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% fFR, —AMHEEERREREETRANEFDEMFERTME ZRE. NaYbSe, HEEHNE T H
RBEERAEM S ERETRILESRET AT AR L. AW, BREHE R T H & = 4NaYbSe, 848 <
#ORRRUERLTF LB AN T M A LA &, B FSAIRE, UNaCl. YoAuSetk A 7 JL Ik,
ERAREEREANRR, AAER<IT02>THEZ A AR LH & H T Z£NaYbSe, it #. B FEEKSHK, 7T U
# £ 15~89 nm T[] B E B9 45K fr, it —F RAE4E RIEENaYbSe, 44K B F B B9 2 45 . bl & 77 % ¥] DLk
— % ¥ &t ENaLuSe;. KYbSe; M KLuSe,— # 7| — 4 £ &% F o6 &, FHIk, NaYbSe, ¥ — 4 M #Hey ¥ =4 & 5 %

T B 5 2 e b, BE S IR 2 B A LA AL AR B i A 5 5 AR B e A U R

Keftial

F 20044F 52247 8 R il o AR, —ZEbPRLA
Ho R I A v R, DL AE R T el Hie
BT g R ARV A A ) v S 0T A
H. &4 Rk, Sl 2 = 4em el aihia
BRIRIOT AN RIS SRR LAl
AR 15%5 = Y AR A oo 2
() Ry S A CF T R 45 1) S, mT AR s S R
PIGRTENR, 76 B e F A defF Bk B R i i
W77, eAh, HARRR S0 ] ] S R0 A4 SR AR
AR, MARGBMESSELET S,
NaYbSe, B HAE N &+ A @M A (quantum  spin liquid,
QSL)FERE M BHFITE = e ™ R U S, T4k
WAZBIRE R EM, WA A BEds 1 B2
R R —. AndersonT-19734E & I QSLiX —#r
AU, 50 TIRKMIGHE. )5, Andersons
TSR 198 74F Mtk — 548 i 1 3 QSLEA 145 2% F]

ZHRMB, WERMEIRE, Be B LAY, &

SCEL R NS X — e s & T RHMIF A X
NaYbSe, H 245 45 0] 4 Ji A5 A 85 AR R AT
SCY R, BEE TR STB93ETN, NaYbSe, & A= 4 25 1h]
SR AHARN 2 RIRHEAE AR, AR, 4
JES1mE]26.9 GPalf, NaYbSe, IS, K
T BB TN, HAR AR (T2 M 5.6 KPL 4R
M, SAEFR M, NaYbSe, 76 % ) #i3103.4 GPal) |+
WA I S, T8 K. B, BB BT
NaYbSe,# 5 B AT A BT 78 B HAR AL il 475 75 1 —
AR, A, T NaYbSe,MiMERBFFE RIS 7 E %
e, BRSNS G L TSR, M T
NaYbSe, IR ARk, 45 A UL 2 /A
AR, FWNZARE2 KA A KRR A ek
BEBFIEAS, MR S AN S RS H LA
FRERIRAS. PRULAR s T BRETH IR I e T A e
PP RRA AR, BINaYbSe, HYEE A I ARl it &
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T B e, TR R R A ) R R A e A A TE
WARILRIFG Y. X —ZE R R T A 4= 0 1w 1
BLI, oA 3 R A AE TC I R PR S
HALHAE TR B FRIZERAIK Y bSey th 2 —M%
UL QSLIG AL s AR R, BFFE A D37 5256 o [T B 08
D25 B A 90 5 Bk Uk, T E IR Y
RIS TR AL T S PE O Rk, K4 E R
A YITE R T H BRI A

HHil, NaYbSe, il & /iU F: 4 EYb, Sel
K NaCWENBIEFIAE K, 3 H A A NaYbSe, X A ik
R0 R T 4 E NaYbSe, N A A HiE .
AR, SRR R 2 R PR, SRR
()R T R0 — SR [a) TR A i P B 2 e . o)
1, MoS, AR M1.2 eV, KIGCIHES, 1M EMoS
BR1.8 eV, HARBDEBUL I CHE B CRRE, &
FHTHIVEG K R B &6 A FNOE R, 2810 4,
NaYbSexVEh—Fh b Rpga iR, 4 Hpa i 2= —4E R
B, PRI B Sl 3 0 F - SIS, A ik v
1728, DT R AR 20 2% - 4 i i AR (I A A%, B AEAR
FEZAF T EUH RO SAHAE. A, —4ENaYbSe, 54
SRR MR R R A S, A )R
() LA i B FLAL A A I A, IR FEW
R . A S S DL R OB TR R SR A B
A RMEH RS- A, ik, —4ENaYbSe, i) A hiH:
A HE S RIS A EIL A B CrySes ™™
Fe,Seg®” . CoSe™. VSe, !, PtSe,*? FHIMnSe!* 451
iRl b, & T LINaCl, YbAISe RTURIA, i it
fb S AUTRZE (chemical vapor deposition, CVD) A Y
15 0T T ZENaYbSe, H R AR 1T k. A Ok T
H— ¥ 2 " 4ENaLuSe, . KYbSe, FIKLuSe, . {4}
KR HIE B LA AR R R, Hiles TR AR
) —4ENaYbSe, B i, IR Z A RAE 71 7840k —
YRR A . AR TAE N —ZENaYbSe, MBI LEYIPE
WEFEFNIET BUA BH F RS A SR T AT 6E.

1

L1 FPRHEIR

AR T AR 2R Ak 2 SR D0 AR A B X4 =
(OTF-1200X-11) 1} £ H i1 5t B Na Y bSe, B Al 44K I
B (Se, 211/899.9%, Innochem)i & 7E_F iR X b
L, FEALBI(NaCl, 45 99.5%, Aladdin)Fi4:/E %5 (YD,
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4li[£99.9%, Aladdin)BUE 7E A JEf R, A9 SHE T T iE
B, PEFIR< 110 2> % F A (R ie) 7E A A=
KA IS, OGS T S 78 Y b FINaCIRT IR A i |5 .
AR IFAETTH I S00 scem I P #4610 min, BREE
KPR E AR S, a4 SRR S A B AR A A
MK ETE ARG R, A KBl R A
SIBESMR(Ar 1450 scem, Hy, 50 secem)ER#ES, &
A EFE 10 em,  EIERIX I E H400°C, FIERIX
WHEA900°C, FHZ2 HAREE G IRAE20 min T4 A S8R
i, FERZES00CT AR, ST, b Ak
100°C LA FHURFES:, SRR RRRFAZL. FHY
b IRAH R T B LA SeHy . KCIATY by B B 44 7] i 45
KYbSe, B dh: LiSelr. NaClIFILu i ok A n] il 4 1
NaLuSe, ¥.f; LiSe¥s. KCIFILu kR 944 a] i %
KLuSe, ..

1.2 HRHERS

T, R EENIERE H BE(polymethyl methacry-
late, PMMA, 950 K A4, Microchem corp)LA 1000 r/minf)
A E IR B4R KA NaYbSe, 44K i IR T #4554 #1IE
I, JFE150°CIAE EANAAS minfli -2 Bk, Z )5,
fi RIS (thermal  release tape, TRT; Zi's
3198ms, HZARHL TR D)@ 4R L2 cm/si 2
ERARIPMMAR. K, 8 TR, sl
W 1% TRT/PMMA/NaYbSe, & 45 J2 MR 15 52 47 )€
s, JPRRET R BA R G G 2 Si0/SiFT IR,
i, 120 CHHEEICTRT, JH6E B 5 ERPMMAJK
JZ2, BAR TR S BINaYbSe, 44K 1.

1.3 PARHRAE

{di Y27 W i85 (optical microscope, OM, LV150N,
Nikon)F1J5F 77 i f##% (atomic force microscope, AFM,
Dimension Icon, Bruker)XNaYbSe,. KYbSe,. Na-
LuSe, MK LuSe, PUFI AT BN TIE SRS L 43#r. X
BT (X-ray diffractometer, XRD, D8 ADVANCE,
Bruker) 1% 5 H, F I #3445 (transmission electron micro-
scope, TEM, Tecnai G2 F20, FE)X} [ 34 PUFhAT K1) 45
FIHEATHRAE. W O R R 2% (Raman, Lab-
RAM HR-800, Horiba)ZAF PUFFA R4 2 i, 9 —
AAE = R PR R 4435 55 Bk 334085 (high-angle annu-
lar dark-field scanning transmission election microscope,
HAADF-STEM, Titan Cubed Themis G2, FEIWI%E
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KLuSe, [100]75 1] i Ji - HEAr.

2 #R5ie

2.1 H4iNaYbSe, AR ASE K . A CRIFAE
NaYbSe, BT =%, R3m=S[aEE, WmigSECh

Se

a=b=407A, c=20.77 AP 4B 7 T[YbSeq] /\If
A2 (8], NaYbSe, 1A L5 44 H— 2 Na Hl—Z[YbSe, ]
AL, E1(a)ENaYbSe 1 iR gs R &, Ml m
WEE, 48 B T Nat YD’ il 5 Se® B T IE R K
KIS TR, AR A AR DO R il %
T ZHENaYbSe vk, AR REERMEIbIIR. Ak

(c)

NaCl+Yb
Sapphire . —» P~ "4 Navbse,
vV 4
(d) (e) ®
——NaYbSe, on r-sapphire
+ Data
r-ALO, (012) NaYbSe, (003) — Fitted line E,
= FALO, (024) 2 3
s s s ;
z z FWHM = 0.06° z N\ Ae 20300,
2 2 2 ) .
2 I} 8 \
2 [Navbse, (003) 2 €
"
SR S
PDF#51-1229
T (T o bt
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Bl 1 (MRUE ) _HENaYbSe, & L EAE. (a) NaYbSe AL . (b) CVDA: KR EEIEL (o) NaYbSe )2 B (d) XRDIIHR. (¢) NaYbSe,fty
(003) TS e (1920 55 . () AS[RIJEBENaYbSe, Y Ramanillizt. (g, h) NaYbSe, )62 B8 A FI%S i Y Raman mappingiliX. (i) NaYbSe, 71
AFMIE 1. (j, k) NaYbSe, 48K 5 (14785 43 Hds 5 6l 1 G) Boxed oz g o BX Pl AT 1K), (1) NaYbSe, 28K 1 S TEMIEHMECRIN B (1 7T 3R T 4341 T
Figure 1 (Color online) Synthesis and characterization of two-dimensional NaYbSe,. (a) Crystal structure of NaYbSe,. (b) Schematic diagram of
CVD growth. (c) Optical photograph of NaYbSe,. (d) XRD test. (¢) The full width at half maximum (FWHM) of the (003) crystallographic plane
diffraction peak of NaYbSe,. (f) Raman test of NaYbSe, with different thicknesses. (g, h) Optical photographs of NaYbSe, and corresponding Raman
mapping tests. (i) Typical AFM image of NaYbSe,. (j, k) High-resolution TEM (HR-TEM) image of NaYbSe, nanosheets and the corresponding
selected area electron diffraction (SAED) pattern. (I) STEM image of NaYbSe, nanosheets and corresponding elemental map distributions
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Je PRI W F AR I AE G2 A T ER, Rl =M
YK R SRR FARR L, eI R i 1 (o)
N, R T E A KSR BIRRE G AR S, e T
TXRDIMER. 25 R UE ()R, NaYbSe,#(003) 51
g SERUER H (PDF#51-1229)14, HME 1(e)h
5 (003) it 7 ) 2 1 B8 12301 0.1°, B IF CVD A K
INaYbSe, LA RIFAyZs Mk, Bbsh, RIEHEFE AW
(012)FH(024) & 477 5T 04 58 B W] Bk 55 T"NaYbSe, Y
(003) T, 3% I AT —4ENaYbSe, 7E R 4 5 47 5% 1 1Y
B w R HR AR, hig o eis it —AHEse 1
PR BT A . AnE 1(HFTR, NaYbSe,7E126.26 cm™
MEARSIE S H71.78 em™ WA JRENE S, 107 BRI
Sk PR E 1 — 20T, B NaYbSe SR RN, E,
FIA R 55 R W oR. PR R S, ERTE
W AR B ERGIE 1Y H AR X 38K 1(g))i#E4T T Ra-
man(f T, E1(h) /R T EAR SR 5 B 45 [a]
A, SRR EA RIFES S, &8
AFMXINaYbSe, R B #E173RAE, SLAI I AFMIEI &l 1
()R, RPCVDHIEINaYbSe, B - H A
49.7 nm, Hpr—A~AE = fIEJEE 2 43 nm. 5 H
T R RO S I A T T, E1G)
NaYbSe 0K F 15 43 HEiE ST A, I A i [H) R
40.21 nm, ¢ THFE A 60°, 435 1 (120)F1(210) Sh AT, X
7 A3 XL RS MG an L (O B, AU E— B 52

FTSHAERE, S5 B g FE sl CVD A
I NaYbSe, HAT R AT H M. XNaYbSe, = fTE YA
KR AT o R mE T, PR mE ()R,
NaYbSe, i1 7L, Na. YbHISe =FpicE L5 AhtE
AR, DL B T BT R AR AS T/ IE A,
i CVDA] LUl 48 5 i i Na Y bSe, HL .

2.2 HENaYbSe A K )

B4 AE KRB 900°C, 38 A0 B A S AR K
], REHARTT T 4ENaYbSe 0K F 14 K AT R As
b, WK 2(a)ias, 7520 min: KB E A 5514,
NaYbSe, A V- R 451 pm, 5 BT ) = F 04
XIES(E2(b)), HEAR S ASAZRE R, YA K
FER 230 minff, NaYbSe, 49K H 452 8l = f fEmE X
TESAFIE(E2(c)), H =ML RSHE R, 4 Rk
13.4 pm. A K20F130 min#f Z BN Z%, Ui
NaYbSe, 7F FEK A KB ] AT PR R 425 S .

RS, KA BT R FFE20 min, FR7E T AR
FEXFNaYbSe, 4 K KFM. 7E850°C A4 K il E N 155
NaYbSe,, MO8 I MEIESINaYbSe, 40K H R
PRI, SRS 1.5 pm, HoSAZ % R (F12(d), (e));
MR KR EEFFE E900°CH, K FEYR AR
5.4 um(E2(D). X —I0G AT PR IR B v S 2R
YIRY WO RN, BN R R, A R AR

100000 (9 130

8.9 1 89 nm
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80000 e ~ I"m
NE £ 90 g -150 nm
leoooo E £
X 70
40000 @5 B
- X
E 50 4 15 nm
[0 304 28nm 150 nm
0 10 -150 nm
T

@16 @ 10
- BREVIRT e = BRYPHRT
141 - mpEmE 134 o | e
£ . 81 «ste4
g 12 19580 20000 s
10 1 E az 64
% g | 15000 w &
0 6 10000 & ngi 4
#,1 ., i X
. 15000 24
2 4 1335
0 T T v r 0 0 ; .
15 20 25 30 850 875

HKEE (min)
(c)

Bl 2 (MR )NaYbSe, i i A K JE 5. (a) NaYbSe, o if P-4 RS R s 2 B it A= K TR AR A B 2R & (b) AR A R120 min. () A=Kt
[8]30 min. (d) NaYbSe, 5t it -5 R Rl 2% 8 B AE A B AR ST 2 . (o) A KIREE8S0°C. () AR KR 900°C. (g) NaYbSe, NIRRT
(h) TEAEKAINaYbSe,. (i) HA A _EAINaYbSe, 44K

Figure 2 (Color online) Regulation of single crystal growth of NaYbSe,. (a) Statistical line chart of the average size and nucleation density of
NaYbSe, single crystals with growth time. (b) Growth time: 20 min. (c) Growth time: 30 min. (d) Statistical line chart of the average size and nucleation
density of NaYbSe, single crystals with growth temperature. (e) Growth temperature: 850°C. (f) Growth temperature: 900°C. (g) Statistics of different
thicknesses of NaYbSe,. (h) NaYbSe, grown vertically. (i) NaYbSe, nanosheets transferred to silicon wafers
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F 7 0 045 15 P KA T i A 3 T A S R 3 T, SRR KB, ST T NaYbSe, i JHL
@ .
— KYbSe, o
% 126.33 cm” o .

80 100 120 140 160 180 200 220 240
Raman shift (cm')

(d)
— NaluSe,
3
8
2 133.44 cm!
(7}
=
g
E
80 100 120 140 160 180 200 220
Raman shift (cm™)
(9
—KLuSe,
3
s s
B4
= 132.58 em* &
a :
i)
£
80 100 120 140 160 180 200 220 240
Raman shift (cm™)
[0)

K

20 nm

B3 (RO () = RIS — GERDR & % AE. (a) KYbSeyfRaman)ith, H1 MBI EHLIR . (b) KYbSe IS4 HEB ST I,
TR R IE XL FATST L. () KYbSe @K F IISTEMIEUSAIXS N Y TG R 11 4341 B . (d) NaLuSe, My Raman ik, 7 K HSE OL B R .
(e) NaLuSe, 55 43 HEE B ELUR, 4RI k% B A 2 X o TR AL, () NaLuSe 24K A S TEM IR AT R AT R i 434 B8 . (g) KLuSe,FJRaman
JETE, R HI B RO LERR . (h) KLuSe, M543 B ST Fr, 3 1100 I A 2E X L FRF 5 1. (i) KLuSe, 282K 5 IS TEMIEMEHIXT L 1 ST 3R 1
A F A () KLuSe,#kHi Y HAADF-STEME{4 Fl(k~m) K. LuflSeJt &4 4i 1%

Figure 3 (Color online) Synthesis and characterization of three novel 2D materials. (a) Raman spectrum of KYbSe,, illustrated as a typical
microscope image. (b) HR-TEM image of KYbSe, nanosheets. Inset: the corresponding SAED pattern of KYbSe,. (¢) STEM image of KYbSe,
nanosheets and corresponding elemental map distributions. (d) Raman spectrum of NaLuSe,, illustrated as a typical microscope image. (¢) HR-TEM
image of NaLuSe, nanosheets. Inset: the corresponding SAED pattern of NaLuSe,. (f) STEM image of NaLuSe, nanosheets and corresponding
elemental map distributions. (g) Raman spectrum of KLuSe,, illustrated as a typical microscope image. (h) HR-TEM image of KLuSe, nanosheets.
Inset: the corresponding SAED pattern of KLuSe,. (i) STEM image of KLuSe, nanosheets and corresponding elemental map distributions. (j) HAADF-
STEM images of KLuSe, cross-section and (k-m) K, Lu and Se element distribution maps
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1E15~89 nmits B N A TP A K (E12(g)). FrilEfg
IS, 76T T2 A TR S R G fk X L8 2] 1 ik
FEINaYbSe, B i 3 HAE K BLA (KI2(h). Kb SEE S EE
BERER AR, DR 2B 45H 1 NaYbSe, it
e, HE R K20 pm(E2(1)). 3% — & RS
NaYbSe, it A 145 i) Sk A K AL B4 T R ZL R,

2.3 4EKYbSe,. NaLuSe,fIKLuSe,ifAmy &
B AR

T NaYbSe, [ A ALK, 8 i i Ik AR
MG, H—FH4 I KYbSe,. NaLuSe,fIKLuSe, —=ff
ARG Y. A RAEGS AR R T X A R A S
NaYbSe, R ZEFRHE. MIEI3(a)F Hi, KYbSe,ffRa-
manfHiFIETE126.33 e . LB 4095 S HE T I 1A
GRS R an 3 (b) 7R, FINaYbSey i L 28,
KYbSe, ¥(120)f i a5 40.21 nm, HHITR /iy
5], WEB)FR, RS T HAAKYbSe, M & . 1A
Kb, MIEI3(d)H Al L7 HiNaLuSe, H il Raman ¥ fiF 1§
F£133.44 cm™!, HE A BERIAT SH45 R A0 3 (e) iR, Na-
LuSe, /(1201 B FE50.21 nm, HHITH MG
21, EBOFIR. KLuSe, A RamanfITEMEZE R 5 b
O, ANFERGR, 433l E B~ Fis. HIRAMF
TR MBI Z [ Z5F R, PEERK LuSe,#E4 T #K M 43
Mr. it R AEE T (focused ion beam, FIB)iHil#-#kimi
FE i, R IR 254 1E 325 5 F - 0 BB 0 E A 7 it S 43
HERG A, SE6 WS {EK LuSe, i A Fh [LuSe,] JZH]

5% 30k

i E80.76 nm, SEUSEWIA, WE3G)FR; HK. Lu
FISe =FhoCE A 4], WK 3(k)~(m) s, Ht,
BREALIEFE S WG R AR — 2] T CVDA AL
T HYEKLuSe, B AR A SYE, IF HILRARLEFSTS BS
T,

3 g

AW 5 3 1 Al 2 AT T ¥ SE B T NaYbSe, .
NaLuSe,. KYbSe,FIKLuSe,UFHr w4 Ja # + i1k
I e R AN R B, X A K ] R R R A
SR, P TAREEE A RST 35 )2, IF4s
4Raman)tiff . XRD. TEMHAIHAADF-STEM%: £
TFRAG MR T HEH 5P, Y] T H R iFr 5
mREE. AR, A B A L AR R T LIRS E
T YRR, VBT 4R RGN, AW
WFoE6s £ B BISEHANr THR I — i, @it feA K
SRR IS, A B — A5 S B AR IR ] 1 T 45 A
KIARETHR R v ik, AR R 4 55—
J7 1, Z4ENaYbSe, KL [R5k A W AEARAERL B T T B
B R B A YRR, BN, RIS T AL
GR-BIESHA . 50855 bR SR g
Je SR AR T A RE R, USRI s g
SRR T A TER IR T N AR SRS, Ry
] AR ARG AN B T I 7 + 2 bR Ll
PRI, AT REHE S LA ARk i AR e+
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Chemical vapor deposition growth of two-dimensional
alkali-metal-based rare-earth selenide single crystals
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In recent years, two-dimensional materials have attracted extensive attention due to their excellent physical and chemical
properties at extremely thin thicknesses. Two-dimensional rare earth materials, owing to the unique localized 4f electrons
of rare earth elements and strong magnetic anisotropy, can be used to construct highly stable nano-magnets, demonstrating
significant application potential in spintronic devices. Moreover, their interface effects can be utilized to modulate the
superconducting properties of adjacent systems in the field of superconductivity, providing a platform for the investigation
of novel superconducting states. NaYbSe, has attracted much attention because of its use as a candidate material for
quantum spin liquids and its superconductivity at high pressures. In 1973, Anderson proposed the novel quantum state of
quantum spin liquids, which garnered significant attention. Subsequently, in 1987, Anderson and others further suggested
the theoretical possibility of achieving high-temperature superconductivity through doping of quantum spin liquids. This
theory has prompted researchers to conduct in-depth studies on the transition of NaYbSe, from an insulating state to a
metallic and superconducting state.

Currently, the preparation method of NaYbSe, is as follows: it is obtained by growing using metallic Yb, Se, and NaCl as
flux, and the synthesized NaYbSe; is in the form of bulk material. However, the systematic preparation of two-dimensional
NaYbSe, remains unattainable. In this study, the two-dimensional NaYbSe, was successfully prepared on R-plane sapphire
by chemical vapor deposition, with NaCl, Yb, and Se as precursors and hydrogen and argon as carrier gases. Raman
characterization shows that the peak intensities of Eg and Alg modes gradually increase with the increase of NaYbSe,
thickness. X-ray diffraction (XRD) analysis of the characteristic (003) peak of NaYbSe, reveals a narrow full width at half
maximum (FWHM), confirming the good single-crystal properties of the material. By regulating growth parameters,
nanosheets with thicknesses ranging from 15 to 89 nm can be prepared, with sizes reaching up to 20 um. Additionally,
vertically grown structures of NaYbSe, were observed at the substrate edges; this unique growth behavior is beneficial for
the transfer of this material, thereby providing a material foundation for the subsequent construction of three-dimensional
devices. Transmission electron microscopy (TEM) analysis has confirmed that NaYbSe, nanosheets exhibit good single-
crystal characteristics at the microscopic scale for the first time. This preparation method can be further extended to the
synthesis of a series of two-dimensional single-crystal thin sheets, such as NaLuSe,, KYbSe,, and KLuSe,, by changing the
type of precursor. At the same time, the high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image revealed that the interlayer distance of KLuSe, was 0.76 nm. As a Mott insulator, NaYbSe, could
be used to regulate the critical conditions of its superconducting phase transition by constructing heterojunctions with other
two-dimensional materials at the nanoscale. Therefore, the controllable preparation and excellent single-crystal properties
of 2D materials such as NaYbSe, will promote the study of their physical properties and related applications in spin
devices.

two-dimensional materials, chemical vapor deposition, alkali-metal-based rare-earth selenides, single crystal
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