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JlocitipkeHO TeOpEeTHYHO BHYTPIIIHBO30HHY AMHAMIYHY IIPOBIAHICTH JIONIOBAaHOrO rpad)eHy 3a MeXaMu MiXoxy
JHIHHOrO BIATYKY €JIEKTPOHHOI IIJCHCTEMM Ha MaJaody eJICKTPOMArHiTHYy XBHIIO. Bu3HaueHO 3alexHOCTI
BHYTPILIIHBO30HHOT'O CTPYMY BiJl €JIEKTPHYHOI'O I10JIs, YACTOTH, TEMIIEPaTypH 1 XiMiYHOrO MOTEHLially, AKi CBiI4aTh
PO BIIXWICHHSA B JOCTaTHBO CHJBHHMX EJIEKTPUYHHUX IMOJSAX 1 NMPU MAIMX 4YacTOTax Bil JIIHIHHOro HaGJIMDKEHHS
KinacuuHoi Teopii mposinHocTi Jlpyne-Bombimana. 30okpema, OTPUMAaHO HAaCHUCHHS I1HAYKOBAHOTO CTPyMY 1

HeliHiliHe 30UIbIIEHHSA [PO30pOCTi IpadeHy 3 POCTOM IHTEHCHBHOCTI XBHII,

SK 1 JUIS BUMAJAKYy MIK30HHOI

MPOBITHOCTI NPH NOCTIIiHIHHOMY Biaryky. Ha BiaMmiHy Bin 30UIbIIEHHS 171 MIXK30HHUX INEpexoAiB MpHu (ikcoBaHii
IHTEHCUBHOCTI KoedillieHT TpaHcMicii rpad)eHy 3a BHYTPILIHBO3OHHUM MEXaHi3MOM 3MEHILIYEThCS 3 IiJBUILECHHAM

XiMIOTEHIaly 1 TeMIIepaTypH.

KiouoBi ciioBa: BHYTPIIIHBO30HHA IWHAMIYHA IIPOBITHICTH, JOMOBAaHUN TpadeH, MOCTIIHIMHHN BiITYK,

MPO30PICTb.

Cmamms nocmynuna 0o pedakyii 16.04.2012; npuiinsama oo opyky 20.06.2012.

Beryn

B psani teoperuunux pobit [1-4] Oyno mepenbaueHo
VHIBEpPCAJIbHY IOBEAIHKY TWHAMIYHOI MPOBIAHOCTI 1
OIITHYHOI TIPO30POCTI MOHOATOMHOI'0 MIapy TpadeHy sk
JHIHHOTO BIATYKY IipakiBChKUX ()epMiOHIB Ha 3MiHHE
eNIEKTPUYHE TOJIE 1 MaJaro4y eNeKTPOMArHiTHY XBHIIIO.
Il mnoBenmiHka BU3HAYAETHCSI B OCHOBHOMY 4epe3
yHiBepcaybHi ~ (i3W4HI CTami Ta CTally TOHKOI
CTPYKTYpH, 110 OYJIO MIATBEPIKEHO EKCIIEPUMEHTAIBEHO
B iH(dpauepBoHiii [5-7] i Buaumiit [8] obmacti crekrtpa.
HemonaBuo B poGoti [9] Oyi10 Bu3HAUEHO MiXK30HHY
BJIACHY MPOBIAHICTH 1 MPO30PICTH iJ€aNBHO YUCTOTO
rpad)eHy TIpU HYJIBOBIH TemmepaTypi Ta eHeprii depmi
3a MexaMmH Teopil JiHifiHOro BiAryky. Bracmigok
SIBHOT'O BPaxyBaHHs €JIEKTPOHHUX OCUWIIAIIN THITy Paoi
MiX JIBOMa CHEPreTUYHUMH KOHYcaMu [9] MaroTh Miclie
HEJIHIAHI e()eKTH HACHYCHHS aMILTITY JACUIIATUBHOL
YaCTHHU MIK30HHOTI'O CTpYyMY 1 Ipo3opocTi rpadeny. B
[10] immmM MeromoM, 3a JOMOMOTOH) PIBHSHHS IS
MaTpUli TYCTHHH, TPOBENEHO pO3IIISA  MIK30HHOI
MPOBITHOCTI 1 TPO30POCTi JAOMOBaHOrO rpadeHy s
MOCTIIHIHHOTO BIATYKY IpU HEHYJIbOBUX 3HAUEHHSX
TEeMIlepaTypy 1 XiMIoTeHiany. B 3arambHuX ymoBax
[10] orpumani MoaubikoBaHi HeNiHIAHI epeKkTH
HAaCHYEHHS SIK JMCUIIATHBHOI, TaK HEIWCHIIATUBHOI
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YaCTUH MIXK30HHOT'O CTPYMY 1 IPO30POCTi JOIOBAHOTO

rpageny.
Meroro  nmaHoi  poOOTHM €  JTOCHIKCHHS
BHYTPIIIHBO30HHOI ~ JMHAMIYHOI  MPOBITHOCTI 1

TIOB'SI3aHOI 3 HEI0 MPO30POCTi JO0MOBaHOro rpadeHy B
JOCTATHHO CHUIIBHUX CIEKTPUIHUX MOJISX.

|. dyHkuis po3moginay i rycTuHa
BHYTPIilIHBO30HHOI' 0 CTPYMY B
rpageni

BHyTpinIHb030HHA ~ TPOBIAHICTH  OOYMOBIIEHA
MepexoaMy EICKTPOHIB B MeXaxX OJHIE€T 30HH 1 €
aHaJIoroM Kiacu4dHoi mnposigHocti Jpyne-bonbimana.
Bizomo [1-4], mo BHYTpIIIHBO30HHA TPOBIJHICTH €
JIOMIHYIOUOI0O TIpM HHU3BKHX 4YacTOTaX 3MIiHHOTO
enektpuynoro mons W<(/h, ne q — a6comorHa
TeMIepaTypa B eHepretuunux omumuisx, h=h/2p,
h — crama Ilnamka. B Mexax nepeBaXkanHs
BHYTPIIIHLO30HHOI TPOBIAHOCTI 1 JIHIHHOTO BIATYKY
KBaHTOBHW pO3IJIAJ IPU3BOAUTH JIO THUX CaMHX
PE3yabTATIB, IO i KBa3iKIIaCHYHE KIHCTUYHE PIBHSIHHS.

Hexan oz[Hoplz[He nepioJMyHe B 4aci t enexTpuyHe

none E(t) Eo exp(- iwt) nanpsmiene B rpadeni
B3JI0BK OCi X. BOHO BUKJIMKAE MOABY 3MiHHOTO CTPyMY
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4acToTH W 3 TyCTHHOKO | , HOB'S3aHOI0 3 BHYTPIiLIHbO—

30HHMUMH  TepeXoJaMH. BHACHiIOK  BiICYTHOCTI
CHEePreTHYHOI IMIJTMHA MK 30HAMH MOHOATOMHOI'O
rpadyeHy, ONHOYACHO BIIOYBAIOThCS 1 MIK30HHI

Mepexo/d, SAKi MPUBOAATH B KBa3ipe30HAHCHUX YMOBaX
0 BCTAQHOBIICHHS HEPIBHOBAXXHOI'O CTAI[iOHAPHOTO
crany 3 QyHkiieo posmominy [10] amst enexkTpoHiB B
30Hi MPOBITHOCTI

—l

r2=f0(e-m)>€t+zzaqox ¥
§p o 24

1 JUTS JIEKTPOHIB Y BaJICHTHI# 30H1

D)

ro=f,(- e+r’r)>€L+zzaEpX_U : @)

8 Pag
ne
_leluE, -
hwG
— xapakTepHu#i mapamerp Teopii Mimenka [9],
fo(e- M =(exp[(e- M/q)+D)* - pisHoBaxkma

(depMieBchbka (YHKINST PO3MOMITY EJICKTPOHIB B 30HI
. . . 1

nposigHocTi 3 eHepricio €=U|pP|FUP moGmuzy

" mipakiBeekux” Towok K i K', U » 10%cm/c, GO G

— oOepHeHW#l 4Yac penakcauii HOCIiB 3apsiy, SKHi
BBa)KAEThCS OJIHAKOBUM JUTS €NEKTPOHIB i mipok [9,10];

Py = PCOS| ,, Py=pSN) . ],
JIBOBUMIPDHHM  BEKTOPOM  IMITYJBCY
CJICKTpUYHUM mojieM, M —
rpadeHy B PpIBHOBa)XHOMY CTaHi.

. 0
¢ynxuii posnoginy I

)

— KyT MiK
eNIEKTpOHa 1
XIMIYHHHE — TOTEHIiaN
3ayBaxxumo, 110
(a =c,V) 3anexars 3rigHo (1)-
E, i

BiJl aMIUTITYOM €NEeKTPUYHOTO TOJIs

CTaHOBJIATH BXE BHXIJ 3a MeXi Teopil JiHIHHOrO
i ()=-9.9 _ €Ee™
X =Y (2ph)* (G- iw

— o . 0
xe V,=up//p, ar; ir,

dopmynamu (1)-(3). Iicnsa migcranosku B (8) (1)-(3) i

BU3HA4YaIOThHCA

N\ T[ 0
x_(r c
)XO/ Tp,

BiryKy, OOYMOBJIEHWI BHYTPIIIHbO30HHUM 3CYBOM

eHeprii eNeKTpoHa MpH MiX30HHUX mepexomax [10].
. .. 0
Kpim Toro, HezanexHi Bia yacy GyHkuii I, € napHuMu

(GYHKIISIMA CKITJIOBUX IMIYIIBCY €JIeKTpoHa. Tomy Juist
BU3HAYEHHS BHYTPIIIHBO30HHOI'O CTPYMY HIYKaeMO
HEpIBHOB)XHY (YHKI[IO pO3IOJINY EIEeKTPOHIB Yy
BUIJISAIL

(T, pt)=rl+f,(f,pt),

I 1 . .
ne f,,(r,p,t) — mepiBHoBaxHe Bimxmnenns f,

(4)
BII
CTalliOHAPHOTO  HEPIBHOBAKHOTO  PO3IOMLILY I’g .
Oynkuio posnoniny f,, M eXp(-iwt) Busnadaemo 3
KiHeTHYHOTrO piBHAHHA Bonmbimana [11] y HaGmimkeHHi

Jnst

dyskuii posnoniny f, enexrponis B 30Hi mposigHOCTI

wacy penakcamii t°1/G mpu |, k<r?

(a = C) MaeMo KiHETUYHE PiBHAHHS:

iwf, +v—fé+ I£—|£‘"r = ta
- ®)
Ir Tp

! — paniyc-exrop enextpona, V = (fle/ ﬂb) =up/p
— MIBHJKICTh, € —3aps] eJICKTPOHA.

Toni |
eE  fr?
f = ——— %,
¢ (G-iw) Tp ©

I'ycTrHA BHYTPIITHEO30HHOTO CTPYMY JIOPIBHIOE

r e r r
= ——y(f - f.)d?p, 7
J gsgv (2ph)2 0/( cl vl) p ( )

CIliHOBE 1

g i
(9=

IOJISE B3JIOBXK Oci X 1 popmyiy (6), Maemo:

g9, -

0, =2). BpaxoByrouu HampsM eIeKTPHIHOTO

JOJMHHC BHUPOKCHHSA

r0)d?p, &)

iHTeI’pyBaHHH B IOJISIPHUX KOOpAMHATAX OJACPIKUMO.

.. 4digq ot (w/l z° 1) am
()= Ege Inf2ch . ©
ph*(w+iG) &2q
YmoBamu 3acrocyBanns (9), sk i B poborax [9,10], € asi i, () =s(WEe€ it (12)
HEPIBHOCTI: e X 0
G<<wiz<<w/G, (10) oie? m
siki o's3ani 3 BusenenusM [10] dopmyn (1)-(3). Ilpu s(w) =WfiG)|n[ Ch?Z_qé (12)

z?<<1, mo

CJICKTPUYHUM IIOJISAM a00 BEJIUMKHAM 3HAaYeHHAM W 1 G

(. (3)),

BIAIOBiZa€  JOCTATHHO  CIAOKUM
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CHiBMaZa€e 3 BUPa3OM BHYTPIIIHHO30HHOI IPOBIIHOCTI,
HABEICHUM, Harmp., B [4].

3 dopmymu (9) Jerko BHU3HAYUTH JAUCHIIATHBHY
YAaCTHHY BHYTPIIIHBO30HHOTO CTPYMY, SIKA 3YMOBIIOE
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BUIJICHHS JDKOYJIEBA TeIUla 1 3MEHIIEHHs MPO30pOCTi

16s E,coswt

ja(t) =

1 HEIUCUTIATUBHY YaCTHHY, HEMOB's3aHy 3 JUCHUITAIIEO

. 16s E,sinwt
Jnd(t) = g0 x

ne S, =€/4h.

(Y1+Z2+1) PI(w)* +(hG)’]

rpageny,

4(hG) 2ch® 13

(e +1) PP+ (G e 82qz -
eHeprii,

a(hw) >4n[2ch§ez—r2!a (14)

HaCU4YCHHA aMl'[J'IiTyI[I/I BHyTpiIJ_IHI)OSOHHOFO CTpyMy 1o

) 3HAYeHb
Ipu z°>>1, 100TO MWIA CHUIBHHUX EJIEKTPUUHHX
momiB (a6o manux vacror), 3 (13), (14) i (3) BummBae
o = e, dNS) @M (15)
| pu_ pl(hw)’ +(hG)’] 82 qg
4|e|wG hw
Jnd,max = | | x q(z ) [ Ch (16)
pu_ pl(hw)’ +(hG)’] qug
OPUIOMY
Jaman _ - Gw) (17) [l. BHyTpilIHbO30HHUIT MeXaHi3M
Jnd,max w

Jns  aMIuniTyad HACHYEHHS IUCHUIIATHBHOI YaCTHHH
MK30HHOTO CTPYMY B JonoBaHoMy rpadeni [10]

e _ |€]WG

Jdmax_ 2u >G(an) (18)
i (]
awo é aehw(jl‘il
G sh X h —_- . (19
) =5 & Sqfa "o ™

BigHomrennst amrurityn HacudeHus npu G<<W s
BHYTPIllIHB030HHOTO cTpyMy (15) no Bumazaky (18), (19)
MIXK30HHOTO CTPYMY JTOPIBHIOE

In 2ch &M

Joec - 8,000G) 82qg | 20)
Jdmax p (hW) G(quvrr)

TOOTO CYTTEBO 3aJICKUTH Bi)l TeEMIIEpaTypu, 4acTOTH

MPO30POCTi 10MOBAHOI0 rpadeny

[Naparoua eneKTpOMarHiTHa XBWJIS TOIIMPIOETHCS
B3JIOBXK BiJl'€MHOT'O HANPSIMKY OCI Z 1 EPIEHAUKYIISIPHO
JI0 IUIOMWMHKA XY TpadeHy 3 JiHIHHOI MOJISIpH3aLicro
B3J0BXK Oci X. HampyXeHiCTh eJIeKTPUUHOr0 MO XBHUIT

{ Egcos(ut + %) + E cos(wt- *5),2>0,
E =i (21)

;FET cos(wt + %), z<0,
c

e E0 BIJMIOBia€ magaroviid XBUIII, ER — BigOUTIN Bif
wiommun rpadeny, E; — xBuii, mo mpoiinua gepes
rpadeH; C —IIBUAKICTB CBITIIA.

XBUIIbOBE PIBHSHHS BiJPi3HAETHCS BiJ BUIAIKY
po6it [9,10] nwie TuUM, M0, 3aMIiCTh MiK30HHOTO

nojst, XiMiYyHOro MoTeHIfany rpadeHy i MexaHizmy CTpyMy jcijmer! PO3TILIAECTECS  BHYTPILIHBO3OHHHI
PO3CIsIHHS BUIBHUX HOCIIB 3apsimy, SIKHA BH3HAYa€e CTpyM J q (13):
takoxk Qynkuiro (W) [9,10].
TE 1TE_ 64sw_
7T 2 ez 20 & g(Wq m>d(z) , (22)
127 1t ¢ (J1+ZZ+
___qhg
g(w,q,m) = —————-An[2C ch&™ (23)
[(hw)* +(hG)’] 82qg
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98,5
98,0
2
Lo 97,5
97,0
96,5 . — .
0 5 10 15 20

Puc. 1. 3aiexHicTh BHYTPIIHEO30HHOTO KoedilieHTa
Tpancmicii 7' miaBimeHoro rpadeHy Bia epeKTUBHOI
IHTEHCHBHOCTI M1aJa1040ro BUIIPOMiHIOBaHHS

| =(euE,/hwG)?© z2 mnpu remmeparypi 300K,
hG=0,010eB, hw=0,015eB i pi3Hux 3HaYEHHIX
xiMroreHiiianie | (KOHIEHTpallifi BUIBHUX HOCIiB
3apany ).
Kpusi: 1 —p=0,010eB (n,=53-10%cm™);
2-u=0,015¢B (n,=8,1-10"cm?);
3-u=0,020eB (n,=1,1-10" cm?)

d(z) — nmenbra-Qynkuis [ipaka,  — Temmeparypa B
22 = (euE,; / wG)?

Bimmosimae momo E; B miomuni rpapeny z=0.

CHCPTCTUIHUX OAVHUILIAX,

Ananoriuno [9,10] 3Haiimemo anrebpaiune piBHSIHHS

Jutst Koeimienta tpanemicii T = ET2 / Eg rpadeny

Bag(w,qm _ 1

14N - 24
RS I @
ne a =€/ NC — crama TOHKOI CTPYKTYpH.
.2
= %9 (25)
&hWG g

— Oe3po3MipHa e()eKTHBHA IHTEHCHBHICTh I1aal040l
xBuii. PiBusiHHS (24) Bimpi3HA€THCA BiJ BiMOBIAHOTO
PIBHSHHS ISl MDK30HHOTO KoedillieHTa TpaHcMicil

momoBaHoro rpadeny [10] samiHoro B (24)
8g(w,q,m ® pG(w,q,m) .
Ha puc. 1,2 wnHaBemeHi rpadiuHi 3aJeXHOCTI

BHYTpilIHE030HHOrO Koedimienta Ttpancmicii  T(I)
rpadeny, srigHo (24), npu  PpI3HUX 3HAYEHHAX
XIMIIOTEHITia)Ty, KOHIICHTpAIii BUIBHUX HOCIIB 3apsay
N, i Temnepatypu. Sk i U BUIAAKY MiK30HHOIO
norimuHanus [9,10], mae miciie HeniniiiHe 3poctanus T
13 30UTBIICHHAM e()eKTHBHOI IHTEHCUBHOCTI / TaIar04ol
XBWII: CMOYAaTKy NpH Manux [ — JiHiiiHO, a moTiM —
oinbw nosisibHO T ® 1, 3rimHO

T»1- 16Tlag(w,q,r’r).

(26)

99 -
1
98- 2
3
97 -
2 4
T o6
95 -
94 T T T T T T 1
0 5 10 15 20
I
Puc. 2. 3Banexnocri T(l) npu ximmorenmiani

rpadeny p = 0,015eB, hG=0,010eB, hw=0,015¢B
i pi3HUX 3HAYEHHX TemInepaTypu (KOHIEHTpamii Ny ):
Kpusi 1 —200K (n,=5,5-10cm™);

2-300K (n,=8,1-10" cm™);

3-400K (n,=1,1-10" em™);

4-500K (n,=1,3-10" cm?).

Ilpu cramomy [ BHYTPIIIHHO3OHHHN KOE(Ili€HT
TpaHcMicii 3MEHIIYEThCS 3 I ABUILIEHHAM
xiMmoreHuiaxy M i Ttemmepatypu ( (puc. 1,2) Ha
BiIMiHY BiJ 30inbineHHS 7 JUIsI MDK30HHOTO BUITAIKY
[10]. TlosicHrOETBCS 1i€ BIJMOBIAHOI MOBEMIHKOI

g(w,q,m (23) nopisnsno 3 G(w,q,n) (19).

BucHoBkn

BusnaueHi 3aJICKHOCTI BHYTPIIIIHEO30HHOT'O
CTpYMY IOIOBAHOTO TpadeHy Bif eNEKTPHUYHOIO MOJI,
YacTOTH, XIMIYHOTO MOTEHIIiaTy, KOHIEHTPallii BUTbHUX
HOCITB 3apsiiy i Temmeparypu CBi4aThb PO CYTTEBI
BiJIXWJICHHS] B JIOCTaTHHO CHJIBHHUX €IEKTPUYHUX IOJISIX
1 IpA HU3BKUX YaCTOTaX Bif JIHIHHONO HaOJIYKEHHS
KJacuuHol Teopii npoiaHocti dpyne-bonbimana. fx i
Uit Mixk30oHHOTO ctpymy [9,10], oTpumMaHo HacHYEHHS
aMIUTITYI iHAYKOBAHOTO BHYTPIITHHO30HHOT'O CTPyMY
i HemiHiliHe 3OLIBIICHHS BIAMOBIAHOI IPO30POCTI
miABimIeHOro rpadeHy 3 POCTOM  IHTEHCHBHOCTI
MaIalouoro  BUNPOMIHIOBAaHHsS.  BHYTpINIHBO30HHUIH
koedimieHT TpaHcMmicii rpadeny mnpu (ikcoBaHii
IHTEHCHBHOCTI ~ BUIIPOMIHIOBaHHS  3MEHIIYETHCS 3
POCTOM XIMIIOTEHIIaTy 1 TeMIIepaTypH, B TOH 4ac sK
MDK30HHUH KOS(II[iEHT TpaHCMIcii ITPH IbOMY 3POCTAE.
Pysincokuit 5. M. — x.p.-M.H., JOIEHT
3arajbHOi Ta MPUKIAIHOI (i3UKH.
Pysincokuit M.A. — n.¢.-M.H.,
(i3uKH 1 XiMiT TBEPOro Tiia.
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I ntraband Dynamic Conductivity of Doped Graphene beyond Linear Response
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The intraband dynamic conductivity of doped graphene was investigated theoretically beyond the approach of
linear response of electron subsystem to the incident el ectromagnetic wave. The dependences of intraband current on
the dectric field, frequency, temperature and chemical potential were determined with the deviations from the linear
approximation of Drude-Boltzmann classical theory of conductivity for the rather strong electric fields and low
frequencies. Particularly the saturation of induced current and the non-linear increase of graphene transparency with
growth of the wave intensity were obtained also as before in the case of interband conductivity at post-linear
response. As contrasted to increase for the interband transitions at fixed intensity the transmission coefficient by the
intraband mechanism decreases with rise of the chemical potential and temperature.
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