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Introduction.

Origin of magnetic quantum oscillations in m

For parabolic electron dispersion
without magnetic field,

&(p)= p,2/2m, + p,2/2m, +p,?/2m,,
in magnetic field directed along z-
axis the dispersion relation is
e(n,p,)=hw_ (n+1/2)+p,%/2m, ,
where w_=eB/m*c

(Landau level quantization).
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As the magnetic field increases
the Landau levels periodically
cross Fermi level.

This results in magnetic quantum
oscillations (MQO) of thermodynamic
(DoS, magnetization) and transport
electronic properties of metals.

In 3D the DoS oscillat
weak, because the int
over p, smears them ¢

In 2D the DoS oscillat
strong and sharp, lea
sharp and non-sinusc




Introduction.

MQO of thermodynamic quant

The thermodynamic potential is given by the integral of DoS

Y
1 + exp (’“ T )] .

where the density of electron states (DoS) B (BEDT-TTFSF.OH,GF,50; |

T=044 K

is given by the sum over quantum states °'f o0
(Landau levels and p,):

MNp. B.1) = -1 / p( £, B)1n

B

p(E,B)= IdpzZé’(e(n,pz)— 'u)lj_zc
Magnetization is given 90
by the derivative M (D) = —

AM B (arb. units)
=

B « dHvA data
—— 20 formula (1)
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The transport quantities cannot be calculated so simply, but t
oscillating term in 3D metals comes from the scattering rate 1

proportional to the DoS (in Born approximation). Then
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niroduetion- | ifshitz-Kosevich formula for IVI(

Quantum oscillations of magnetization (de Haas — van Alphe

M < eFNH /{l"Zp 3’T/2s1n|:27q)(F 1) +Z R, (P)R,(p

H 2) 4
only difference between 3D and 2D ? [D. Shoenberg]

where the dHVA fundamental frequency F = chA,, /(27)e

allows to measure the Fermi-surface shape.

extr

The temperature damping factor Ry = (27°kpT/hw,) /sinh (

where o.=eH/m*c, allows to measure m*.

The scattering (Dingle) damping factor R,(p)= eXp(m”J ex
C

allows to measure the electron mean free time 7 =h/(2z)'k,

and the spin
damping R (p) = cos
factor

pgm *] allows to measure the g

2m, ) (if m*is known from T-d



Introduction

3D compounds in tilted magnetic field

3D case k" is conserved.

levels
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Electrons move
in planes 1. B

~=7.7" | Extremal cross

section area Fermi surface of

Extremal cross-section area of Fermi surface (FS), given by !
MQO frequency and measured at various tilt angles of magneti
allows to obtain the total FS geometry of metals.

MQO is a traditional tool to study FS geometry




BBeaoeHue

Cnoucrtble KBa3uaBymepHblie meTanl

[lpMepbI: reTepPOCTPYKTYPbI, OpraHn4Yeckne metansbl
BbICOKOTEMMepaTypHbIe cBepxnpoBoaHuKkn, RTe3, n ap

B koopAMHaTHOM NPOCTPAHCTBE: | [MepeKpbITVie BOMHOBBIX (hYHKLIY
MarHutHoe Ha COCeaHUX CroAX NPUBOAUT K
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Introduction
Harmonic expansion for the angle-dependence of FS

section area (MQO frequency) in Q2D layered me

Harmonic expansion kr (0, k,) = z ki cos (Vk, ™) cos
of Fermi momentum 1w >0

»
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Harmonic expansion of the angular dependence of FS cross-:
(measured as the frequency of magnetic quantum oscillations):

A (k20.0.0) =Y A (0) cos [pp + 6,] cos (1

%

‘ One can derive the relation between the first coefficients kuvl

[First order: C. Bergemann et al., PRL 84, 2662 (2000); Adv. Phys. 52, 6:
Second order relation between klLW and AlLW : P.D. Grigoriev, PRB 81, 2051



UcTopua adhdekTa meaneHHbIX OCLUUNALUNA Mark
NPOTUBNEHUA: nepBble HabnwaeHusa Ha B-(BEDT-T
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M.V. Kartsovnik et al., Pis’'ma Zh. Eksp. Teor.  M.V. Kartsovnik et al., Pisma Z
Fiz. 47,302 (1988) [JETP Lett. 47, 363 (1988)] Fiz. 48,498 (1988) [JETP Lett. 4

Ha npotsixxeHnun 15 net nonaranu, 4To MeaneHHble ocLMNNsL,
KBaHTOBbIE U MPOUCXOANAT U3-3a ManbIX KAPMaHOB NOBEPXHOC

Ha camom gene 31o HOBbIN TUM OCLUNNSALNA, BO3HUKAIOLWNW
KBa3naByMepHbIX MeTarsiax u cBA3aHHbIN C MEXCJ10€BbIM I¢



O0BbACHeHUe MeasieHHbIX OCLMNALUN MEXCIOo
MarHeToCONPOTUBIIEHMA B KBa3uABYMEPHbIX Me1

MepBoe 0b6bLACHEeHUe adhdhekTa, ero pacyeT U3 ypaBHeHMs bonbLMaHa u ¢
akcnepumeHTom [M.V. Kartsovnik, P.D. Grigoriev et al., PRL 89, 126802 (2002
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KBaHTOBble oCcUUNNALUn VleHVISI

ho, -+
+ a;,_ |:1+ l+nzcos(2[ mL—Ewa}
Tl fiwc 4 2

o, = (T[}{l + 2

rae ¢ = arctan(a) and a =hw,./27t) \l MeAJeHHbIe O

Bonee cTporoe BbIYUCIIEHME MEXCIOoeBOU NPOBOAUMOCTU No coph
[ P.D. Grigoriev, PRB 67, 144401 (2003) ] usmeHsieT nuwb hasly omeH

B oTnnuyne oT KBAHTOBbLIX, MeAJIEHHbIE OCLUNNALUA BOSHUKAIOT He MU3-3a
KapmaHoB nosepxHocT ®epmu, a us-3a ee roppuposku. MeaneHHbIe ocCl
UMEIOT BTOPOM Nopsifaok no daktopy [uHrna R, , HO He coaepxar Temne
¢pakTop R . YacToTa MeaneHHbIX OCUMNNALMMN 3aAaHa MHTErpanom Mexc.
nepeckoka t; , KOTopbI HEMOHOTOHHO 3aBUCUT OT yrna 0 HaknoHa MarHu




MepneHHble ocuuanauum n casur ¢pasbl bueHnn

MOTYyT 6bITb noanydyeHbl U U3 KMHETUYECKOro ypac
[ M. V. Kartsovnik, P. D. Grigoriev et al., Phys. Rev. Lett. 89, 126802, (:

d)opmyna Anda nposoaonMoCTU U3 CTaHAapTHOﬁ Teopun MmeTtal
3D
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Calculation (from Kubo formula) of quasi-2D Sd

(magnetotransport oscillations) in next order ir
[ P.D. Grigoriev, Phys. Rev. B 67, 144401 (2003) ]

Energy spectrum ¢ (N, k.) = hw. (n +1/2) — 2t.

2 Jo'o)
Kubo L € h" 27 dC ¢ , ~ |
ootz 72 = 7 > v2(m) [ 5= PmGa(m.)

where iv_(¢,m) = ¢ |0k, = d:|412 —[e— @ (n+1/ )]
ImX % (m, e)
= —e(m) — ReXP(m, 2)]” + [ImEf

Scattering on point-like impurities in self- X
consistent Born approximation gives Y= 1 +

ImGr(m,c) =

>*(m, &)= <ZU2G(r,r,£)> =Y%(g)= Cl.UZI d’r



Pacuet no ¢popmne Ky6o (2)

CymmupoBaHue nNo Homepy ypoBHA JlaHgay n 3aMeHsIeTCA C
rapMoHuKam ucnonb3ys ¢popmyny lNyaccoHa.

Korpa 3aTyxaHue rapmonuk cunbHoe, K p.Jo(4mkt. /hw.) ~ Rp+/h
MOJXHO OCTaBUTb TONBKO NEPBbIe FAPMOHMKM B BbIPaXEHUU ANS NPOBOAU

3to paet 0., = /da —n'p(¢)] 0..(¢), rae /anur q;)a3|:

- A7t hw,. 2I A7t
022 (€) = 1+ |2Jp il _ [ 2 + L J1 l COS
At 2hw,. Art At 27
4,]2 z - & J 7 z [‘2 <
+[ 0 (m) it (m) 0 (m, )] €os (m

MeAneHHble ocuMnnALUun }/, KBaHTOBbLIE OC

V2/mxcos(x —m
V2/mxsin(xz —

Mpwu 47 ¢,>> ho, PyHKUUN e
Beccens npu6nmxeHHo 0()
AaHbl aCUMNTOTMHECKUMU ], (1)
Pa3NoXeHUsIMK:

X

X



PesynsraTt Ana nposoaMmocTn npu 47t,:

V|CI10.l1b3yF| TOXAOECTBO (s (FO + AF) COS (FO L AF) _ m

N OCTaBJIAAA TONIbKO HyNneByl U nepBylo rapmoHukn MKO, non
Oonee HarnsgHoe BbipaXeHne Ans NpoBOAUMOCTM :
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Slow oscillations (comparison with experin
[ M. V. Kartsovnik, P. D. Grigoriev et al., Phys. Rev. Lett. 89, 126802,

40 -
= 30 P\
LL% 20 !
10 F . ;
| (a)
0 ' ! ' | ' | ; I
0.5F
0.4} |
@ 03
g |
@ o2l
-1 T=14K : 01t (b)
L T ————— s L i -
I 1 1 1 1 1 ] ] |:|‘|:| 1 1 L ] 1 ] L 1
! 8 9 10 11 12 13 14 -40 -20 0 2C
B(T) ¢ (deg.)
General view of quantum & slow Angle dependence of the freq

oscillations of magnetoresistance slow oscillations is similar to

2t. B 2t.m*c t.(0) Jo (kg
Fslow — 5 — X X -
hw.. eh cos 6 cos ¢ C(




lNouemy megneHHble ocuUNNALUK Caal
NoAaBNAIOTCA TeMnepaTtypoun?

NMpoBOAUMOCTL Uzz;:/dé‘[ Tlp(é“ﬂ 8): /‘c.qur(basl
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MeaneHHble ocuMnnaunu }/’ KBaHTOBbI€ OC

NUHTerpupoBaHue ObICTPO ocuunnupyroLwien hyHKUUmN aHepru

AaeT TeMmnepaTypHbIn 27 g 9
dakTop 3aTyxaHuA Ry = (QW kBI /ﬁwc) /b‘lnh (27T J

MeaneHHO oCLUMNNUPYIOLWNIA He 3aBUCUT OT € U MOITOMY He |
TeMnepaTtypHoro 3atyxaHus R;. OgHako, chakTtop [iuHrna o
OT TeMmnepaTtypbl U3-3a paccesiHus Ha OHOHaXxX U e-e B3anMc
MoaToMy Npu BbLICOKOM TeMnepaTtype MeasieHHbIX OCLUNnAL



MotuBauus

PaHee MeAneHHbIe OCLMANALMKN N3y4anuchb TONbKO Ans NPOE
nonepek cnoes W BAOMb MarHUTHOTO MOJS, U OKa3anuch Mone
onpeaeneHns napamMmeTpoB 3NEKTPOHHOW CTPYKTYPbI £, U k.

[Mpobnema: BO MHOrMXx coeguHeHusx
n3MepeHue nNpoBoOAUMOCTHU NMonepeK Crnc
HaMHOrO CJIO)KHee TeEXHUYECKU U MeHe
TOYHOe, YeM BAOSNb NPOBOASALLMX Crloe

Bonpoc: MoryT nn meaneHHble OCUMNNALNN B 31
reomeTpuu (c BAONb NPOBOASALLUX CNOEB U | NoJ
TaKXe HabnaaTbCAa U AaBaTb None3Hyr uHdopop
00 3NIeKTPOHHOM CTPYKTYpe coeauHEeHNn?



Introduction ¢ rystal structure of rare-earth tritellurides
(R=Y, La, Ce, Nd, Sm, Gd, Tb, Ho, Dy, Er, Tm)

(a) Crystal Structure (c) Fermi Surface

Te plane —r‘.“

RTe slab ——» g

N\ k/a*

F. Schmitt et al., New Journal of Physics 13, 063022 (201



Introduction

ARPES data on momentum depen
of CDW energy gap in ThTe,

0.4 0.0 0.4 0.4 0.0
k, (1/A) 100 K k, (17A)

F. Schmitt et al., New Journal of Physics 13, 063022 (2011

ARPES usually gives the Fermi surface only at large energyl
at rather high temperature. The phase transitions at low Tc a
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TemnepaTypHoOe 3aTyxaHue MeAarieHHbIX OCLun)
oYeHb cnaboe (3ameTHbl Nnpu 40K, XOoTA KBaHTC
ocuunnsauumn nogasneHbl npu ~4K)
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YrnoBasi 3aBUCUMOCTb YaCTOTbl MeASIeHHbIX OCLUS
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MeaneHHble ocuMNIALUU NMPOBOAUMOCTU B C
nepneHAUKYNsipHO MarHUTHomMy nonto B=B, (kaue

CornacHo ctanpgaptHoun teopuum [J1.J1. 10 Tom, Yp. (90.5)] npoB
nonepek MarHUTHOro Nosnsi B MeTannax Ty (C) — 62 q (C)

rae NJIOTHOCTb COCTOSIHUM B KBa3u-OBYMeEpPHOM MeTarnne

2Te A1t
g(e)~qgo|l—2cos Jo Rp
hw. hw.,.

a BbluncrnieHue koadpdouumeHTa anddysmm Dyy(g) 3aBUCUT O1

be3 npumecen B MarHUTHOM norse KoadppuumeHT andpdpysnm .

paccesiHUA Ha npuMecax NPUONMXeHHOo

KoadduumeHT guddysnm B crnoe ns-3a 2
D, (2) ~ ((Ay)

PaccesiHue Ha TOUYEUYHbIX nMPpUMecsax nMmeet ManVl"lelﬁ rieMe
' B . - , ) _
Lm: = \D?-n,f (7 ?ﬁ) Uv,, (7-23) rae 711 — {na k-, k,

During each scattering, the typical change Ay = AP,c/eB, of the 1
coordinate yg perpendicular to B 1s of the order of Ry, becau
Ay > R the matrix element 1,,,  1s exponentially small becs

overlap of the electron wave functions W7, (1) Wy, (1) ~ W7 (1 +



MeAaneHHble oCcUUNNALUN npoBoaAMMOCTU B CH
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= 27
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MeAaneHHble ocUUNNALUN npoBoAUMMOCTU B Cll

slow .
Npun 47 l,>> R, O-';'E;) (B) ~ 14 Q'ﬁfwc <in 21 F)
nosfiy4yaem 629[]D[j Qﬂ_QtZ B
2 Rl 2t.B  2t.m*c  t.(0)  Jo(
MeAneHHbIX |F, =~ — — X xX —
oCLMNASALMNIA hw.. eh cos 6 cos 0

Nno3BosnsieT onpeaenuTb U3 akcnepumeHTa (1) BenuuuHy 7, me»

WHTerpana nepeckoka u (2) umnynsc ®epmu k. d B npoBoasu
4YTo 6bINI0O HaMKU NpoaenaHo Ans Heckonbkux RTe; [arXiv:1504

NMpupoaoa meaneHHbIX OCUMIIALMN NPOAOSILHOIO U nonepey
MarHUTOCONPOTUBIIEHUA OAMHAKOBAasA: OHN BO3HUKAKOT N3-3a
HeJIMHEMHOU 3aBMCUMOCTHU (NpousBeaeHns) OCUUNNALUU C A4
ONMU3KNMM YacTOoTaMM:
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Dingle factors of slow and quantum oscilla
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