI CTaja OCHOBOM JanbHEUIINX (PyHAAMEHTAJIbHBIX UCCIEI0Ba-
HUI JIa3€pHOM reHepanuu 3ByKa B Metauiax [17; 19; 20]. B HacTosiuuii MOMEHT pH-
HSITO, YTO BO3HUKHOBEHHUE 3BYKa B METAJUIAX MOXKHO OOBSCHUTH JIByMsI MEXaHU3MaMHU
redepanuu [21]. IlepBblit U3 HUX CBSI3aH C OBICTPHIM HATPEBOM PELIETKH, TPUBOISAIINM
K €€ TeINIOBOMY PacLIMPEeHUI0. BTOpoi MEXaHW3M reHepaluu CBsA3aH ¢ HarpEBOM JJIEK-
TpOHOB. HarpeB 31€KTPOHOB MPUBOAUT K BO3HUKHOBEHHUIO I'PAJUEHTa UX JIaBIICHMUS,
4TO, B CBOKO OUEPEb, IPUBOIUT K CMELIEHUIO aTOMOB PEILIETKU U3 PABHOBECHBIX I10JI0-
YKEHUH U, KaK CJIeICTBUE, K TeHepaluu 3ByKa. [ [pu nornoiennu g1a3epHOro u3ay4eHus
NOMVIOLIEHHAsl SHEPTUs IIEPENACTC B OCHOBHOM JJIEKTPOHAM, U CHayajla HarpeBaroTCs
onu. Jlanee, Ha BpeMEHaxX MOPSAAKA MUKOCEKYHIbI, SHEPTHUs MEPENACTCS IEKTPOHOB K
pemetke. [Ipu 3TOM B MeTaiiax OOBIYHO TEIJIOEMKOCThH PEIIETKH 3HAYUTEIBHO Mpe-
BOCXOJIMT TEIUIOEMKOCTh 3JIEKTPOHOB. [l0oaTOMY perieTke nepenaercss mouTy BCs 10-
IJIOIIIEHHAs SHEPTHA. DTO MPUBOJUT K TOMY, UTO HA MAJIbIX BpEMEHax reHepaius ooy-
CJIaBIIMBAETCS HATPEBOM AJIEKTPOHOB, a Ha OOJBIINX - HATPEBOM pPelIeTKH. To eCcTh BhI-
COKOYACTOTHBIH 3BYK (CyOTEparepiioBoro u TeparepiioBoro Auana3oHa 4acToT) CBsI3aH B
OCHOBHOM C HarpeBOM 3JIEKTPOHOB, @ HU3KOYACTOTHBIN (TMrareploBblil) ¢ HArpeBOM pe-
HIETKU. B TONCTHIX MJI€HKAaX METANIOB XapaKTEPHbIE YACTOTHI 3BYKa MOPSIKa HECKOJIb-
KHMX FUrarepll, 1 B HUIX MOXHO HE yUYUTBIBAaTh BKJIaJ OT HarpeBa a1ekTpoHoB [17; 18;20].

Psip paGot nocBsimieH Bo30yKI€HUIO 3ByKa B TOHKMX MJIEHKaxX MeTayios [19; 22; 25].



B TOHKHUX IJIeHKaX 4acTOThI 3ByKa MOTYT ObITh Oosibiiie 1 TT'r [25]. [l 3Byka Takoro
JIMara3oHa 4acToT BKJIaJl OT HAarpeBa 3JIEKTPOHOB 3HaUUTeNeH [22; 25]. BmecTe ¢ TeM
U3BECTHO, YTO B TEPArepliOBOM JIMAMA30HE YACTOT HA JUHAMUKY 3JIEKTPOHOB OKa3bl-
BaeT BIMAHME TaKXKE U MOHAEPOMOTOPHOE Bo3aehcTBUE. [Ipu 3TOM OHAEpPOMOTOPHOE
BO3JICMCTBHE MOXKET JOMUHUPOBATH HAJl HArPEBOM 3JIEKTPOHOB. OTHAKO BJIMSHUE TTOH-
JIEPOMOTOPHOTO BO3JICMCTBHS Ha MPOIECC TeHEPAIUU 3BYyKa K HACTOSIIIIEMY MOMEHTY
paccMoTpeHo He O0b110. [ToaTOMY MpeacTaBiseT HHTEPEC U3YUUTh TEHEPAIUIo 3a CUET
TAKOTO0 MEXaHW3Ma U CPABHUTH €TI0 C APYTUMH MEXaHHW3MaMH. ITO CJIeJIaHO B pasjielie
5 I'maBbl 3 HacTosIeH pabOTHI.

Psin paboT mocBsitiieH BO30YKICHHUIO U ICTEKTHUPOBAHUIO 3ByKa B IJIEHKAX METaJl-
Jla Ha JUAJIEKTpUUECKoM nmojyioxke. [Ipu 3ToM 151 onucanus pe3yabTaToB SKCIIEPUMEH-
TOB OOBIYHO MCIOJIB3YIOTCS JIMOO YHMCIICHHBIN aHaIu3, TU00 MPOCThIC TEOPETUUECKHUE
MOJICIH, HE YUUTBIBAIOIINE Pa3INYHbIC 0COOCHHOCTH, CBSI3aHHBIC ¢ KOHCYHOU TOJIIIIH-
HOM 1ieHKU. Hanpumep, He yUUTHIBAIOT CTPYKTYPY ANEKTPOMArHUTHOIO MOJIsl BHYTPU
mieHku [17; 20; 22; 25], KOHEUHYIO TEIUIONPOBOAHOCTh MeTaina [18; 19; 22; 25] nnmn
)K€ BIMSHHUE 33JIHCH MOBEPXHOCTH IJICHKH HA T€HEPAIIUIO 3ByKa M OTPAKEHHE 3ByKa OT
Hee [17]. Hanpumep, cTpyKTypa 3J€KTPOMarHuTHOTO TOJIsL, TPEIOIIETO 3JIEKTPOHBI, CY-
HIECTBEHHO U3MEHSETCS PU U3MEHEHUU TOJIIIMHBI INIEHKHU, a TAKKE B 3aBUCUMOCTH OT
THUIIa TMOAJIOKKHU. Takke OT TOJIMHBI TUICHKH 3aBUCHUT T10JI€ 30HIUPYIOIIETO U3ITyye-
HUSI, YTO TAK)KE BAXKHO YUUTHIBATh IIPU OMMCAHUU U3MEHEHUs KO3 UITMEeHTa OTpaXke-
HUSI, YACTO U3MEPSIEMOT0 B SKCIIEPUMEHTE. 3aBUCSIIIAs OT TEIJIONPOBOJHOCTH METAJLIA
CTEIEHb HEOJTHOPOJHOCTH TEMITEPATypPbl TAK)KE CYIIECTBEHHO U3MEHSETCS MPU U3ME-
HEHUHU TOJIIUHBI MIIeHKU. [103TOMy reHepanus 3Byka B IJICHKE UMEET OCOOCHHOCTH,
CBSI3aHHBIC C KOHEUHOU TOJIIMHOMN TIeHKH. [IpencTaBisier muHTEpeC onucarh Ja3epHYIO
TeHEpalHIo U IETEKTUPOBAHUE 3ByKa B IIJICHKE MeTajlla Ha IUAJIEKTPUUECKOM MOJII0K-
K€ C y4eTOM KOHEYHOU TOJIIMHBI MJIEHKH U (PU3NUECKUX MapaMeTPOB JIA3€PHOTO U3-
JydeHus u o0pasiia, a TakKe OIEHUTh CTEIeHb TOYHOCTH U TPAHUIIBI MPUMEHUMOCTH
Oosee mpocThIX Mozeneil. DTomy nocBsiieHbl [T1aBbl 3 u 4 Hacrosmiei padoTsl. [Ipu
ATOM OCHOBHOM aKIIEHT CJIeJIaH Ha aHaJIn3e u3MeHeHUs KO3 HUIMeHTa OTpakeHHS Me-
Taljia, MOCKOJIbKY UMEHHO €ro U3MEPSIIOT B IKCIIEPUMEHTE.

HeasaMu guccepTalimoOHHON pabOThI SBISIOTCS TEOPETUUECKOE ONMUCAHUE TeHe-
palMy HU3KOYACTOTHBIX MOBEPXHOCTHBIX BOJIH M HU3KOYACTOTHOIO M3JIy4YECHUsS Tepa-

repLOBOro Juana3oHa 4acToT, BOSHUKAIOMINX MPHU 00y4eHUH MeTallia PeMTOCEKYH/I-



HBIM UMITYJIECOM JIA3€PHOTO U3ITy4YeHUs, CHOKYCUPOBAHHOTO B Y3KYIO MOJIOCY,  TAKKE
OTMCaHNe TeHEPAIMU 3ByKa U BBI3BIBAEMOTO MM M3MEHEHHS KOod(PHUIIUeHTa OTpaxke-
HUSI, BO3HUKAIOIIETO MPU O0JyYSHUH IJICHKH METaJlJIa Ha AUDJIEKTPUUECKON MOJI0XK-
Ke.

JIJis TOCTHKEHUsI TOCTaBJICHHOH 11eJId B pa0O0Te peliaiuch CICAYIOIINE 3ada4u:

1. IlpoBecT cpaBHUTENbHBINA aHAIN3 HU3KOYACTOTHBIX MOJE€H BOIM3M MOBEPXHOCTU
Metaiia. OnpeaennTs yCa0BUs CyIIeCTBOBaHUS 007aCTH, B KOTOPOI MOBEPXHOCT-
Hasi BOJIHA MPEBOCXOUT TOJI€ U3TYUYEHUS, U pa3Mephl 3T0i 001acTH. YCTaHOBUTh
paznuuus B GOopMe UMITYJIbCOB T€HEPUPYEMbIX HU3KOYACTOTHBIX TOJIEH, MTO3BOJIS-

OIKUC pa3iniaThb UX B OKCIICPUMCHTC.

2. VccnenoBaTth BO3MOXKHOCTH MOBBIIIEHUS 3()(PEKTUBHOCTH T€HEpallMd HU3KOoYa-
CTOTHOM IMOBEPXHOCTHOM BOJIHBI B YCIIOBUSIX, KOTa 3(PGhEKTUBHBIE YACTOThI CTOJIK-
HOBEHUI 3JICKTPOHOB B II0JIE€ JA3€PHOIO HU3JIYYEHHS U B HU3KOYACTOTHOM IIOJIE

CHUJIBHO pa3jiInvdaroTcC.

3. HCCJ’IGI{OB&TE BJIMAAHUC ITIOHACPOMOTOPHOI'O BOBﬂGﬁCTBHH Ha SJICKTPOHLI HA I'CHC-

paluio 3ByKa TEparepioBOro JAruana3oHa 4acTor.

4. Jlate onurcaHue u3MEHEeHHs KOd(h(PHUITMEHTa OTpaKEHUST METajlla, BOSHUKAIOIIETO
U3-3a2 HaJIM4MUsl cMelleHnsl aToMoB. [IpoaHaM3upoBaTh CIEKTPaIbHBIA COCTaB U
3aBUCHUMOCTb O BPEMEHHU U3MEHEHUs KOA(P(DUIIMEHTa OTPaKEHUS MPU PA3TUIHBIX

TOJIMWHAX IIJICHKW U JJIMHAX BOJH 30HAUPYIOIICTO U3TTYyUCHUSI.

5. U3yunTh BIMSHHE HEOQHOPOJHOCTH TEMIIEPATYPhl U CTPYKTYPhI ANEKTPOMArHUT-

HOTO ITIOJIsI HAKAYKHW Ha TCHCPAIlNIO 3BYKa 1 UBMCHCHUC KOB(I)(i)I/IHI/IeHTa OTPaKCHU.
Haquaﬂ HOBHU3HA JUCCCPTALMHU 3aKITIOYACTCA B CICAYIOIIEM:

1. Jlan metanbHBIN aHAIW3 HU3KOYACTOTHBIX IOJICH, BO3HUKAIOIIUX IMPU OOIyUECHUH
MeTaJlJla KOPOTKUM JIa3€PHBIM UMITYJIbCOM C(OKYCUPOBAHHOTO M3ydeHus. Onpe-
JICJIEHBI YCIIOBHS, B KOTOPBIX BO3MOXKHO HAOIIOJCHUE HU3KOYACTOTHBIX MOBEPX-

HOCTHBIX BOJIH M U3YUY€HbI (PU3NUECKUE XapaKTEPUCTUKHU OIS U3ITyUEHUS.

2. IlpennoxeH HOBbIM MEXAHW3M I'E€HEPALIMH 3BYKa - TOHIEPOMOTOPHOE BO3JEHCTBHE.
IToka3aHo, YTO y4eT 3TOr0 MEXaHNW3Ma BaKEH [P ONKMCAHUU JIA3EPHOU reHEpaLuU

TepareploBOro 3ByKa.



3. HpOI[eMOHCTpI/IpOBaHO BJIMSTHUC PA3JIIMYHBIX (I)I/IBI/I‘-IGCKI/IX [MapaMCTpPOB Ha JIa3¢Cp-
HYIO I'CHCPAlHIO 3BYyKa B INICHKC MCTaJlJIa U HA U3BMCHCHUC KOB(l)(l)I/IHI/ICHTa oTpaxKe-
HHUA MCTaJlId, CBA3aAHHOI'O ¢ HAJIMYUCM CMCIICHUA aTOMOB PCHICTKH. I[aHa OLICHKAa
CTCIICHU TOYHOCTHU PA3JINYHBIX MO,Z[CJ'IGI‘/JI, HCIIOJIBb3YCMBbIX IIPHU OIIMCAHHWH I'CHCPA-

MU U JCTCKTUPOBAHKA 3BYKA.

TeopeTuyeckasi u NpakTUYeCKasi 3HAYMMOCTh

HuccepranmonHas paboTa UMEET TEOPETUUECKUI XapaKTep U MPEICTaBIISIECT Ha-
YYHBI MHTEpec ¢ (yHIaMEHTaJbHOW TOYKH 3PEHHUS, JOTOJHSS TEOPHUIO BO30YXKIe-
HUSl HU3KOYACTOTHBIX TMOJIEH M 3ByKa B MeTa/llaX. AHAIU3 MOJYYEHHBIX PE3yJIbTaTOB
BBITNIOJTHEH B YCJOBHSIX, COOTBETCTBYIOLIUX 3KCIEPUMEHTAIbHBIM. Pe3ynbrarel pado-
ThI MPEACTABJISIOT UHTEPEC IJIs CIEIUAIMCTOB B 00JIaCTU B3aUMOJICUCTBUS KOPOTKUX
Ja3epHBIX UMITYJIbCOB C METANIaMU M MOTYT OBITh IOJIE3HBI MPU TUIAHUPOBAHUH JKC-
NEPUMEHTOB U aHAJIN3€E X PE3yIbTATOB.

HOJ’IO)KEHI/IH, BbIHOCUMBLIC HA 3aIIIUTY:

1. Eciu 1nuTenbHOCTh J1a3€pHOT0 UMITYJIbCca 7 MEHbIIIE 00OPaTHOM 4acTOThI CTOJIKHO-
BCHUIA SIICKTPOHOB B HU3KOYACTOTHOM 110J1€ 1 /15, TO BOJIHM3H HOBEPXHOCTH METaIIa
uMeeTcst 00J1acTh, B KOTOPOM M0JI€ HU3KOYACTOTHOM OBEPXHOCTHOM BOJHBI JOMU-
HUPYET HaJ MOJIEeM HU3KOYACTOTHOrO M3nyuyeHus. [Ipu sToM, yem MeHblile napa-

METp V4T, TeM OOJIbIIIe pa3Mephl 3TOM 00J1aCTH.

2. Haubonee > dpexTrBHOE BO30YkIEHHE HU3KOYACTOTHOM MOBEPXHOCTHOW BOJIHBI
BO3MOKHO B YCJIOBHUSX, KOTJ[a YaCTOTa CTOJIKHOBEHMI 3JIEKTPOHOB B TOJIE JIa3epHO-
T0 U3JIy4eHUS ¥ HAMHOTO MPEBOCXOUT YACTOTY CTOJKHOBEHUN B HU3KOYACTOTHOM
nosne vy. Ilpu 3ToM JUIUTENTEHOCTH JIa3epPHOTO UMIYJbCA T JOJKHA YIOBIETBOPSThH

yCHoBUAM v, T K 1 < vT.

3. IIpemiokeH HOBBI MEXAHU3M JIA3€PHOM I'€HEPAILH 3BYKA - BO3IEMCTBHUE TOHAEPO-
MOTOPHOM CHJIBI Ha ANIEKTPOHBIL. [TokazaHo, 4TO 3TOT MEXaHU3M HEOOXOIUMO yUu-

ThIBATh IIPH OIMMCAHUU I'CHCPANHN 3BYKa TCPArcpuoBOro Juara3doHa 4acToT.

4. Eciu HGpCHOCHMBIfI QJICKTPOHAMHU IIOTOK TCINIAa AOCTHUIacT I'paHMIbl MCTAJLI-
AUDJICKTPHUK A0 TOT'0, KaK QHCPI'UA OT JJICKTPOHOB YCIICBACT IICPCAATHCA PCIICTKC,

TO FeHepalys 3ByKa TPOUCXOIUT y 00EUX MOBEPXHOCTEN ONTUYECKH TOJICTOM IJICH-



KM MeTaJljla. B IpOTHBOMNOIOKHOM Cily4ae, 3ByK TEHEPUPYETCS TOJIBKO Y TPAHULIBI

METaJlI-BaKyyM.

5. B ogHOpOIHO HarpeBacMor IUIEHKE MeTajla aMIUIMTyJda F€HEPUPYEMOIO 3ByKa
YBEJIUIUBACTCS MPH YMEHBIICHUHN €€ TOMIIMHBI. Ecim TonmmuHa TIEHKHA MPEBHI-
1aeT MTyONHY CKMH-CIIOS Ha YaCTOTE JIa3epHOTO M3TyUYCHUS HaKauKH, YBETUICHUE
aMILTUTYABl OOPaTHO MPOMOPIMOHAIBPHO TOMIMKUHE TIEHKKU. Eciu TonmuHa miéH-
KM MEHbIIIE INTyOMHBI CKHH-CIIOS, a ACHCTBUTEIbHAS YaCcTh KOdhPuIlneHTa oTpaxe-
HUS JIA3EPHOTO M3IYyYCHHsI OT TIOJIOKKH TIOJIOKUTEIIbHA, TO BO3MOYKHO JOTOTHU-
TeJIbHOE YCUJICHUE TEeHEPAINH 3ByKa 3a CUET YCWICHHS oIS B IiieHkKe. [Ipu aTom
aMILTUTY/A 3ByKa yBEJIUYMBACTCSI 00paTHO MPOMOPIIMOHATBLHO KBAAPATy TOJIIIUHbI

IUIEHKMU.

JIoCTOBEPHOCTh MOJY4YEHHBIX Pe3yJbTATOB 00ECIEUMBACTCA HAJEHKHOCTHIO
IPUMEHIEMOro MaTeMaTUYECKOTrO anmnapara 1 000CHOBAHHOCTBIO MCIIONIb3YEMbIX MTPU-
ONMMKEHU M.

Anpodauust padoTsbl

OcHOBHBIE pe3yNbTaThl IO TEME AUCCEPTAIIUU U3IIOKEHBI B 9 HayUHBIX CTATHAX,
OIMyOJIMKOBAHHBIX B PELIEH3UPYEMbIX HAYyUHBIX KypHajlaX, HHAEKCUPYEMbIX B MEX]Ty-
HapoaHbIX 0a3zax maHHbIXx Web of Science u Scopus. [loMmumo 3Tor0, pe3ynsrarsl pa-
60Tel noknaneiBauch Ha IV International Conference on Ultrafast Optical Science
«UltrafastLight-2020» (Moscow, 2020), VII Mexaynaponnoit kondepenuuu «Jlazep-
HbIC, TIJIa3MEHHBIC HCCIeNoBaHus U TexHojorum» (Moscow, 2021), V International
Conference on Ultrafast Optical Science «UltrafastLight-2021» (Moscow, 2021), VIII
MexnyHnapoaHoit koHpepeHuu «JlazepHble, MIa3MEHHBIE HMCCIIEIOBAHUS U TEXHO-
gorum» (Moscow, 2022), VII International Conference on Ultrafast Optical Science
«UltrafastLight-2023» (Moscow, 2023).

JIM4YHBII BKJIA aBTOpa

Bce npezacraBieHHbie B AUCCEPTALUU PE3YIIBTATHI SIBISIFOTCS OPUTHHAIBHBIMU U
MOJTyY€Hbl aBTOPOM JIMYHO WJIM MIPU €r0 HEMOCPEACTBEHHOM YYacTUU. ABTOPOM OCY-
HIECTBISUTUCH: AaHAIMTUYECKUE pacyeThl, pa3paboTKa MporpaMm JJisi YUCJICHHOTO aHa-
7132 TIOJYyUYEHHBIX Pe3yJIbTaTOB, HAIMCAaHUE HAYYHBIX CTaTe, OArOTOBKA U MPECTaB-
JeHUe JTOKJIa/10B Ha Hay4HbIX KoHpepeHuusax. [TloctanoBka 3a1a4 uccie10BaHUM U UH-

TCpHIpCTaluA pE3yJIbTAaTOB BBIIIOJIHCHBI COBMCCTHO C HAYYHBIM PYKOBOJIUTCIICM.
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O0beM U CTPYKTYpa AMCCePTANIUU
Jlucceprauusi COCTOUT U3 BBEICHMUS, YETHIPEX [VIaB U 3aKiroueHus. [1onHb1i 00b-
€M nucceprauuu cocrasisieT 119 ctpanun u 27 pucyHkoB. CIIMCOK TUTEPATYPBI COAEP-

*UT 120 HauMEeHOBaHUU.

OcHoOBHOE coepxkaHne padoTbl

fs pulse
QCW QCwW
= L —>
SW SW
2L _ y
Metal 2
= B/

Puc. 1: CxeMa B3auMOJEHCTBHUS Ja3epHOT0 UMMYJIbca ¢ MeTauioM. 3aech QCW 060-
3HAYAET MOJIE HU3KOYACTOTHOTO W3IYyYEHHUS, UMEIOIIETO BUJ KBAZUIUIWHIPUYECKOU
BOJIHBI, SW - HU3KOYACTOTHBIE MOBEPXHOCTHHIE BOJIHBI, PACTIPOCTPAHSIONIUECS BIIOTb

IMOBECPXHOCTH MCTAJJIA.

I'maBa 1 nocasieHa ONMCaHUIO TEOPUU T€HEPALMM HU3KOYACTOTHBIX ITOJIEH Te-
parepuoBOro AMana3oHa 4acToT, BO3ZHUKAIOIIUX MPU BO3AEUCTBUM HA METAILI (PeMTO-
CEKYHJIHOI0 UMITYJIbCa JIA3EPHOTO U3IIyYeHHsI, C(POKYCHPOBAHHOTO B Y3KYIO IOJIOCY HA
noBepxHocTH MeTaia (cM. Puc. 1). B pa3nese 1.1 onrcan BBICOKOYaCTOTHBINA OTKIIUK
MeTaJlj1a, U NOJIyYEHbI BBIPAKEHUS JIJI1 BBICOKOYACTOTHBIX IToJIel U TokoB. Paznen 1.2
MOCBSIIIEH OMMCAHUIO HU3KOYAaCTOTHOTO OTKJIMKA MeTailia. B Hem 3anucanbl ypaBHEHUS
JUIS. HU3KOYACTOTHOTO MarHMTHOTO TOJISI, BO3HUKAIOIIETO 34 CUET MOHAEPOMOTOPHOTO
BO3/ICHCTBUS HA JIEKTPOHBI U TPAJMEHTa UX JaBJICHMUSI, U MOIyYeHO 00I11ee HHTETpaib-
HOE€ BbIpa)keHue s Pypbe-o0pa3a HU3KOYACTOTHOIO MAarHUTHOTroO nojisi. B paszaenax
1.3 u 1.4 npoBeieH NOAPOOHBIN aHAINU3 3TOTO BBIPAKEHUS JJIs CIIy4aeB Majioil U 00Jib-

ou AUCCHUITAlN S9HCPIuH HU3KOYACTOTHOI'O IIOJIsI COOTBECTCTBCHHO. B nux IIOKa3aHo,
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YTO CyMMapHO€ HU3KOYACTOTHOE IOJIE COCTOUT U3 ABYX mojeu. [lepBoe nmomne — moiie
HU3KOYACTOTHOIO M3JIYUYEHHUS, UMEIOIIEro B/ KBa3UIIWJIMHAPUYECKOM BOJIHBI [ 12; 13].
Btopoe mone — mosne HU3KOUaCTOTHOW MOBEPXHOCTHOM BONHBI [26; 27]. OO1Iue BbI-
paxxenus s Qypbe-o0pa3oB ITUX IOJICH 3amucaHbl B pazaene 1.5. DTu BeIpakeHUs
JIETTIM B OCHOBY JTaJIbHEHIIIETO 00CYKICHUS.

I'maBa 2 nocBsileHa U3YYEHUIO KOHKYPEHIIMA HU3KOYACTOTHBIX IMOJIEH MOBEPX-
HOCTHOW M KBa3UIMJIMHIPUYECKOW BOJH, ONHMCAHUIO MPOCTPAHCTBEHHO-BPEMEHHOMN
CTPYKTYpbl HU3KOYACTOTHBIX IOJIEH, BBISIBICHUIO HaubOojee ONTUMAIbHBIX YCIOBHI
BO30YKJIeHNS HU3KOYaCTOTHON MOBEPXHOCTHOMN BOJIHBI U OMHMCAHUIO (PU3NYECKUX Xa-
PAKTEPUCTHUK MOJI U3TyUYCHUSI.

B pa3nesne 2.1 npoBesieHO cpaBHEHHE MEXTy COO0N HU3KOUYACTOTHBIX MOJIEH TTO-
BEPXHOCTHOM BOJIHBI M KBA3UIWJIMHAPUYECKON HA PA3IUYHBIX PACCTOSHUSAX OT IOJIO-
cbl poKycUpoBKH. J[Ji 3TOTO OBLTM MCTIOIB30BaHBI BRIPAXKCHUS JJIS OTUX TOJIEH, TO-
nydennbie B [1aBe 1. BOnM3u moBepXHOCTH aMIUIUTYAA KBa3UIIMIIMHIPUIECKON BOJI-

3/2 ga Gonpmmx

HbI yMeHblraetrcs ~ 1/y/x npu x < 2|e(1/7)|cr, n kak ~ 1/x
PacCTOSHUAX. 31€Ch T - PAcCTOSIHME BAOJIb MOBEPXHOCTH METallla OT LIEHTpa IO0JIOo-
cel pokycupoBku (cM. Puc. 1), ¢ - ckopocTh cBeTa, T - XapakTepHas AJIUTEIbHOCTD
JIa3epHOro UMIyJbca, €(1/7) - AudIeKkTpuvecKas MPOHUIAEMOCTh METaJlIa Ha 4acTo-
te 1/7. B cBOIO oYepeb aMILTUTY/A MOJIsl TOBEPXHOCTHOM BOJIHBI MOYTH MOCTOSHHA
mpu x < (2|e(1/7))|?/Ime(1/7))cT, ¥ SKCIOHEHIMAIBHO YMEHBIIAETCS HPH OOJIBIINX
x. VI3 mpoBeIeHHOTO CpaBHEHMSI MEXKIy COO0M HM3KOUACTOTHBIX MOJIEH B Pa3IMUHBIX
o0nacTax ciaenyeT, YTO KOHKYPEHIUUSI MKy TOJISIMU MOBEPXHOCTHOM U KBa3WLIUJIUH-
IPUYECKOI BOJH ONpPENENseTCsl MapaMeTpoM VT, TAE Vs - 3TO 3(pPeKTuBHAsA yacToTa
CTOJIKHOBEHHUH 3JIEKTPOHOB B HU3KOYACTOTHOM Tone. Ecnu v,7 < 1, To BONM3HU MO-
BepxHOCTH MeTaia B oonactu 2|e(1/7)|er < z < (2|e(1/7)|*/Im[e(1/7)])cT none
NOBEPXHOCTHOMW BOJHBI OOJIbIIE, UYEM MOJI€ KBa3UIIMIINHApHUUecKol. BHe yka3aHHOM 00-
JacTH JOMUHUPYET nojie u3iydeHus. Ecium xe v,7 > 1, To 001acTh JOMUHUPOBAHUS
MOBEPXHOCTHOU BOJIHBI OTCYTCTBYET, U HA BCEX PACCTOSIHUAX OT MOJO0CHI (DOKYCHPOBKH
JOMHUHUPYET MOJIE U3ITYYEHUSI.

B pazaeie 2.2 u3yuensl popMbl UMITYIILCOB HU3KOYACTOTHBIX MMOJIeH BOIN3H MO-
BEPXHOCTH MEJIM JJI CiIy4as, KOIrJla BBIMOJHsAETCS ycioBue vs7T <K 1. UMmynbChl no-
Jiel MOBEPXHOCTHOM M KBa3ULMJIMHAPUUECKOW BOJIH npuBeAeHbl Ha Puc. 2. CoracHo

Puc. 2, none KBa3UIMIMHAPUYECKON BOJHBI IPEACTABISIET COO0M MMITYIIbC, (hopMa KO-
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Puc. 2: MaruutHoe nojisi KBa3ULUWJIMHIPUYECKON BOIHBI (IITPUXOBAHHAS U MMyHKTUP-
Hasl KpUBBIE) U MIOBEPXHOCTHOM BOJIHBI (CILIOIIHAS JIMHUS) HA TOBEPXHOCTH MEIU Ha
paccrostnuu a) © = 0.15 MM u 6) © = 30 mM. [lyHKTUpHAs KpUBas MOCTPOEHA C TTOMO-
1[I0 NPUOIMKEHHOTO BhIpaXkeHUsI 1)1 Gypbe-00pa3a KBa3UIMIMHAPUYECKON BOJHBI, a
LITPUXOBAHHAS IOCTPOEHA C MOMOLIBIO BEIYMTAHUS BKJIaJa OT HOBEPXHOCTHOM BOJIHBI

M3 BbIPAXKCHUA I CYMMApPHOI'O I10JIA. MarsuuTHoOE€ 110J1€ IMPUBCACHO B OTHOCHUTCIIBHBIX

SIIMHUIIAX.

TOpPOTO c1ab0 MEHSIETCS 10 MEepPEe YBEIIMUYEHUS! PACCTOSHUS OT MOJIOCH! (DOKYCHUPOBKH.
[IpocTpaHCTBEHHO-BPEMEHHAS CTPYKTYPA OIS HU3KOYACTOTHON ITOBEPXHOCTHOM BOJI-
HBI BBIIVISIIUT HECKOJIbKO MHade. Ha cpaBHUTEIbHO HEOOIBIINX PACCTOSIHUSX, KOTOpPbIE
OMPEEIAIOTCS JUANEKTPUUECKON MPOHUIIAEMOCTHIO Ha XapaKTEPHBIX YaCTOTaX HU3KO-
YaCTOTHOT'O M3JyY€HHs], [10JI€ HU3KOYACTOTHOW NMOBEPXHOCTHOW BOJIHBI IPEICTABIISIET
co00i1 uMIynec, popmMa KOTOPOTro Majio OTIMYAETCS OT POPMBI UMITYJIbCA KBA3ULIMINH-
npudeckoi BOHBI (cM. Puc 2a). Ha GonbImx pacCTOSHUSX IIMPUHA HMITYJIbCA MOBEPX-
HOCTHOM BOJIHBI YBEJIMYMBAETCS, HA €ro npoduse MnosBiaseTcs 0oJblle OCHUILIALMMA
(cm. Puc. 20). Takoe nsmeHeHnue (popmMbl UMITyJbCA CBA3aHO C AUCTIepcHuei Gha3oBoi
Y TPYIIIOBOM CKOPOCTEN NMOBEPXHOCTHOU BOJIHBI, KOTOPAs MPOSBIISIETCA HA JOCTATOY-
HO 00JBIIMX paccTOAHUSIX. OTMETUM TaKKe, YTO TPYIIIOBasi CKOPOCTh MOBEPXHOCTHOM
BOJIHbl MEHBIIE C, & KBa3UIWIMHAPUUECKONW BOJIHBI paBHa c. [loaToMy mMmmynbc mo-
BEPXHOCTHOM BOJIHBI OTCTAET 10 BPEMEHU OT UMITYJIbCa KBa3ULUMIMHApHUUecKou. [Ipu
3TOM OTCTAaBaHME PACTET 10 MEPE YIaJIECHUSI UMITYIbCOB OT 0JI0CHI (poKycupoBku. Onu-
CaHHbIEC OTIIMYMSA B IIPOCTPAHCTBEHHO-BPEMEHHOM CTPYKTYPE MOJIEH IMTOBEPXHOCTHOMN U
KBa3ULIWJIMHJIPUYECKOI BOJIH MO3BOJISIIOT UX PA3JIMYUTh B SKCIIEPUMEHTE.

Ha Puc. 2 nyHKTHpHOI KpHUBOIl IIPEACTABIEHBI pACUEThl MATHUTHOTO ITOJISI KBa-
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SULIITUHAPUYECKOM BOJTHBI C HCTIOIH30BAHUEM IPUOIMKEHHOTO BBIPAKCHHUSI, TIOTYYCH-
Horo B I1aBe 1, a mTpuxoBaHHAas KpHUBask OTBEYAET TOYHOMY PE3yJbTaTy, MOTYy4YEH-
HOMY C KCIIOJIb30BaHHEM OOILEro MHTerpajibHoro Beipaxkenus. CoracHo Puc. 2a, Ha
MaJiblX PaCCTOSHUAX MPUOIMKEHHOE OITMCAHUE J1aeT XOPOIYI0 TOUHOCTh. B cBOKO oye-
peab Ha 00abIIMX paccTostHUAX (cM. Puc. 20) mOrpemHocTh pacyeToB YBEIMUUBACTCS.
VBenuueHrue MOrpeliHOCTH CBA3aHO C TE€M, YTO PACCTOSIHUS, JIJISl KOTOPBHIX BBITIOJHS-
JUCh pacdeTsl Ha Puc. 2, nexar Ha rpaHuile 00JacT MPUMEHUMOCTH MPUOIHKEHHOTO
BBIPKEHUS JIJIS1 KBASUIIMIIMHAPUYECKON BONHBI. Ha 3TUX pacCTOSHUSAX 3aKOH 3aTyxa-
HYSI KBA3UIWIHHIPHUECKOi BOTHBI MeHsteTcsi ¢ ~ 1/4/7 Ha ~ 1/2%/2,

Pa3nen 2.3 mocesileH BbISBICHUIO Hanbosiee ONTUMANIbHBIX YCIOBHM BO30YXK-
JIEHHUSI HU3KOYaCTOTHOM MOBEPXHOCTHOM BOJHBI. C 3TOM LEIBIO PACCMOTPEHA reHepa-
1Sl HU3KOYACTOTHBIX MMOJIEH MPU pa3INdHbIX MapaMeTpax VsT U UT. 31ech v - dhdek-
THUBHAs 4YaCTOTa CTOJIKHOBEHUI JIEKTPOHOB B IOJIE Ja3epHOro uanyuyeHusd. [lapamerp
VsT ONPEIENsieT CyIeCTBOBaHME 00IaCTH TIOMUHUPOBAHUS TIOBEPXHOCTHOM BOJHEL. B
CBOIO OYepe.b, MapaMeTp VT ONpeAessieT KOHKYPEHIUIO MEXAY BKJIaJaMu B aMILIH-
Tyly TCHEpUPYEMBIX TOJIEH OT MOHAEPOMOTOPHOTO BO3ICHCTBHS Ha SJICKTPOHBI U Tpa-
TUEeHTa UX AaBiieHus. Yem Oosbllie mapaMmeTp V7, TeM OOJbIIe CTAHOBUTCS BKJIAJ OT
rpagueHTa AaBJICHUS JIEKTPOHOB, U TE€M OOJIbIIE aMIUIUTYAAa T€HEPUPYEMbIX MOJIEH.
D710 cBs3aHO ¢ 60j1ee A3hPEKTUBHBIM MOTJIOMICHUEM JIa3ePHOT0 U3IyUYeHUS TIPU O0JIb-
IMX 3HAYCHUSIX MTapameTpa vT.

Bblmu mpon3BeIeH pacueT HU3KOUYACTOTHBIX IOJIEN Yy MOBEPXHOCTHU cepedpa Ipu
pPa3IMYHbIX T U HECYIIMX YaCTOTAaX JIA3epHOTO U3JIyueHUs wy. MI3MeHneHue wy compo-
BOK/IAETCS M3MEHEHUEM I/, B COOTBETCTBHM C COOTHOIMIEHHEM v = a + bwi (a m b
KOHCTaHThl). Ha v, wacTora nazepHoro usnydenus He BiuseT. Ha Puc. 3 npusene-
HBbl UMITYJIbChl T€HEPUPYEMbIX HU3KOYACTOTHBIX MOJIEH y MOBEPXHOCTH cepedpa mpu
wo = 4.6 x 10% ¢! u Ha paccTOAHMU OT MONOCHI POKYCHPOBKU T = 5 cM. DTH pac-
crosuusi ~ 2|e(1/7)|cT. Ha Puc. 3a npencrasnen pacuer npu 7 = 15 ¢c, a Ha Puc.
30 mpu 7 = 15 ¢c. [Ipu 7 = 15 ¢c mapametpst v7 = 10 u v,7 = 0.71, a npu
7 = 80 d¢c, B cBOIO ouepenp, VT = 53 U v,T = 3.8. I3 cpaBHEHUS IITPUXOBBIX U
NYHKTUPHBIX KpUBBIX Ha Puc. 3a BUJIHO, UTO TeHepalus, 00yCIOBI€HHAs IPaiueHTOM
naBiieHus1, oonee 3GpeKTUBHA, YeM IreHepalus U3-3a BO3ICHUCTBUS MTOHIEPOMOTOPHOM
CWJIBL. DTO CBSI3aHO C TeM, uTo napametp v7 > 1. [lpu 7 = 15 dc napametp vs7 < 1.

[ToaToMy mosie TOBEepXHOCTHOM BOJIHBI 3aMeTHO Oonblie (cM. Puc. 3a). Ilpu 7 = 80 ¢c
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Puc. 3: MarHutHoe nosjie KBa3ulWIMHAPUYECKON (UepHBIM) U MOBEPXHOCTHOM (Kpac-
HBIM) BOJIH Ha TIOBEPXHOCTH cepedpa nmpH wy = 4.6 x 10'° ¢~! Ha paccTOsHUMU OT MOTOCHI
dokycupoBku * = Hcmu a) 7 = 15 ¢pc u 6) 7 = 80 ¢c. lTpuxoBaHHbIE KPUBBIE -
BKJIaJl OT IPaJMEHTA JIaBJICHUS AJIEKTPOHOB, IyHKTUPHBIE KPUBbIE - BKJIAJl OT BO3/CH-

CTBUA HOHI[GpOMOTOpHOﬁ CHJIbI, CINIOHIHBIC KPHUBAA - CYMMa 93THX BKJIaJ10B.

(Puc. 36) reneparniusi BosiH, 00yClIOBJICHHAS TPAIMEHTOM JaBJICHUS, BO3SHUKAIOIIUM MPU
HEOTHOPOJTHOM HArpeBe AJIEKTPOHOB B CKUH-CIIOE, e1ile Oosiee 3P eKTUBHA, TTOCKOIBKY
napametp v7 Oonblie, ueM npu 7 = 15 ¢c. OnHako, n3-3a yBEIUUCHUS NTapaMeTpa VT
aAMIUIUTY/bl UMITYJIbCOB KBAa3UIIMIMHAPUYECKON U MOBEPXHOCTHOM BOJIH COM3MEPHUMBI
1o BeauunHe. To ecTh, yeM OOoJIbIe ITTUTEIIbHOCTD JIA3EPHOTO UMITYJIbCA, TEM CIIOKHEES

PCAIN30BaATh YCJIOBHU:A, B KOTOPBIX JTOMUHHUPYCT ITOBCPXHOCTHAA BOJIHA.

0.01
0.005

0.00 -
> 0.0001

B(x,t), G

—0.01

t/t, —x/ct,

a) 0)

Puc. 4: To xe camoe, uTo 1 Ha Puc. 3, Ho ipu wy = 2.3 x 10'° ¢~ 1.

Pacuer GbIT Takske MpousBesieH pu wy = 2.3 X 10 ¢! (cm. Puc. 4). B stom

cllyyae mapameTp V7T MeHblle, u npu 7 = 15 ¢c paBeH 2.9, a npu 7 = 80 ¢c paBeH
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15. TlapameTp v, TaKoii ke, Kak ¥ npu wy = 4.6 x 10 ¢~!. Benencreue ymenblie-
HUSl /T OTIMYME MyHKTUPHBIX U TOYEUHBIX KpuUBbIX Ha Puc. 4 mensbiue, yem Ha Puc.
3. To ecTb BKJIa/bl B HU3KOUACTOTHOE I0JI€ OT MOHAEPOMOTOPHOIO BO3JEHCTBUS U OT
rpaueHTa 1aBJIeHUs JIEKTPOHOB COM3MEPUMBI 10 BesinuuHe. OiHaKo, n3-3a ociadie-
HUS reHepaluu, o0yCcIOBIEHHON HEOJHOPOAHOCTHIO JIABJICHUS 3JIEKTPOHOB, BEIMUYHHA
HU3KOYACTOTHBIX MOJEH yMeHbIIWIACh (Cp. KpuBble Ha Puc. 3 u Puc. 4). [lockonbky
napameTp VsT He U3MEHUJICS, TO COOTHOLIEHUE MEXKIY MOISIMU KBA3ULIMIMHAPUYECKOM
Y TIOBEPXHOCTHOW BOJIH OCTAJ0Ch TAaKUM K€, Kak U Ha Puc. 3.

Takum 06pa3om, Hanbosee oNTUMAaNbHBIE YCIOBHS ISl BO30YKICHUS HU3KOUa-
CTOTHOM MOBEPXHOCTHOW BOJHBI PEATU3YIOTCS, €CIIU I/ 3HAYUTEIBHO MPEBOCXOJUT Vs,
a JNIMTENbHOCTD JIA3EPHOT0 UMIYJIbCa T MEHbIIIE BPEMEHHU CBOOOHOTO Mpodera 3JeK-
TpoHOB 1/1, HO Gombliie 1/v. B 3THX ycnoBusx 3GPEKTUBHOCTh FCHEPAIIMA HHU3KO-
YACTOTHBIX MOBEPXHOCTHBIX BOJIH TEM BBIIIE, YEM KOpPOUE JIA3EPHBIH UMIYJIbC U YEM
OoJbllie YacTOoTa JIa3epPHOTO U3ITYUYCHUSI.

B pa3nedie 2.4 onucanbl pacnpeaeneHns SHEPTUU MoJisi HU3KOYaCTOTHOTO M3ITy-
YeHMsl 110 yIJIaM M 4acToTaM B ciayyae v7 > 1, Korja reHepauus MpOUCXOAUT U3-32
HEOJTHOPOJHOI'0 HarpeBa 31eKTpoHOB. [lokazaHo, 4TO Mpu MMUPHUHE MOJIOCHl POKYCH-
poBkH L < 7T MakCUMyM paclpeielCHUs SHEPTUH 110 yIilaM IPUXOJNUTCS Ha HaIlpaB-
JI€HUs BAOJb NOBEPXHOCTU MeTasl1a. C yBeJIMUEeHUEM IUPUHBI POKYCUPOBKU CUTYALIHS
MEHSIETCsI, U MaKCUMYM MIPUXOIUTCS Ha HAIIpaBJICHHUsI, OJTM3KKUE K HAITPABJICHUIO HOpMa-
JIM K IOBEPXHOCTU MeTalia. M3 aHanu3a pacnpeiesieHrs SHEPTUU 110 4YacTOTaM Cle1y-
€T, 4TO MAKCHMYM PAacIpeieeH s IPUXOAUTCA HA YACTOTY Wynay ~ (T2 + L%/c?)71/2,
a IHUPUHA PACIPEACIICHUS ~ Wyyq,; U YMEHBIIAETCS C POCTOM IIMPUHBI (POKYCHPOBKH.
H3ydena Ttaxke 3aBUCUMOCTH TMOJTHOW SHEPTUU HU3KOUACTOTHOTO M3JIYUYEHUS OT IIH-
puHBbI nonockl GokycupoBku. [lokasaHo, YTO JUIsi TUIMMYHBIX METAJJIOB HauOOJIbIee
3HaYeHHe dSHEPTUU JOCTUTaeTcs npu L ~ cT.

B pa3neJie 2.5 xpatko nogseneHsl utoru Iiassr 2.

I'maBa 3 nocpsiilieHa ONMMCAHUIO 3ByKa, BOSHUKAIOUIETO MPU OOyYeHUH TIJIEHKH
MeTaJslla Ha JUBJIEKTPUUYECKOU MOITI0AKKE UMITYIBCOM (DEMTOCEKYHTHOTO JIa3€PHOTO U3-
ayuenus (cm. Puc. 5). B pa3nesie 3.1 3anucanbl OCHOBHBIE YPaBHEHHUSI, ONMCHIBAIOIIEE
HArpeB PEIIeTKH U DJICKTPOHOB, M YPaBHEHUS JIJIsl CMEIICHUS aTOMOB PEIIETKH, BOSHU-
KaloIIEero u3-3a 3TOro Harpesa. B pasaese 3.2 mojy4eHO pelIeHHE 3TUX YPAaBHEHU B

HpI/I6J'II/DKCHI/II/I ONTUYECKH TOJICTOU IICHKH, TO €CTh JIA ClIydasa, KOrda TOJIIWHA I1JICH-
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PROBE

PUMP

Puc. 5: Cxema renepauuu 3BykKa (heMTOCEKYHAHBIM Ja3€pHbIM UMITYJIbCOM, BO3/ECH-
CTBYIOILMM Ha IUJICHKY METAJlIa, PACHOJIOKEHHYK Ha AMAJIEKTPUYECKOM IOIJIOXKKE.
31ech 14 U 1) - IpOAOIbHbIE KOMIIOHEHTHI TEH30pa iepopMaliiy B MeTalie, OTBEYat0-
1€ 3ByKOBBIM BOJIHAM, PACIPOCTPAHSIOLUIEMCS B IOJOKUTEIBHOM U OTPULATEIIbHOM

HaIpaBJICHHUHN OCHU 0Z, A T)q - B JUIJICKTPHUKC.

KU OoJiblie TIyOMHBI CKUH-CJIO0S HA 4acTOTE JIa3epHOTo u3iny4yeHus. B stom mpubmiu-
AKEHUHU MOKHO HE YUMTHIBATh OTPAXKEHHUE JIa3€PHOr0 U3JIYYEHHs OT TPaHULbl METaI-
IA3JICKTPUK. B cBOIO ouepenb, B pa3aesie 3.3 HAlJICHO CMENICHUE aTOMOB PEIICTKH B
npUOIIKEHUN OJJHOPOJHBIX TeMIeparyp. B aToM nmpuOmmkeHun MOXHO MpeHeOpedb
NEPEHOCOM TeIlIa 10 TOJIIIKHE MIeHKU. B pa3nene 3.4 nonyyensl o01IMe BbIpaKeHUs
JUTSL CMELIEHUS] aTOMOB, KaK C YYETOM CTPYKTYpbI FPEIOIIET0 NO0JIsl BHYTPHU IVIEHKH, TaK
U C YUYETOM KOHEYHOU TEeIIONPOBOJHOCTH METAJLIA.

B pasneJie 3.5 uzydyeHo BiIMsIHUE MOHIEPOMOTOPHOM CHJIBI HA TEHEPALIMIO 3BYKA.
Takol MexaHU3M T'eHepali paHee B JIMTepaType pacCMOTPEH He Obul. BbLin moyyeHsl
BBIPA)KEHUS JIJIS1 CMEILLIEHUsI aTOMOB, CBSI3aHHOT'O C IIOHJIEPOMOTOPHBIM BO3/1€HCTBHEM
Ha AJEeKTpoHbl. {15 cpaBHEHHs BKIJIaJla OT MOHAEPOMOTOPHOTO BO3JAEHCTBHS C BKJa-
JlaMU OT HarpeBa PelieTKH U AJIEKTPOHOB ObLIT paccMOTpeH Gyphre-00pa3 MpoaoabHOM
KOMITOHEHTBI TeH30pa IeopMallii Ha IOBEPXHOCTH MeTaiua 1), (0, w). 3nech w - va-
CTOTa, BO3HUKaloOIIas nocie npeodpazoBanus Oypne. CpaBHeHUE OBLIO MPOU3BEIAEHO
mpu Ty = 300 K u wy = 2.3 x 10'° ¢! (T} - navanpnas remneparypa meranna) u

To =77 Kuwy = 1.0 x 10" ¢!, U3smenenue Tj 1 wy CONPOBOKAAETCA U3MEHEHHEM
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*(va)|/t})

n

500 1000 1500 2000 500 1000 1500 2000
w/2m, GHz w/2m, GHz
a) 0)

Puc. 6: I'paduxw |7, (0, w)| ms 3omota B maTepBasie 250 I'T - 2 TT'u npm a) T = 300
Kunw) =23x10°c¢c'u6)Ty = 77Kuwy = 1.0 x 10" ¢!, llIrpuxoBannbie
KPUBBIE OTBEUYAIOT BKJIAAY OT MOHACPOMOTOPHOW CHIIbI, TyHKTHPHBIE - OT TPAJAUCHTA

TCMIICPATYPLI 2JICKTPOHOB, 4 CINIOIIHEBIC - OT I'paIMCHTA TCMIICPATypPhbl pCIICTKMH.

YaCTOT CTOJIKHOBEHHU V U V,. [Ipu O0bIMX 3Ha4eHUAX 1() U w(y YaCTOTHI CTOJIKHOBE-
Huii Beiie. [paduku pynkiuu 7),,(0, w) it 3o010ta B quanazone yactor 250 [T - 2
TT'u npusenensl Ha Puc. 6. B nepsom ciyuae (Puc. 6a) quist yactot <450 I'T' ocHOBHOIM
BKJIQJl B TEHEPALMIO 3ByKa IIPOUCXOAUT 3a CUET rpaJueHTa TeMIlepaTypsbl pemerku. Ha
OOJBIINX YaCcTOTaX JTOMUHHUPYET BKJIaJ OT TpajdeHTa TeMIeparypbl IeKTpoHoB. Ha
CTOJIb OOJIBILIMX YACTOTAX BKJIaJ OT MOHAEPOMOTOPHOTO BO3JIEHCTBUSI CPABHUM CO BKJIa-
JIOM OT rpaJii€HTa TEMIIEpaTyphl PEIIETKHU, HO MEHBIIIE, UEM OT TpaJiieHTa TeMIepary-
PBI AJIEKTPOHOB. B wacTHOCTH, Ha yacToTe 0koJio 2 TT'11 OH MeHbIlIe NPUMEPHO B UETHIPE
pa3a (cM. Puc. 6a). Bo BropoMm ciyuae kaptuHa uHas (Puc. 66). B nuanasone gactor
1o 1 TI' BKIapl OT HOHIEPOMOTOPHOM CUJIBI M TpaJieHTa TEMIIEPATyPhl JEKTPOHOB
CpPaBHUMBI MO BEJIMYMHE, HO MEHBIIIE, YEM OT I'PaJIMEHTA TEMIEPaTyphl peiieTku. B Te-
parepiioBOM JIMana3oHe 4acTOT ITIABHBIM YXKE SIBJSIETCS BKJIAJl OT MOHEPOMOTOPHOIO
BozaeucTBus. [Ipu yactore 2 T’ OH MPEBOCXOAUT BKJIAJ OT TPAJMEHTA TEMIEparTy-
PBI JIEKTPOHOB MIPUMEPHO B JBa pasa, a BKJIAJ OT rpaJueHTa TeMIEPaTypbl PEelIeTKU
nouTH B TpH pa3a. KoHKypeHIus Mex Ty BKIaaaMu B 1),.(0, w) OT MOHIEPOMOTOPHOTO
BO3/ICHCTBUSI ¥ TPAIUCHTA TEMIIEPATYPbI AJICKTPOHOB OIPEICIIACTCS TApaMETPOM I/ /w.
Jns yacToT w < v JOMHUHUPYET BKJIAJ OT FPAAUEHTA TEMIIEPATYPhI SJIEKTPOHOB, a JIJIs

w > UV OoT IMMOHACPOMOTOPHOT'O BOBﬂeﬁCTBHH. 3 IMPOBCACHHOI'O aHaJIn3da BUJIHO, YTO
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JUTSL KOJTMYECTBEHHOTO OMMCAHUS TeHEPAIlMU TEParepreBoro 3BykKa B yCIOBUSAX MaJIbIX
3¢ (HEKTUBHBIX YaCTOT CTOJIKHOBEHHH 3JIEKTPOHOB U MPU BO3JIEHCTBUU YIBTPAKOPOT-
KHX JIa3€PHBIX UMIYJIHCOB Ha METAJJI HEOOXOMMO YUUTHIBATh BKJIaJ B T€HEPAIUIO OT
BO3/ICUCTBUSI IIOHAEPOMOTOPHOMN CHJIBI.

B paszneue 4.6 kparko noaseneHsl utoru [nassl 3.

I'naBa 4 nocasieHa ONMUCAHNUIO U3MEHEHUS KO3 PUIIMEHTA OTPaXKEHUS METaIa,
BO3HUKAIOIIIETO M3-3a HAJIMYMS CMEIIEHNS aTOMOB PEILETKH.

B pa3zaeJie 4.1 nomydeHb! 00IIHe BRIPAXKESHUS, CBA3BIBAIOIIEE MTPOJOTBHYIO KOM-
MOHEHTY TeH30pa JehopMaluy ¢ U3MEHeHHEeM Kod(h(DUIIEeHTa OTpaXKeHus, Kak 0e3 yde-
Ta OTPaKEHUsI 30HIUPYIOIIEH BOJIHBI OT MOAJIOKKH, TAK U C €r0 YUYETOM.

Pasnen 4.2 nocesnieH onucanuio ¢pypbe-o006paza usMeHeHus korhduimenrta oT-
paxenuss AR(w). [TokazaHo, uro ¢pynkius AR(w) UMeeT MepruoJHIecK OBTOPSIO-
IUecss MAKCUMYMBI TIpH w /21 = nwv; /2L, Tie v; - CKOpoCTh MPOIOTBHOTO 3ByKa B Me-
Tayie, L - TonuuHa IieHku Metamia, n = 1, 2.... [Ipu 3ToM ¢ yMEHbIIIEHUEM TOJIIIAHBI
IUICHKU BBICOTA MAaKCUMYMOB IIPU YETHBIX 1 yMeHblIaeTcs. [Ipu TonmuHax mieHKH,
MEHBIINX XapaKTePHBIX MACHITA00B HEOIHOPOMHOCTH TEMIEPATYP, MAKCUMYMBI TIPH
YETHBIX 12 OTCYTCTBYIOT, 1 UIMEIOTCSI MAKCUMYMBI TOJIBKO IPU HEUETHBIX M. Takxke uzy-
YEHO BJIMAHUE YaCTOTHI 30HIUPYIOLIETO U3IIyYEHHUS Wy,. ECIIM Ha 4acTOTE 30HAUPYIO-
IEr0 U3JIy4YeHUs JAEHCTBUTENbHAA YacTh AUAJIEKTPUUYECKON MMPOHULIAEMOCTU OOJIbIIIe
MHHMOM, TO U3MEHEHHE W), COIPOBOKAAETCS TOIbKO U3MEHEHHEM a0COIIOTHBIX 3HA-
yennit AR(w). Ecau MHUMast 4acTh AMDICKTPHUYCCKOM MIPOHUIIAEMOCTH OKa3bIBACTCS
OoJbllie AEHCTBUTENBHOM, TO Bu GyHKIMN AR(w) yKe 3aBHCHT OT wy,. B 3TOM Ciy-
Yae UMEeTCs Takas w, B paiioHe KoTopoil ociuuisiu GyHKiun A R(w) oka3bIBarOTCsA
CHJIBHO TIOJABJICHBI, U YacTh MakcuMyMoB A R(w) OTCyTCTByeT.

B pa3nene 4.3 u3zydeno nsMeHeHue kodpPpuimeHTa oTpakeHus MeTajia BO Bpe-
menn A R(t). Tloctpoenst rpaduku dyukiuu A R(t) 11 MICHKA W3 MEIU Ha MO0k~
ke n3 S109 NpH Pa3INYHBIX JUIMHAX BOJIH 30HIUPYIOIIETO U3ITy4YeHUs Ay, (cM. Puc. 7)).
[Tpu Tonmuue wieaku L = 300 M (cMm. Puc. 7a) va rpaduke ¢pyukimn AR(t)/ R npu-
CYTCTBYIOT JiBa Habopa UMITyJIbCOB. B kax10M Habope UMITYSIbChI OTCTOSIT APYT OT APY-
ra Ha Bpems 2L /v; &= 130 1ic, 9T0 COOTBETCTBYET BPEMEHH MPOXOKIACHUS 3ByKa Yepe3
IUICHKY Tyaa u 006paTtHo. [Ipu 3TOM B Kak10M HaOOpe aMIUIUTY/Ia CISIYIOIETO UMITYThb-
ca yMEHbIIIaeTcs. ITO CBA3aHO C MPOXOXKICHUEM YacTH 3ByKa B MOANOKKY. [lepBriii Ha-

O0p UMITYJBCOB, C OOJIBIIEH aMILTUTYI0M, COOTBETCTBYET 3BYyKY, BO3HUKAIOILIEMY BOJIH-
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Puc. 7: Tpaduku ¢pynkuun AR(t)/R nis mean Ha nomioxke u3 SiOy mpu ToJIIHMHE
mwienku a) L = 300 um u 6) L = 1000 am. CrstoiiHasi KpuBasi COOTBETCTBYET JJIMHE
BOJIHBI 30HMPYIOILETo H3IydeHus A, = 400 HM, IITPUXOBAsi KPUBAsi COOTBETCTBYET

Apr = 620 HM, a MyHKTHpHAsi KPUBasi COOTBETCTBYET A, = 800 HM.

34 TPaHULBI pa3jiesa MeTaul-BakyyM. BTopoit Habop UMITy/IbCOB, C MEHbILIEH aMILIU-
TYJIOH ¥ CMEIIEHHBII OTHOCUTEIBHO MepBOro Ha L /v; & 65 1c, COOTBETCTBYET 3BYKY,
BO3ZHMKAIOIIEMY BOJIM3H IPAHUIIBI pa3esia MeTallI-IU3JIEKTPUK. AMIUTUTYAA UMITYJIb-
COB B 3TOM Ha0Ope MEHBIIE, YEM B IIEPBOM, TaK KaK U3BMEHEHHUE TEMIIEPATYPbI METAJLIA
BOJIM3M MOJJIOKKHU MEHBIIE, YeM Ha TpaHUIle pa3zesa MeTaul-BakyyM. Jljid Hamuuus
BTOPOT0 HabOpa UMIYJIbCOB, CBA3AHHOTO C TeHepallreil 3Byka BOJIU3H 3aJHEN MTOBEPX-
HOCTH IJIEHKH, HE00X0IMMO, YTOOBI UMEJIO MECTO 3aMETHOE U3MEHEHHUE TEMIIEPATYPHI
y 9To¥ rpaHuibl. [ 3TOro HeoOXoAMMO, YTOOBI TOTOK TEIUIA 32 CYET AIEKTPOHHOM
TEIJIONPOBOAHOCTU YCIIEBAJ IOCTUTHYTh I'PaHUIIbl METAII-AUAJIEKTPUK paHbLIE, YEM
SHEPrUs ycrelna Nepeaarbes OT IEKTPOHOB PelIeTKe. DTO UMEET MECTO ISl MEJIU MTPU
L = 300 am. B aToMm citydae BUIHBI ABa HaOopa uMmynbcoB (cMm. Puc. 7a). Ha Puc. 76
npexacrasieH pacuet it L = 1000 am. [Tpu Takol TONIIMHE MIJIEHKU HarpeB €€ 3aIHEH
MOBEPXHOCTH MPeHEOpexxnuMo Mai. B To ke Bpems, kak BuaHO U3 Puc. 70, Ha mpoduie
¢ynkuun A R(t)/ R nprucyTCTBYET TOJIBKO OAWH HAOOP UMITYJIbCOB, YTO COOTBETCTBYET
3BYKY, BOSHHKAIOIIEMY BOJIM3HM IPaHUIIbl pa3zesia MEeTall-BaKyyM.

JITMHa BOJIHBI 30HANPYIOLIETo M3IyYeHUs ), Takxke Biuuser Ha AR(t)/R. Ilpn
Apr = 620 HM 1 A, = 800 uM kpuBble AR(t)/R 6mu3ku o ¢opme, 4To Crpasen-
JIMUBO JUIA Ay, 1JIs1 KOTOPBIX ACHCTBUTEIbHASA YACTh AUIIIEKTPUYECKON IPOHULIAEMOCTH
meraia 6onbme MEUMO. IIpu A\, = 400 HM MHMMAas 4acThb JUDIEKTPUYECKON MPO-

HHUI[AEMOCTH OOJIbIle ecTBUTEIbHOU. [109TOMY MMITysbehl Ha KpuBoid AR(t)/R ot-
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JMYArTCA 110 (GOPME OT UMILYJILCOB, COOTBETCTBYIOIUX A, = 620 HM 1 A, = 800
HM (cM. Puc. 7). 9To CBA3aHO ¢ HAJIMYHUEM YaCTOThI W, B pailOHE KOTOPOH OCHMIIISAIINT
¢ynkimu A R(w) m0IaBIeHBI.

Pa3nen 4.4 nocBsilieH ONMUCaHUIO U3MEHEHUS KO3 PUImeHTa oTpaxxeHus: MeTal-
Ja B TOHKOW TUICHKE METaJlla, TOJNIIUHA KOTOPOW MEHbIIE NNIyOMHBI OJJHOPOAHOTO Ha-
rpeBa. [loka3aHo, 9TO B TaKMX IUICHKaX YMEHBIIICHUE TOJIIMHBI L COMPOBOXKIACTCS
YBEIMYCHUEM 4acTOThI OCIuIAiiid AR() ¥ UX aMIUTUTY/bl. YBEITHUCHHUE YACTOTHI
OCIWJUTSIIUHN CBSA3aHO C TEM, YTO C YMEHBIIICHUEM TOJIIMHBI TUICHKHA YBETUIHBAIOTCS
XapaKTEPHBIC YaCTOThI TEHEPUPYEMOTO 3ByKa. B TOHKHMX TUICHKAX, TOJNIIAHA KOTOPHIX
CpaBHMMA HJIM MEHbIIIE ITyOUHBI CKUH-CIIOS, 4acToTa 3ByKa ~ v;/ L. B cBOIO ouepens,
POCT aMILTUTY/Abl OCHMIUISAIUNA 00yCIOBIIEH TEM, YTO C YMEHBIIICHUEM TOJIIUHBI TJICH-
KM pacTeT CpeiHssl MomioaeMas MOIIHOCTh, U KaK CJIEICTBUE aMIUIUTYAA 3ByKa. [Ipu
ATOM B Pa3JIMYHBIX JMAMAa30HaX 3HAYCHUN [ aMIUIUTYy/Ia 3ByKa pacTeT MO-pa3HOMY C
yMeHblieHneM L. Eciu TonmnHa mieHKu 0oJibliie TTyOUHBI CKMH-CJIOS Ha 9acTOTe Trpe-
IOILIETO MMITYJIbCa, HO MEHbIIIE IITyOHHBI OHOPOJHOTO HArpeBa, TO aMIUIUTY[a 3ByKa
pacter ~ 1/L. D10 CBsI3aHO C TeM, YTO B TAKOM JHAINa30HE TOJIIMH yMEHbICHUE L
OPUBOAUT TOJIBKO K YMEHBIICHUIO 00beMa, B KOTOPOM pacmlpe/esisieTcs MorionaeMast
sHeprus. Eciiu ToNmMHA TUIEHKW MEHbBIIE TIIYyOMHBI CKUH-CIIOSs, TO aMIUIUTY/a 3BYKa
pacter ~ 1/L?. Bojlee CUIBHBIA POCT aMILIUTY/IbI 3BYKa B CTOJb TOHKOM IIEHKE 00Y-
CJIOBJICH OTHOCHUTEIHHBIM YBEIIMUYCHHEM JICKTPOMArHUTHOTO MOl BHYTPH TUICHKH.

B pasnede 4.5 u3yueHo BIusSIHUE y4eTa HEOJIHOPOJHOCTH TEMIIEPATYp P OIMU-
CaHUM TeHepalliy 3ByKa Ha U3MEHEeHHUE KodhhuimeHTa oTpakeHus Merauia. s storo
IPOBEICHO CpaBHEHHUE pe3y/IbTaroB BeruuciaeHuss AR (1), MOTy4eHHOTO ¢ yU4eTOM Ta-
KOW W HEOTHOPOJHOCTH, C PE3yJbTaTaMH, MMOJTYUYSHHBIMU B MPUOIMKSHUH OJHOPOIHO
HarpeBaeMoil mieHkH. [lokazaHo, 4TO HEMJIOXUM KPUTEPHEM MPUMEHUMOCTH HCIIONb-
30BaHMs MPUOIMKEHUs] OTHOPOHOM TeMIIepaTyphl JJIsl OMMCAHUS TeHEepaIluu 3ByKa B
TOHKHX IICHKaX SIBJSIETCS HepaBeHCTBO L < /A /G, tae A - KO3 PUIIUESHT TeIIonpo-
BOJIHOCTH, (G - mapaMeTp, ONPEIESISIIONINI TeMIT Tepe/ladyi SHEPTUH OT AJIEKTPOHOB K
pemieTke. B Gosee TONCTHIX MJIEHKaX Takoe MPUOIMKEHHUE OMpaBAaHO MO MCTEYCHUU
BpEeMEHH NPOrpeBa MIEHKH T10 Beeil Tommune, kotopoe ~ CL2/\, tne C - ynenpHas
TEIJIOEMKOCTh pelIeTKH. PaccMoTpeHo Takke MpuOImKeHNe, IPU KOTOPOM YUHUThIBA-
€TCsl HEOAHOPOMAHOCTh TEMITEpaTyphl IPH OMMCAHUM HArpeBa, HO HE YYUTHIBACTCS ITa

HCOAHOPOAHOCTDb B YPABHCHHHU IJIs1 CMCIICHHA aTOMOB PCIICTKH. HOKaBaHO, 9TO TAaKOC



21

MPpHOITIKEHHE XOPOIIo onmuckiBaeT nmoseaeHune A R(t), eciu ri1yOuHa CKUH-CIION Ha Ya-
CTOTE 30HAUPYIOIIETO U3JIyYeHUS] MEHbIIIE, YeM MaclITaObl U3MEHEHUS TEMIIEpaTyp.

B paspene 4.6 n3yueHO BIMSHUE OTPAKEHHsSI TPEIOLIETO IO OT I'PaHULBI
MeTaJlI-IUAJIEKTPUK Ha TeHepanuio 3ByKa. [Ioka3zaHo, 4TO ydeT Takoro OTpayKeHus Ba-
YKEH, €CJIM TOJIIMHA MJIEHKU CPaBHUMA WM MEHBIIE TIIYOUHBI CKUH-CJIOS HA YacTOTE
IperoUIero u3inydeHus. IIpu 3ToM B 3aBUCMMOCTH OT ONITHYECKUX CBOMCTB METaIa U
MOJITIO’KKM MOYKET IPHUBOJNTH KAK K YBEJIMYEHUIO AMIUIMTY/IbI T€HEPUPYEMOIO 3BYKa,
TaK U K €€ YMEHBIICHUI0. ECIM OTpa)keHne Ja3epHOro U3JIYyYEHHS OT MOJJIOKKHU MPO-
ucxoauT 6e3 ckauka ¢asbl, TO TAKOE€ OTPAKEHHUE MPUBOAUT K YCUIICHUIO MOJSI BHYTPH
IJIEHKH, U, KaK CJIIECTBHE, K YBEIMUYCHUIO aMIUIUTYIbI 3ByKa. Eciu ske mpu OTpakeHUH
IPOUCXOJIUT CKAYOK (pa3bl, TO MOJISI BHYTPH TUJIEHKU OCJIA0NAIOTCS, U aMIUIUTY/AA 3ByKa
YMEHBIIAETCS.

B pa3neJie 4.7 xpatko noaseieHsl utoru Liassi 4.

3aKJII0UYCHHE

OcHOBHBIC PE3yiabTarhbl JUCCCPTAINHN 3aKIHOYAa0TCA B CIICAYIOIICM:

1. Onmcana reHepaIys HI3KO4aCTOTHBIX ITOJICH ITPH 00Ty9ICHUH MeTalljla HMITYJIbCOM
(heMTOCEeKyHIHOTO0 JIa3epHOTO U3ITy4YeHHs], CPOKYCUPOBAHHOTO B mojiocy. [lomyue-
HBI BBIPQXKCHUS IS MAaTHUTHBIX TOJIE HU3KOYACTOTHBIX MMOBEPXHOCTHOMN BOJIHBI
Y U3JIYYCHHSI, BOZHUKAIOIINX 3a CYCT MOHIACPOMOTOPHOM CHIIBI U TPAJUCHTA JaB-
JeHus MeKTpoHoB. [TokazaHo, 4To BONHM3M MOBEPXHOCTH MeTalljia OyAeT UMEThb-
cs1 0071aCTh JOMUHUPOBAHUS MOBEPXHOCTHOM BOJIHBI €CJIM Ha XapaKTEPHBIX 4aCTO-
Tax HU3KOYACTOTHBIX MOJIEH NEeHCTBUTENbHAS YaCcTh JUAICKTPUUECKOM MPOHUIIAEe-
MOCTH OyzaeT OosbIilie MHUMOM. [Ipu 3TOM pasmepsl 3Toi o0acTu OyayT ornpese-
JATHCS COOTHOIIEHWEM MEXIy HUMH. HampoTus, eciim MHMMAas 9acTh MPEBOCXO-
JUT JCHCTBUTEIIbHYIO, TO Ha JIFOOBIX PACCTOSHUSIX OT 00JacTH (POKAITHHOTO MATHA

JTOMUHUPYIOIMUM OYyAET MOJe U3TyUeHHUSI.

2. ITpoieMOHCTPUPOBAHO, YTO HanbOJIee ONTUMAIbHBIE YCIOBUS JJIsi BO3OYKICHUS
HU3KOYACTOTHOM MOBEPXHOCTHOM BOJIHBI PEaU3YIOTCS, KOIJIa 32 BpeMsl BO3/CH-
CTBUS JIA3€PHOTO M3JIYYEHHS MPOUCXOAUT MHOTO AJIEKTPOHHBIX CTOJIKHOBEHUH B

TI0JIE JIa3€PHOTO M3JYYCHUs, U MaJI0 B HU3KOYAaCTOTHOM moJie. Takou ciiydand Mo-
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KET UMETh MECTO HPU BO3JACUCTBUU JTOCTATOYHO BBICOKOYACTOTHOIO HU3TYyYECHUS,
KOTZIa YaCTOThI CTOJIKHOBEHUM CWIBHO pasindarorcs. [Ipu 3ToM OCHOBHBIM Mexa-
HU3MOM I'eHepaluu OyIeT sIBISThCS IPAIUEHT JaBICHUS IEKTPOHOB, a 3 PeKTuB-
HOCTb F'€HEPALMU HU3KOYaCTOTHBIX IIOBEPXHOCTHBIX BOJIH TEM BBIILIE, YEM KOPOUE

Ja3epHBI UMITYJIbC U YeM OOJIbIIE YaCTOTA JIA3EPHOTO U3ITYUESHHUS.

. PaccmotpeHna nasepHast reHepanys 3ByKa B IUIEHKE METaJUIa Ha MOUIOKKE U3 JIH-
IEKTPHUKA 3@ CUET HATPEBA PEILIETKU U MNIEKTPOHOB, a TAKXKE 3a CUET IIOHIEPOMO-
TOPHOTO BO3JEUCTBHUs Ha JIEKTPOHBI. [IpoBeneHo cpaBHEHUE BKIAJ0B B reHepa-
LIMIO 3BYKa OT 3TUX MEXaHU3MOB IIPU pa3IMYHBIX yacTorax. IlokasaHo, 4To eciau
3¢ (peKTUBHBIE YACTOTHI CTOJIKHOBEHUM 3JEKTPOHOB B METAILIE JOCTATOYHO MaJbl,
TO B T€pPArepLiOBOM AHara3oHe 4acTOT BKJaJ OT IIOHAEPOMOTOPHOIO BO3EHCTBUS

IIPCBOCXOAUT BKIIAAbI OT UI3MCHCHUSA TCMIICPATYP.

. JlaH aHaIM3 CHEKTPAIBLHOTO COCTABA M 3aBUCHMOCTH OT BPEMEHH H3MEHEHHS KOd (-
(uIMeHTa OTPAKEHHUS, CBA3aHHOTO C PaCPOCTPAaHEHUEM 3ByKa B MeTainie. [Toka-
3aHO, YTO KOTJ[a peaiu3yeTcs OUTH OJHOPOIHbIH Harpes, T0 GyHkuus AR(w)/R
COJIEPKHT TOJBKO MaKCHMYMBbI, COOTBETCTBYIOIINE HEYETHBIM rapMOHUKaM. Tak-
e, eCJIH ICHCTBUTEbHAS M MHAMAsI YaCTH JUDJICKTPHUCCKOM MPOHUIIAEMOCTH Ha
YaCTOTE 30HIUPYIONIETO M3IyUSHUs OJIM3KH APYT K IPYyTy, TO 9aCTh MAKCHMYyMOB
¢yakmuu AR(w)/ R oTCyTCTBYeT. ITO IPUBOAUT K PACHICIUICHHIO MUKOB HA MPO-
¢une pynkipu AR(t)/R. Ecnu y 3ajiHeii MOBEpXHOCTH MeTasia OyeT UMEeTh Me-
CTO 3aMETHOE M3MEHEHHE TEMIIEPaTypPhl, TO TeHepalus 3ByKa OylIeT MPOUCXOIUTh
y 00eHX IpaHull IJICHKH, 1 Ha Tipodute pyukimu A R(t)/ R OyayT mpucyTCTBOBATh
1Ba Habopa MMITYJILCOB. B IPOTHBOIIONIOKHOM CiTydae reHepaius 3ByKa OyieT mpo-
HCXOJIMTH TOJILKO Y TPAHHMIIBI METaLT-BakyyM. Takxke MpoieMOHCTPUPOBAHO, YTO B
TOHKHX IUICHKAaX MeTajljia aMIUTUTY/a TCHEPUPYEMOTo 3ByKa U COOTBETCTBYIOIIEE
M3MEHEHHE KO3()(DUIMEHTA OTPaKEHHsI PACTYT IIPU YMEHBIIECHUH TOJIIIUHEI IIJIEH-
ku. Eciu tonmmuba rmienku L 6obiie ITyOuHBI CKHH-CIIOS Ha YaCcTOTE W3 TydeHHS
HaKayK{, HO MCHBIIIE MacITab0B HEOAHOPOAHOCTH TEMIICPATYPhI, TO TAKOH POCT
~ 1/L. Ecnu e TOMNIIMHA [ICHKH MEHBIIE ITyOHHBI CKHH-CJIOSI, TO BO3MOYKHBI

YCJIOBHSI, KOTJIa aMIUIUTY/Ia 3ByKa pactet ~ 1/ L2

. [loxazano, yTo npubIMKEHNUE OTHOPOAHO HArpeBAEMOM IIJIEHKU OIpPaBAaHO €CIIU

TOJILIMHA [JIEHKW MEHbIIIe IITyOUHBI Mporpesa metasuia. [Ipu 3ToM y4eT rpaaueH-
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TOB TEMIIEPATyphl B YPABHEHUH JJIs1 CMEILIEHHS aTOMOB PEILIETKH cJ1a00 BIUSET HA
U3MEeHeHue Kod(pPuieHTa oTpaskeHus, €Ciu ryOnHa CKUH-CJI0s1 HA YaCcTOTE 30H-
JUPYIOLIETO U3TyUYEHUsI MEHbIIE ITyOMHbI HarpeBa MIIEHKH. Y YeT CTPYKTYPbI dJ1eK-
TPOMAarHUTHOI'O Ba)KE€H, €CJIM TOJILMHA IUIEHKU CPaBHUMA C TIIyOMHON CKHH-CJIOA.
[Ipu 5TOM B 3aBUCMMOCTH OT ONITUYECKUX CBOMCTB METAJUIA U JUAJICKTPHUKA Ha Ya-
CTOT€ MMIYJIbCA HAKAYKHU 3TO OTPAKEHUE MOXKET MPUBOJUTH KAK K YBEIMYCHUIO

CMCIICHUA aTOMOB, TdK U K €CI'0 YMCHBIICHUTO.
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