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Fig. 1. (a) The XRD patterns of SrzSn, ,Ge,O7(z = 0, 0.01); (b) crystal structure of SrsSn,Oz; (c), (d) are the oxygen octahedral tilt

angle and rotation angle respectively.

® 1 7EER TR XRD EEHEAT Rietveld KEAE RN AIZERL T SrySnyO; 1 SrySny g9Geg 007 FEE RIS

Table 1. Structure parameters obtained from rietveld refinement of Sr;Sn,O; and Sr3Sn; g9Geg 5,07

z a/A b/A c/A V/A3

Sn-01/Sn-02 Sn-03/Sn-04 Sn-0O1-Sn Va

0 5.7073(5)
001  5.7072(9)

5.7275(9)
5.7279(8)

20.6614(6)
20.6537(9)

675.39(1)
675.17(5)

165.5724 9.34
164.5905 7.63

2.0543/2.0157
2.0746,/2.0124

2.0519/2.0655
2.0469/2.0253
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BN 1A 4RE, B g, (zy) A1 g,(2) A AR B A9 5
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FALARARAE A i 8231920,
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v

2 SrySn,O; MY F G EE, K5 FIJ7 16 43 9 i 75 5
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Fig. 2. Phonon dispersions, atom and direction-resolved
phonon density of states (g).
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FEAT HLIM DX s T afAl, Bk 3 A5 24t
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N T HE— 5 Ge' B F 4B 44%F SOy /\ 1A K
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. 55 R BITE 670 cm ! FHEIREEE] S CagMn,O,
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AN, X SEHRIE—HEI T SnOg 480/ \ H Y
W AR 3K, B Ge BY4B 44 4 330 SrySn,0; IR AL
5 3% 5 5 SCrh Sz A A A S SR AR [ 3(c)
JIE7R R A il A 22 s R, A o o i ) AR 0
7E 598 cm ! BFE, 5 B 4R 2 SR A — 3 1099
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IR SRR, AN, Raman J6i i A A Mg
90, 223 F1 260 cm ' X 3 4~ SrSnO; AYHILEHIE T,
HE— 25 R 38 25 1R R il SR PR
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Fig. 3. (a) Infrared response (Colored symbols indicate predicted mode positions, symmetries, and intensities); (b) peak-fitting in-

frared absorption spectra; (¢) Raman spectra of Sr3Sn,O; and SrsSn; g9Geg 0,07

3.4 SREEMERESHT

Kl 4(a), (b) 435124 F JH TF-2000 2k 43#71X
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i 1128 (dynamic hysteresis measurement, DHM)
RN A5 ) = IR T 2R (P-E) A 5% v i il £
(LE), MK M 45 % 100 Hz. i BEAL Y P-E il
AR A R A Rl HHAE LR g
i L Z2 3] 19 1> B e P e AR Fh e, SRR
LA SRR R, AR P-E 2 S 9
ZE w518 0.39 F110.63 pC/em?, RAKEE Ge T
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JN AR ff1 B i) AR b i 3 — 3k
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. AR T I RE A U 2 i A A SO
U R 30 A5 AR AR Ak PR 1 52 191, Tl 3k PUND 11
T, Sr3Sny0; Fl SraSny g9Geg o O FEE I 431K
AR 58 B (B 43 50 0.34 F1 0.61 pC/cm?, FHX Tl
FH DHM #2075 (1 B0E 3/ — 28 X E 2 A
PUND #7725 1 AR AR5 5imk. 5 DHM
B ZE R — 3, il DB Ge BT, W&
P it A TR A AR B (B S 4R T, S T A 1
T (~0.19 pC/em?)2. Jeak, B RE i B 7
W14 66.9 Al 46.3 kV /cm, 5 DHM B fr il 15 11
SR WAL T 2 A SrySnyO; B &b
B HE (~200 kV /em)™2 5 SraSn,O; H. 4 B
48 3% (~39 kV /em) 3, WA
il A8 R b A P S

IEAh, RAET Berry AOIARI RIS ¥
AT SrySn,0, I Ge-SrySn, O, ZhHi Ak, WA 5
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W M O B — A Sn JTC R BN Ge TLE.
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Fig. 4. At frequency of 100 Hz in DHM mode: P-E loops and displacement current recorded of (a) Sr3Sn,Oy, (b) SrsSn; g9GeyO7;
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spectively.
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Fig. 5. The change in polarization P of SrySn,O; and Ge-SrySny,O; along a path from the ferroelectric structure A2,am (A = 1) to

the centrosymmetric paraelectric structure 4/mmm (A = 0).
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Fig. 6. (a), (b) Atomic and (c), (d) layer resolved contributions to macroscopic polarization along a of Sr3Sn,O; and Ge-Sr3Sn,0-,

respectively (atoms correspond to Fig. 1(b), R represents the layer in rock-salt sheets and P represents the layer in perovskite

sheets).
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Fig. 7. (a) The leakage current density as a function of applied electric field for SrzSn,O; and SrzSn; g9Gey 5;O7 ceramics; (b) UV-Vis

absorption spectra of Sr3Sn,O; and Sr3Sn; 49Geg 507 ceramics. Inset: a functional relationship of (ahv)? and hw.
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(c) for [001] plane at 12.3 A.

ZHIMA, BT Ge 5 Sn # 2| O, ffifF O Ji
- JE] PR A F ey o BE R, K R Sn—O By
FPET SR, It Ge TR WB 4115 Sn—O
ARG K, K AR, X —45 R 5PN Sn—
03/04 B ARTE 45 R —3L

W

& i

25 LA, Bl Tl ot o, il 1
TR Y Sr3Sn,0; Fl SraSny g9Geg 007 FIE, IFHAE
R OO B 5 B AR ) (~46.3 kV /cm)
K KA (~0.61 pC/em?), SLH S5~
BFRE ity 2k Fl e ) i 5 ) ) 398 R E A% 1 0/

A WEAh, AN [R5 VR B R P A B — e S R
R L, Ge B TB2)5 B LR sk il fE 5
HRIZ Y Sr BT H S BRI AL SR A 5. S5 — T,
i Ad 28 SP AT LG I i A MBJ-LDA ik HRR
GNP A e o D a g R /R G
Bl 5 LA R — B0 A TAE N A AR 1Y
ZRACAR A Bk A AR BRI T — o B, TR TR Y
B (B 24 BEIS A RO SrySn,O P B 1k
RE, AF T RIS BAFE DG T8 P B
k=R

SRS R R R TR R4

147702-9


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

Y] 32 2 3R Acta Phys. Sin. Vol. 73, No. 14 (2024)

147702

F Al SrySnyO; (B[ A2,am) #E T w75 FHCRRTHEAE (A7 cm )
Table Al.  Calculated I*point phonon frequencies (in cm!) of the SrzSn,O; A2,am phase.
Mode Freq. Mode Freq. Mode Freq. Mode Freq.
A1) 83.45 Ay(1) 84.32 Bi(1) 79.63 B,y(1) 98.83
A(2) 106.1 Ay(2) 95.39 B,(2) 120.98 B,(2) 105.36
Ay(3) 113.74 Ay(3) 117.77 B;(3) 135.12 By(3) 120.32
A (4) 137.11 Ay(4) 143.61 B;(4) 145.26 B,(4) 146.46
Ay(5) 161.92 Ay(5) 151.16 B, (5) 152.96 By(5) 147.76
A,(6) 169.23 Ay(6) 167.5 B,(6) 177.96 B,(6) 171.62
Ay (T) 180.04 Ay(7) 184.97 By(7) 222.77 By(7) 214.88
A(8) 205.98 Ay(8) 224.54 B,(8) 235.61 B,y(8) 228.54
A(9) 218.41 Ay(9) 270.38 B, (9) 256.1 By(9) 239.46
A,(10) 235.43 A,(10) 282.2 B,(10) 284.18 B,(10) 268.64
A(11) 259.61 Ay(11) 312.19 B,(11) 335.67 B,y(11) 309.89
A,(12) 268.83 A,(12) 323.99 B,(12) 357.18 B,y(12) 320.91
A4(13) 335.88 Ay(13) 389.97 B,(13) 501.68 B,(13) 335.2
A, (14) 380.89 Ay(14) 481.55 B,(14) 552.45 B,y(14) 351.21
A (15) 421.45 Ay(15) 566.25 B,(15) 610.85 B, (15) 404.25
A,(16) 504.49 A,(16) 620.55 B4(16) 657.19 B,(16) 510.89
A(17) 572.78 Ay(17) 717.72 B,(17) 623.74
A,(18) 610.09 B,(18) 708.57

R A2 EMITE o 7SR TR R
A DA 2 0T R M H A 14/ ey BIERXTFR B4 8 1R,

M A2y am BIARR B 1R0%
Table A2.
and relative atomic displacements along a direction

The calculated Born effective charges

from the high symmetry 4/mmm to distorted

A2, am positions.

Atom zZ* Atom zZ* Az
Sr1 250(6)  Srl 2.51(3) ~0.04(8)
Sr2 233(1)  Sr2 2.34(6) 0.37(2)
Sn 4.22(0) Sn/Ge 4.25(2)/4.37(7)  0.15(0)
01  -175(2) Ol ~1.73(6) 0.14(0
02  1932) 02 1.93(2) 0.03(5)
03  -249(8) 03 ~2.53(4) 0.42(2)
04 -249(8) 04 ~2.53(7) ~0.11(7)
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Abstract

Hybrid improper ferroelectricity with quasi-two-dimensional (quasi-2D) structure has attracted much

attention recently due to its great potential in realizing strong magnetoelectric coupling and room-temperature

multiferroicity in a single phase. However, recent studies show that there appears high coercive field and low

remnant polarization in ceramics, which severely hinders the applications of this material. In this work, high-

quality SrsSny,O; and SrsSn; g9Geg ;07 ceramics with a Ruddlesden-Popper (R-P) structure are successfully

prepared, and their crystal structures and electrical properties are investigated in detail. It is found that the

Sr3Sn, 0 ceramic exhibits a lower coercive field that is close to that of Sr3Sn,O; single crystal. Moreover, via a

small amount of Ge doping, the polarization reaches 0.34 wC/cm? for SrsSny,O; and 0.61 pC/cm? for
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Sr3Sn; g9Gey g;O7. Combining crystal lattice dynamic studies, we analyze the Raman and infrared responses of
the samples, showing the information about the tilting and rotation of the oxygen octahedra in the samples.
The improved ferroelectricity after doping may be attributed to the increased amplitude of the tilt mode and
the reduced amplitude of rotation mode. Besides, the enhanced ferroelectric properties through Ge doping and
its mechanism are further investigated by the Berry phase approach and the Born effective charge method.
Furthermore, via the UV-visible spectra, the optical bandgap is determined to be 3.91 eV for Sr3Sn,O; ceramic
and 3.95 eV for SrySn; g9Gey 07 ceramic. Using the Becke-Johnson potential combined with the local density
approximation correlation, the bandgap is calculated and is found to be in close agreement with the
experimental result. And the electronic excitations can be assigned to the charge transfer excitation from O 2p
to Sn 5s (Ge 4s). The effects of Ge doping on the ability of SrySn,O; to gain and lose electrons and the bonding
strength of Sn-O bond are analyzed via two-dimensional charge density difference. In conclusion, this study
provides insights into the synthesis method and modulation of ferroelectric properties of hybrid improper
ferroelectrics Sr3Sn,O, potentially facilitating their widespread applications in various capacitors and non-

volatile memory devices.
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