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Fig. 1. Schematic crystal structure of LnTMALGe, (Ln =
rare-earth element, TM = Ni, Pd, Pt, Au): (a) Triangular
lattice layers of magnetic Ln** ions stacked along the ¢ axis;
(b) triangular lattice formed by Ln*" ions within the ab
plane; (c) the local coordination environment of a single Ln**
ion forming a distorted LnGeg octahedron with c-axis as

threefold rotation axis.
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Table 1.  The crystallographic and magnetic parameters of the reported LnTMAl,Ge; series compounds.

Ew 23 [ a, c/A WA PR EE T /K it Tl A5 1) P E= B U
CeAuAl,Ge, R3m 4.23, 31.57 1.4 i AR E 5 ab 1 [32]
CePtAl,Ge, R3m 4.19, 31.77 2.3 fiiAHISDW 5 ab 1 [33,34]
NdAuAl,Ge, R3m 4.23, 31.36 1.75%10.49 v A AR XXZ [35]
SmAuAl,Ge, R3m 4.22,31.15 13.2F17.4 i A 5 ab I [36]
GdAuAl,Ge, R3m 4.21, 30.99 17.8, 15.6F113.8 i A bl ilida [37,40)
GdNiAl,Ge, R3m 4.10, 30.98 20.4F111.2 i AR IE VLA 1 [l M [38]
TbAuAlGe, R3m 4.21, 30.85 13.9%19.8 i A AR 5 ab 1 [39,40)
DyNiALGe, R3m 4.09, 30.83 9 LR Rkl 5 ab I [41]
HoPdAl,Ge, R3m 4.13, 31.15 10.515.5 JT TR I 5 ab 1 [42]
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Fig. 2. Reported LnTMAl,Ge, compounds with space group R3m .
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Fig. 3. Structural characterization of LnNiAl;Ge, (Ln = Gd, Tb, Dy, Ho, Er): (a)-(e) Left column: Powder X-ray diffraction pat-

terns and Rietveld refinement results for crushed single crystals. The red open circles, blue solid lines, and bottom gray solid lines

represent the experimental data, calculated patterns, and their differences, respectively. The orange vertical bars indicate the Bragg

peak positions. Middle column: Laue diffraction patterns with the incident beam parallel to the c-axis. Right column: Representat-

ive photographs of the single crystals displayed on millimeter grid paper.

3.2  GdNiAlLGe,

GdANiALGe, H GA* 1 Af FEFAIS R 417, LA
fshERE TR L =0, Hig LAZ BRI,
W R O R I 3 A 1] [R) AT . BT 4(a) 2B
THAEAMINEYS H=1000 Oe (1 Oe=103/(4n) A-m~1)
KM, W AT ab T (H L ) FAPEATF
il (H //e) PRAST7 ) 18 B A 3R Bl YL 32 1) A O 2R
X(T) . TEEEARRIX, PIAN T 1] B g AL 3 i e A
HE, 5 G4l S BRHIEART. BEAE IR R
1%, PIANJ7 1) i R AL 2R 20 8 1 T, 722 50 K BT
FEE IR BINEE S, X AT RE IR T M e sc 3/

SR A2 S, MR E T, = 15.35 KA,
ANT5 10 RG34 T B T R, Aradi 6 1R R DU 25
AR Y. $E—2PRERIE, H L c Jrmiigfk
RIE Ty = 8.77 K A B AL wifb %56 I
FHIE N R, ARG AR N ST ; 1 H /e J7
fis] B WAL R AE Ty LUR k88 T [ 31X —HA AR Tl
Ty = 15.35 K 52 HGE(E (16.4 K)*) 5K
— 3, (R 5 3CHR [38) MBI A AR UM 22, X AT
AE TR T B i A2 K SO [R] 3 3500 A B 53 25 o o
5. ANS AR T GdAuAl,Ge, B =4k
REAHAE (17.8, 15.6 F11 13.8 K)B7 #EL, GANiALGe,

190703-5


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. 75, No. 19 (2026) 190703

F 2 W X HEATIPEBERIA LoNiALGe, (Ln = Gd, Tb, Dy, Ho, Er) fA:2%0 A0 | 4 1 [FPERA T
FoRHE bR

Table 2. Crystallographic parameters, atomic positions, isotropic thermal factors, and refinement residuals for LnNiAl,Ge,
(Ln = Gd, Tb, Dy, Ho, Er) obtained from single-crystal X-ray diffraction refinements.

S8 Gd Tb Dy Ho Er
a/A 4.0997(4) 4.0883(4) 4.0810(5) 4.0805(4) 4.0709(4)
¢/A 30.981(4) 30.851(4) 30.772(5) 30.762(3) 30.690(4)
Al(1) (6¢) 0.3110(1) 0.3110(3) 0.3108(1) 0.3108(4) 0.3106(1)
2 Al(2) (6¢) 0.0778(6) 0.0778(6) 0.0781(1) 0.0780(4) 0.0781(9)
Ge (6c) 0.2237(3) 0.2232(2) 0.2229(4) 0.2226(2) 0.2223(4)
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Fig. 4. Magnetic properties and specific heat of GdNiAl;Ge,: (a) Temperature dependence of the magnetic susceptibility x(7°)
under an external field of 1000 Oe along H L ¢ and H//c, the inset highlights the magnetic transitions at 77 and T2 in the low-
temperature region; (b) inverse susceptibility 1/(x —xo) as a function of temperature and the Curie-Weiss fitting results;
(c) isothermal magnetization M(H) at 2 K along H L ¢ and H//c, the inset shows the low-field hysteresis loop along H 1 c;
(d) zero-field specific heat Cp,/T , showing two anomalies corresponding to the transitions at 77 and Tp in x(T).
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Fig. 5. Magnetic properties and specific heat of TbNiAl;Ge,: (a) Magnetic susceptibility x(7") under 1000 Oe along H 1 ¢ and
H//c, the inset shows x(T') for H//c and highlights the magnetic transition at T4 ; (b) inverse susceptibility 1/(x — xo0) as a
function of temperature and Curie-Weiss fitting results; (c) isothermal magnetization M (H) at 2 K along H 1 ¢ and H//c, the

inset emphasizes the low-field metamagnetic transition along H L c; (d) Zero-field specific heat C,/T", showing an anomaly cor-

responding to the transition at 71 in x(T).
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Fig. 6. Magnetic properties and specific heat of DyNiAl,Ge,: (a) Temperature dependence of the magnetic susceptibility x(7") un-
der an external field of 1000 Oe along H 1 ¢ and H//c, the inset shows the low-temperature magnetic transition at 77 along
both directions; (b) inverse susceptibility 1/(x — xo0) as a function of temperature and the Curie-Weiss fitting results; (c) isotherm-
al magnetization M(H) at 2 K along H L ¢ and H//c, the inset shows the metamagnetic transitions along the ab plane at
Hap1 and Hgpo and along the c axis at Hep and Heg ; (d) zero-field specific heat Cp /T, showing an anomaly corresponding to

the transition at 77 in x(T').
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Fig. 7. Magnetic properties and specific heat of HoNiAl,Ge,: (a) Magnetic susceptibility x(7') under an external field of 1000 Oe
along H 1 ¢ and H//c, the inset shows the low-temperature magnetic transitions at T} and T> along H 1 ¢ and H//c, re-
spectively; (b) inverse susceptibility 1/(x — xo0) as a function of temperature and the Curie-Weiss fitting results; (c) isothermal
magnetization M(H) at 2 K along H 1 ¢ and H//c, the inset shows the metamagnetic transitions along the ab plane at Hgpy

and Hgpe and along the ¢ axis at He ; (d) zero-field specific heat Cp/T , showing two anomalies corresponding to the transitions

at T and T» in x(T).
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PRGN Ho ARG I AR, 53— 7 1
WRYITE 14 T WE7IEHE MR R # A A E 2L
R, AR B SR A RE SIS R, B
TE 5 AR

3.6 ErNiALGe,

Er3 i) af B T4 250 4t | AR A sh
L = 6 S R 37 % B 88 1 g 45 1) S Pk e A R
M. ErNiAl,Ge, fEAMIN#ESS H = 1000 Oe 514 T
ARG AL R B TR AR AR AN 8(a) FIFZR. AN 7 1)
WAL RS il X AT A, FAE REREIRE 70 K
DU P B85y 8, AN R REAL R I 4R B 3
T, H 025 5B G RS i R AR
K, & 2 K B MG TR AER 100 £, &
TN Z A REREL Y Sy A ) S, X — s 51 RS
() H A B BRAR AN TA]. X F H L e 5 (WLIE] 8(a)
), REALRIEL 30 K BHIT 3 — A 560, X5
TbNiAlLGe, H1 H //c J5 ] WL 2 (1) vE WSS 0L, 8T
AR RON SR B, BEALRAE 5 K I AR
I L THES PTREBURBCA )P TR, X H /e
D5, REALRIEIRE R 2 K #oR M BREA ¥t
PO R, Cy /T AE 2 K DAL _E AL 3] BA &2 11 57

W, WA RS, C,/T R8N, 620 5 K ik
KB /ME, B 5 2R GE 2 K PR 28
Fha%, S5 N R RAE 5 K ML e ETH T R —
2, W L R R A AR X ] BEAE R
JPEEAE T T RARA IR I i DA DA L2 1 okt

X ErNiAlGe, 5 il I 0@ AL B8 17 s
HANILA, 459018 8(b) iR, % R ik
R 1) S 2550, LA X BRI #E 150—300 K. &
AN A A5 B0 WA 5 18] 19 A RCRE R 43 1 R
pi = 9.52(6) pp /Ex3 I p/l. = 9.38(3) g /Er+, 5
Er3t [ i8S T B 9.58 pp /Er3 W) 4. & H-sM
ek 2 B ) il 4% ] SRR AR TN T 18] O, =
—31.1(13) K WEKRMHIE, LI ab TN DLk
SERAE AR R 325 WS 0/, = 16.18(45) K
RIEAE, R o MIAEAERRIESC A HAE .

2 K TSR M2 (K 8(c)) #t—4 BoR
T ErNiAlGe, B5RZNS 54 m ¥ H//e Irmmny
AL B AR X 2R BT, BJEAE 113 T 25
BT, 76 14 T ik 8.35 ug /Ert, 5L
PRI AR R AL 8 B Moy = 9 s /Er**. (5135 X 300
L5 B B A R 2k (LI 8(c) A, B
W S5 17 e T 5 3 (0 W RS R A T . AH
b2, H L eIy g Ak B AR T B A1 75
KIS, 78 8.13 T J ik E7F, [E}
P Fiti 2 W 5 A0 R U [0 4R R G AR SE A (LR 8(c)
IR, Sgmit— 2T E 9.85 T G RiLseE L%
P TR, IF A AE 14 T W35 3] 6.75 pg /Ers*,
AT FRIS AR FIE. S5 2P AN I ] 19 1 1 5 38 A
14 T B ¥ Rk B 58 AR, 0 S A3 38800 %o
JEAT I S A

3.7 HEEEEEHBLIBEFHEAEMNEXR

F 3IERT LaNiAlGe, 251 B A AS R
K Jm B-ANHUE SEC IR B YIE H L e FH J/c
J7 USR] AT ARG 5 L A i s e
SUHESEAE = FE WD A, UE SR 2R RGP E IR T 5 B SRy
WA Af BT BERS £o0 R AR, RES 1n Sk
0225 GANiALGe, HEE45 W [, TbNiAlGe,
PR S 4% 10 5%, DyNiAl,Ge, #1 HoNiAl,Ge,
B XXZ B 1) SV T ErNiALGe, W)y 5 il
2 1) St X ARk 55 A MR W 3 1 7 AR
I [] S e T B B R AR S AR X 4% 1) S Y
B,
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Fig. 8. Magnetic properties and specific heat of ErNiAl;Ge,: (a) Temperature dependence of the magnetic susceptibility x(7") un-
der an external field of 1000 Oe along H L ¢ and H//c, the inset shows x(T') for H L ¢ at low temperatures; (b) inverse sus-
ceptibility 1/(x — xo) as a function of temperature and the Curie-Weiss fitting results; (c) isothermal magnetization M (H) at

2K along H L ¢ and H//c, the insets show the metamagnetic transition along H L ¢ and the high-field hysteresis loop along
H//c; (d) zero-field specific heat Cp/T as a function of temperature.

#*3

LnNiAl,Ge, 5 @E i 1A AR B2 2 R LSTR85 51 . 400 45 I TR ELRPAT T ¢ ST 1) S0 & REAL R A5 2 1 F L

HH C (emu-K-mol -Oe 1), SMITEIE Ocw FIF BURETE peer , 365 PNIUEAIRE . 2 K T R4 M S 2R bR N : EP
(BT EA (BhHh) . XXZ (XXZ #) A1 1SO (GEAmFEYE). XF Er, @SRRI T 2 K

Table 3.

Magnetic transition temperatures and Curie-Weiss fit parameters of LnNiAl,Ge, single crystals. The Curie con-

stants C' (emu-K/mol 1-Oe ), Weiss temperatures Ocw , and effective moments e obtained from fits to the magnetic sus-

ceptibility with fields applied perpendicular and parallel to the c-axis are listed, with uncertainties in parentheses. Magnetic

anisotropy types at 2 K are denoted as EP (easy-plane), EA (easy-axis), XXZ (XXZ-type), and"ISO (nearly isotropic). For

Er, the magnetic ordering temperature is likely below 2 K.

Hlc H//c
Ln Ttrans /K Anisotro
/ C/(emu-K-mol '-Oe ') 0w /K pi/ pe O/ (emuK-mol L.Oe 1) 9(/:/W/K ,ugf/ B b
Gd 15.35,8.77 7.98(4) —0.86(43)  7.99(2) 7.70(6) —4.03(62)  7.86(3) 1SO
Tb 8.83 12.00(15) 20.6(15) 9.80(6) 13.00(92) —136(13) 10.21(36) EP
Dy 807 14.05(3) 1.20(15)  10.60(1) 12.80(8) —30.37(76)  10.13(3) XXZ
Ho 5.83,4.29 14.10(5) 4.59(36)  10.63(2) 12:80(13) —29.1(11)  10.12(5) XXZ
Er — 11.33(14) —31.1(13)  9.52(6) 11.00(7) 16.18(45)  9.38(3) EA
R T 53 AT G A AR LA A A A, S JFEBER + B BRI R R R, Er M#EA T

T LnNiAl,Ge, FREAHASIREE 55 1Bz [h]
FIOER, & 9 iR, Horh =0 £ 3 248 R
Shannon ARLE T2 1. ) Gd 3| Ho, REAZAER

HREEATREMR T 2 K, BS54 2 IR R
ey e DL AT A R AELa 2k ey, s [l P ek
ZINIE S M R R S A, DT R R A R L
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Fig. 9. Comparison of the transition temperatures and de
Gennes factors for LnNiAlGe, (Ln = Gd, Tb, Dy, Ho).
Transition temperatures are determined from specific heat
anomalies and peaks in the magnetic susceptibility. The sol-
id line connects the first transition to guide the eye, the
second transition is marked in blue, and the red dashed line
indicates the de Gennes values of the rare-earth ions.For
Er, no magnetic transition is observed above 2 K, suggest-

ing that magnetic ordering may occur below 2 K.

4 % b

KRILRGMFE T W 35 = M4 R b &
¥ LnNiAl,Ge, (Ln = Gd, Tb, Dy, Ho, Er) &%

H LA | ARG Sk, SR Al-Ge F BIIE
F g I A K R R LnNiAL Ge, B, X 4R
T 568 53 A A BT A AR5 W0 X 45 i T b0 YRR Y
= LR (55 A RE R3m), B B U ol
JEARHE B, TE b TH NIE BT B A TLA BH 4% RRAE
M4 =B MG, #EAL3R S L & R SRR
TiZFR I A Pkt o0 R AL B R PE T AL A
GdNiAl,Ge, Fl HoNiAl,Ge, 75 15 ¥ T 34 H 38 ¥
AHEARAS, AR E 53N Ty = 1535 K, Ty =
8.77 K FITy = 5.83 K, Tp = 4.29 K; 1T TbNiAl,Ge,,
DyNiAl,Ge, WX 22 5 — AW ARAR | AHAR I B 533
T, =883 K#Hl Ty =807 K. ErNiAl,Ge, 1F
2 K VU AR B REARAE. M Gd 3] Ho, BEAFF IR
FEBER + B AN R Ik, Er M#EA T
HETTRENT 2 K, BAARb#aH S de Gennes
T AL HSEA —3, R RKKY ¢40fk H7E
WEAR EAE & M. Ak, ThbNiALGe, il
ErNiAl,Ge, 435076 85 F1 30 K Fff e il g2 3 fh A 3%
W i, HE— RS T AR AR 5O K 45 1) S
PR E RS SRR &t — R TEER
WEAS 1] SEPEAT R GANiAL Ge, 3634 1) [, 741K
Y H = 0.42 T M WAL B R G0EHT; TbNIALGe,
i Ty 1A% 1) S, T T M FE Hapn = 0.40 T Al
Hepo = 2.00 T &b M PR R 3% 22 1) 2 AR S W AH 72
DyNiAl,Ge, £ 9 XX7Z B4 0] 51, 101 N 9] 78
Hup1=0.65 T Fll Hapo =1.25 T Ab. EHNTEAE Hoy =
0.62 T Ml H.o =3.96 T AbH P £ 45 0 A0 AE ;
HoNiAl,Ge, [RIREE I XX7Z R [a] Sk, #5710
FE Hopr = 0.35 T Fll Hype = 0.55-T &b | THIAHJ5 9]
fE H. =0.34 T A IRWARSHIAHAE; ErNiALGe,
WA 5 b 45 ) S T N IR R H = 9.25 T &b
MG 5 R A, TSN T e g MR 5 B
T HEAH DGR W GRS AE . LRSS IR R G iR T L
fBEA% RKKY A EAE 5 SR 55800 Z 18] 4 A
TEOCIE, R ABRAR 48 = A TSR 5 P i 2 2
PG FRAL T 0 S S LA

BRI R T USR5 505, A LTt
PSS RO IR AT R DT S
Bym T IR A

ARV S I AT AE R B AT https: //
doi.org/10.57760/sciencedb.34302 H1ijial 3R HL.

190703-13


https://doi.org/10.57760/sciencedb.34302
https://doi.org/10.57760/sciencedb.34302
https://doi.org/10.57760/sciencedb.34302
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 2 3R Acta Phys. Sin. Vol. 75, No. 19 (2026)

190703

S 30k

(1]
(2]
B3]
(4]
[5]
(6]
(7l

(8]

(9]

(10]

(1]
(12]
(13]

[14]

[15]

[16]
(17]

(18]

[19]

Anderson P W 1973 Mater. Res. Bull. 8 153

Ramirez A P 1994 Annu. Rev. Mater. Res. 24 453

Lee S H, Broholm C, Ratcliff W, Gasparovic G, Huang Q,
Kim T H, Cheong S W 2002 Nature 418 856

Moessner R, Ramirez A P 2006 Phys. Today 59 24

Balents L 2010 Nature 464 199

Zhong R D, Guo S, Xu G Y, Xu Z J, Cava R J 2019 Proc.
Natl. Acad. Sci. 116 14505

Li N, Huang Q, Yue X Y, Chu W J, Chen Q, Choi E S, Zhao
X, Zhou H D, Sun X F 2020 Nat. Commun. 11 4216

Sheng J M, Wang L, Candini A, Jiang W R, Huang L L, Xi
B, Zhao J Z, Ge H, Zhao N, Fu Y, Ren J, Yang J, Miao P,
Tong X, Yu D P, Wang S M, Liu Q H, Kofu M, Mole R,
Biasiol G, Yu D H, Zaliznyak I A, Mei J W, Wu L S 2022
Proc. Natl. Acad. Sci. U.S.A. 119 2211193119

Xiang J S, Zhang C D, Gao Y, Schmidt W, Schmalzl K,
Wang C W, Li B, Xi N, Liu X Y, Jin H, Li G, Shen J, Chen
ZY, Qi Y, Wan Y, Jin W T, Li W, Sun P J, Su G 2024
Nature 625 270

Nakatsuji S, Nambu Y, Tonomura H, Sakai O, Jonas S,
Broholm C, Tsunetsugu H, Qiu Y M, Maeno Y 2005 Science
309 1697

Nakatsuji S, Nambu Y, Onuma K, Jonas S, Broholm C,
Maeno Y 2007 J. Phys. Condens. Matter 19 145232

Nakatsuji S, Nambu Y, Onoda S 2010 J. Phys. Soc. Jpn. 79
011003

Stock C, Jonas S, Broholm C, Nakatsuji S, Nambu Y, Onuma
K, Maeno Y, Chung J H 2010 Phys. Rev. Lett. 105 037402
Victorin J, Razpopov A, Higo T, Dziobek-Garrett R, Kempa
T J, Nakatsuji S, Valenti R, Drichko N 2024 Sci. Rep. 14
28040

LiY S, Liao H J, Zhang Z, 1i S Y, Jin F, Ling L. S, Zhang L,
Zou Y M, Pi L, Yang Z R, Wang J F, Wu Z H, Zhang Q M
2015 Sci. Rep. 5 16419

Paddison J A M, Daum M, Dun Z L, Ehlers G, Liu Y H,
Stone M B, Zhou H D, Mourigal M 2017 Nat. Phys. 13 117
Liu W W, Zhang Z, Ji J T, Liu Y X, Li J S, Wang X Q, Lei
H C, Chen G, Zhang Q M 2018 Chin. Phys. Lett. 35 117501
Bordelon M M, Kenney E, Liu C X, Hogan T, Posthuma L,
Kavand M, Lyu Y Q, Sherwin M, Butch N P, Brown C, Graf
M J, Balents L, Wilson S D 2019 Nat. Phys. 15 1058

Ranjith K M, Dmytriieva D, Khim S, Sichelschmidt J, Luther
S, Ehlers D, Yasuoka H, Wosnitza J, Tsirlin A A, Kiihne H,
Baenitz M 2019 Phys. Rev. B 99 180401

Bordelon M M, Liu C X, Posthuma L, Sarte P M, Butch N
P, Pajerowski D M, Banerjee A, Balents L, Wilson S D 2020
Phys. Rev. B 101 224427

Donni A, Ehlers G, Maletta H, Fischer P, Kitazawa H,
Zolliker M 1996 J. Phys. Condens. Matter 8 11213

Gignoux D, Schmitt D 2001 J. Alloy. Compd. 326 143
Sengupta K, Forthaus M K, Kubo H, Katoh K, Umeo K,
Takabatake T, Abd-Elmeguid M M 2010 Phys. Rev. B 81
125129

Kurumaji T, Nakajima T, Hirschberger M, Kikkawa A,
Yamasaki Y, Sagayama H, Nakao H, Taguchi Y, Arima T H,
Tokura Y 2019 Science 365 914

(25]

(26]

(27]

(28]
(29]

(30]

(31]

(32]

(33]

(34]

35]

(36]

(37]

[38]
[30]
[40]
j41]

[42]

[43]

[44]

190703-14

Khanh N D, Nakajima T, Yu X Z, Gao S, Shibata K,
Hirschberger M, Yamasaki Y, Sagayama H, Nakao H, Peng L
C, Nakajima K, Takagi R, Arima T H, Tokura Y, Seki S 2020
Nat. Nanotechnol. 15 444

Zhang Y K, Na Y Z, Liu X Y, Xiang J S, Chen F Y, Li H F,
Sun P J, Zhou S Q, Zhang X F, Li L W 2026 Nat. Commun.
17 1554

Song F Y, Liu X Y, Dong C, Zhou J, Shi X L, Han Y Y, Ling
LS, Ren HF, Yuan S L, Wang S, Xiang J S, Sun P J, Tian
Z M 2025 Chin. Phys. Lett. 42 120706

Na Y Z, Hao W X, Zhao X Y, Xie Y, Zhang Y K 2025
Ceram. Int. 51 31140

Zhang Y K, Hao W X, Lin J L, Li H F, Li L W 2024 Acta
Mater. 272 119946

Gao F, Sheng J M, Ren W J, Zhang Q, Luo X H, Qi J, Cong
M R, Li B, Wu L S, Zhang Z D 2022 Phys. Rev. B 106
134426

Shu M F, Xu X T, Xi N, He M, Xiang J S, Qu G X,
Khalyavin D, Manuel P, Nakamura J G, Jiao J L, Liu Y L,
Wu G L, Guo K Z, Zhao H T, Xu W, Duan Q C, Zhong R D,
Wang X Q, Han Y Y, Ling L S, Sun X F, Song D S, Gao Y,
Wang Z T, Chen X, Qian T, Jia S, Du H F, Su G, Li W, Ma
J, Qu Z 2026 Nature 651 61

Zhang S, Aryal N, Huang K, Chen K W, Lai Y, Graf D,
Besara T, Siegrist T, Manousakis E, Baumbach R E 2017
Phys. Rev. Mater. 1 044404

Shin S H, Rosa P F S, Ronning F, Thompson J D, Scott B L,
Lee S'Y, Jang H, Jung S G, Yun E B, Lee H Y, Bauer E D,
Park T S 2018 J. Alloy. Compd. 738 550

Shin S, Pomjakushin V, Keller L, Rosa P F S, Stuhr U,
Niedermayer C, Sibille R, Toth S, Kim J, Jang H, Son S K,
Lee H O, Shang T, Medarde M, Bauer E D, Kenzelmann M,
Park T 2020 Phys. Rev. B 101 224421

Cong M R, Ge H, Zhang L, Ren W J, Zhao N, Li T T, Wang
S M, Zhu J L, Mei J W, Zhang Q, Sheng J M, Gao F, Li B,
Zhang Z D, Wu L S 2023 Phys. Rev. Mater. 7 024423

Feng K K, Bush C, Oladehin O, Lee M, Baumbach R 2024
Phys. Rev. B 109 014436

Zhang C C, Wang Y, Zhang F Y, Rong H T, Cai Y Q, Wang
L, Ma X M, Guo S, Chen Z J, Wang Y N, Jiang Z C, Yang Y
C, LiuZ T, Ye M, Lin J H, Mei J. W, Hao Z Y, Xie Z J,
Chen CY 2023 Chin. Phys. B 32 077401

Feng K K, Cabral J R G, Wei K, Baumbach R 2023 Phys.
Rev. Mater. 7 124409

Leahy I A, Feng K K, Dery R, Baumbach R, Lee M 2022
Phys. Rev. B 106 094426

Feng K K, Leahy I A, Oladehin O, Wei K, Lee M, Baumbach
R 2022 J. Magn. Magn. Mater. 564 170006

Wu H H, Ren'W J, Calder S, Zhang Q, Gao F, An M, Li B,
Zhang Z D 2025 Phys. Rev. Mater. 9 114402y

Gao F, Ren W J, Wang C W, Yano S, Calder S, Zhang Q,
Wu H H, An M, Jing Y P, Li B, Zhang Z D 2024 Phys. Rev.
B 109 134407

Witt M, Bonnighausen J, Eustermann F, Savourat A,
Scheifers J P, Fokwa B P T, Doerenkamp C, Eckert H, Janka
0 2020 Z. Naturforsch. B 75 149

Shannon R D 1976 Acta Cryst. A 32 751


https://doi.org/10.1016/0025-5408(73)90167-0
https://doi.org/10.1016/0025-5408(73)90167-0
https://doi.org/10.1016/0025-5408(73)90167-0
https://doi.org/10.1016/0025-5408(73)90167-0
https://doi.org/10.1016/0025-5408(73)90167-0
https://doi.org/10.1016/0025-5408(73)90167-0
https://doi.org/10.1016/0025-5408(73)90167-0
https://doi.org/10.1146/annurev.ms.24.080194.002321
https://doi.org/10.1146/annurev.ms.24.080194.002321
https://doi.org/10.1146/annurev.ms.24.080194.002321
https://doi.org/10.1146/annurev.ms.24.080194.002321
https://doi.org/10.1146/annurev.ms.24.080194.002321
https://doi.org/10.1146/annurev.ms.24.080194.002321
https://doi.org/10.1146/annurev.ms.24.080194.002321
https://doi.org/10.1038/nature00964
https://doi.org/10.1038/nature00964
https://doi.org/10.1038/nature00964
https://doi.org/10.1038/nature00964
https://doi.org/10.1038/nature00964
https://doi.org/10.1038/nature00964
https://doi.org/10.1038/nature00964
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1073/pnas.1906483116
https://doi.org/10.1073/pnas.1906483116
https://doi.org/10.1073/pnas.1906483116
https://doi.org/10.1073/pnas.1906483116
https://doi.org/10.1073/pnas.1906483116
https://doi.org/10.1073/pnas.1906483116
https://doi.org/10.1073/pnas.1906483116
https://doi.org/10.1073/pnas.1906483116
https://doi.org/10.1038/s41467-020-18041-3
https://doi.org/10.1038/s41467-020-18041-3
https://doi.org/10.1038/s41467-020-18041-3
https://doi.org/10.1038/s41467-020-18041-3
https://doi.org/10.1038/s41467-020-18041-3
https://doi.org/10.1038/s41467-020-18041-3
https://doi.org/10.1038/s41467-020-18041-3
https://doi.org/10.1073/pnas.2211193119
https://doi.org/10.1073/pnas.2211193119
https://doi.org/10.1073/pnas.2211193119
https://doi.org/10.1073/pnas.2211193119
https://doi.org/10.1073/pnas.2211193119
https://doi.org/10.1073/pnas.2211193119
https://doi.org/10.1038/s41586-023-06885-w
https://doi.org/10.1038/s41586-023-06885-w
https://doi.org/10.1038/s41586-023-06885-w
https://doi.org/10.1038/s41586-023-06885-w
https://doi.org/10.1038/s41586-023-06885-w
https://doi.org/10.1038/s41586-023-06885-w
https://doi.org/10.1126/science.1114727
https://doi.org/10.1126/science.1114727
https://doi.org/10.1126/science.1114727
https://doi.org/10.1126/science.1114727
https://doi.org/10.1126/science.1114727
https://doi.org/10.1126/science.1114727
https://doi.org/10.1088/0953-8984/19/14/145232
https://doi.org/10.1088/0953-8984/19/14/145232
https://doi.org/10.1088/0953-8984/19/14/145232
https://doi.org/10.1088/0953-8984/19/14/145232
https://doi.org/10.1088/0953-8984/19/14/145232
https://doi.org/10.1088/0953-8984/19/14/145232
https://doi.org/10.1088/0953-8984/19/14/145232
https://doi.org/10.1143/JPSJ.79.011003
https://doi.org/10.1143/JPSJ.79.011003
https://doi.org/10.1143/JPSJ.79.011003
https://doi.org/10.1143/JPSJ.79.011003
https://doi.org/10.1143/JPSJ.79.011003
https://doi.org/10.1143/JPSJ.79.011003
https://doi.org/10.1103/PhysRevLett.105.037402
https://doi.org/10.1103/PhysRevLett.105.037402
https://doi.org/10.1103/PhysRevLett.105.037402
https://doi.org/10.1103/PhysRevLett.105.037402
https://doi.org/10.1103/PhysRevLett.105.037402
https://doi.org/10.1103/PhysRevLett.105.037402
https://doi.org/10.1103/PhysRevLett.105.037402
https://doi.org/10.1038/s41598-024-77804-w
https://doi.org/10.1038/s41598-024-77804-w
https://doi.org/10.1038/s41598-024-77804-w
https://doi.org/10.1038/s41598-024-77804-w
https://doi.org/10.1038/s41598-024-77804-w
https://doi.org/10.1038/s41598-024-77804-w
https://doi.org/10.1038/srep16419
https://doi.org/10.1038/srep16419
https://doi.org/10.1038/srep16419
https://doi.org/10.1038/srep16419
https://doi.org/10.1038/srep16419
https://doi.org/10.1038/srep16419
https://doi.org/10.1038/srep16419
https://doi.org/10.1038/nphys3971
https://doi.org/10.1038/nphys3971
https://doi.org/10.1038/nphys3971
https://doi.org/10.1038/nphys3971
https://doi.org/10.1038/nphys3971
https://doi.org/10.1038/nphys3971
https://doi.org/10.1038/nphys3971
https://doi.org/10.1088/0256-307X/35/11/117501
https://doi.org/10.1088/0256-307X/35/11/117501
https://doi.org/10.1088/0256-307X/35/11/117501
https://doi.org/10.1088/0256-307X/35/11/117501
https://doi.org/10.1088/0256-307X/35/11/117501
https://doi.org/10.1088/0256-307X/35/11/117501
https://doi.org/10.1088/0256-307X/35/11/117501
https://doi.org/10.1038/s41567-019-0594-5
https://doi.org/10.1038/s41567-019-0594-5
https://doi.org/10.1038/s41567-019-0594-5
https://doi.org/10.1038/s41567-019-0594-5
https://doi.org/10.1038/s41567-019-0594-5
https://doi.org/10.1038/s41567-019-0594-5
https://doi.org/10.1038/s41567-019-0594-5
https://doi.org/10.1103/PhysRevB.99.180401
https://doi.org/10.1103/PhysRevB.99.180401
https://doi.org/10.1103/PhysRevB.99.180401
https://doi.org/10.1103/PhysRevB.99.180401
https://doi.org/10.1103/PhysRevB.99.180401
https://doi.org/10.1103/PhysRevB.99.180401
https://doi.org/10.1103/PhysRevB.99.180401
https://doi.org/10.1103/PhysRevB.101.224427
https://doi.org/10.1103/PhysRevB.101.224427
https://doi.org/10.1103/PhysRevB.101.224427
https://doi.org/10.1103/PhysRevB.101.224427
https://doi.org/10.1103/PhysRevB.101.224427
https://doi.org/10.1103/PhysRevB.101.224427
https://doi.org/10.1088/0953-8984/8/50/043
https://doi.org/10.1088/0953-8984/8/50/043
https://doi.org/10.1088/0953-8984/8/50/043
https://doi.org/10.1088/0953-8984/8/50/043
https://doi.org/10.1088/0953-8984/8/50/043
https://doi.org/10.1088/0953-8984/8/50/043
https://doi.org/10.1088/0953-8984/8/50/043
https://doi.org/10.1016/S0925-8388(01)01253-1
https://doi.org/10.1016/S0925-8388(01)01253-1
https://doi.org/10.1016/S0925-8388(01)01253-1
https://doi.org/10.1016/S0925-8388(01)01253-1
https://doi.org/10.1016/S0925-8388(01)01253-1
https://doi.org/10.1016/S0925-8388(01)01253-1
https://doi.org/10.1016/S0925-8388(01)01253-1
https://doi.org/10.1103/PhysRevB.81.125129
https://doi.org/10.1103/PhysRevB.81.125129
https://doi.org/10.1103/PhysRevB.81.125129
https://doi.org/10.1103/PhysRevB.81.125129
https://doi.org/10.1103/PhysRevB.81.125129
https://doi.org/10.1103/PhysRevB.81.125129
https://doi.org/10.1126/science.aau0968
https://doi.org/10.1126/science.aau0968
https://doi.org/10.1126/science.aau0968
https://doi.org/10.1126/science.aau0968
https://doi.org/10.1126/science.aau0968
https://doi.org/10.1126/science.aau0968
https://doi.org/10.1126/science.aau0968
https://doi.org/10.1038/s41565-020-0684-7
https://doi.org/10.1038/s41565-020-0684-7
https://doi.org/10.1038/s41565-020-0684-7
https://doi.org/10.1038/s41565-020-0684-7
https://doi.org/10.1038/s41565-020-0684-7
https://doi.org/10.1038/s41565-020-0684-7
https://doi.org/10.1038/s41467-025-68278-z
https://doi.org/10.1038/s41467-025-68278-z
https://doi.org/10.1038/s41467-025-68278-z
https://doi.org/10.1038/s41467-025-68278-z
https://doi.org/10.1038/s41467-025-68278-z
https://doi.org/10.1038/s41467-025-68278-z
https://doi.org/10.1088/0256-307X/42/12/120706
https://doi.org/10.1088/0256-307X/42/12/120706
https://doi.org/10.1088/0256-307X/42/12/120706
https://doi.org/10.1088/0256-307X/42/12/120706
https://doi.org/10.1088/0256-307X/42/12/120706
https://doi.org/10.1088/0256-307X/42/12/120706
https://doi.org/10.1088/0256-307X/42/12/120706
https://doi.org/10.1016/j.ceramint.2025.04.302
https://doi.org/10.1016/j.ceramint.2025.04.302
https://doi.org/10.1016/j.ceramint.2025.04.302
https://doi.org/10.1016/j.ceramint.2025.04.302
https://doi.org/10.1016/j.ceramint.2025.04.302
https://doi.org/10.1016/j.ceramint.2025.04.302
https://doi.org/10.1016/j.actamat.2024.119946
https://doi.org/10.1016/j.actamat.2024.119946
https://doi.org/10.1016/j.actamat.2024.119946
https://doi.org/10.1016/j.actamat.2024.119946
https://doi.org/10.1016/j.actamat.2024.119946
https://doi.org/10.1016/j.actamat.2024.119946
https://doi.org/10.1016/j.actamat.2024.119946
https://doi.org/10.1016/j.actamat.2024.119946
https://doi.org/10.1103/PhysRevB.106.134426
https://doi.org/10.1103/PhysRevB.106.134426
https://doi.org/10.1103/PhysRevB.106.134426
https://doi.org/10.1103/PhysRevB.106.134426
https://doi.org/10.1103/PhysRevB.106.134426
https://doi.org/10.1103/PhysRevB.106.134426
https://doi.org/10.1038/s41586-026-10144-z
https://doi.org/10.1038/s41586-026-10144-z
https://doi.org/10.1038/s41586-026-10144-z
https://doi.org/10.1038/s41586-026-10144-z
https://doi.org/10.1038/s41586-026-10144-z
https://doi.org/10.1038/s41586-026-10144-z
https://doi.org/10.1038/s41586-026-10144-z
https://doi.org/10.1103/PhysRevMaterials.1.044404
https://doi.org/10.1103/PhysRevMaterials.1.044404
https://doi.org/10.1103/PhysRevMaterials.1.044404
https://doi.org/10.1103/PhysRevMaterials.1.044404
https://doi.org/10.1103/PhysRevMaterials.1.044404
https://doi.org/10.1103/PhysRevMaterials.1.044404
https://doi.org/10.1016/j.jallcom.2017.12.180
https://doi.org/10.1016/j.jallcom.2017.12.180
https://doi.org/10.1016/j.jallcom.2017.12.180
https://doi.org/10.1016/j.jallcom.2017.12.180
https://doi.org/10.1016/j.jallcom.2017.12.180
https://doi.org/10.1016/j.jallcom.2017.12.180
https://doi.org/10.1016/j.jallcom.2017.12.180
https://doi.org/10.1103/PhysRevB.101.224421
https://doi.org/10.1103/PhysRevB.101.224421
https://doi.org/10.1103/PhysRevB.101.224421
https://doi.org/10.1103/PhysRevB.101.224421
https://doi.org/10.1103/PhysRevB.101.224421
https://doi.org/10.1103/PhysRevB.101.224421
https://doi.org/10.1103/PhysRevB.101.224421
https://doi.org/10.1103/PhysRevMaterials.7.024423
https://doi.org/10.1103/PhysRevMaterials.7.024423
https://doi.org/10.1103/PhysRevMaterials.7.024423
https://doi.org/10.1103/PhysRevMaterials.7.024423
https://doi.org/10.1103/PhysRevMaterials.7.024423
https://doi.org/10.1103/PhysRevMaterials.7.024423
https://doi.org/10.1103/PhysRevMaterials.7.024423
https://doi.org/10.1103/PhysRevB.109.014436
https://doi.org/10.1103/PhysRevB.109.014436
https://doi.org/10.1103/PhysRevB.109.014436
https://doi.org/10.1103/PhysRevB.109.014436
https://doi.org/10.1103/PhysRevB.109.014436
https://doi.org/10.1103/PhysRevB.109.014436
https://doi.org/10.1088/1674-1056/acca0e
https://doi.org/10.1088/1674-1056/acca0e
https://doi.org/10.1088/1674-1056/acca0e
https://doi.org/10.1088/1674-1056/acca0e
https://doi.org/10.1088/1674-1056/acca0e
https://doi.org/10.1088/1674-1056/acca0e
https://doi.org/10.1088/1674-1056/acca0e
https://doi.org/10.1103/PhysRevMaterials.7.124409
https://doi.org/10.1103/PhysRevMaterials.7.124409
https://doi.org/10.1103/PhysRevMaterials.7.124409
https://doi.org/10.1103/PhysRevMaterials.7.124409
https://doi.org/10.1103/PhysRevMaterials.7.124409
https://doi.org/10.1103/PhysRevMaterials.7.124409
https://doi.org/10.1103/PhysRevMaterials.7.124409
https://doi.org/10.1103/PhysRevMaterials.7.124409
https://doi.org/10.1103/PhysRevB.106.094426
https://doi.org/10.1103/PhysRevB.106.094426
https://doi.org/10.1103/PhysRevB.106.094426
https://doi.org/10.1103/PhysRevB.106.094426
https://doi.org/10.1103/PhysRevB.106.094426
https://doi.org/10.1103/PhysRevB.106.094426
https://doi.org/10.1016/j.jmmm.2022.170006
https://doi.org/10.1016/j.jmmm.2022.170006
https://doi.org/10.1016/j.jmmm.2022.170006
https://doi.org/10.1016/j.jmmm.2022.170006
https://doi.org/10.1016/j.jmmm.2022.170006
https://doi.org/10.1016/j.jmmm.2022.170006
https://doi.org/10.1016/j.jmmm.2022.170006
https://doi.org/10.1103/p44f-rl47
https://doi.org/10.1103/p44f-rl47
https://doi.org/10.1103/p44f-rl47
https://doi.org/10.1103/p44f-rl47
https://doi.org/10.1103/p44f-rl47
https://doi.org/10.1103/p44f-rl47
https://doi.org/10.1103/p44f-rl47
https://doi.org/10.1103/PhysRevB.109.134407
https://doi.org/10.1103/PhysRevB.109.134407
https://doi.org/10.1103/PhysRevB.109.134407
https://doi.org/10.1103/PhysRevB.109.134407
https://doi.org/10.1103/PhysRevB.109.134407
https://doi.org/10.1103/PhysRevB.109.134407
https://doi.org/10.1103/PhysRevB.109.134407
https://doi.org/10.1103/PhysRevB.109.134407
https://doi.org/10.1515/znb-2019-0176
https://doi.org/10.1515/znb-2019-0176
https://doi.org/10.1515/znb-2019-0176
https://doi.org/10.1515/znb-2019-0176
https://doi.org/10.1515/znb-2019-0176
https://doi.org/10.1515/znb-2019-0176
https://doi.org/10.1515/znb-2019-0176
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
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. 75, No. 19 (2026) 190703

SPECIAL TOPIC — Quantum magnetism « COVER ARTICLE

Single crystal growth and magnetic phase transitions of
rare-earth-based triangular lattice frustrated intermetallic
compounds LnNiAl,Ge, (Ln = Gd, Tb, Dy, Ho, Er)"
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Abstract

The interplay of geometric frustration, crystal electric field effects, and Ruderman-Kittel-Kasuya-Yosida
(RKKY) exchange interaction can give rise to complex and intriguing magnetic behaviors in rare-earth-based
triangular lattice intermetallic compounds. In this work, high-quality single crystals of LnNiAl,Ge, (Ln = Gd,
Tb, Dy, Ho, Er) were successfully grown using the Al-Ge self-flux method, and their crystal structures,
magnetic properties, and specific heat were systematically investigated. X-ray diffraction analysis shows that all
compounds crystallize in the centrosymmetric rhombohedral structure with space group R3m , where the rare-
earth ions form a two-dimensional triangular lattice within the ab plane. Magnetic susceptibility and specific
heat measurements reveal that GdNiAl;Ge, undergoes two successive transitions at 15.35 K and 8.77 K,
TbNiAl,Ge, has a single transition at 8.83 K, DyNiAl,Ge, at 8.07 K, HoNiAl,Ge, at 5.83 K and 4.29 K,
whereas ErNiAl,Ge, shows no magnetic order down to 2 K. From Gd to Ho, the magnetic transition
temperatures decrease systematically with decreasing rare-earth ionic radius, while for Er the magnetic ordering
temperature is likely below 2 K, and the overall trend is in agreement with that of the de Gennes factor,
indicating the dominant role of the RKKY exchange interaction in the magnetic behavior. The isothermal
magnetization curves measured at 2 K reveal that GANiAl,Ge, is nearly isotropic with a subtle hysteresis loop
near 0.42 T, while the other compounds exhibit distinct magnetic anisotropies due to crystal electric field
effects: TbNiAl;Ge, shows strong easy-plane anisotropy, DyNiAl,Ge, and HoNiAl,Ge, display complex XXZ-
type anisotropy, and ErNiAl,Ge, exhibits easy-axis anisotropy: Furthermore, rich field-induced metamagnetic
transitions are observed: TbNiAl,Ge, shows two transitions in the ab plane at 0.40 T and 2.00 T; DyNiAl,Ge,
exhibits two transitions in the ab plane at 0.65 T and 1.25 T and two along the c axis at 0.62 T and 3.96 T;
HoNiAl,Ge, displays two transitions in the ab plane at 0.35 T and 0.55 T and one along the c axis at 0.34 T;
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ErNiAl,Ge, shows a single transition in the ab plane near 9.25 T and an anomalous high-field feature along the
c axis likely related to spin reorientation. Additionally, broad CEF-derived peaks appear around 85 K along the
¢ axis for TbNiAl,Ge, and around 30 K in the ab plane for ErNiAl,Ge,. The single-crystal magnetic properties
of TbNiAl,Ge,, HoNiAl,Ge,, and ErNiAl,Ge, are reported here for the first time. This study provides
systematic experimental results for further studies to understand the interplay among geometric frustration,

RKKY interaction, and crystal electric field effects in metallic triangular lattice systems.
Keywords: single crystal growth, rare-earth compounds, crystal structure, magnetic properties
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