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Tém tit

Bai viét trinh bay nghién ctru hé théng vé hiéu mg Macaluso-Corbino trong moi
truong khi nguyén tr Rubidium tai nhiét d6 phong. Chiing t6i d thiét 1ap mo hinh 1y thuyét
béan cb dién két hop véi thuc nghiém dé khao sat su phy thudc ctia goc quay phan cuc vio
tan s6 va cuong do tir truong. Két qua nghién ctru cho thay trén cac vach phd siéu tinh té D2
ctia hai dong vi phit hop cao voi 1y thuyét. Nghién ctru nay cung cip co sé dit liéu quan trong
dé t6i uru hoa cac bo loc quang hoc nguyén tir (FADOF) va cam bién tir trudng d6 nhay cao.

Tur khoa: Hi¢u ing Macaluso - Corbino, hi¢u ing quay quang ttr, phé phan cuc

Macaluso - Corbino effect in rubidium atomic vapor

Abstract

This paper reports a systematic investigation of the Macaluso-Corbino effect in room-
temperature Rubidium atomic vapor. A semiclassical theoretical model combined with
experimental measurements was developed to analyze the dependence of the polarization
rotation angle on the laser frequency and magnetic field intensity. The experimental results
obtained for the D2 hyperfine transitions of both isotopes exhibit excellent agreement with
the theoretical predictions. These findings provide a critical basis for optimizing Faraday
Anomalous Dispersion Optical Filters (FADOF) and high-sensitivity magnetic field sensors.

Keywords: Macaluso-Corbino effect, Magneto-optical rotation (MOR), Polarization
spectroscopy.

1. Mé dhu

Hi¢u tmg quay quang tir (Magneto-optical rotation - MOR), hay con goi 1a hi¢u ing
Faraday, 13 hién twong mit phang phan cuc ctia anh sang bi quay khi truyén qua méi truong
vat chat dat trong tir trudng co phuong song song voi chim sang. Trong mdi truong khi
nguyén tir, khi tan s anh sang dwoc diéu chinh gan cong hudng voi cac mirc ning lugng
nguyén tu, hi€u ing nay dugc thé hién mot cach rd rét va duoc goi 1a hi¢u trng Macaluso -
Corbino (Macaluso D., Corbino O. M. Nuovo Cimento, 1898). Khac v6i hi¢u ting Faraday
trong cht ran hay chit long, hiéu tmg Macaluso - Corbino trong khi nguyén tir Rubidium thé
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hién tinh tan sic di thuong manh (anomalus dispersion) ngay tai ving l4n cin cta cac vach
phd hép thy.

Trong nhiing thap ky gan dy, su quan tim trd lai dbi v6i hiéu tmg Macaluso- duoc
thac day boi cac tng dung quan trong trong quang hoc luong tir va do ludng chinh xac. Cu
thé, hiéu tmg nay la nguyén 1y hoat dong cbt 15i cua cac bo phan quang hoc nguyén tu
(FADOF - Faraday Anomalous Dispersion Optical Filters) (Gerhardt, 2018; Haider, 2017;
Liu va c.s., 2023; Tian va c.s., 2023; Yan va c.s., 2022), cho phép loc nhiéu nén cuc tot.
Ngoai ra, viéc nghién ctru phd phan cuc (Polarization spectroscopy) dua trén hiéu Gmg nay
dong vai tro nén tang cho su phat trién ctia cac tir ké nguyén tir siéu nhay va cac bo nhd luong
tu (Fabricant va c.s., 2023; Jo va c.s., 2018; Julsgaard va c.s., 2004; Kurucz & Fleischhauer,
2008; Tian va c.s., 2023).

Mic du hiéu tmg Macaluso - Corbino tuyén tinh d& duoc biét tir 1au, viéc khao sat chi
tiét sy phu thudc cta goc quay vao cdu trac siéu tinh té ciia nguyén tir Rubidium dudi tac
dong ctia moi truong ngoai van 1a mot chi dé can thiét dé chuan hoa cac mé hinh 1y thuyét
thyc nghiém. Nhiéu nghién ctru trude day thuong tap trung vao ché do phi tuyén (NMOR)
tai tir truong thap (Hermann, 1997). Trong khi ché d6 tuyén tinh tai tir truong trung binh (Vai
chuc dén hang tram Gauss) - ché d6 hoat dong cua cac bo loc (FADOF) - can duge phan tich
k¥ ludng hon vé su twong quan giita mo hinh 1y thuyét va thuc nghiém phd.

Trong bai viét nay, chiing toi trinh bay nghién ctru toan dién vé hiéu ing Macaluso-
Corbino trén vach D2 ctia nguyén tir Rubidium (*’Rb va 8’Rb). Chung t6i xy dung m6 hinh
Iy thuyét ban c6 dién tinh toan chiét sut phtrc cho cac thanh phan phéan cyc tron trai va phai,
dong thoi thiét 1ap hé do thuc nghiém dé kiém ching. Két qua do cho thay sy phu hop tot
giita 1y thuyét va thyc nghiém, giai thich rd co ché vat 1y ciia sy quay mat phang phan cuc tai
cac dinh cong hudng.

2. Hiéu trng Macaluso - Corbino

2.1. M6 hinh Iy thuyét

Co sé vat 1y ctia hiéu img quay quang - tir dua trén su khac nhau ciia cac chi sé khac
xa dang phirc cho cac mode phén cyc riéng. Di v6i anh sang phan cuc tuyén tinh, né c6 thé
tach thanh hai mode: phan cuc tron phai va phan cuc tron trai vudng goc véi nhau. Chung ta
c6 thé dé dang biéu dién anh sang phan cyc tron trong hé Decartes nhu sau:

éx = ﬁ(é+ +é.)
- 1, .
é, = \/—5(6_,_ —é_). (1)

O day é,, €, 1a cac véc to don vi biéu din thanh phan phan cuc doc theo x va y tuong

ung, va é,, é_ la cac véc to bi€u dien phan cuc tron trai va tron phai ciia anh sang tuong ng.
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Cuong d6 dién truong E cua anh sang phan cuc theo truc y ¢ véc to song k truyén
doc theo truc z c6 thé viét dudi dang
—E.6 —owt) = =L, gmilkz-wt) _ 5 p-ilkz-wi)
E = Eyé, cos(kz — wt) = 2\/E[eﬁL.e ikz-ot) _ g_ g~itkz=0)] 4 ¢ ¢, (2)

Vi Ep 1a bién d6 ctua cudong do dién truong, o 1a tAn s6 goc cua anh sang va c.c. 1a
ky hiéu thanh phan lién hop phirc. S6 séng k 1a
2T

_2m_ne
k=2=1 3)

Trong biéu thirc nay A 1 budc song ciia anh sang, va chi sé khuc xa 1 dang phirc
duoc cho dudi dang

n =n+ik. 4)

Céc thanh phan thuc va do cua chi s6 khuc xa twong Gng 13 chiét suat n dic trung cho
su tAn sic ctia moi truong, va hang sé hap thu k thé hién kha nang hap thy dnh sang.

Néu chi sb khiic xa ciia cac mode phén cyc tron riéng ciia anh sang 1a khac nhau (n: #1.),
mdi thanh phan truyén trong méi trudng véi cac van toc khac nhau dan su 1éch pha o.

l
¢ ==y —n-). (5)
Do 1éch pha ¢ dan dén su quay ciia mit phang phan cuc mot goc ¢
¢=1= (6)

Ta c6 thé gidi thich sy xuét hién hiéu ung Macaluso-Corbino, do su khac nhau gitra
cac chi s6 khuc xa dang phirc. Goc quay ctia mit phang phan cuc duoc xac dinh theo biéu
thirc (6), su phu thudc cta goc quay vao tir trudng ngoai co thé giai thich bang 1y thuyét ban
cb dién vé tuong tac gitta anh sang v&i hé nguyén ti.

Xét hé nguyén tir hai mic nang luong F = I — F’= 0, duoc kich thich boi anh sang
phén cyc tron tréi va phan cuc tron phai nhu trén Hinh 1. O day F va F’1a mo men quy dao toan
phén clia trang thai co ban va trang thai kich thich. Thanh phan phan cuc tron phéi ciia chum
sang tuong tic voi nguyén tir img véi dich chuyén tir trang thai co ban ¢c6 m = —1 1én trang thai
kich thich ¢c6 m’ =0 (m va m’ 1a cac s luong tir tir xac dinh hinh chiéu ctia momen quy dao 1én
mot truc lwong tir & trang thai co ban va trang thai kich thich). Tuong ty, thanh phan phan cuc
tron trai ctia anh sang kich thich dich chuyén tir trang thai co ban m = 1 dén trang thai kich thich
m'=0.
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Hinh 1. So d6 hé hai muc ning lugng vé tuong tac gilta nguyén tir véi anh sang phan
cuc thang khi truyén chiim sang qua moi trudng cé tir trudng ngoai khac khong. Khi tir trudng
ngoai c6 phuong tring véi phuwong truyén, cac mirc tir con s& tach ra tir cac trang thai co ban
ung voi Qr = m.gr ug.B/h.

Chum 4nh sang c6 dai tan s6 hep twong tic voi hé nguyén tir hai mirc nang luong,
chiét suat dang phirc cia méi truong duge xac dinh theo biéu thirc:

(7

trong d6 Ao = @ — wpy 1a dJ 1¢éch gilra tan s cua anh sang o vai tan s6 cong hudng

n=1+2my, Aw+il' /2

ap. T 1a toe @6 phat xa tu phat cia trang thai kich thich va yp 1a bién d¢ cuia d¢ cam tuyén
tinh cta nguyén tur.

Khi dwa hé nguyén tir vao trong tir trudng ngoai cb phuong tring véi phuong truyén
chum sang thi cac trang thai suy bién ctia nguyén tir duoc tach ra tir cac trang thai co ban tng
v6i tan sd Larmor (2,

0, = "k (8)

trong d6 gr 1 hang s6 Landé va s 13 manhéton Bohr.
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khtc xa (arb. units)

(b)

is0

Ch

— e —

-0.5% ‘ . - - ‘
-4 -2 0 2 4 6
b6 1éch chuin héa (Aw/T)

Hinh 2. H¢ s6 hap thu (dwdng lién nét) va hé s tan sic (dwong chim chim)
ciia chi s khiic xa irng khi mdi truwong twong tic véi laser ¢6 phan cue tron trai (o °)
va phan cuc tron phai (¢ *) trong hé nguyén tir hai mirc (hinh 1) khi khong co tir
truwong (a) va khi co tr trweomng (b)

Trong mo hinh nghién ciru nay, ching t6i d gia thiét raing nguyén tir dugc kich thich
doc 1ap boi anh sang phan cyc tron phéai o va phén cyc tron trai o~ Khi dat hé nguyén tu
trong tur trudng ngoai c6 véc to cam ung tur B tring voi chiéu truyén cua anh sang thi tir
truong sé 1am tach cac mic suy bién & trang thai co ban, thanh cdc mirc con theo tan sb
Larmor (2 xac dinh theo biéu thirc (8) va dan dén sy thay d6i chiét sudt phic ung véi mdi
thanh phan phan cuc xac dinh theo biéu:

ny~1+ ZHXOW )]

Ta biéu dién phan thuc va phan 4o cua chiét sudt phirc khi co tir trudng ngoai (biéu
thire (8)), bang cac dudng cong lién nét va duong dit nét twong tng nhu trén Hinh 2. Khi
khong cé tir truong, cac duong cong mo ta su phu thudc cua chiét suit phtc vao do léch
chudn hoéa ciia cic thanh phan cyc tron phai ¢* va phan cyc tron trai o chong khit 1én nhau
(Hinh 2a). Dudng dut nét mo ta thanh phan hap thy va duong lién nét mo ta thanh phan hé
sd tan sic cia o' va o~. Duéi tac dung cua tir truong, cac thanh phéan cuc tron phai o va trai
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o~ bi tach ra, dang ctia cac dudng cong hap thy va dudng cong tan sic khong thay d6i nhung
dinh ctia cac dudng cong nay bi dich chuyén ra xa ving cong hudng (Hinh 2b).

Nhu trinh bay & trén, sy khac nhau gitta phan thuc va phan o caa chi sb khiic xa dan
dén su quay ctuia mit phang phan cuc. Két hop cac biéu thuc (5), (6) va (9) chung ta thu duoc
moi lién hé gitra gbc quay ¢ va tir trudng.

Cdmpel @ (A0’ -T?/4-03} )

0 .
¢ [A0’-T?/4-Q ] +T°A0"

(10)

Dua véo biéu thirc (10) chung ta c6 thé théy duoc sy phu thudc cua tir truong vao goc
¢ nhu trong Hinh 3a. Hinh 3b, ching ta thdy, gbc quay mat phang phan cuc cta anh sang
truyén qua thay d6i nhiéu nhat & gan dai tan s6 sé cong hudng cua cac dich chuyén va dat
gia tri cuc dai tai tan sd cong hudng. O xa mién tan s6 cong hudng, ta khong quan sét thiy
su quay mit phang phan cyc. Trén Hinh 3c cho thiy khi gia tri cta tir truong nho thi goc
quay phan cuc ti 1€ thuan véi dg 16n cua tir truong (2/T, ngoai ra chiéu quay mat phéng phan

cuc con phu thudc vao hudng cua tir truong ngoai.

02
— 0
%]
=
g 02
£
—_ -0
iz =
g ? -06
e [on
= o
(9] O -08
N S |au/r=o1 (b)
3} -1
g 4 -4 2 0 2 4 6
3 D9 1éch chuin héa (Aw/T)
S
ng
' s
=
I<BLE:
:f 03
el
[ 5
S,
-0z
>
© 04
=
T .o
3
N -08
S Aw/T'=0 (c)
-4

-6 -2 a 2 a

Tl treorng chudn hoa (Qu/T)
Hinh 3. Sy phu thudc goc quay quang - tir ¢ vao do 1éch tan chuin héa (Aw/T) (a) va
tir truong chudn hoa (QU/T) (b)
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2.2. Thue nghiém

H¢ thi nghiém dugc xay dung nhu hinh vé 4. O day chung t61 dung mot Laser Diode
DLC202 (ctia hing Moglab) phat lién tuc c6 budc séng nim trong mién dich chuyén D, cta
nguyén tir Rubidium, cudng d6 chum laser c6 thé diéu chinh bang b loc trung hoa va kinh
phan cuc P1. Trong thi nghiém nay ching t6i st dung budng mau Rubidium GC19075-RB
ctia hing Thorlabs, & nhiét d6 phong T = 300 K. Diéu chinh cudng d6 chum laser qua budng
mau 1, =1,6 mW/cm?, tir trudng ngoai duoc tao ra bang cach sir dung hé Helmholtz-coil, co
thé thay d6i bang cach thay ddi cudng do dong dién I qua cudn day, véi B = 32.I Gauss
(Advanced Physics Lab Experiments | TeachSpin, Inc | Buffalo, NY, 2025)). Khi dong dién I
= 1,5 A tir trudng ngoai qua budng miu co gia tri B = 48 G.

Cudn day tao tlr tredng

Kinh phan cyc 2

Kinh phan cyc 1

. . Photodetector
B6 loc trung hoa Buong mau Rubidium

Hinh 4. So' dd bd tri thi nghiém quan sat hiéu ing Macaluso - Corbino

Trong truong hop khong cé tir trudng, néu quay kinh phan cuc P2, cudng d6 tin hiéu
thu dugc trén PD thay doi. Trén Hinh 5a 14 tin hiéu thu duoc khi thay d6i goc phan cuc cta
kinh P2 (trng véi hai goc quay o = + 30° ctia kinh phén cuc P2 so véi hudng phéan cuc cua Pl),
chiing ta thdy vi tri hap thu cuc dai ciia tin hi¢u (mg v6i cc gia tri tin s6 khac nhau khong thay
d6i. Diéu nay chimg to moi truong khi nguyén tir hap thy chiim laser tai cac dich chuyén cong
huong nhung khong lam thay ddi hudng phén cyc ctia chim laser khi qua buéng mau.

Trong trudng hop c6 tir trudng ngoai, néu quay kinh phan cuc P2 (hai goc quay o =
+30°), cudng do tin hiéu thu dugc trén PD thay doi khac biét ¢ cac dich chuyén cong huong
D1 5%P3n (F2 =2, 3, 4) = 52S12(F =3); 5%P3n (F’ =1, 2, 3) = 52S12 (F =2) cua ¥Rb va 52Ps»
(F’=1,2,3) > 5*S12(F=2); 5°P3» (F* =2, 1, 0) > 5°Si2 (F = 1) cta *'Rb (Hinh 5b). Diéu
nay cho thdy, dudi tac dung cia tir truong, chum laser khi twong tac véi méi truong khi
nguyén tir di bi thay d6i huéng phén cuc tai cac tan sd gan voi tan s cong huong, su quay
mit phang phan cuc 16n nhat tai cac dich chuyén cong huéng, diéu nay phu hop véi nhan
dinh da dua ra trong myc 2.1.

So sanh sy quay mit phang phan cuc tai cac dich chuyén & cac goc quay khac nhau
a =30°va o.=-30° chung ta thy su quay mit phang phan cuc & cac dich chuyén cong huong
duogc thé hién rd rét khi dat kinh P2 & goc a = 30°, va thay doi khong dang ké khi dit kinh
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P2 & goc o = -30°. Piéu nay chimg t6 dudi tic dung cia tir truong, mit phiang chum laser da

bi quay theo chiéu kim ddng hd, gan véi hudng phén cuc ¢ a = -30° ctia kinh P2 hon.
0.020 '—KI— 0.020 | —— W|-

0.015 - Khéng c6 tir tru'(‘rng(a) 0.015 - C6 tir trwong (b)

0.010 4 85Rb 0.010

0.005 | 87Rpe = - 30 - 0.005
F=

0.000 4 0.000 o

0.005 T T T T T T 0.005

-2 -1 0 1 2 3
Tén s6 (GHz)

0.020

0.016

0.010 4

0005 o

0.000 4

0.005 : T T T T T
-2 -1 0 1 2 3
Tan s6 (GHz) Tan s6 (GHz)

Hinh 5. Quan st hi¢u ung Macaluso - Corbino: (a) khi khong co tur truong, (b) khi
cd tur truong. (c, d) So sanh khi cé tir truong va khi khong c6 tur truong.

Khi thay d6i tir truong, dat kinh phan cyc P2 & o = 60° va do cac goc quay mit phang
phan cuc chum laser & gan cac dich chuyén cong hudng, chung ta nhan thiy khi tir truong
tang 1én, gbc quay mat phang phan cuc cia cic mode riéng lan truyén qua mdi trudng khi
nguyén tir Rubidium ting 1én tai cic mién cong hudng (Hinh 6 b - ¢). Piéu nay phu hop t6t
v6i mo hinh 1y thuyét da trinh bay trong muc 2.1 va két qua mo phong bang phan mém trong

cong trinh (Zentile va c.s., 2015) & Hinh 6a.
0.08 s

1 L 1 1

| @ —~, ~_ . Du‘é‘Pg ly thuyét B=96 (G)

7 ) K —— - " . -
0.06 S \ / o

5

Tin hiéu chum do chuan hoa

B = 96 (G)

0.04 (¢ B =64(3)
o002 | @ B =32(3)

1 @ B =0 (G)
0.00 -

Ap(Mﬁz)

Hinh 6. So sanh goc quay mit phang phan cuc anh sang & cc gia trj tir trudng ngoai
khac nhau. Hinh (a) duong mé phong theo 1y thuyét, hinh (b - e) dudng thuc nghiém cta cac gia
tri tir truong khac nhau khi o, = 60°.
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3. Két ludn

Trong bai viét nay, ching t6i sir dung mé hinh 1y thuyét giai thich hiéu tmg Macaluso
- Corbino v& sy quay mit phang phan cuc cua anh sang khi truyén qua khi nguyén tur
Rubidium. Duéi tac dong cua tir truong ngoai, cac mirc ning luong suy bién s& phan tach va
tuong tac voi cac thanh phan phan cyc tron trai va tron phai, dan dén sy quay mit phang phan
cyc ctia chum sang c6 tin sd gan tan s6 cong hudng cua cac dich chuyén trong khi Rb.

Két qua do dugc bang thuc nghiém cho thiy su quay mit phang phan cyc tai cac dich
chuyén D; ctia nguyén tr Rubidium hoan toan twong quan véi du doan 1y thuyét dua ra, qua
d6 khang dinh tinh kha thi va do chinh xac cao ctia phuong phap do.

Nghién ciru nay khong chi cung cap bang ching thyc nghiém toan dién vé hiéu tng
Macaluso-Corbino trong méi trudng khi nguyén tir Rubidium, ma con mé ra cac tiém ning
g dung chuyén mach quang - tir & cap do nguyén tir, cm bién quang - tir siéu nhay (ing
dung do tir truong séng ndo), ...

Trong cac cong trinh tiép theo, ching tdi sé& t6i wu hoa cac yéu td anh hudng boi hiéu
g Doppler va khao sat chi tiét vao cac dich chuyén siéu tinh té trong méi truong khi nguyén
tor Rubidium.
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