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Bai nghién ciiu

Anh huéng cua tir truong lén dién dung luong tit ctia silicene

D6 Mudi'”, Nguyén Thi Minh Tam', Phan Nguyén Biic Duoc?

TOM TAT

Bai bao trinh bay ly thuyét vé dién dung luong t trong tl trudng cé xét dén hiéu tng spin va valley
cla vat liéu silicene. Ti Hamiltonian dién ti hiéu dung ndng lugng thap, phé nang lugng va ham
séng cla dién t trong silicene don 16p da dugc tinh toan chi tiét. Két qua cho thay dién truong va
tU trusng da anh hudng manh dén phé ndng lugng clia dién t& nhu ving cdm co thé dugc diéu
chinh bang dién trudng ngoai, cac muc nang lugng bi phan tach spin ké c& muc khong. Tinh chat
dién tr clia silicene khac vai tinh chat dién t ctia graphene la do tuong tac spin (quy dao manh va
do cdu trdc vénh cta vat liéu silicene), trong khi graphene la vat liéu don I6p co cdu tric hinh hoc
phang, va tuong tac spin (quy dao rat bé, dén muc co thé bd qua). Thong qua ham mat do trang
thai, dién dung lugng tl cla silicene co tinh dén céc dao déng Shubnikov-de Haas da thu duoc
bang cach st dung cong thiic téng Poisson. Két qua tinh s6 cho thay khi nang lugng dién trudng
|6n han nang lugng tuong tac spin-quy dao thi dién dung CQ = 0 tai muic ndng lugng Fermi EF =
0, diéu nay cho thdy su c6 mat clia tuong tac spin-quy dao va dién truong da lam cho dién dung
lugng t xudt hién moét mau nhip tai ti truong thap va su phan tach dinh tai ti truong cao. Dang
diéu nay dugc cho la do su can thiép clia cac dao ddng Shubnikov-de Haas tai hai tan sé clia muc
Landau phan tach. Khao sat trinh bay trong bai béo vé dién dung lugng tir cla silicene cé thé ding
déi vai vat lieu don 6p germanene, véi tuong tac spin—quy dao Aso = 43 meV Ién hon tuong tac
spin—quy dao cua silicene.
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1

de Haas
Md -DAU hoc lugng tt trd nén dang ké. Khai niém dién dung

Phép do dién dung 1a mét trong nhiing cong cu co
ban d€ nghién ctu tinh chat dién tt cta vat liéu. N6
c6 thé dugc stt dung hiéu qua dé thim do mat do
nhiét dong ctia vat liéu . C6 hai diém khac biét chinh
gitia silicene va graphene: Trudc tién la tinh d6i xting
nghich dao bi pha v6 do dién trudng theo huéng vénh
ctia cdu truc hinh hoc. Th hai 13 tuong tac spin-quy
dao (SOC) manh la ngudn goc ctia hiéu ting Hall-spin
lugng tl trong vat liéu silicene. Bén canh cac nghién
ctiu vé cic tinh chét truyén dan trong ciu truc vat liéu
silicene, can phai ¢ goc nhin that sdu sic vé tinh chit
dién tii co ban va kién thic vé dién dung ctia cac thiét
bi vat 1y, doi hoi kién thiic vé déc tinh dién dung—dién
ép (C - V) ctia hé vat liéu®. Dién dung lugng tt 1a
thuat ngii dugc stt dung trong linh vuc dién t& nano
dé mo ta dién dung ctia vt liéu & cdp do lugng tti, dién
dung 1a thudce do kha néang luu trii dién tich cta vat
liéu va né thuong dugc dinh nghia la ti s6 gitia sy thay
d6i dién tich trén mot trong cac day dan véi sy thay
d8i dién thé gitia cic day dan>. Trong cac thiét bi c6
kich thu6c nano nhu transistor va cac linh kién dién
tt khdc, kich thudc cua thiét bi trd nén tuong duong
vGi bude séng cua dién ti, dan dén cac hiéu tng co

lugng td xudt phat tu thuc t€ la trong cac thiét bi kich
thudc nano, méit d¢ trang thai dién ti tré nén roi rac
thay vi lién tuc, sy r&i rac nay dan dén su lugng ttt héa
cdc muic nang lugng c6 sdn cho cic dién ttr, dan dén
sy hinh thanh céc dai ning lugng. Pién dung lugng
tti khi d6 dugc dinh nghia 13 dao ham ctia mat d6 dién
tich d6i voi thé nang dién hda, né c6 lién quan dén cac
dai ning lugng>>. Pién dung lugng ti dong vai tro
quan trong trong viéc xac dinh hiéu sudt clia cic thiét
bi dién tl nano, né anh huéng dén kha nang luu tri
dién tich, thoi gian phan héi va hiéu qua téng thé caa
cdc thiét bi nay. Do d6, hiéu va diéu khién dugc dién
dung lugng tu cua vat liéu c6 thé gitip cdc nha nghién
ctiu c6 thé thiét ké va tdi vu cic thiét bi nano cho cic
ung dung khac nhau nhu luu tri nang luong va cam
bién. Cac két qua vé dién dung da dugc nghién ctiu
va bao cdo cho éng nano carbon, dai nano graphene
va céc hé don 16p graphene va 16p kép graphene 2.
Theo quan diém nay, hién nay ngudi ta dang chu y dén
céac déc tinh tinh dién, thi du nhu dién dung lugng tu
clia cdc thiét bi silicene®. D6 chinh la dang di¢u bién
thién ctia dién dung khi tii trudng ngoai thay d6i. Hon
nita, d€ cai thién hiéu sufit ctia cdc transistor hiéu ting
truong, thi vat liéu silicene da tao ra niém hiing khéi

Trich dan bai bao nay: Muai D, Tam N T M, Dugc P N D. Anh huéng ctia ti trudng lén dién dung luong
tir caa silicene. Sci. Tech. Dev. J. - Nat. Sci. 2024; 8(2):2939-2946.
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cho céc nha nghién ctiu, béi vi né6 nhu mét kénh vat
liéu day tiém nang. Diéu nayla do cac dic tinh truyén
dan ndi tai tuyét voi cing nhu kha ning tao ciu trac
thiét bi bing ky thuat in quang khic tif trén xuéng*.
bién dung lugng ti ciing chita thong tin vé trang théi
co ban cua hé, thi du nhu tuong tac electron-electron
va tuong quan lugng tt dong gop vao gia tri dién dung
am. Gén day, cic nha khoa hoc da do dugc cac diém
ki di Van-Hove va tham s6 Luttinger cia hé mot chiéu
béng ki thuat dién dung lugng td, mat d6 trang thai
tuyén tinh ctia graphene don 16p va chat cach dién
topo (BipSes) cling da thu dugc bang phép do dién
dung lugng ti°. Babita Rani va cic cong su da khio
sat dién dung lugng tl cia graphene don 16p va hai
16p pha tap trong dai dién ap tii -1,5V dén +1,5 V bing
ly thuyét ham mat d¢, két qua cho théy graphene pha
tap c6 thé cai thién gid tri dién dung lugng ti va luu
trit nhiéu dién tich hon so v&i graphene khong pha
tap®. Jilin Xia va cac codng su’ da khao sat dién dung
lugng tt clia graphene pha tap nhu mét ham sé ctia
thé ning cdng thong qua viéc stt dung cdu hinh dién
héa ba dién cuc, két qué cho théy dién dung lugng ti
¢6 mic cuc tiéu khic khong tai diém Dirac va dién
dung nay tang tuyén tinh, két qua nay cho thiy tap
chat tich dién ciing anh hudng dén dién dung luong
tu. Trong cac thiét bi dién tt thong thudng, dién dung
lugng tt thudng cé gia tri rit 16n va c6 thé bo qua,
tuy nhién trong céc thiét bi thip chiéu nhu 1a khi dién
tu hai chiéu, graphene va cac thiét bi cach dién topo
trong tuong lai thi né la dong gop dién dung chiém uu
thé®. Nhu véy, dién dung lugng ti Cy la phan déng
gop dién dung chiém uu thé trong cic thiét bi kich
thudc nano va biéu thi cho phan hoi dién tich trong
kénh bai vi thé nang ctia kénh la bién thién. Do dé,
nd 12 dai lugng quan trong trong viéc thiét ké cac thiét
bi kich thudc nano.

PHUONG PHAP

Khao sat mot tim silicene dugc dinh huéng trong mat
B = (0,0,B) theo phuong
z. Hamiltonian hiéu dung ning lugng thip c6 dang

(1)?

phing (xy), véi tii trudng

He = vp (10,7, + 0y 71y)

1
—(tsAso — A\;) O, + sM;. W

v6i vp = 5,42 x 10° m/s 13 van t8c Fermi trong sil-
icene; T = £1 tuong ting la chi s6 thung ling K va K’;
Oy, Oy, 07 1an lugt 1a cdc ma trén Pauli; 59 = 4 meV
la d6 16n tuong tac spin-quy dao (SOC); A; = elE;
v6i Ez 14 dién trudng theo phuong z va 21=0,46A 1a
khodng céch gitta hai mang con theo phuong thing
dting 10 ? _ ? = 1s Lo 3a X e _

ung . @ = P +eA latoan ti dong lugng; A =

(0,Bx,0) la thé vector cha tif trudng ngodi; s = +1
tuong ung 13 chi s6 spin huéng 1én va spin hudng
xudng. Tuong tic SOC Rashba van ton tai, tuy nhién
n6 thudng dugc bo qua vi cé gid trj rdt bé (vao khoang
0,7 meV) 112, C6 thé thay Hamiltonian hi¢u dung (1)
ciing ¢ dang tuong tu v6i Hamiltonian ctia cdc kim
loai chuyén tiép (TMDC). Tuy nhién, khéc biét chinh
gitia hai Hamiltonian la & viing cim néng lugng va cac
s6 hang tuong tac SOC.

Chéo héa Hamiltonian (1), da thu dugc tri riéng nang
lugng c6 dang (2):

1/2

Eg = Ef{ = p[n(hoo) + (0%,)°] )
& day, trang thai dién ti dugc biéu dién qua cdc s6
luong tiinhu [§) = |n,s,T, p,ky),p = £ 1 tuong tng la
chi s6 déc trung cho vung dan va vung héa tri, n(n>1)
1a chi s6 mic Landau, A § = —TsAso + A va @ =
vEV2/ 0 14 tin s6 cyclotron véi o = (/1/eB) 121ado
dai tti. Cac ham riéng tuong ting 1a (3) va (4):

+1,
Wrtsl"p (x) = <Cn,x Pon_1 (X_XO)) 3)

1,
Dyt s 9 (x—x0)

4)

—1,
lp,;sl’P (x) = (Cn,s 0 (XXO)>

-1
DnA,s ’p¢n71 (x - xO)

trong d6 ham s6 ¢, (x - xp) 1a ham s6ng dao dong diéu
hoa cé tAm tai xg = agky. Hé s6 C,f,p va DZZf la céc
hé s6 chudn hoa, c6 cong thiic (5), (6) nhu sau:

TP _ pErf,s + Afvs (5)
" 2pEf,

PErs = Dos

6
2pEf ©

Vi Ef =\ A2, + (1) (ho).

Trudng hop n # 0, mdi chi s6 miic Landau sé bao gom
hai gid tri ctia chi s6 p véi (p > 0) cho dién tti va (p <
0) cho 16 tréng. Con déi véi chi s6 muic Landau n =
0 thi ham riéng tuong ting cho ca dién tt va 16 tréng
la g = (0,¢0)"" vayy! = (0,¢0)"" trong do Trla
todn ti chuyén vi. '

Phé nang lugng phu thudc vao ti trudng B trong
thung liing diém K xét trong ving dan nhu Hinh 1.
C6 thé thiy su phén tach spin ctia cdc muic Landau n
> 1, con mtic Landau n = 0 1 dudng thing mau xanh.
Tt truong c6 anh hudng manh dén mic Landau ctia
vat liéu silicene. Do d6, tli trudng ciing da anh hudng
dén ham mat d6 trang théi dién tl va dédng diéu cta
dién dung lugng tii trong vét liéu nay.
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Hinh 1: Cdc muc Landau phu thudc ti trudng cla vat liéu silicene

Khdo sat mot thiét bi silicene qua cOng, trong d6 tu
dién dugc hinh thanh gitta cOng va tdm vét liéu sil-
icene. Trong gidi han nhiét d¢ khong, biéu thuc dién
dung lugng ti c6 dang (8)%:

0

=eé-— =€

JdEp

2 ane

JIEp ®

Co =¢*Dr (B)
vGi n, la mit do hat tai va Er 13 ning lugng Fermi.
Theo dinh nghia, ham mat d6 trang thai dién ti phu
thudc nhiét d6 tai mot ti trudng hiu han thu dugc ti

biéu thic (9):
/ dE

v6i f la ham phan b6 Fermi-Dirac. Trong gi6i han
nhiét 46 khong, ta c6 Dr(B) = D(EF) va

_ dn,
= 9Er

E EF)

Dr (B )

D(EF) =
1 1

(Er —ELP)
2n122nsr,pr\[ T A2

212

o |- (11)

D6i véi muc Landau n = 0, thu dugc:

1
Dy—o (EF) = WZ&,‘EX
2
L (Er—E,) (12)
X T AT |
rvar P 2172

Két hgp (11) va (12), ching tdi thu dugc:

Er—Eg,
D(Ef) = 27-,;[2 {Zs T F\/ﬁ I:*%]
o Er—Eg,
TLstpa=1 r\/EExP {_( T )]} (13)

Tai diém trung hoa dién tich (Er = 0), két quéa cho
mét do trang thai dién tu la:

r
DEF=0)= ——F—=X
(Er=0) (th)zm/Zér
1 (Egs> X (14)
ZA T Exp |-
V2r 2r2 tanhy
véiy = r2 , phuong trinh (14) phtt hop vé6i két qua

da dugc bio cao bai Ponomarenko va cac cong sy>.
Déhiéu dugc ngudn gdc vé sy phan tach va bién dang
ctia cac dao dong Shubnikov-de Haas mét cach dinh
lugng, stt dung cong thiic téng Poisson:

EF(O)+ZZ° 1F( ): F(n)dn+
2y, (= 1)k Jo F (n)cos (2mkn) dn
St dung (15), da thu duo’c mét d0 trang thai dién ti &
nhiét do khong ting v6i dong gop clia cac mic Landau
n>1:
D(EF)

(EF -

(15)

=Do{1+ 257, 4y (1)} Expx
2mkErR/2T 21k

— 5 os| X
h?w? h?w?

(A, — Tsls))}}

(16)
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2 1 E
6 day Dy = 7r‘h2i ‘%

tri tit truong B=0. Truong hop I'>hw, thi chi gitt lai
s6 hang cép 1 (ting v6i k = 1), bdi vi cdc s6 hang bac
cao hon bi tit ddn. Nhu vay, dién dung lugng ti ctia
cac muc Landaun > 1 la:

la mat d6 trang thai dién td tai gia

T
0= ﬂhzv%; Zs,‘t,k:l X

- 27rkEpﬁF>} y

h?w?

Exp (17)

2wk
cos {m (E% — (L, — Ts/lso)zﬂ }

Phan dao dong cép 1 do dong gop ctia cdc miic Landau
n > 1 tinh cho ca thung ling K/K’ nhu sau:

[ 27k
cos h;;z (E% — (A, —s)LSO)2> +
= C
cos % (E,% — (A, +S7Lso)2>
L C 18
~2cos | 27k <E2 Y (s/150)2> x o
hzwg F Z
[ 4mk
Cos _WAZSA’SO]

Nhu véy, phan dao ddng cta dién dung lugng tu la:

2
CQ ~ 4cos |:27n2 (E% - A? - (S)Lso)2>:| X
h=of (19)
4 Aush
Cos W 72SASO

KET QUA VA THAO LUAN

Hinh 2 trinh bay dién dung lugng ti nhu ham s6 cua
ndng lugng Fermi tai gia trj tii truong B=1T, tuong tac
spin—quy dao Ao = 4 meV, dién trudng A; = 8 meV.
Két qua & Hinh 2 cho théy dién dung lugng tit bang
khong tai miic ning lugng Fermi Er = 0. Diéu nay
14 do tai mtic Landau n=0 chi phan tach khi Agp # 0
hodc A; # 0. Dién dung di phén tich thanh 1 mdc
dién ti va 1 muc 16 tréng xét trong moi thung ling
riéng khi Agp = 0va A; # 0. Két qua tinh s6 ciing cho
théy, gid tri dién dung c6 thé diéu chinh trong méi
thung liing khi nang luong dién trudng ting thong
qua cdng dién dp ngoai, nghia la dién dung lugng tu
c6 thé thay déi tit gid tri cuc tiéu dén gid tri cuc dai khi
thay déi dién trudng. Trong trudng hop A; > Ao thi
cd hai muic con n = 0 déu dich chuyén vao vung dién
tt/16 trong ctia moéi thung ling K/K. D€ thu dugce su
phén tach thi d0 m& rong ctia cdc miic Landau phai
nhoé hon nang lugng dién trudng. Luu ¥ ring khong
chi mtic Landau n=0 ma t4t ca cac muic Landau khac
déu tach thanh hai mtc con.

bién dung toan phan thu dugc biang cach tinh tng
dién dung & ca hai thung liing K va K* dugc trinh bay
6 Hinh 3.

bién dung toan phan nay dugc tinh nhu mét ham s6
cia ndng lugng Fermi trong hai trudng hgp A; > Ao
va A; > Agp. Mot viing cdm c6 thé diéu chinh dugc
bang dién trudng tai Er = 0 1a hién nhién. Dién dung
béng khong tai EF = 0 d6i v6i trudng hgp A, = 8 meV,
con d6i véi trudng hgp A; = 4 meV thi dién dung dat
gid tri cyc dai v6i mot dinh don va phd d6i xiing dién
tui - 16 trong. T4t ca cdc mic Landau déu c6 phan tach
tuong tu. Trong trudng hop dién dung cuc dai, viing
cam gitia cac trang thai spin huéng xudng sé dong lai
dé€ hinh thanh m¢t dinh nhon tai Ef = 0, trong khi
do6 cac trang théi spin hudng lén duy tri ving cim
nang lugng ctia n6, diéu nay la do su tién trién ctia cdu
truc viing ning lugng cua silicene trong dién trudng,
vi vay tinh chdt nay la phi hgp véi phuong trinh (2)
va phuong trinh (7).

Hinh 4 biéu dién céc dao dong Shubnikov-de Haas
trong dién dung Cq tai T = 0K, I" = 0.5 meV, n, =
5x101 m=213,

O tii trudng thdp va cao, tuong ting, da thu dugc mot
mau nhip c6 bién do thay d6i véi téc dd déu dan va su
phén tach cta cac dao dong Shubnikov-de Haas. Ca
haila két qua ctia su giao thoa tin s clia cac trang thai
spin hudng 1én va cdc trang thai spin huéng xudng.
Diéu nay la hé qua ctia sy phan tdch cac mic Lan-
dau tai gid tri tuong tac spin-quy dao hitu han va dién
trudng hitu han. Mau nhip sé bién mat khi ning lugng
dién trudng chiém uu thé so v6i nang lugng tuong
tac spin—-quy dao, bdi vi mau nhip la két qua cua su
giao thoa tdn s6 cua trang théi spin huéng 1én va spin
huéng xudng va do d6 né 1a hé qua cua su phan tach
cac muc Landau d6i véi SOI va dién trudng, khi dién
trudng chiém uu thé thi né sé khi s6 hang SOI, véi
céac tham s6 da chon thi miu nhip bién mét khi B >
1T. Bat dau ti gid tri 1T trd di, da thdy r6 sy phén tach
cac dao dong Shubnikov-de Haas.

Cong thtic (19) chinh la phin dao dong ctia dién dung
lugng tt, nd biéu dién mot séng tin s6 cao hon véi
bién d¢ dao dong tai tdn s6 thdp hon. Két qua da thu
dugc mau nhip va sy phan tach ctia dao dong Shub-
nikov - de Haas 1a vi A50A; < Ep. Luu ¥ ring bién

d6 dugc bién diéu bai s6 hang cos < 47h ASOAZ> va

h?2w?
P dsol; = £0,5, £1,5,..., &
d6 ham bién diéu cosin triét tiéu. Luu y ring su bién

cac nut xuat hién tai

diéu bién d¢ chi xudt hién khi ca tuong tac spin - quy
dao va dién truong déu hitu han. Hon niia, ngudng
ti trudng ma & d6 nhip dugc quan sat thiy phu thudc
vao ca Agp va A, trong khoang gid tri tif truong dén
1T thi hién tugng nhip ton tai rdt ro. Trén gia trj tu
trudng nay, hién tugng nhip bi tit d€ thay thé cho su
phén tach ctia dao ddng Shubnikov-de Haas. Két qua
nay ctia chung toi phtt hgp véi két qua vé su phén tach
dinh trong tinh chit truyén dan lugng ti vat liéu sil-

icene %13,
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Dién dung luong t& Cq (F fom ?)

Nang Ilrrong Fermi EF(eV)
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Hinh 2: Dién dung lugng t& nhu mét ham sé clia nang lugng Fermi. Budng mau dé nét lién tinh trong thung ling
K, dudng mau den nét dut biéu dién cho valley K
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Hinh 3: Dién dung toan phan cta hai thung ling K va K’ nhu mét ham sé clia nang lugng Fermi, tai B=1T, 150 =
4 meV, A, =8 meV (dudng dé nét lién ), A, = 4 meV (dudng den nét durt)
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Hinh 4: Bién dung toan phan cta thung ling K va K’ nhu mét ham sé clia tir trudng, tai Aso =4 meV, A, = 8 meV

(dudng doé nét lién ), A, = 15 meV (dudng den nét dut).

KET LUAN

Bai bao trinh bay viéc khao sat sy anh hudng cta
hiéu ting tuong tac spin-quy dao va dién truong doi
v6i dién dung lugng ti cta don 16p silicene trong tu
truong. Két qua cho thdy, sy hién dién ctia tuong tac
spin—quy dao va dién trudng c6 anh hudng dang ké
lén dién dung, cu thé1a tao nén mau nhip § i trudng
thép va phén tach dao dong ctia dién dung & tui trudng
cao. Dang diéu nay dugc cho 1a do sy can thiép ctia
cac dao dong Shubnikov-de Haas tai hai tdn s6 clia
muc Landau phan tach. Két qua trong bai cho thdy
dién dung luong tit ctia silicene ciing dung d6i véi vat
liéu don 16p germanene, véi tuong tac spin - quy dao
Aso = 43 meV 16n hon tuong tic spin-quy dao cua
silicene.

LO1 CAM ON

Nghién ctiu dugc tai trg boi ngén sach su nghiép
khoa hoc va cong nghé Quang Ngai va Truong Dai
hoc Pham Van Déng trong khuoén khd Dé tai ma s6
01/2023/DTKHCNCS. Nhém tac gia xin chan thanh
cam on.

XUNG DOT LOI iCH
Nhoém tac gid cam doan khdng c6 xung dot 1gi ich.

PONG GOP CUA CACTACGIA

Db Muodi dua ra y tudng, 1én k€ hoach nghién ciu,
hoan chinh ndi dung ban thao.Nguyén Thi Minh TAm

tién hanh tinh s6. Phan Nguyén Dtic Dugc bién luin
do thi.
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Effect of magnetic field on the quantum capacitance of silicene
Do Muoi'”*, Nguyen Thi Minh Tam', Phan Nguyen Duc Duoc?

ABSTRACT

This paper presents a theoretical study of the quantum magnetocapacitance of spin and valley-
polarized silicene in an external perpendicular magnetic field. From the low—energy effective
electronic Hamiltonian, the energy spectrum and the wave function of electrons in a monolayer
of silicene have been computed in detail. The numerical results show that the electric and mag-
netic fields have a strong influence on the energy spectrum of electrons. For example, the band gap
could be adjusted by the external electric field, and the energy levels exhibit spin splitting, including
the zero level. The electronic properties of silicene differ from those of the well-known graphene
due to the strong intrinsic spin-orbit interaction and buckled structure of silicene, graphene is a
monolayer material with a flat geometric structure, and the spin—orbit interaction is so small that it
can be ignored. By analyzing the density of states function, the quantum capacitance is evaluated
in relation to Shubnikov—de Haas oscillations calculated using the Poisson summation formula. The
numerical results indicated that when the electric field energy was larger than the spin—orbit inter-
action energy, the capacitance was zero at the Fermi energy level EF = 0. This indicated that the
presence of spin—orbit and electric field interactions lead to the emergence of a beating pattern at
low magnetic fields and a peak would split at the higher fields. This behavior could be attributed to
the interference of Shubnikov—de Haas oscillations at the two frequencies of the split Landau levels.
The calculation presented in this paper on the quantum capacitance of silicene was also valid for
germanene with an even stronger spin—orbit coupling of Agp =43 meV.

Key words: capacitance, magnetocapacitance, silicene, spin—orbit, buckled structure, Shubnikov
de Haas oscillation
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