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Faraday rotation in nitrogen-doped diamond measured by
polarized terahertz time-domain spectroscopy in the presence of
strong magnetic field
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Abstract: Nitrogen (N)-doped diamond (N-D) is one of the most important carbon-based electronic materials and has
many interesting and unique features in terms of physics owing to the presence of N related color centers. In this paper,
the terahertz (THz) magneto-optical (MO) properties of N-D grown by microwave plasma chemical vapor deposition
(MPCVD) are investigated. By using polarized THz time-domain spectroscopy (TDS) in the presence of magnetic
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field from 0 to 8 T, the THz transmission through an N-D sample in Faraday geometry is measured at 80 K. The depen-

dence of the Faraday rotation angle and ellipticity, the complex transverse or Hall MO conductivity and the complex di-

electric constant upon the magnetic field for N-D are examined. The results show that N-D has excellent THz MO Fara-

day rotation effect and can be applied as THz rotatory material.

Key words: nitrogen-doped diamond, magneto-optical properties, THz TDS
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Fig. 1

mission measurement setup in Faraday geometry. Here, the

The schematic illustration of magneto-optical trans-

electric field intensity of the incident light is £',, which is verti-
cally incident on the sample surface along the z direction and
polarized along the x axis through the optical polarizer. The
external magnetic field B is applied along the z-axis direction
(perpendicular to the sample surface). The electric field
strengths of the light beam transmitted through the sample
along different polarization directions (E% and E”) are exam-

ined by a linear polarizer
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Fig. 2 (a) X-Ray Diffraction (XRD) spectrum, (b) Raman

spectra excited by 266 nm and 785 nm wavelength laser radia-

tions and (¢) FTIR spectrum for the N-D sample
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Fig. 3 The strength of THz electric field transmitted through
the N-D sample at polarization angles -45° and +45° as a func-
tion of delay time for different magnetic fields as indicated at a
temperature of 80 K
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Fig. 4 The amplitude and phase angle of the THz electric
field transmitted through the N-D sample as a function of radia-
tion frequency f=w/2r at different magnetic fields as indicat-
ed. Here, the results obtained by taking the polarization an-
gles -45° and +45° are shown respectively by solid curves and
dotted curves. The phase angles at different magnetic fields

and polarization angles coincide roughly
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Hall MO conductivity and (b) Faraday ellipticity # (@) and

(a) Faraday rotation angles 6 (w ) and the real part of

the imaginary part of Hall MO conductivity as a function of ra-
diation frequency f=w/2x at different magnetic field from 0 to
8 T at 80 K. Here, g,=2c¢,=0. 0053 S/m
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(solid curve) and (b) right-handed complex dielectric con-

(a) Left-handed complex dielectric constant ¢, (@)

stant ¢,(w) (dotted curve) as a function of radiation frequency
f=w/2m at different magnetic fields 0 and 8 T at 80 K



61 MO AESREE T R AR 2 WA P A S T AN, B IR A 2% e SO 1 ) 761

3.4 #H—Hitig

KAVHGE FERHERT B R B r
SEBEERON T E h #E Y i a5 AR R
TAREAEHGIE ., FIFH MPCVD 8 A 4 K () N-D,
FLRURFA O 4l & (H,) AR e (CHL) |, PR AR Ko
FEPEA—E E RS, E X SR SRR
HRIKZESR . I, 76 N-D FE 51778 2 1 A 2000
—OH-,O-FI N-ZEE REAT LA L NV Bl 5507 kst
B BE A RN B 2 N-D A 3 L 300 1 0 E B R
EAREE A, BT NV LE S WA b T4 i 2y
JRE (FEBS A2 1. 7~2 eV B IR FEZL AL ) , TH
DGR REXT NVt B S2 I3/, 4 NI i -0OH- .0
I N-JE B B A 30 7 >, B, N=-D il o8 n—
RSy BUE BB ST A BT, ERE A VR
T £ S8z 8, 16 TH G E R T 2 S 3060
W, FE G S - e 3 WAE FH R 4577 AR vk R e ok

TERE S eI RE T, IRl e ik B 5 JL AT
ST iRt iE i S TR BAEHRRG &
SRR SARRLN . X T n-T AN A AR
JF A m=0. 26m, ", 1% BL m, e HE T R R HL
L=V 2 SR GaAs  InAs  InP KiFZ, i T [0l
FENT R @,=eB/m’" , 75 4= NIl A1 HH 52 56 UL [1 i e H 34
N i TR R . IEIS Th AT LU L, 7E T=80 K.,
f=0. 2~1. 2 THz, B=0~8 T, 1 3z 2k 137 565 Jie 2 25k 1z f1y
VA UL [ E SRR RN o 33X S PO N-D Hr
HL - EL A 550 A st R 1R 2 (29 100 fs 8 4%) ", 7E
0.2~1.2 THZ FFE N , 21 wr~w o>1 AEETS |
W . (EA— A, 2 =1 THz B 4 WA o
2 (8] SRR RN, T B 9. 3 TR, [ 2
TE B A i s IR I A (i 7 22/ KT 200 fs) o
F AR5 19 52 36 2% 1A R TG A2 e e i %14,
ot B (R AT B T A1 AN i 23 Bl T HLz % S A3 1y 34
O  Jon, BifR  V $48 ot 4

4 i

15y ZH

TEAWETE F, BATH I A B 1 AL 2 AT R
(MPCVD) £ A il £ w85 JoH 1) S8048 2 & W 7 (N=
D) FEff, N5 B 3% B 19 Ik THz TDS A, 7 80
KOELBE T I 1 N=D R il 590437 28 e 5 R0 A Jiv
ESNCR VNP s D Y ) - S 8
[y, FRATTBIF T 1 ok 46 1) 35 B THz 58 S5 L e
W SR . ARTIETAT RIS SRR, W3 T
(IR THz TDS $ AR FE R AE 5 KA A4 S

PGS T . A BAW I AT ML
BB ARSI LR B AE B AT N-D B B
Z HRAW T, I N-DTEHF DL E R 3%
PR AR BERL AT S

References

[1] Das D, Ramachandra Rao M S. N'—ion implantation in-
duced enhanced conductivity in polycrystalline and single
crystal diamond [J]. RSC Advances, 2021, 11: 23686.

[2] Tiwari S K, Pandey R, Wang N N, et al. Progress in dia-
manes and diamanoids nanosystems for emerging technolo-
gies [J]. Advanced Science, 2022, 9: 2105770.

[3] Achard J, Jacques V, Tallaire A. CVD diamond single
crystals with NV centres: a review of material synthesis and
technology for quantum sensing applications [J]. Journal of
Physics D-Applied Physics, 2020, 53: 313001.

[4] Zaitsev A M, Kazuchits N M, Kazuchits V N, et al. Nitro-
gen—doped CVD diamond: Nitrogen concentration, color
and internal stress [J]. Diamond and Related Materials,
2020, 105: 107794.

[5] Isberg J, Hammersberg J, Twitchen D J, et al. Single crys-
tal diamond for electronic applications [I]. Diamond and
Related Materials, 2004, 13: 320.

(6] Zhang Y F, Zang CY, Ma H G, et al. HPHT synthesis of
large single crystal diamond doped with high nitrogen con-
centration | J]. Diamond and Related Materials, 2008, 17:
209-211.

[7] Yamada H, Meier A, Mazzocchi F, et al. Dielectric proper-
ties of single crystalline diamond wafers with large area at
microwave wavelengths [J]. Diamond and Relaied Materi-
als, 2015, 58: 1-4.

[8] Redman D A, Shu Q, Brown S W, et al. Electronic struc-
ture of N=V centers and terahertz spectroscopy of diamond
[J]. MRS Online Proceedings Library, 1992, 242
127-132.

[9] Secroun A, Tallaire A, Achard J, et al. Photoconductive
properties of lightly N—doped single crystal CVD diamond
films [J]. Diamond and Related Materials, 2007, 16:
953-957.

[10] Liu Y, Ding M, Su J, et al. Dielectric properties of nitro-
gen—doped polycrystalline diamond films in Ka band [J].
Diamond and Related Materials, 2017, 76: 68—73.

[11] Kononenko V V, Komlenok M S, Chizhov P A, et al. Effi-
ciency of photoconductive terahertz generation in nitrogen—
doped diamonds [T]. Photonics, 2022, 9: 18.

[12] Guo R A, Wang K'Y, Tian Y M, et al. Nitrogen vacancy
luminescence and their phonon sidebands characteristics
in nitrogen—doped diamond [J]. Journal of Alloys and
Compounds, 2022, 924: 166507.

[13] Wang C, Xu W, Mei HY, et al. Substrate—induced elec-
tronic localization in monolayer MoS, measured via tera-
hertz spectroscopy [J]. Optics Letters, 2019, 44: 4139-
4142.

[14]Han F W, Xu W, LiLL, et al. A generalization of the
Drude-Smith formula for magneto—optical conductivities
in Faraday geometry [J]. Journal of Applied Physics,
2016, 119: 245706.



262 LT 5N 5 B K k2 0%

[15]Li S, Wang C M, Du Z Z, et al. 3D quantum hall effects
and nonlinear hall effect [J]. Npj Quantum Materials,
2021, 6: 96.

[16] Bilal M, Xu W, Wen H, et al. Terahertz optical hall ef-
fect in p—type monolayer hexagonal boron nitride on fused
silica substrate [ J]. Optics Letters, 2021, 46: 9.

[17] Carothers K J, Norwood R A, Pyun J. High verdet con-
stant materials for magneto—optical Faraday rotation: a re-
view [J]. Chemistry of Materials, 2022, 34: 2531-2544.

[18] Onodera M, Kinoshita K, Moriya R, et al. Cyclotron reso-
nance study of monolayer graphene under double moiré po-
tentials [ J]. Nano Letters, 2020, 20: 4566-4572.

[19] Ma H, Zhao L. N, Liu M, et al. Applications of faraday ef-
fect in spintronics (1] College Physics, 2016, 35 (5) :
V1=-13. (L, B, XUE, 55 . SRR BN AE e
TR FHLT]. KZEWER) , 2016, 35 (5): 11-13.

[20]SulJJ, LiYF, Ding M H, et al. A dome—shaped cavity
type microwave plasma chemical vapor deposition reactor
for diamond films deposition [1]. Vacuum, 2014, 107:
51-55.

[21]MeiHY, XuW, Wang C, et al. Terahertz magneto—opti-
cal properties of bi— and tri-layer graphene[]]. Journal of
Physics—Condensed Matter, 2018, 30: 175701.

[22] Ejalonibu H, Sarty G, Bradley M. The effect of step—wise
surface nitrogen doping in MPECVD grown polycrystalline
diamonds [J]. Materials Science & Engineering B, 2020,
258: 114559.

[23] Wang Y F, Zhang W F, Lin C N, et al. Multiphoton up-
conversion emission from diamond single crystals [J].

ACS Applied Materials & Interfaces, 2018, 10: 18935 -

18941.

[24] Duvillaret L, Garet F, Coutaz J L. A reliable method for
extraction of material parameters in terahertz time—domain
spectroscopy [J]. IEEE Journal Selected Topics in Quan-
tum Electronics, 1996, 2(3): 739 - 746.

[25] Duvillaret L, Garet F, Coutaz J L. Highly precise determi-
nation of optical constants and sample thickness in tera-
hertz time—domain spectroscopy [J]. Applied Optics,
1999, 38(2): 409-415.

[26] Hu X J. Studies on the n—type doping of diamond films mo-
lecular dynamics simulation and experiments [D]. Shang-
hai, Shanghai Jiaotong University, 2003.(BAEE . & WA
WA n BB IR -~ 73 2 LRSS BT (D)) b
g, LS R, 2003.

[27] Kono S, Sasaki T, Inaba M, et al. Sheet resistance under-
neath the Au ohmic—electrode on hydrogen—terminated
surface—conductive diamond (001) [J]. Diamond and Re-
lated Materials, 2017, 80: 93 - 98.

[28] Sharda T, Sikder A K, Misra D S, et al. Studies of defects
and impurities in diamond thin films [J]. Diamond and
Related Materials, 1998, 7. 250-254.

[29] Naka N, Fukai K, Handa Y, et al. Direct measurement
via cyclotron resonance of the carrier effective masses in
pristine diamond [J]. Physical Review B, 2013, 88:
035205.

[30] Soshenko V V, Cojocaru 1 S, Bolshedvorskii S V, et al.
Measurement of the longitudinal relaxation time for the ni-
trogen nuclear spin in a nitrogen—vacancy colour centre of
diamond [J]. Quantum Electronics, 2021, 51 (12) :
1144.



