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Fig. 1. (a) Schematic diagram of adamantane molecule;
(b) schematic diagram of the atomic configuration of a
fluoroapatite sample.
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TR RESR rh . Y RESFF T T 0 S A A7 L g it DL JC 2%
- wir = wig, B Hartmann-Hahn UC B¢ £ {F B,
FZE M2 K AR AR BT e it /L

AR, TSR T2 ok i L
FAFLAR S CP 25 o9,

(a) 902, (b) 902,
I { DEC IH DEC
. 2
S 4 S iTal o b
THHCP Tpocp
(c) 902, (d) 902,
I{ DEC I H DEC
—x —x
S +x S | += +x
TADCP TapcpP Tpocp

2 XA H K opF 5] E B (a) HHCP; (b) DOCP;
(¢) ADCP; (d) AD/DO-CP

Fig. 2. Pulse sequences of cross polarization¥: (a) HHCP;
(b) DOCP; (c) ADCP; (d) AD/DO-CP.

DOCP i ik b /5 51 an & 2(b) Frs . F 4 B
JE 138 5 48 PGB wE L FE, R 282 P A AR A
FEAS, FH SO K o 0 TR AZ A BE S, e A
PR S A BES T2 2 0 K A P ok ik 3|
WAL EE R 1 H 9. T ASfE A HHCP H i DE e
A1, DOCP XFEHIUA I S HEATI 2 Uk, SR 1 R
S AR P oo AR T 1 E 2R G0 RS 2% Y
B b e BF, Ry AR P AR XME DR 3E, MR A Bk
RME LA

ADCP ik b 30 N E 2(c) frs. #EF:#H
WE T4 PGRRER AR b, R B X % A gt S i
TE (RS K o, PR R A A T AT AR AL 5 5
HIS TR, ADCP F FH 46 #1483 0T DL AG 250
SEHLT NERZ AR A AL RS, BEAk,
TE A% A R RE G 7= A A P St mT DL R
Fik% A JiE (BP AD/DO-CP, Wl 2(d) Frzs), M
i — LR RAL (R 5 R AU B

3.3  ENSAIRUBEA

&SR AT A A% 5 4% Z [ AR A 5% % ok £
FHRAGEE, AR L TA% AT, T ATEE 45 5 k.
1953 4F, Overhauser®0l & H 38 i< 5 #4814 il %f
HL - Y F R SR R RN, F I3 R 2% 2 A
T LU AS BIAR SR A% L, DI S 2B 38 K T A% ik
RS X FERBFR N SIS AL 3957881,

1% 58 1Y B 25 KA Ak 92 30 3 o AR T AT
(<100 K). N T SEBA B -, s
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TERES TSN A o B 70 AR ). BEAR i P 3
SER G 7 R S B B Pl R r 1 AR Y A A
SR 5 I FH F T2 AH B S B e B . R T 3K
SIS 1 AR, T B0 A 7E RS R B 3
(140 GHz, 5 T)) BRI B B 5800008 . 92 T =it e
I ZEB IR A S A AR AR Y 1l RS
L & €, DNP W4 nT LA7E 18.8 T (R T 5%
. ACEEREA T 4 FhEZEHLH]: Overhauser 2L
N B AR | 38 RN P R AR A RO RIS T
A% R FEHRAT 5 B3 R A E0 E R e /v, L
Ve S FLFHIBERE LL, o ZAZ MUTERE L. X YH M
o, BESRGTBORZ N 660, X T 13C WS, BsRE
BT LLKE] 2600. b, AH T 28 URALEL AR, 3))
BT I BAT R R A PR .

BEAR, ShASAZAAL IS v] LU B3R 59991
PRI H e sE 01 & FBOR L. sh B AL,
ARJFEN] AT RS 100% BIA% A e L.

4 SHHEEE A
4.1 FHRFEHGEIEL

3 2 25 ot it o H R 23 B0 A 1% ] S0 S AR
Tk b e 3, R ALK ) E R 285 0 A E — 2 3 PR P
T, C&A TAESH T RSEMIHR RGN A
JiE My 22 i g 1] TR AR 0L AR A 21 AR LS T
R ORI 34 05 %5 il i P92 (average Hamiltonian
theory) S DA K 31581 P4 05 25 i it 0 1 15, ik i
B AL PR R (toggling frame)! 4.

TE— e A R PR IRl (3% DIL) IR L R
TG A bR 2R TP B G ST H (1) = H + Hi(t) , H
HHL(t) = o (£)On + Ry (t)O,, S ST K i 5 2 Y
SSRGS B A, W2 by () = ho(t+ T) Fl hy(t) =
hy(t+T) . WERIRATHAESR B A T (%) 3 B i
Z0%F R GE AT, W R GE R A h 12 B Het
SH () Hiik. Hovb He & — AR5 7 500 25 0
R, FROT I B RIS LG B 0 H (1)
ZI T R G815 rh To ik B 9 I DI 2
WRATER T, BRI B RESR SRS 1/ T s K 2 48
BB/ (6H (8] < exp[-O(1/T)] 179, JE w
|- || TR FERERTE R Hy TSR IR -
k54 (Floquet-Magnus) J&JF i 3845 96100 gif JL
TR FRIE AN 06991000 CRHATH AR b =1):

a0 = 1/Tdt1?l(t)

F T 0 I

O s N SNYRNY L PO

gt :ﬁ/o dt1/0 dt {H(tl),H(tg)],

R (2) 1 T t1 to
HY = — — dt dt dt
Oz g [ [

x { (B0, [ (1), H (1))

S ONCLSR-| S

FH T 0 - E A 8% 7 Jre I 1% v 9 3 T 1 g S )
R, AFTERAERRWTN A n.c , (15 (|0 H (¢) ]| Fre/ N 1798,
BOpf Hy = ZZ;O A"

R TR s R R M SR H AR S R R
BAENK B e R LA 1) A = Ay,
R[22 i 20 S 90 i o 1 B s R 2 i a5 2) 38 0
Jk BRI RRYE, 1E H(t) = H(T —t), ] ASSI 254
B A5 = 0 3) SRR FE IR R — AN R,
BBk vh B AL B AF IR AL B, - PPy =1, Hop
np N JE T K S B SRS AAT DA AR Ik
B R 1R 250 R AN R RZ R, A AT 5 SC 4
HTE G Ae b R T AR

S Ty R R i, K opvE BT DL 2 AT
BF, bk et o 39 1) £ 38 A0 B AT B 2 — A e A 4R A
Py = exp(—ibyny - T), Hob T ABEELT, ny PR
D7 R A, Fom KPR e AL br 28 T Bt N ). i
i 7 8 2 Ak s R T 2 T R G 1 e A B SR D i 1),
NS5 3 A s 2R B e e Al bs RJE AT T —IKAH B
VE 22 50 A0 48 1 AT AL b 22 21 B A A bs 2R | 5K
B2 A T — U B (R A B s 52 . 78 4
X

t
Ux(t) = Texp (—i /0 flrf(t’)dt’> = Py PoPy,
(27)
Bl — R 5 B AR E TR, B AR R T IR
GEMy SR AR N Hiog (1) = UL(H) HUe(t) . ALY
T JE:

idUtgi(t) — Fliog () Trog(t). (28)

5 M b 2R NURE 5% 2 b 2R B9 2 IR RN prog =
UR(t) pUns(t) . RIS AR ST RIF, Bl Abbm
Z H— A ok el 50 JE I8 A4 AR SR AT R LR D
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mg>—eMMT*W¥wwa@ngw%_H$+
Y+ Y+ WA

/ Htog tl dt17

ta
ag) =57 / dts / Aty [Hiog(t2), Hiog(t1)],

gl =

tog —

(29)
0 S bk w513 R B B ERAE, B Ug(T) = P,
PoPy =1, WITEHEBRS TR IR 2, B0% A b 2 RTE
bR RE G, TINS5 2 P TR0 B 2%
JEFE M55 A He(nT) = HYE(nT) , prog(nT) =
pnT), n=0,1,2, 3,---

4.2 FHAZEGERRKDIEE

ok I 45 1 B (- 2 e s i ek ] RE 4
UE HARM H i, B He ~ Hy . RIL, DOE % &
ey 2 AR WK e AR (42 R e ) T anfer A8 Ak,
T, TR IR - B ZY Z gl (T
R IR 00 5% 2 AT 25 08 v Ry ik Y % A BT
R(a,B,7) = e70=0e70uPemi00 Hifi (a,8,7) N
A, On =) I, WK AT it A
(n=wy,2). BIEHE A RS S)T W2
1k, i Baker-Campbell-Hausdorff (BCH) A=t

ABeA = B4 [A B+ 21[ JABl +---, (30)
T 75
RTO.R =0, [cos(a) cos(B) cos(y) — sin(c) sin()]
— Oy [cos(a) cos(B3) sin(y) + sin(a) cos()]
+ 0. cos(a) sin(B),
RTO,R = — O, [sin() cos(88) cos(7) + cos(a) sin(7)]
+ Oy [ sin(a) cos(B3) sin(y) +cos() cos(7)]
+ O.sin(a) sin(§),
RIO.R = — Oy sin(B) cos() + Oy sin(B) sin(7)
+ 0. cos(f). (31)
X B AR S ], B 3 B BT
£ 75 B U T A5 B A 0y 8 i (19) A =
> Ty QIT - LI — I 1) TE5E 3 T i A e A

i<j

Wids 4 1o 13)
3sin?(B) cos(27)
e

_ sin(2f) cos(v) (i34 [i19)
2 zZTT T~z

(1217

x

~ 1]

B sin?(3) sin(27)
2

T4 AR b
DSBS 0 A A
1) 8 ki1 o R bk r g A )
{Pl,’rl,pl,PQ,TQ,p27P3,T37p3,P4,7'4,p4}, (33)
Hoh PP = 1. T BBk o 7 9 1%,
AT H ARG R Hae = C D T+
I 13 (O MERHA T Ja 9. 1 5675 125 1l W 9 ok
rrlnr“ﬁu Bir=m=m=r=r. TEX—HLTH

5+ 1 Iﬂ]}. (32)

F BB R DL K n]

BOERKMAIE {8;, 7}, AT LE A E T AL
4
ZBcos 1:07 Z Sin(yn) £ 0,
n=1 n=1
Z cos(yn) =0, Z 2 = . (34)
= n=1

KIGTRARE] By = B2 = B3 = Pa = B ~ 54.74° (X
AR BT [ AL LR AR AR ), T
o=, == KRR A, LT b
SR R IF AR T B = Z Tyl + 11
RESZER T AT E brnd %5 i i, %ETﬂAﬁiﬁﬁiﬂ
FEREOKR 1), b T S2HER 2), BIHBR IR & HIL-5
& 4% 7 JR I 1 27 B T H O35 TR i 8 ik
P FNFRTFRMEY 750 16 kb E 3.
Zx FTR, % 8 Ikl E 9 A% Lo i st A
Ivi] f ik b £ S BAS [ B b sy 2 0 i /(O) =
CHy, 36 125 AT B BARK 510 i H,, T Y
Wk iff B LA RO (4R R ¥ C.
2) 16 fkihpa: X BAER I — 05, H—
A~H Suter &5 022251010 2 F 16 K2 i
FPANanE 3 fis:
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F1 T8 Mk 51 SEBUAN ) F AR B 0 Ak X0 0 A4 Dk R 7 1

Table 1. Setup of the Euler angles of 8-pulse sequences for realizing different target Hamiltonians.
Hear c Hfi(n), n=1,2,3,4
S duleltd — LE - T : fe = b=
<s 0.5 Bn =1/2,7m = (n—1)/2
PR e A — — _1\n
ZJUU;I; —iip 1 Brn =0.304,v, = [1+4(-1)"]/4
i<j -1 Bn = 0.304,vn, = [3+4(-1)"]/4
Z‘]if (i) 4+ 101 1/3 Brn = 0.304,vn = [3(=1)"]/4
1<j *1/3 Bn = 0.304, v, = (71)n/4
ST lE 4 1) 1/3 Bn = 0.304, 7 = 2+ (~1)"]/4
i< -1/3 Brn = 0.304, v = [2+ (=1)"]/(—4)
ijj[féj;-i-f;fé 1 Bn = 0.304, v, = [1“!‘(_1)”}/2
i<j -1 Bn =0.304,yn = [2+ (-1)"]/2

l\'):l
v
l\’):]
\_/
8

T( TT
2), (3),

l\'):l
—
l\D:!
—

y Y

2T, 2T, 27, H HQTH H 27, Ty 2T, Ty 27, Tyl |7

L ShiEHUkhFES (R T) _

B3 16 kb5
Fig. 3. 16-pulse sequence.

{7—27R:EvauRy72TxaRyaTy7RE72TzaRmvav
Ryv27—%7Ry77-yaRIaQTzvélvaan}aZTZ7RLa
Ty,RT,QTz,RT Ty,ET 27'96,RJr Ty,Rl,Tz}. (35)

Hoh R, =e 1003 Ta=T7(1+&) (a=z,y,2). #
i 4.1 R R R SR AL A

—iH§" 27, o —iH T,

U

=¢€

X €

—iH{ T il

Tye

—1H<z)27' e—lH(y)

_ifl=) LiHEW
ve 1H 27'Te 1H

—iI:I[()Z)QTZ e—iﬁéy)Ty —iﬁéz)ZTme—iﬁ]gy)Ty

X € €

—iI:I]()z)QTZ e—ifl[gy)rye—iﬁéw)%'z

X €

7iI:I[()y)Ty efifléz)‘rz (36)

Jop S =30 B 1 P) (a=2,y,2)
AN T 1] AR AR i s i . R R I - S A
Ly SRR il

B =" (€I + €, 1007 + €.1007).  (37)

1<J
BRIV, 3 2o 9 ok i R B (T DL S A [ A R
FFRIA S (AL e, + 6, + € =0).

X e

4.3 BWAZFEHEEAR

T R G0N IR 2 8] AH BATE FH 5 30 it B 4%
N, T RG e R AARA T, Al - R G
BRAM T REFEHNEZBinZ —. 3 2=
(dynamical decoupling, DD) J&f# 45 AT 1M
A ERTFBZ —, Rl R B ARG
FRYERE ST I G LT B302102105 gy Jy 22 il FR A% O
R T 24 0 8 i B ) i R G- IMR RS
T8 A BT[] 2 8. Hahn echol'%1 J2 fe A0 02 o 17
LY DD JPA1, HuRR FBE R . Lk f e s an

{(/2)e, 7 (m)y, T} (38)
Hof, (7/2),, (), 23BN U 2 T3 10 B /2 ke
Ty J5 1000 o K 7 O Rl TR] S0 e AN A0 bk
o, bR A A AL ERIEE AR R T, ZF S
n Bk eb VR AR5 1 ATl B 7 5955 2800 37 77 18]
555 24 T WRFRE AT AR, IR R] LR A&
I AR T2 LR BT (s 3 AN Y 231k ) A1
oK O E AR X T 55 I B BRI (0 S A A A A
B, AT LR [l i [ 4, IR ik 5
N — FRFN ] R 7 ik oh, Bx8 CPMG (Carr-
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Purcell-Meiboom-Gill) 751 107:108] fiff55 A 51—
RJEHRZETN, & Y DD )41, 41 PDD
(Periodic DD)["2, CDD (Concatenated DD )01
Uhrig DD (UDD)M0) &5 Sy g 24 f 4 7 1k S ok
T LU TS R A5 Y Mg e 3 2,

XF T RS AR EAE S, bk oA o H
fife kS, PR 55 A — SR TR] i ik o e )45
Magic echo J741, ‘& H AN 5 1] /4 /2 Rk v
HELER @ J7 1a WK AR Y, RS 4 s,
ARV X e i 5 BE 2090 S B — > T R
AL — 5 1157 BT DL P T T
R I BT HSY) A SR AL

90 90°,

(nn)y

(nm) o

tp

Kl 4 Magic echo %) 111

Fig. 4. Magic echo sequence/!,

T — A [FA% AR T 518 WAHUHA 7
F 2 E 5 BTN, RS E AT M A i — AR
RS, TAE BH AL bR 2R N M0 4k o 5 51 9]
F5, S IR TE)AR B 1 43 B bR . MR B + HY +
HE) = 0 fPERT, 1T AT 20325 1) -4 0 25 i e %2
BTk 2, TR T R GE A

TEE SRR, KT 18 F Cory
48 3], FESIPRACE h, PP AEE — e SR, Sl
S o R4 A 8 1 1 28 R S SR A TRUAE L T3S
(B PR 22 5286w AT L 1 % i v 22 1] %) [ B
PR ZE AT IE. B T X Ff 4 A RS (19 8 1y 2%,

Y
T T

2T

F5E G PR FE SR 2720 T W Bt 7 % 40
22 | BRI A5 RV ORI 51 110,

B e iR
JBE 6 R 5 B AR [ A S U v i T B 2 v
TR BB, IR R Al T — [0 52 Jil e i g
B (BT Hz 25 100 kHz), 76 ) P35 1 2 L
b (G9r) RBRALZE LR A% 1) S L AR - A
PRI VR DU ASREAH B AT A5 (1091,

DA AR R A A P D 81, WA 9 e ) ) £
PR FRAH — T 23 [ U] B T (3 cos® 0—
1), Heh 6 S i e A s 707 [l 9 R A (A
K6 B, ik — s P2

(3cos26—1) =

4.4

%(3 cos? B —1)(3cos>y —1). (39)
Forby T A BEELE S e A e A, B o EE S
RGN A, BIR AT B = 54.74° (BEff) BIAT
T 2 3cos? B — 1 =0, MIMTHERIEHAE EAEH].

JBE F G B AR AT LU T I BR R Se A BLAR
F, A AT LSS & S vh PP 3K S — L6 AR HA T HIRY
SR, R AR R R R AR T B A T RS
THIE, TERE MR BT, MEEH R G, &
BER 8] K A Bl

1
Cij(t) = dyj [ ~ 7 sin 28 cos(2nwrt + )

1
t3 sin” 3 cos(4mwgt + 27)|. (40)

i h? . N

S diy = (42 ) 8 o MR R (fi
ij

Hz). — AN]SR E A e 25 1F T AR (dipo-

lar recovery at the magic angle, DRAMA) J#%1] [*4

wE 7 s, HAe R —A AR JE M e = 1/wr

TN T PSR AR SR 90° ik . 2% 51 S B

N
>

Ay« 3hidym BB Ay 30— D0

ﬁ;;o< i%IA|,IA2,,.7IA|‘i3

Hyoc 3111, — 11, Ay 31,015 — 111,

Bl 5 WAHUHA 51112
Fig. 5. WAHUHA sequencel'2.

077402-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 7 (2025)

077402

P

He=>" Edij sin28 cosy(3I1] — 31,17). (41)

i<j

By

K6 SR K

Fig. 6. Schematic diagram of magic angle spinning.

905 902,

TR/2

R

< >

7 BESTERE ST AR I 52 ok oy 51 14
Fig. 7. Pulse sequence of dipolar recovery at the magic

anglel*,

5 ZEETANEMNTE

M T 2 A AR AL, S A e &
AAEAE B REL (information scrambling) i #2——
5 BAE L IEE AL T R SR B AR 17
Sy BLUGIS e S R ORECR R b, S A ez
F]f e B QU E LAV 8 WY ANE 2SS N TP i
2R [ A5 4% A el 22 1) 2 1A SIS I — 2T .

5.1 BSEMERIEZ

HPASEEMREIEE IR SETEET
EEXREEN, X—id Rl RN ETSZE
Br. AR EA B TS ERE K
FIRF: b= Zk Cr k) (k| . 181 S50 i Fn 427
M (AR A e vk AR 4L W LIS B (O ) AR
S NI S/ N iU =Y

M4, 1325 T il F-Be LA RS2 58 T B A Wi ik
H, IS BT S ERHRE SRR R T
ZERESTIN/ NRUEE T HURR R GE N 5T 42 A (0:16.119-121]
{8 Bh PR L AR TR R AR, 1T DL TS
JENT I — RS R B . B LR AR PR N

b= % {ﬂ ) ck&k] . (42)
o SRIRNFERE, k= ,y, 2. WHHEMERA IE
PR Tr(61,61) = 205 , PR HEEIEEAR R A e
i 3 R AF 3] {C ) -
C = (61) = Tr(po%). (43)
T [E A G R & JC s SR 3 A e dR
A5 B, PRI JE kS B A 1A Y S8 A JE T
IRTSRHER, FAERR A R B 5. T LR 28
B A [) 2L e R X 4 J) T e A %) i . 1) AN ()
HEAT X 48, W% BRI 293k 5K 5 BT (irreducible
spherical tensor operators, ISTOs) B # £ & ¥ #f
T (multiple quantum coherences, MQC) #1743
e 122023 5 )y SRR AFTE R TR JC ik e 42 X
GSYETR G, AR BT B &, BMEE—
T-A#RAT LIBE ISTOs 5% MQC JEIT.

s
3‘5
zf)

5.2 AAAKKEER

[ 5% B e R 25 A B AR ] Rom hy
— ZINMHEIEASH B EBEATRE . YT =482 )5
e TP AT B e A

U (a,3,7) = exp (—ia Zj fg)
X exp (—iﬁ Zj IZ) exp (—iv Zj f;) , (44)

AT LS H—4 i ISTOs F A58 4 ESSHE T}
LE FR G )5 B PR A A SR A T 0 fie 1221231

1
1YY A,

(@) m=-1

DN IPIPTLEIN
(i,5) 1=0 m=—1
WG (4,4, - ) T S A eSEn g H A K, R
ZISTOs J& T K IRHIEEAF. 1=0,1,2, -+, K,
FRISTOs BB m = —1,—1+1,---,1, 2R ISTOs
BB, AIPIRY ISTOs BIER AT
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Fig. 8. Pulse sequence for measurement of multiple

quantum coherences.
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SPECIAL TOPIC—Technology of magnetic resonance
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Abstract

Solid-state nuclear magnetic resonance (NMR) has emerged as an important technique for material

characterization, finding extensive applications across a diverse range of disciplines including physics, materials
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science, chemistry, and biology. Its utility stems from the ability to probe the local atomic environments and
molecular dynamics within solid materials, which provides information on the composition of the material. In
recent years, the scope of solid-state NMR, has expanded into the realm of quantum information science and
technology, where its abundant many-body interactions pulse control methodologies make it have significant
research value and application potential. This paper offers a comprehensive overview of the research objects and
theoretical underpinnings of solid-state NMR, delving into the critical nuclear spin interaction mechanisms and
their corresponding Hamiltonian forms. These interactions, which include dipolar coupling, chemical shift
anisotropy, and quadrupolar interactions, are fundamental to the interpretation of NMR spectra and the
understanding of material properties at the atomic level. Moreover, the paper introduces typical dynamical
control methods employed in the manipulation of solid-state nuclear spins. Techniques such as dynamical
decoupling, which mitigates the effects of spin-spin interactions to extend coherence times, and magic-angle
spinning, which averages out anisotropic interactions to yield high-resolution spectra. These methods are
essential for enhancing the sensitivity and resolution of NMR experiments, enabling the extraction of detailed
structural and dynamic information from complex materials. Then we introduce some recent advancements in
quantum control based on solid-state NMR, such as nuclear spin polarization enhancement techniques, which
include dynamic nuclear polarization (DNP) and cross polarization (CP), significantly boost the sensitivity of
NMR measurements. Additionally, the control techniques of Floquet average Hamiltonians are mentioned,
showcasing their role in the precise manipulation of quantum states and the realization of quantum dynamics.
Finally, the paper presents a series of seminal research works that illustrate the application of solid-state NMR,
quantum control technologies in the field of quantum simulation. These studies demonstrate how solid-state
NMR can be leveraged to simulate and investigate quantum many-body systems, providing valuable insights
into quantum phase transitions, entanglement dynamics, and other phenomena relevant to quantum
information science. By bridging the gap between fundamental research and practical applications, solid-state

NMR continues to play a crucial role in advancing our understanding of quantum materials and technologies.

Keywords: solid-state nuclear magnetic resonance, quantum control, nuclear spin interactions, quantum

simulation
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