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Evidence for the quadrupolar Kondo effect in the heavy fermion
superconductor PrV:Al2o

Faculty of Science & Graduate School of Science, Department of Physics,
Nakatsuji » Sakai lab
Mingxuan Fu and Satoru Nakatsuiji

A critical challenge to our present understanding of metals is the non-Fermi liquid or strange
metal associated with a collapse of the Landau quasiparticle paradigm. High-rank multipolar
moments, characterizing anisotropic charge and magnetization density distributions offer an

The

superconductor PrVzAlso is a model system of this kind, which features a nonmagnetic ground-

excellent platform for realizing novel non-Fermi liquid phases. heavy-fermion
state doublet hosting electric quadrupoles and magnetic octupoles. Here, we report a
comprehensive study of the non-Fermi liquid behavior in PrV2Also by combining electric

transport and thermodynamic probes, revealing the critical role of the multipolar Kondo effect

in driving the non-Fermi liquid behavior.

1. Introduction:

One of the most intriguing yet mysterious
features of strongly correlated electron systems
is the non-Fermi liquid (NFL) or strange metal
phase, which emerges in a wealth of materials,
such as high-temperature superconductors,
heavy fermion metals, and twisted bilayer
graphene [1-4]. The NFL phase is a many-body
entangled electronic state in which the standard
Landau quasiparticle description collapses. The
origin of the NFL phase is, however, remains an
open question despite decades of research effort.
Owing to its close connection with the
unconventional superconductivity, unlocking the
NFL phase’s driving mechanism represents a
fascinating attraction in the field of condensed
matter physics.

Many prototypical examples of the NFL have
been found in magnetic heavy fermion materials,

which are ideal platforms for realizing quantum

11

criticality due to their low and highly tunable
characteristic energy scales [2]. By tuning a non-
thermal parameter, such as magnetic field,
hydrostatic pressure, or chemical doping, the
quantum criticality arises from the competing
interplay between the magnetic Kondo effect
(i.e., screening of local magnetic moment by
conduction electrons) and the Ruderman-Kittle-
Kasuya-Yosida (RKKY) interaction among local
dipolar moments. As a result, the NFL appears
in a wide temperature regime at the verge of the
long-range magnetic order and is attributed to
dramatic damping of the quasiparticle lifetime
driven by quantum critical fluctuations [2].
Heavy fermion metals hosting high-rank
multipolar local moments entail a new route to
novel NFL behavior [5].

quadrupolar systems, the conventional single-

In the case of

channel Kondo effect is replaced by a two-
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Figure. 1. (a) Crystal structure of Pr7rAlz (7r
=Ti, V). (b) Crystalline-electric field (CEF) level
scheme for PrVsAlzo and (c¢) the multipolar
moments of the nonmagnetic I's doublet. (d)

Generic phase diagram of quadrupolar systems.

channel Kondo mechanism, known as the

quadrupolar Kondo effect. Namely, the Kondo

entanglement takes place between the
quadrupolar moments and the orbital
fluctuations of the conduction electrons,

whereas the conduction electron spins are not
involved in the scattering event but simply offer
two separated scattering channels. This effect
leads to novel NFL ground state without
quantum criticality [6—7].

Here, we focus on a model multipolar system,
PrVaAlzo, in which the ground state properties
are entirely governed by high-rank quadrupolar
and octupolar moments without involving
magnetic dipoles. Through magnetoresistance,
and specific heat

magnetic susceptibility,

measurements, we comprehensively characterized
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the NFL phase and identified the quadrupolar

Kondo effect as its origin.

2. PrTr2Al2 (Tr = Ti, Al) systems

Among the family of multipolar moments,
perhaps the most familiar is the magnetic dipole
moment, which arises as a bar magnet that can
stick to our fridges. These dipole moments are a
macroscopic manifestation of the electron spins.
In f-electron systems, the spin-orbit coupling
and the local crystalline electric field (CEF)
place strict constraints on the shape of the
localized electron wave functions. As such, f-
electron systems may host the more exotic
multipolar moments that describe anisotropic
charge and magnetization density distribution
[5].

In the cubic heavy fermion compounds
Pr7Also (Tr = Ti, Al), the Pr3* ions reside in a
cage of Al atoms and are subject to a local
tetrahedral (T;) CEF (Fig. 1a, b). As a result,
the spin-orbit coupled J = 4 multiplet of the f-
electrons is split, leading to a nonmagnetic I's
ground-state doublet in which magnetic dipolar
moment is absent but higher-order multipolar
moments are active (Fig. 1b, ¢). This ground-
state doublet is well separated from the
magnetic excited CEF state (by about 60 K in
PrTi2Alz and 40 K in PrV2Als), so that the low-
temperature thermodynamics and transport
properties

are entirely governed by the

multipolar moments and their interaction with
(8].
Pr7rAlzo (Tr= Ti, Al) systems exhibit strong

hybridization of local multipolar moments with

the conduction -electrons Moreover, the

conduction electrons, as evident from the Kondo

resonance peak observed through photoemission
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Figure. 2. (a) The electric resistivity p(T) (left-
axis) and the 4f -electron contribution pys(T)
(right-axis) of PrVaAls vs. temperature 7
measured at various [110] magnetic fields. (b) 7*
dependence of the magnetoresistance, with the
solid line marking the zero value. (c) The
resistivity p(T) and (d) the Kohler’s scaling plot
for LaVaAlzo.

spectroscopy [9]. Thus, these materials are
exceptional settings for realizing the multipolar
Kondo effect, which plays a dominant role in
shaping the rich phase diagram featuring
multipolar order, quantum criticality, and
unconventional superconductivity.

The substitution of Ti by V leads to a
compressed unit cell and additional conduction

electrons, thereby, stronger hybridization effect
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in PrVeAlso than PrTiz2Als. Accordingly, PrV2Also
NFL behavior the
antiferroquadrupolar ordering transition at
with ~ +T dependent
resistivity and ~ —/T magnetic susceptibility,

displays novel above

ambient pressure,
in contrast to the ordinary Fermi-liquid
resistivity found in PrTi2Also [8]. Moreover, the
specific heat measurements show that the
entropy of 1/2RIn2 1is not released until the
antiferroquadrupolar transition, consistent with
the realization of quadrupolar Kondo effect [8].
The observed NFL state is thus considered a
manifestation of the quadrupolar Kondo effect.
However, conclusive evidence is still lacking,
bringing about a need for a direct comparison
between experiments and theoretical models for

understanding the nature of the NFL phase in
PrV2Also.

3. ldentifying the origin of the NFL
behavior in PrV2Al2o

We conducted a systematic study of the NFL
phenomena in PrV2Als single crystals based on
magnetoresistance, magnetic susceptibility, and
specific heat measurements over a wide
temperature range from 80 K down to 2 K by
pumping on liquid 4He. These measurements are
made possible with a stable supply of liquid
helium and nitrogen. Our results allow a direct
comparison of the observed NFL behavior with
the theory of quadrupolar Kondo lattice.

Figure. 2a shows the 4f-electron contribution
pas(T) to the resistivity measured under a [110]
magnetic field. The broad peak in p,r(T) at
about 40 K represents the CEF splitting
between the first-excited magnetic triplet state

and the ground-state doublet [8, 10]. Above 40 K,
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Figure. 3. Generalized Schlottmann’s scaling
relation for the 4f-electron contribution of

the magnetoresistance.

the resistivity follows a logarithmic behavior
p(T) ~ —InT due to the magnetic Kondo effect
induced by the CEF excited triplet state. On
cooling below 40 K, p,s(T) enters the NFL
regime, as the nonmagnetic ground state
becomes more populated while the occupation of
the magnetic excited states declines with
decreasing temperatures. For magnetic fields
B >2 T, the longitudinal magnetoresistivity
shows a negative minimum at ~ 15K, and
undergoes a sign change from negative to
positive at ~ 8 K (Fig. 2b). Such behavior
contrasts strongly with that of the nonmagnetic

LaV2Alzo, which the

magnetoresistance remains positive in the

La-analogy for

entire measured temperature range and obeys
the Kohler’s
conventional Fermi-liquid state (Fig. 2c, d). The

scaling as expected for a
sign change in magnetoresistivity in PrVz2Alzo
may suggest a crossover from an incoherent
metal to a coherent heavy fermion liquid, like in
the extensively studied Ce-based heavy fermion
materials [11].

The magnetoresistivity of ordinary magnetic
the

scaling relation; namely, the temperature and

Kondo materials obeys Schlottmann’s
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field dependences of the magnetoresistivity
occur only through the ratio (T + T*)/B, where
the characteristic temperature T* plays the role
of the single-impurity Kondo temperature [12].
In contrast, the two-channel Kondo lattice model
predicts a much smaller power exponent of 0.5
for the scaling relation, such that (T + T*)%>/B
[13]. We, therefore, adopt a general form of

Schlottmann’s  scaling to analyze our
magnetoresistance data, such that
_ Pas(BT)—par(0T) B
MRy = par(OT) ((T+T*)ﬂ)’ W

where MR,; and F (x) are the 4f -electron.
As shown in Fig. 3, the best scaling gives g =
0.6 + 0.1, which deviates from the value for
magnetic Kondo system and hints at the
presence of quadrupolar Kondo effect.

We then analyze the NFL behavior of p,(T)
in the paraquadrupolar state based on the
quadrupolar Kondo lattice model. The 4f -
resistivity p,r(T) displays the ~~T behavior
below a characteristic temperature T,, which is
weakly dependent on the applied field (Fig. 4a
4 the
resistivities pur(T, B)/par(Ty, B) as a function of
T/Ty. Notably, pus(T,B)/pss(To,B) obtained at

inset). Figure. shows normalized

various fields collapses onto a single curve,
indicating that a universal scaling relation holds
in pur(T) . This scaling relation is in good
agreement with the theoretical form of the two-
channel Kondo lattice model [7]. Moreover, the
expected scaling behavior of the normalized
X4f(T'B)/X4f(T0: B)

occurs in the same temperature region. These

magnetic  susceptibility
results indicate that the quadrupolar Kondo
effect is the primary driver of the observed NFL

behavior.
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Figure. 4. Scaling plots for (a) the normalized
resistivities pys(T,B)/pss(To,B) and (b) the
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fields. The solid lines represent the universal
scaling curves obtained in the quadrupolar
Kondo lattice model. The inset of (a) shows
the NFL.  behavior p4f(T)~\/T below a

characteristic temperature T.

Nevertheless, a broad Schottky anomaly
centered at ~ 12 K prevents us from conducting
the scaling analysis for the specific heat. Below
~ 8 K, the specific heat shows a power law

~3/2 " which is more

divergence following ~ T
singular than the logarithmic behavior expected
for the two-channel Kondo lattice model [8]. In

this low-7" region, the magnetoresistance
changes sign from negative to positive and the
scaling relations in the resistivity and the
magnetic susceptibility no longer hold. The
nature of this low-7" state is still an open

question that awaits further investigations.
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4. Summary

The studies on Pr7rAls (7r = Ti and V)
systems may contribute key insights into the
strange-metal behavior and quantum criticality
driven by the multipolar Kondo effect, rendering
essential new knowledge for an inclusive
understanding of the orbital-induced quantum
correlated electron

phenomena in strongly

systems. This work presents a comprehensive

of the NFL

phenomena in PrVz2Alzo, which reveals universal

experimental investigation
scaling behavior expected for the quadrupolar
Kondo lattice model. This finding points to the
critical role of the quadrupolar Kondo effect in
shaping the NFL behavior. Deviation from this
scaling relation takes place in the low-
temperature regime below ~ 8 K, accompanied
by the sign change in the magnetoresistivity and
the power-law divergence in the specific heat.
The presence of this anomalous low-temperature
state indicates that other mechanisms that are
not included in the theory are at play, which

deserves further exploration.
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NMR Z#f L= GPCR D RERIRMIE DA

RPRUIRE REMFER £ahEFHE
=8/ #. LA ER
BEPRA £ ImMRtr 45—

SH BKREH. I\H

—x

GARAUNVBEHEMZAR (GPCR) ITUAY FIHEET S L. MANS T FILREREN KA
[ZERT 5. HAIWIHED LT FILEERRINERMIFRELENS, CDKS5% GPCR DY
TFHIVEEFHEEIC OV T BEEMENLHRL SBBANRD LN TS K EE (NMR)
EIE RFLALTOE VN BEOBERBIRGARLEINAEZTHY . F NV EOBNGHE
AEMTEL2RNFHMTH S, IBFED NMRETIZEY ., FBREDADVHER L= GPCRIE. G &
VN B EDHMBARL T FIVEESFLIEE LERBERFELGY  BROBERMES 1T v )
[CBBLTVWASI ENOA > TE R, HRAGYHY FAREET HZ & T, GPCR OEHFEEMN S T
L. ST FIUREDERE CRBERMENEILT S EXALMNHE>TEY .. GPCR DEIRILIE
B, HERXRICEEZEQRINEZRLLTVWDEVZ D,

AWFFEE T, EmBLE O & AIFEFFE~D
JISHZ BB L, MEEMFRTFIED—D2TH D,
BRERILIE 2 VT, FIEORFREB LS H%E
ToTW5, ARTIE. NMR EZ AW, UH Y
AR 72 GPCR DOTEMEALHAE DR 21T - T2 i
TR T D,

G BEAE L&A ZREE (G protein-coupled
receptor, GPCR) 1, A DOKRNLE LRV F T R
DIRAREYE O FIR L L THRET 5, BlfET
IR SN TWDHEIFD 30%LL Eik GPCR Z 4R
L3 %, GPCR 1%, MgtV o Rz Xk 0 iEME
b3 % & MlNO G &EAEA2TEME(L LT, cAMP
R EOMBANY 7V EiFii T 5,

NMR 5%, AR EV KSR Tz B0
T, F X7 G OSARERS 2[5 L~V TR AT
REZR FIETH D, GPCR 2B LS /7 HIZH
WL, thoREEEY PRI CL < HWbRD
S EVEMEA X LA RIREBICIN 2 T, 10 nm A
=)V DA gk 2 X7 BT X ZEL
L7z /T 4 A7 COfNTHA[EETH B,

22

fi OFEEAEY) PR TFIE & [RIAR . NMR f#fT i
TH. JEMEZ2HEFEF L7 GPCR 24 72< &% 0.1 mg
PRI, RFEERBIRSICLVHLI0ERHDH, NMR
BT ik, 1H, 13C, 15N 72 ¥ NMR &3z MO Ji
TEEBINT 5, £2C, GPCR #%—, H25H\
IXEBALIEIR IS 18C F 721 1N Tk L, 1H-13C
F721% H-BN OFEA~Z PVERIET D Z &
WETHD (K1), F1Z GPCR 1L, FiE A
SEARTF )T A AP TR FRERDIZD,
NMR HIERE NGRS/ D Z R D, 2D XD
PREAIT, BT D A F VA BEIRAIC 1H-13C B
HUVTESHT I REZ BRI 1H-15N 2L 7o
kT, 20AMEEEICH (D) F#&T562 LT
EREALRARETH D (K1),



GPCR @ NMR EHTIZ B\ TIE, 2 0E RN A
AEAN LT ATFVED H18C HHVET IR
o H-BN 7ol T7a—7 | Oicxis L
NMR v 7A@l Einsd (K 2A), % NMR >~
7 FNOBAIERE (b7 b)) X 7Fe—T
WS, T 7eb bk 2 K4 5, %
fRY AT RE2EN L2126\ T NMR #IIE %2
BIow, 20FEy7 helkigd 52T,V
TV REGDORELZNIC & b7 ) EEEE
C7eifr it % (¥ 2A), £72. GPCR &%
BEOBEDOM Z28H L TWHEEA, D NMR
yﬁ%»@m$y7k%v7%w%§ﬁ\%%ﬁ
DEHZ OARRER O AZHE LT L7223 - T
BRAAZEALT D, W, BRx 72T A — X ZE
L7 NMR AX7 hVOBEY I 2 b—va %
BV, ZNEFENO NMR A7 kL L g
952 & T, BREORILE LOZFOMOA#LIH
EERELHZENTED (K2B),

NMR &2 HW5 2 & T, GPCR O kG %
AT A 2 E b AHECTH D, —KIC, NMR £%
W& 782 v 7 BofEGERE T, &
F— =T HF -5 (NOE) ZFIHLTTAL
WIZdH D H FFEEAE MO RIET 2 F

4
\ S
4 o i B D,
HzC, D,C,
CH join}
2N SN
—N & —N
H O H

41 GPCR @ NMR f#EHr CH 64 5 15k
NMR f##T Cli% GPCR &L 13C £ 7=
% BN CHEEER L, 1H-13C F 7213 tH-15N OFHE
AT MVERET D EDBENTH D, LK
TlX, AFF =0 DA FNFEEBRINN 18C £k
L7efilZzmd, ARO X S, B4 5 H OJF
P2 RN 2H (D) CHERRT 5 2 & TR
HE R FIREIZ 72 D,
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ER—RTHD, LoLAans, RmiEhaAl 2
AHO GPCR 72 &, @&y VR 7ETIE
NOE@@mWf#T+ PRGN H, ZDO XD
BATHLANRTEL LT, VAT A VFRED
MEHICA T E 2B OERELZEAL, FHRMERE
FEEEZN . (PRE) W TC, B AL L 1HIK
FHEEAY C OIEBEZRIET D HEND D,

A | EEBERESREOASTHL FHRERBAREDASIMIL FEEE - BAFBR R ARET
! — — o o KELAEL I E T HTE
L3111
11 ‘/I‘ , o .
e L5, JO—1340 FEIE G <
E e ’A’k"" (“?r‘,cﬁ
‘z% L1ss. L144 1230 L167 ’)‘ f}‘ .
T N~
122 - K L6t b {
o 2O Cn
124 42 -l (!
) /8 s |
a‘.u 5 80 75 - .
H tppm) 'H (ppm)
'
B &HufUEsEELkED sEIFUES  [TEER _,25 ]
11 NMR &7 F LDAL S I BB O Lk Tx*ga-) “
WETH 50000s \ %ss‘
1y .
E R AR
Z s IS0 % 1% 98%
° Fm 0% 1% 99%.
Olo 16% 35% 49%
s Clen 53% 46% 1%

3%

GID T ‘ﬂ 76
cz 8%

H (ppm)

2 GPCR @ NMR i T H i 5 15 i

(A) X mA 2oz BRI BN B KOy
H A L7 BT R U UK (B2AR) @
Wi{EENEL (Carazolol) - {EE)ZE (Formoterol) i
AIRAED TH-15N FHBI A7 b, A WifEH)
LB TREALFET 7 FRE LT
FH:Z BAR OWHFEEIEER &AM E (PDB ID:

2RH1) It~y B 7 Lzt o, WifEEHE & (Ei)
OB LY WEEPRKE B E ST T80
NHHTE 5,

(B) £X : v A 2 EBHREVIC BN B X USRSy
2H 3% L7 B2AR @ L212 H3E NMR ~ 7 /v
IZDWT kA 72 U T REEEIRIED A~ L
EREDEZL O,
Formoterol, Olo: Olodaterol, Cle: Clenbuterol,
Alp: Alprenolol, Cz: Carazolol, 4% : NMR ®
MY I alb—va il EbENS Lne
STz BAR D 3 IREEFHEET V. T ORIEIT
FUH Y RiEGIRIEETO 3 IRED B Z/RT,

ISO: Isoproterenol, Fm:



ZOHETIEETAE LD 20 A DINICHE
TOHELEOBEA Y DIRERFIFHIHIE TE 572
W, FRHCEEEANY v 7 AOHEBEL L b0 X
D IRy FRBOMEEEAAL O IZHE LT 5,
Fexlx, fRx RALEICEF ALY 28 A LA
DB E HWT PRE fiftr 2 272, GPCR ®
rua—NigE el TE LT L ERLI

(12 3),

WEERE RS S L e ANEERL O GPCR, BL W
EEhE L G Z o X7 B REA LT GPCR IZ2oW
T X HRAS SRR IR 2B 1 B ER AR 12
L0, 2L OEEMFHMANER-IN TV D,
— 5T, {EEERIEA7A 72 GPCR O ¥ 7 VAR
WxkEz2 5 ECcEER, FHEOLNEALE
GPCR OfEIEIZOW T, IGHICHEEY 5295 5
B ERRORA S R ENEASH TS Z
EWETh T, Fxld, Lo PRE O Fik%
Az Z LT, EFHEOLPHEAS LT BT R
TV U (B2AR) DOSLARKESE 2T LT, 1t

AELZALELZHD NMR Jo—7F
LORBOEREFRORE

o Ly e I PO 5 Si
ZER{UFEEE

- K Wl LNy 1P
(NMR Jo—2") AEVTN :

3 721X : PRE f#HTIC CHUS T & 2 BB H o
R, RN 1 @ATCEA L2 A%E
FEHUHER R TL; B@) & EEW
T % & T A DI FEITE A U 72 22 18 RN A
i (NMR 7'm—7 ; K@) DREE @A T
X%, A : PRE f#HTIC X H#EEE L7- B2AR O
TEBERS ke O (PDB ID: 6KR8), kEx
LB A E T~ LA LT ORET
PRE fiifr #3279 Z & T, GPCR ® 7 m—
IS A AL TE D,
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SfRILTN 2, (EBIERE G ¥ U T BERREA L
7= B2AR O TIE. 5 6 IHEE~Y v 7 A (TM6)
DAMANC K& S BRVTW B Dicx L, SR 4
GG L72B2AR OREETIL, TM6 1% TM3 B &
ONTM5 LT DALEICE EF - Tz (K 4A),
— 5T, WEEEKAEEA Lo RIE MR L L
T2 &, TM6 (TARAE PRI B A CIREEHEI O (2 [FI#E
LTWe, ZHUZ X vk S5 TM3/5/6 DBfK
VD7 5 A% —% G &I ERRET 5 LT,
TM6 23MAl~> 7 R L, G # o8 AR~ L
BITTDHZ ERbhoTe,

A EfEBRESRED
#&&H#i&(PDBID: 2RH1)

NMR (=&Y AR AE LI
EBEOAHEELIIRED
#3& (PDBID: 6KR8)

EBELE G AV OHI AL
ﬁ!ﬁ@i‘ﬁaﬁaﬁﬁ(PDBlD: 3SN8B)

L275(  TME
™5 A7

B BRI
UHUR

™5 T™Mé

1230 A265

4 NMR fEHTIC & 5 B2AR TEMEALHEAE O fif
(A) B2AR DOWHEThIEREAIRAE, (FENIED ZfhE A
RRE, {EEIR & G & v 7 Bl AIRIE ORI,
WIS BAR E8HA VAR ET VTERRL,
AN B AT b D ZRT, KREHEZEL
3% TM5 & TM6 OfiiiE %73 & & biz, TM6
LD G F T EREENERETH D A271 -
T274 + 1275 % CPK €57 /L TR d 5,

(B) NMR #4772 5 8 5 262 72 o 72 B2AR O 1E
Py, TM5 & TM6 DR 2 iE 28k 27”7,
TM5 & TM6 (1%, Z 24 F208-L.212 & T283-
L287 OALEIZHTALHI S U BAIFEL TV D, v K
7> Al GPCR TiRfE & iz PIUF €£F—7 %
R 5 P211-1121-F282 B LY TM5 & TM6
DOEEEL CEEZ L230 & A265 2/,



F72. GPCR XV H> REEAICLY, 20> 7 [2] S.Imai, T. Yokomizo, Y. Kofuku, Y. Shiraishi,

TIAGREETEVERER T 208, ZOREITY TR T. Ueda, I. Shimada, Nat. Chem. Biol. 16,
WX VEER IR D, Texix, Hixlcv 7 g 430 (2020)

EIEEO BRI D) H o RREAR LTz B2AR 220
TALFY 7 MOV FAREDE(bE R L, EBEBNT
I T, IO OIS OFEMAZ NMR A~
FLOIEY I 2 b—a ik BiEd -7z,
ZOREFR, T TN E G S R DA E RGN
2T, GRS & e ATEMERIEE O 2 IREE
DIFEL, U AV RIS LTI b0 oM
BT 5 Endbinotz (K 4B), Z O Pl
HEEBTHIET, VIV RIZED BAR D7
FTHREEEOENLARICHIITEL L1
ol

LD X 512, NMR #EERWfRITIc L v | 1E
hE(C K 0 IEME L Sz GPCR O X, G ¥ >
R EORIBNIK T 3RS LIREE IR E
CHEIpoTRY | IHENRR LB OHEER %2 D
nEh< | BN NS H D 2 ER LMo T,

=B W
&AM

HOUREIE OB R
KW,

EH HR

&AM
HOURAUEETR (RFABEIRRATTERY) o
B

S L
WA
HUL S FEAT LM B RERL PR FE o & —
R FEIREIETE T — & LikbigE
B K,

EREFWMEL 7 —LDEEE

AHFFED NMR HIE CTlE, Y4HFFE= D Avance
800 (Bruker t, B5HRE 18.7T) % H 7=, A%k
X, 2 HEEIC 100 L OWRIE~Y ¥ L% Fetid
HZLENELT D, o NMR EECHEATS
b AEHE T, YHFFEE TR 3,000 L 4
DR~ T B EBEH LTS, LEBN->T, &
AN L7= & 5 7RAF2E it KEDEREA~Y 7 A
ERENOLEMICHAET D Z & & ATRE & D KR
BFEEE o 7 —0, LERFRTH D,

BHE —K

L

SRR A B OEB R
B BT G B R S
B RSy T I R BT — A
F— A —F—_ B

S5 30

[1] I. Shimada, T. Ueda, Y. Kofuku, MT. Eddy,
K. Wiithrich, Nat. Rev. Drug Discov. 18, 59
(2019)
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AEEICLS5ET / AFEREEDREDR

RFZPEGREPHRY LRAEGELFER SEEHRE
INEEEBTE. BAREE

AAETHABRAZAVNTE T /AFEERL, ERICETIREAMEL LT, E1F 0 ZER
THETHEHMFDORELZMADTHFND 2BEORIDERZIT o=, ¥ T4 A BFEMERICK

SBEENLET / MFAEKREE

SERESN TSI e of=1=8. IBEMRD & EERSN R

DITENENFEBLTOMLI-EC S, #EE. £ I8, AlBOSMEZREREMEL LTEEL
Bt=c SYWEZR= in vitro TOEF / MFERICHN LIz Mo, HEEICEVLWTIHMEN
BRALTES /HFEREITOTVWAEVNIHBZIILOTERELDT -,

1. WEDITKSIET/HFERITONT
&F JRiF &1 1nm 705 100 nm DRKE D
GORIFDZETHD, 7/ A ROEHEFET
IREAET DR FOREPREL 2D | 2K
AR T DR EBEBFORNAERE 2D Z LT,
B A R L MIN DS O E RO, 2,
3l, Bl A TR m O B HEFBFEDORE DN
Lo TIEBTL2 2L TEHR T T XTI
(SPR) WU %, SPRIZ K » TR FRITIKTE L
T DOEADBIEIND Z LML TEY
20 nm FEE DK E SO4F 7 ki 11% 520 nm D
DR SND Z ETREICRZS4], ZoX iz
KRR E2 a2 280 b, &) RiFI3E
RROLFONH THEZFH ST 55, 6],
BIE, &F )R 37 o U BE AWTEeA 4
I HFEEITI LD & LT - En 72
FECEVARESNTHA[T, LirL, Zhbo
TETEE - BEEGTH D Z L0, AEREIE
MR EL D Z b, BRAMAEWEEZZ DI
TWb, BREW - RFH 2 2 S ORWEi 7272 Fik
& LT, AEMIZ X DAEWFEN R ERTIENE B
SNTWD, WEWE&RET / RICBET 258
VAR NI BERAORE 1 % FF O RGN B D58 FLIZ i &
KT 5(8], AMENSEBRA A ERMT S LI
EO&ET I RAFEERT HIENTELDTIE
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RN EBZZ B, vk TRl TOe)ET
J KL O RN TV A9, 10, 111, B4
YR VAR o VA = A E SR S R e
P, WIREE T CRIEROBIEDIC TERT D
ZENTEDI LMD, REICRSLWFELE
ZHNTND,

& R ART DA A EETT D
BIUAlE . R OREZ I Z 2 0 AN LETh
L0, WAEMTEBNTEILA - mEgEl e LTHE
TOWEITIZEAEHAI TRy, &R/
B ERROHEEL M EEE D702, BITAIR
DHANIDFRENRAIR T D, ARWFIETITILBEH
Lactobacillus casei ATCC393 # (FLEH) 12 &
D47 ) R A B ORI & B IR 24T -
Too BT BNE S TOAE~DFE LD <
Wb BHThHD, £l MBEZET L2 L0
O, &t S RFERMAEY E LTSI &
EZbND,

2. ABEICKEET/ HFERK

MRS 5512 FIVTHE#E U 72 FLIR A 2 IR A K 1S
TUHEHT 5 2 & TR Z2 B0 BRu M e, Beif L
T FLBEHE A AL AmE D U U AKIRIE (&) (2%
W EET, BRRETFINL TOARWEER (AuG-))



XA S22, &fE2 RN L7 BEE (Au@)
&7 ki1 SPR HIREZX LN LHEADRE
enEEInz (Mla,b), EHikZZEAE 5
e (TEM) CTEIZ L& 2 A, Bk EiCEukL
To@igsi (K1c), Imaged [12] T
PP RAFHAI L7 & 2 A, SR T1E 29.6 nm
Thol, BRREEZOY T ZHONT, X #
&N (XRD) 21T-7- & 2 A, 20=38.2°,44.8°,
65.1°, 77.6°l BV T E—7 B Enz (X1d),
IHOE—71% Au fifao {111}, {2004, {220},
811} mkEEx b, &F /R rRAR I
ZEDNIRENTZ,

ABHEIC LV Al ST i TN ERD £
O THRREN TN DD EHEI D D T DICHEIK
DOHFEEIW 21TV, FIWE % 7 7 A A EERE T
BAMEE (SEM) ([CCHBIZR Lz, “RE 4 L
BB E DN, & ki3 RaEE ks &
OBEAEREICTARSN T DT REERINT,
IDOZENL, BT R TERICESE LT DY)
BITIRE X OB SN LT v a sy (A
W%m P WHFEELTWDEEZ, TRENOWY

DT EIT> T2,

1. (@) FEE AuG-), (b) AEE AuM),
() Au(+) ® TEM 14, (d) Au(+) ® XRD A~
7 kv, (e, ) Au(+) @ Cryo-SEM # ((e) —

WEFG, O UREFS M oRENEeT
SRS TR T,
AU(+) T@/j‘:\-j—/*i%/\ﬁkz))ﬁﬁmu éﬂto

27

3. IBEMSOSH

MRSy 245 D T2 01T, @R Z AL T2
WELEEE Au() & & T /KL F & ARk L 7 FLEE 1
Aut+) #ENZIVEBERBIELTZE Z A, Aul-)
XA LA =0 AL DB ORNBBIE S
Too = Au+) ITBEPREETHoT, 2D
EMBIEER S Th D BB D3 T /R DE
FACHFIH ST b &35 2 b7, Bligh-Dyer 15
ZHWTIRER Y Zfhi LT e b B s

(H-NMR) 12t L7z & 2 A, Au) Tix AuG)Ic
T 5.35 ppm. 1.94 ppm O B — 7 23 FHZE I
HLTWBZ ENRhoTz, 1.94 ppm O E—7 %
AEaFn sl e O—CH=CH-IZBi#ET 2 A F L oD
Tuahy (TINMIOTE h) IZXDHDTH
v . 5.35 ppm Ot — 7 [FI-CH=CH-|Z &LF‘/\ L
e7m B ACHRTAHDOTHD EBZ LN,

FH _EE S R ONRE R 038 T %ELL“CL/\
ZD\_(I:ﬁ)mu&éﬂf: (.2>o
|
1
}| \‘ \ \ {
i by fL 4\ ‘Hf“ \HM 1
4 3 2 1 0
tF> 7 F [ppm
|
I
VANIE !;
6 5 4 3 2 1 0

¥ 7 b /ppm

4 2. AL () Au=), (b) Au+) D E A

D TH-NMR 2~<7 bV (FHARKIZZRZE
DYEIR D BH)

WEHROARAED AR MERL Sy DI 13 E 2 B,
RFEM EHEAREROIRE THDLZ ENE X
biviz,



TNENDOIEE % kg s e~ 77
74— (2D-TLC) THBEL. 3 vHRICLDMit%
{Tol=& A, Au+) TIEREMICIRE DIFEE
DAL TWDHZ Engholz (K3a,b), HT
b, P THS R LIZAR Yy MIBEFICEN RS
N7z, TLC 7L — "oy U BTN Eh& &
I/ =0= 5\ N R e AN
NU w7 AL — W — B A AL BT

(MALDI-TOF/TOF-MS) Zff L7z, m/z939.6,
953.6, 967.6, 981.6 & 14 ¥ A —7 NH. 5
Nz (M3c), ZNHDOE— 7 3T AF Lo HHK
D~ A#ETHY, TLC THROLNIREITIEI#HZ

r T T 1
950 970 990 500 750
m/z m/z

X 3. (a,b) ERfMHIERD 2D-TLC ((a) Au(-),
Au(#), (@ (@) FHATRLEAKSD MALDI-
TOF/TOF-MS %<2 h, (d) (0) FO m/z
967.8 ® MS/MS A~ kL

& R A RIT &0 KB & AE 8 & R o
JEE S LT Z L 3 5yinoT-,

=

1000
[M+Na]*

HOOH
o]

HO
OH
0 o]
HO
OH
(4. DGDG O Ri. RelIznEhAfid
T & &2 FF O IRALK R 2 77T

0O —CO—Ri1
O —CO—R:
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FOWEThHDHEEZ BN, m/z967.6 DWEIC
DNT MS/MS JliEA#1T > 7= & 2 5,805.8, 685.5,
5235 e Ll — I REb T (K3d), B—7 7
12162 B L1282 THY . TZAUAK LTI
BERSED 7 7 7 A v b B X O FIAR S B Sk
TITANOEREETHD EHEE Sz, F2,
2 U = ZWED S FE A Cs1He2015, REIFIE 6 T
bHZENHEESINT, TNDLDO/RERNG, 20
B — 71X 0O AR EFIREIGEE & IRALKFEEHORE S
LEBEREE CHLAY 7V av Ty rs )
27—/ (DGDG) ThHZ ERWAL NIRRT
(1 4), %% %t NMRHIENS, oo T
7 h—A, MO 7N a—2 AUEHDIEIZFEA LT
W5 Z & W5y 2, MALDI-TOF/TOF-MS C#!
BINEIENPDOE—ZICOVWTHREHDOESID
725 DGDG ThoH EFEZ LI,

4. BENES DS

WSy 15D T80, F5a8 L, BRI K T
U 7= FLER B 2 R K P IR L=, 8 REE DR
#%. 045 um 7 4 /L —IZ X0 EHIREY & BRO
BRSNSy & LT, BRSM RO IC @ik 2 U
MU= A, WKITEBIZEA L, TEMIZT
BB LI A, KA ROZAS /NS IRIA D
BEshiz ([®5a), 2D LD, BRI
VTR T DEEE M X D0 BAI DN B FITHFIEL T

BB

(a) TEM & (fARIZEADOZE), (b, o) SEM
% On#EE (b) 20 kV, (c) 1.0 kV)
BIFRED /NS Fp T /R DERHEIR O A HEW
BlZEbih T\,



WD Z DRI E T AR S VIR &2 SEM 2
TINREE 2B 2 TBE L, IEELE TS
I CIEBLEE T E RWABEW 72 SR JeE
DI SNDOMEEZBET D ERFRETH D,
IR 20 KV CTBIEE LIz & 2 A, &) 2 ki3
BRI Bl S 7oy, IETEIE 1.0 kV CTBLEET 5
L. A EEZ DN DBHEROMENBIE S
72 (M5b, ¢)o F7o. BRI ITHEMEE S > T
wt_&#% WD L 5 72 A FE o T ke
BBERSEAIR G TH D EEx BT,
-W%& YOFEMR G EATII2D, TI KA

7 hxw AW EidiRik s v~ 72 7 ¢ (HPLC)
- 80
a “'\ F 75
|
Il F 70
i 1 L 65 %
R | k- 60 £
& | “‘ """" | o 8
\ \ 1]
\‘\ 1 S
v A - a5
— . —————— 10
0 5 10 15 20
1RIFEER /min
b s CH
SRR ’ 569.1
COCH, |
\ |
|
I !
Mu‘ JM i'oj! d// il i e et
454353252151050 500 600 700 800 900 1000
%7 b /opm m/z

X 6. (a) ks ESyD HPLC 7 u~ 27 F A,
(b) E%y F1 ® 1H-NMR 222 kv (c) B4y F1
® MALDI-TOF/TOF-MS 2~ kL

F1 1213 m/z569 DT & F )L EZ FF BN TEE L
TWa EEZ LN,

a
o8 &A,
H
NHAC
b o]
%OH
OH

7. (a) LNtri (LNtri IDO#&IE, (b) FLEEOHEE

(2R DG DT BEEAT > 72 (ﬂ6a)o oAV A
BRI T oM 2RI oo0ic, FE—7 %

53 B U CHRS HE AR 1 ;Dhléﬁfé&%%m
L7, BOBLEBE LI LA, KPRAITHR
L7z F1 OE—271ZBWTHER L  AnZ(b 1 E
BN, ZORSOSNTE T T2, FBRL
7-v—27 F1 %2 'H-NMR [t L7z & Z A,
3.5 ~4.0 ppm T ICTHEICHR AR E— 2 &K
19ppm I 7 B FNLEOEY — 7 NEE I T

(4 6b), 72, MALDI-TOF/TOF-MS (Zfit L 7=
&:5\m@%9®V%_7ﬁ5_7ﬁﬁﬁéﬂ
72 (K6c), ZDOFRERMNG, B —27|Z1% Lacto- V-
triose (LNtri) @ X 9727 & F /A b S iuiz = FEM
FHELTWS EBZBNT (KM T7a), £72. MS %y
oG IXME e e — 7 IXBIE T e o 7203, H-
NMR T 1.2 ppm [ZHBNT-ATF L EOE—7
I EFLEE T S RSN S BT LT D IR ok
DHLEDTHDHEBEZ B, LNtri & fLE»reT /
FLFERICETG LD EEZx b (B 7Dh),

5. invitro TO&T / BFER
ZHETORN NG, FLERE DREE sy
DGDG, -%ﬂﬁwvnglekﬁ@wV“f/ﬁ
FERIZTFGTOMETH D EREI N, BRK
T X0 EBRCAT SR RERTE 200D
D10, H DRI @M Z A D Z & T
F kiAo D in vitro & E A AT, DGDG 5 LW
LNtri & FHBEOIRERENENNDREGCD A
NElEs e (K8a,b), TEM #5241 To7c & =
5. ki EIE S, Imaged & VTR OH]
ExAToT &2 A, YR FRITZENEN
59.6 nm & 66.7 nm “C“EP)O?LCO = 512 DGDG,
LNtri, ¥LE2 D 3 WE DIRGRIZ S AR LTz &
_%\$QM%émnnm®$%/m%ﬂé&é
iz (X8 ¢) o FLBEH A2 - W BRIZ B R S 4Lz
& S RA DR AR L RELSED LRV IS
SN2 b, FEESNZ SWENEERNT
HAERICHTE LTS AIREMEN S 2 b7,



. (@) DGDG. (b) LNtri IT & HEEDOIRS

. @3¢ BEORAWK \2X D in vitro&T )
BB HSEBR O TEM 4

6. &F/HMFERA DXL
ULDFRERNBEZ D &T /T HRET
N ER9ITR LTz, ERSMTIRINE 7z 3 flid
A A AR ff?éﬁ%“Dmmw
Lo TRILEND, BIL SN GIEE R AT
TIW%®W\#FQL%$#WZEﬂ\+/
Kif-& LCHAET 2 EEXBND,

[ @

.
o sAu(lll; n
Q~ "
= \.
.

T T\ -
‘  — |\ I
~IF FﬁUb/{ I I | .

o FLES
LNTr

/1
II

ﬁ U BEE
T T \

e AT Qﬁw“'ﬁ?’?’rﬁﬁﬁﬁﬁﬁ f o
A8BALL MMHHHMHHHM

ﬁ@ﬁﬁiéﬁ%/ﬁ%ﬁ%%?»!

X9.

7. BHYIC

AMFFE TIXBE IR DOIRAFOHME 2 IR R &
I UE L7z, £72. NMR $E o I 3@ s~
U LMRPEETAL, ARREHFONE LD

30

. AREB MR X — D DA D
HoTDOHLDOTYT, ZOgEEHEY LT,
LB L BT £,

\/l:l

7 < i

SE X

[1] Wen, D. et al. Particuology 7, 141-150

(2009).

Kaur, A. & Gupta, U. J. Mater. Chem. 19,

8279 (2009).

Lohse, S. E. & Murphy, C. J. J. Am. Chem.

Soc. 134, 15607-15620 (2012).

Haiss, W. & Thanh, N. T. K., Anal. Chem.

79, 4215-4221 (2007).

Jain, S. et al. J. M. BJR 85, 101-113 (2012).

Jimenez-Villacorta, F. et al. Carbon 101,

305-314 (2016).

Frens, G. Nature Physical Science 241, 20—

22 (1973).

Blakemore, R. Science 190, 377—379 (1975).

Ahmad, A. et al. Colloids and Surfaces B:

Biointerfaces 28, 313—318 (2003).

[10] Kimber, L. et al. Small 14, 1703145 (2018).

[11] Nadaf, Y. & Kanase, S. Arabian Journal of
Chemistry 12, 4806-4814 (2019).

[12] Schneider, A. et al. Nat Methods 9, 671-675
(2012).

[2]

&M

IOBEERTE
EYMERIEE, SEFE

BENERVWTERAT D EBEITERY =0,

fi PR

EmmgIEE,
NRAFIHS

SHTiEEE
JE—=2a VHIR®L>TES !



HEFRAARE ARRERS



@ BEFRAMREMLFER

PELFRRE

U7/ RBEEREREERLTOIRNE S FRALERRERER

ISR DIESE

T BRERE BRI, BRI LD L
T L LRI HEREME 2R T 2 E B IR ARSI T
WAH[14], 7 BRI, T ) K
I U7 s ZS AR ALVE LS KV sRpEME3 58 B L
T FREMER D HFRF CE D721 T <, AR DT
PEORENBBA A ZHND Z LI §igr
WAEWET L b TED, RFETIE, V7T
J BIRIEA A L IBBRERA A FE I A A
F RS T L LT, WSROI R EE
H 9 5 H 5y 1 A {[Ho@-pyridone)s(H,0)]
[M(CN)s]} -nH20 (M = Co (1), Rh (2), Ir(3))[5]. ¥ &
OV - IR K0 HilEN AT R 72 B AR s B Ak W IR
% 3R RbI[Co"(3-cyanopyridine)>][WY(CN)s]
AR L7=[6],

. BRERLEEMKELZE T IESTHEA

Ho-Co #&£&(1), Ho-Rh $£A(2). Ho-Ir S5 (3)I%
ZHEI, Ho"'Cly 6H20 & 4-B'Y RN EEfiELT-
WHEKBEKR S~ T /) &FHEIK
(K3[Co™(CN)s], K3[Rh™(CN)s], K3[I'(CN)s]) 7%
R L To KR =N EhRA L, A Ui %
PrEH, AREFHET DI & THADHK RS L
THLN, Hifish X EITIc X v 156z
PEROREE A X 1 IR, 3 OSSR, ffkiE
WEEECTH Y . BHHER TZEMBEL Cmem IZJE L
T/, Ho" OFfAEE X, 4-8° Y R EKDEL
L7z 7 BENL W HASERITH V| Z OfEEN HRE
ST A A SO DI R E L T, Teb b,
BAL LTS 4-ED Koo 02 [T OH R TH D
ZEDNRBENT, WITKEERIT OV T ORI
EIIE 24TV, By a2 A R4t L
TiE, % Ho $ftkzZzoEFHW L LET 3

. - =
—0 = —

32

02

03
01

Co1/Rh1/Ir1

01
03

G2

B 1. (a) 1-3 OfEfMEE. (b) Ho™ J& YV OB L
i, BRANIRALZE S il

IVENFIZ L DREXFER O BN K E | Wy
AZEEOBRNNRNETH D70, YT 28 A LR
TR LT GiE 2 AW T, £ ORRREZE) 2 8~
oo 4 212 1 DAZFHHRAGIIE DOFE R Z27~$, 2-15K
BT A KT D BE b DBV S 2,
TNA BT NV AW CTHERFERRF 2 KD 72, 1
KRR O % (In(0) Z B E OW#T7 v b
L. UFOXERNCTT 4 v T 4 T EITo72,
Tl =15texp (%) + 7gtm + CramanT™

I TEHEIIA— Ny R, B HIT R T
RV TR BEHEIT T UEMER LT
W5, EORER. 1, 2, 31TBIT DA — Sy \jife
DT RF—[FEEEIL, T E i 89.8cm !,

86.7cm !, 78 7cm ! TH -7z, Ho DfESLGIZE
FAEFEEHE AT o7 2 A, Ho DREEIR
BThHD s ZEEOTRLX — 43R & 4 —
Ny NEREOT RNV —HEREORE INREL —K
LCTHH, Ho' O E b1z b T e
J&A 7> Co, Rh, Ir BEERFEFNZFENIZHH LT
HZEMHBLNTI ST,



,,
&

v/ Hz

1@Y

In{z/s)

: QOrbach+Raman+QTM

—10 T T T T T
01 0.2 0.3 04 0.5
T1/K

2.()1 KO YIS AR L 72 10@Y) DA
BALEIE. () In(2)-T" 71 b,

IWICAEEIRDEEIN AL A7 h L FEEA
AR7 MVERGE L, R E AT, SR AT
W AR R TR TIE, 270 nm OERIMEIRIZ
4-BY RO pa* AV U FFRER L X EBASREH
KD d-d BB S 4L, FIHEDEREIRIZIE Ho Hh
DO -f BRI X D80 E— 7 BB S vz, O
AT R TEBWTIE, 370 nm OFhEYGIZ XKD |
BOAL -7 6 OFEIEAY 430 nm (UL ICBLH S, £ D
FEI AT N ZIE HoM O FWRIIC K 2 5 k)
NHELNE (K3), S5I1Z, 300K 225 10K £T
DIREFIL THRAEAT MAZRE L E 2 A,
TREERE ISV, BT F SR O R EHREE A3 L
77o —J5. HoMm O DR EZE(IL, 446 nm D
=7 LT BH L, 456 nm, 459 nm D E—7
SR N RE RIS e » CHEEICE L LTz, 2,
456 nm, 459 nm D &'— 27 78 SIg 7 5 3G ~DERIC
bz ZOBBITAORELZZTOTWI L, F
72, SR ZEEOFHIERAED O E D725 hot band 12

33

4-pyridone
p, emission

o
@

re-absorption
intensity / a.u.

re-absorption
T

525 550

0.0

G

-0.2 1

044

-0.6

0.8

-1.0

459 nm

normalized re-absorpticn intensity / a.u.

446 nm \
5ly—Fy

S 456 nm

sls A’iGé

1@y
470

14
435

T T T T
450 455 480 465
Afnm

3. (a) 1@Y DI AT bR EEA.
(b) Ho™ f-f B2 L 2 TG /7 DFEKIX.

T T
440 445

BREE T ZENFERTHD LEBEZADLND,

EHIT, FENIRER & L CoBREN 24 5
728, 446nm OV — 7 GREIZKT 25 456 nm (or
459 nm)D B — 7 OFEBRE L L TERT 2R
IREF/XT A —% A= Int(446 nm)/Int(456 nm) (or A
= Int(446 nm)/Int(459 nm)Z >R &, S 52, FHRHRE
&S 2R (SD)

S, = (aA/aT)/ A

B LR S (0T(D))

8T = (°%/ A)/ S

r

ERFFE LT (M4), TORER, 25~200K DAV
EHHE T, EARIREFORIEL 2D
S,> 1%, 0T<1K Zii7= L TW\5 Z BRI L NI
oo, 1o TORMREF & L TOMWEIL, #



wm A = (446 nm)/Int(459 nm)

mm A = [ni{446 nm)/Int(456 nm)
90
1@y 100 — o R—
1 1 1
_ 75+ f
) 11 {
= 1 [ |
2e0. § \ 5
gw| =t
g 1 | ‘ ‘
8451 ¢ fANN AN\
] ‘5; c 1 4/ W W N
£ 304 \ b 300 50 300 50 300 50 30
£ § ) TIK
s 1 4
S 15 N
1 ™
1 ~eL_
ol ooo—f—$s—0 0o o
v r T T ¥
0 50 100 150 200 250 300
(b) TIK
8
% 1@Y
® f’\x
= §
= 1%y
| /
2z | \ / 140K 195 K
2 | \
= \ \
a \
S 4 \
w '\‘ N\
®
E ;
2 ;
& " ‘
2 “~ g
® B 2 | ~——¥
® CesmEe s
0 T T T T T
0 50 100 150 200 250 300
(c) TIK
4
1@Y
¥
=2/
&
04— e ey
0 50 100 150 200 250 300
TIK

X 4. FEREH 1@Y OFERERHM. (a) FOGIR
JEFE/RT A —# A= Int(446 nm)/Int(456 nm) (or
A= Int(446 nm)/Int(459 nm) DR IEVE. (b) FH
KPR ERSE 2R S OIREARAFME. (o) £ IR Rk
WZBIT DIREARHEN S OT.

DIELDOREEICEWNTHEEFEINTEBY . &
NTHSEEAZAL TWVWDE EEZOND,

2. F-REICKY HIEF G EBIERIKE
ZR 9 IR

v 7 SRR 4 )& 85 K Rb[Co'(3-
cyanopyridine),][WY(CN)s]iZ, Co''Cly 6H,O & 3-3
T EY YL RbCl BIEME L T KIEIR &
Rb3[WY(CN)s]- 2H,0 & RbCl AN AEFRE L 7= /KA %
BETLHZLICL o THRLNTERECDOHKE T
ISR A BT R0 Ar RHR T TR SES
T LT R VST, HUAEAL X SRS L 0 . AREE
RORERITZEMBEPLICE L TEBY, Co'lz22D
3TNVl 40DTT NN L, WY
EHEIND LT 2 koL — MROBNLFES

BIRUR

34

5. 7 R4 R K RO[Co'(3-
cyanopyridine),][WV(CN)s] D #& fi i1 .

25

Absorbance

14
Frequency (THz)

6. >7 /4R & B K Rb[C(3-
cyanopyridine):][WY(CN)g]? THz WL A~ 27 K
v B OEAEITITE 3 ikt D — 7 DJE
W7

0.8 1.0 1.2

Xy MU= B S, £D 2 ot — kDR
IZ ROTDEEE o 7o IR A TR L T D 2 &R
oMo (X5),

AEEAROFEREEZ b L, B REHE AT
VN, 0.883, 0.997, 1.136, 1.453, 1.682, 1.805, 1.923,
2102 THz 257 4 /) o — RPN FEETDH Z &
WH BN/ 572, 0.883,0.997, 1.136 THz O 7 +
J = X Rb* A A2 D Co-W $EIKRDJEIZ AT
72iRE), 1,453 THz O 7 + / & — NI O |2 &
BE/RMEX D R A A OEHTHD Z ERbho
72, 0.883,0.997,1.136, 1.453 THz O#EE) Tli% Rb* A
FATNAT 3-T7 20D b7 /b iR
LTHEY, £/, 1.682, 1.805, 1.923, 2.102 THz O
Tx ) — RIIBEE YT ) EoEE L 30T
Y CroBEERIZERELTWD Z EAHL NI
ol



=
<
AAbs

Cycle

hv:785nm, at5K
A : annealing up to120 K

T T T T
07 08 09 10

Frequency (THz)

T
0.6

0.5
Co'-WV phase
Peak a: 0.58 THz

Peak b: 0.78 THz
a Peak c: 1.08 THz

Co"'-W" phase

j Peak i: 0.69 THz

K Peak j: 0.90 THz
Peak k: 0.99 THz
Peak I: 1.14 THz

AAbs.

T T T T T
07 08 09 10 11

Frequency (THz)

T
05 06

X 7. JREHZ XD THz WL AT R LD 2Lk
785 nm DOYPREHZ LY Co-WY fHH kD B — 2
ab,e BEA L, Co-WVHHRDOE—7 1,j,k, 1
DT 5.

AGERD THz IO WA~ Vv ZHIE LT
EZA, HEITRT AT MADBBIHISH, 0.58,
0.78,1.06,1.22,1.30,1.41,1.51, 1.89 THZ | &"— 7 %
Fi> 8 DOWHIZHMRARETH T, TNHD
=7 B EIX. T4/ = REFREIZE RO
SNOEEEAE K E BV —8%2 R L, ASEENE
WD Rb"™ A OIRENC B3~ 2 BB AR JE I EE L
W v 4 2 E MBS R o T2, £, AREEK
X, ERBEBEAEEZ R L, 154K TRt
Co'l(S = 3/2)-WY(S = 1/2)7» b KIEAH Co™(S = 0)-
WV(S=0) AT 5, Z OFFEEBIZE, fdh
s b2 b9 5729, KR TIX 0.69, 0.87, 0.91,
1.14,1.31,1.42,1.58, 1.75 THz |2 & — 7 ZFFD A
7 MBI SN, ZhuE, KR TIE, Co-W
PER O B MEEEEA A T RV RSN b =
TRV mERAICIREE— R hLcZ
LItk bDEEBEZIOND, S HIT, REEERIT, K
JRAR Co(S = 0)-WV(S = 0)IZ Y IRE3-2 & Coll(S =

35

3/2)-WV(S = 12)DNEEEMIZ A b U ssiddE 2 8B
TOHBHERTH D720, ZOBGEFA LI
\Z& D THz WIND A A > F o 7 h kAT, SKIT
FUNT 785 nm DA SEARFEHI T 5 & | 0.78,
1.08 THz DWRIN &— 27 34N L. 0.90,0.99 THz ™
E— 7 BN LTe, B — 2 LR DTS
5D E— 7 OEBIIKIEAR Co™(S=0)-WV(S=0)
DIEFEEA Co(S = 3/2)-WVY(S = 12)IZ8afs L= 2
LIZEDBDTHDLZ EBHLNI -T2 (KT),
COYFHEMIT 120K FTRES LIPS LT
OIRIEMIZEY . HE SK TEREE2ITH> 2 & T
NFHEM & 2R D72, HRH & FiRIZ K> T THz
WAL D AA > F 2 TRARETH D, LA, REHA
IZBWT, “RTEIRMEEDEMIZ Rb A A&
WA UG AR T 5 2 Ll X 0 BIKE N 7 +
J U= REEBL, 51T, Co-W O EMRBHE)
BEMEEAFIHT L 2SI X VIREB IORIC
KBTSV RINDAA »F o TR LTz,

-
N —

[1] S. Ohkoshi, S. Takano, K. Imoto, M. Yoshikiyo, A.
Namai, and H. Tokoro, Nat. Photonics 8, 65 (2014).

[2] S. Ohkoshi, K. Nakagawa, K. Imoto, H. Tokoro, Y.
Shibata, K. Okamoto, Y. Miyamoto, M. Komine, M.
Yoshikiyo, and A. Namai, Nature Chemistry, 12, 338
(2020).

[3] M. Reczynski, D. Pinkowicz, K. Nakabayashi, C.
Nither, J. Stanek, M. Koziel, J. Kalinowska-Ttuscik, B.
Sieklucka, S. Ohkoshi, and B. Nowicka, Angew. Chem.
Int. Ed., 60, 2330 (2021).

[4] J.Wang,J. Zakrzewski, M. Heczko, M. Zychowicz,
K. Nakagawa, K. Nakabayashi, B. Sieklucka, S.
Chorazy, and S. Ohkoshi, J. Am. Chem. Soc., 142, 3970
(2020).

[5] J. Wang,J.J. Zakrzewski, M. Zychowicz, V. Vieru,
L. F. Chibotaru, K. Nakabayashi, S. Chorazy, and S.
Ohkoshi, Chem. Sci. 12, 730 (2021).

[6] T. Yoshida, K. Nakabayashi, H. Tokoro, M.
Yoshikiyo, A. Namai, K. Imoto, K. Chiba, and S.
Ohkoshi, Chem. Sci. 11, 8989 (2020).



1. Introduction

Spin-orbit torque (SOT) magnetization switching
has been proposed to improve the performance of
magnetic random-access memories (MRAM), one of
the next-generation information storage technologies,
on the readability, the access latency and the energy
consumption by separating the read and write paths. In
the conventional SOT systems, there basically are two
functional layers, one of which is the ferromagnetic
layer and the other one is the paramagnetic layer with a
large spin Hall angle to generate spin current and inject
it into the adjacent magnetic layer. Then the spin current
exerts a torque on the magnetic moment and reverses it
[1,2]. Therefore, the switching efficiency should be
strongly limited by the interface quality between the two
layers and the intrinsic character of the non-magnetic
layer. In the typical metal systems, the critical switching
current density is usually with a magnitude of 107 A/cm?
[2-4]. To increase the switching efficiency, the
achievement of interface-free SOT switching in a single
layer is one of the options. Meanwhile, according to the
Landau—Lifshitz—Gilbert (LLG) equation, the SOT is
contributed by two parts; damping-like torque (DLT)
and field-like torque (FLT). Although the DLT helps
rotate the magnetization, the FLT hinders the full
magnetization reversal by pushing the magnetization
toward the in-plane direction. Hence, in the DLT-
induced magnetization switching, the FLT limits the
switching efficiency. To further increase the efficiency,
suppressing the contribution from the FLT would be
necessary.

In our work, we firstly report a highly efficient full
SOT switching by applying a current with a density of
3.4x10° A/em? in a single layer of perpendicularly
magnetized ferromagnetic semiconductor GaMnAs [5].
The SOT strength in the GaMnAs single layer is
evaluated with the equivalent magnetic field (Hequi),
which is calculated to be 84.6 Oe and the efficiency is
estimated to be 99 [Oe/(10° A/cm?)], which is almost
two orders of magnitude lager than that in the Pt/Co
bilayer system, indicating that very efficient
magnetization switching is realized in GaMnAs.
Secondly, we demonstrate a new way to artificially
suppress the contribution of the FLT by inducing a
current-induced Oersted field (Hoe), which can be
controlled by the film thickness. We further decrease the
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switching current density to an extremely low value of
4.6x10* A/cm?, which is the lowest value ever reported
for SOT switching, in a GaMnAs single layer with
perpendicular magnetic anisotropy (PMA) using
Dresselhaus spin-orbit coupling [6].

2. Sample growth and characterization

The sample examined in this study is composed of
(GaoA94,Mno_06)AS (7 nm)/InoAg.Gaoqu (500 nm)/GaAs
(50 nm). Firstly, the (Gao.94,Mno06)As thin film was
grown on a semi-insulating GaAs (001) substrate in an
ultrahigh-vacuum Molecular Beam Epitaxy (MBE)
system. After the removal of the surface oxide layer of
the GaAs substrate at 580 °C, a 50-nm-thick GaAs
buffer layer was grown to obtain an atomically smooth
surface. After that, the substrate was cooled down to
450 °C for the growth of Ing3Gao7As with a thickness
of 500 nm to induce a tensile strain on the
(Gag.04,Mno.06)As layer, giving rise to PMA. Then, the
sample was cooled down to 243 °C for the growth of the
7-nm (Gag.94,Mno 06)As s layer. The crystal structures of
the low-temperature MBE grown samples during the
growth process were monitored in situ utilizing
reflection high-energy electron diffraction (RHEED).
The diffraction pattern of the (Gao.os,Mngo6)As layer
was 1x2 as shown in Fig. la, the streaky pattern of
which indicates that a high-quality zinc-blende-type
single-crystal structure was obtained. Figure 1b shows
the transmission electron microscopy (TEM) lattice
image of the (Gag.94,Mng.0s)As/Ing3Gag7As thin film,
which  shows that the single crystalline
(Gag.os,Mno6)As layer is epitaxially grown on the
Ino3Gao7As  buffer layer.

The perpendicular-magnetic-field dependence of

Figure 1 a, RHEED pattern of the (Gao.o4,Mno.06)As
layer. b, Transmission electron microscopy (TEM)
lattice image of the (Gag.o4,Mno.06)As/Ing3Gag7As
thin film.
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Figure 2 a, Perpendicular-magnetic-field H:

dependence of the magnetic circular dichroism (MCD)

at 5 K. b, Temperature dependence of the saturation
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the magnetic circular dichroism (MCD) of the
(Gag.94,Mng 06)As thin film at 5 K is shown in Fig. 2a.
With the square-like curve, we can confirm that the
(Gao.94,Mng o6)As thin film shows PMA induced by the
tensile strain applied by the 500-nm Ing3Gag7As layer
underneath the (Gag.94,Mnoo6)As layer. Besides, the
Curie temperature (7¢) of the (Gao.o4,Mng 6)As thin film
is estimated to be around 88 K by the measurements of
saturation magnetization M vs. temperature 7 with a
magnetic field H. applied perpendicular to the film
plane using a superconducting quantum interference
device (SQUID) as shown in Fig. 2b.

3. Device fabrication and electrical measurements

After the growth, the sample was patterned into a
cross-bar device with a width of 5 pm and a length of
20 pm using photolithography and argon ion milling as
shown in Fig. 3a. For the SOT measurements, a
Keithley 2636A instrument was used as the current
source for applying the direct current (DC) along the
longitudinal direction. The transverse Hall voltage was
measured with a Keithley 2400 apparatus. The
measurements were carried out at 40 K.

With sweeping an out-of-plane magnetic field H-,
the Hall resistance Ru, which is dominated by the
anomalous Hall effect (AHE), and the DC resistance R,
which is  dominated by the  anisotropic
magnetoresistance effect (AMR effect) were measured

-65 .0 05 1.0
H, (kOe)

Figure 3 a, Schematic illustration of the cross-bar
device structure. b, Out-of-plane magnetic field
dependence of Hall resistance Ry and direct current
DC resistance R of (Gag.94,Mng.06)As at 40 K.

and the results are shown as Fig. 3b. The square-like Ru-
H: curve and obvious AMR effect indicate that the
grown sample shows a good PMA, where the Ry varies
between approximately +1.7 kQ. This successful
induction of the PMA is essential for achieving the SOT
switching in the (Gag.94,Mno06)As single layer.

4. SOT Magnetization switching in a (Ga,Mn)As
single layer

The schematic illustration SOT switching
characterization is shown in Fig. 3a, where the charge
current (with a density denoted by J) is applied along
the +y direction. Through the intrinsic spin-orbit
interactions, the spin of a hole in a (Gag.04,Mno.06)As thin
film is coupled with its momentum, which generates the
effective magnetic field Herr. Generally, the H.gr consists
of two terms; the Dresselhaus-like field (Hp) and
Rashba-like field (HRr). Basically, the Hp is induced by
the intrinsic bulk inversion asymmetry of the
(Gag.04,Mngp6)As’s  strained  zinc-blende  crystal
structure and the Hr is from the structural inversion
asymmetry induced by the heterostructure. Before
inducing the SOT magnetization switching in the
(Gag.04,Mno.06)As single layer, a large external magnetic
field Hexi of 10 kOe was applied along the —z direction
to align the initial magnetization My in this direction.
After that, the large H.. decreases to zero and a small
Hexi of 0.5 kOe was applied along the current direction
to assist the magnetization reversal with a deterministic
direction. With sweeping J along the +y direction, the
induced H.sr will generate a spin component along the
x-axis oy, which exerts a SOT on the magnetization and
switches it. Figure 4 shows the current-induced
magnetization reversal in the (Gao.os,Mnoos)As single
layer. The Ry is measured by measuring the voltage
between electrodes A and B shown in Fig. 3, sweeping
a direct current J along the y direction in the order
indicated by steps 1 to 5 on the black curve (H, =
+500 Oe) in Fig. 4. With this variation of J, Ry varies
within approximately £1.6 kQ, which is consistent with
the Ry value of the AHE (see Fig. 3b, i.e., ~£1.7 kQ),
indicating that the magnetization is fully reversed
between the +z and —z directions by the current. Here,
the critical switching current density J. is
3.43x10° A/em? with H, = 500 Oe at 40 K. This value
of J. is two orders of magnitude less than that in metal
systems, which is usually on the order of 107 A/cm?.

5. Characterization of spin-orbit torque strength

In SOT switching process, the SOT strength can be
quantitatively characterized by the equivalent magnetic
field (Hequi), which can be confirmed by measuring the
Ru by applying a current of + 0.3 mA applied along the
[110] direction and a fixed Hex of 500 Oe at an angle
from the [ 110 ] direction in the y-z plane. This
measurement was conducted at 40 K and the results are
shown in Fig. 5. When the current is positive (see the
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Figure 5. Characterization of spin-orbit torque
strength in a (Gao.94,Mng 06)As thin film.

blue lines in Fig. 5), SOT assists the magnetization
switching from the —z to +z direction. At point A in Fig.
5 with the magnetization in the —z direction, the increase
in £ helps the magnetization rotate to the +z direction,
and thus the magnetization can easily rotate. However,
at point B in Fig. 5 with the magnetization in the +z
direction, because the magnetic field direction is the
opposite to the rotation direction of the magnetization,
it does not rotate until the —z component of the magnetic
field becomes large when f is increased in the negative
direction. Therefore, one can see that the asymmetry of
the data around S=0 between the different sweep
directions of £ in Fig. 5 is related to the SOT. When the
angle f is small, the effective magnetic field Hequi that is
equivalent to the SOT strength is given by Hextfav. Here,
Pav 1s the average of the f values at the magnetization
switching with the different sweep directions of f for
positive and negative current directions, which is
estimated to be (7.91°+11.49°)/2 = 9.7°. Thus, Hequi is
estimated to be 500x9.7xn/180 = 84.6 Oe and the
efficiency of the equivalent field, y = HeqilJe, is
estimated to be 99 Oe/(10° A/cm?), which is almost two
orders of magnitude larger than that [1.7 Oe/(10°
A/cm?)] in the Pt/Co bilayer system, indicating that very
efficient magnetization switching is realized in
(Ga,Mn)As.

6. Landau-Lifshitz-Gilbert (LLG) simulation

The LLG equation is generally utilized to reproduce
the obtained Ry — J curves and understand the physical
mechanism of SOT switching. Here, we consider that
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Figure 6. Simulated SOT switching with different »
values of 0, 0.5, 0.9, 0.95 and 1.

the SOT switching is induced with applying the J and
the Hex along the y axis (i.e. H, // [110] direction). In
this case, the spin component can be induced along the
x direction and the LLG equation is expressed as

I;ﬁ: —Yfr\lXﬁ+(Xfr\1X1'/i'\l+ZDLT(ﬁ\1X6'XXffl)+
Crur(Gy X M), €))

where m is the derivative of @ with respect to time;
H is the effective field consisting of the Hexi, the Han,
Hp and Hg; y is the gyromagnetic ratio; a is the damping
constant; {1 is the DLT coefficient; and (g 1 is the
FLT coefficient; & is the x component of the spin
polarization vector. By replacing the (16, with

y(la_r) S, and introducing

S, Cppr 6, With

Hanmz

to the Eq. (1), the LLG equation can be solved as

Am, Hyymym, — Hym,
Amy = At ﬂSme - Hanmxmz + (Sxmx +
Am, Hymx - ,BSxmy
m, S,
aH,m, + aHanmsz) (my> - aH, (2),
m; oH,,m,

where At=—y'At=— #At, the S, is the effective
magnetic field in the x direction and » expresses the
strength of the DLT relative to the total SOT: when 7 is
0, only the FLT is present, and when r is 1, only the DLT
is present. When H, = 500 Oe, Han = 2.13 kOe, and a =
0.05, by solving the LLG equation for various r values,
the quasi-static magnetization state was obtained in
which @ becomes zero for various S, as shown in
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Figure 7. Simulated SOT switching at » = 0.95 and
experimental results with H, = 500 Oe.

Fig. 6. From the results, the switching process shows
different performance with the different » values,
indicating that the switching behavior strongly depends
on the contribution of DLT and FLT. When r is 0, there
is no DLT contribution and only the FLT is present,
which makes the magnetization cannot be reversed with
an angle of 180 deg and no switching occurs. With
increasing 7, the switching curve shows characteristics
much more like those of the experimental results,
especially when r is 0.95.

When r = 0.95, the experimental result can be well
reproduced by the calculated data based on the LLG
equation as shown in Fig. 7, indicating that both the
DLT and FLT act on the magnetization of the
(Ga,Mn)As but the DLT is dominant during the SOT
switching. It is reasonable because the FLT is generally
from the interfacial SOC phenomena. However, the
interface effect is not obvious in the (Ga,Mn)As system
since the current only flows in the single layer.

7. Thickness dependence of SOT switching in a
(Ga,Mn)As single layer

As shown in Fig. 8, when the thickness ¢ of the
(Gag.94,Mng o6)As is 5 nm and 7 nm, the clear full (180
deg) SOT magnetization switching in the single
(Ga,Mn)As thin films can be observed, where the
current J is applied along the [110] axis. Note that J.
increases from 1.6 X 10Acm2at¢=5nmto 8.5 X
10° Acm™2at¢="7 nm.

When ¢ is increased to 10 nm, the magnetization
cannot be reversed by 180 deg, as shown in Fig. 9,
where the maximum value of Ry is decreased to
approximately half of the saturated value Ry sa (see the
right axis in Fig. 4.11). As described below, this result is
caused by the increase in Hoe due to the enhancement of
the non-uniform current distribution. This Ho. exerts an
additional Oersted torque, To, with the same direction
as Tp;, on the magnetization, enhancing the field-like
term contribution, as shown by the following equation

of the total torque T on the magnetization:
T = 7p. (M X 6, X M) — (gL, + Toe) (M X 6)

3).

Here, the field-like term consisting of T, and Toe
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Figure 9. SOT switching for J / [110] and Hey =
+500 Oe when # =10 nm.

hinders the magnetization switching process when 6,
exerts Tpp on the magnetization, which reverses it.

With a further increase in ¢ (+ = 13 nm), the field-
like term becomes dominant, and the magnetization
cannot be fully switched but can only be switched by an
angle smaller than 90 deg towards the in-plane direction
(i.e., Ru = 0), as shown in Fig. 10. The switching
polarity is determined by the relative strength between
the DLT and the field-like term. In the thinner samples
(t < 10 nm), the DLT is dominant, where a positive
current reverses the magnetization from the —z direction
to the +z direction under Hext = 500 Oe, as shown in
Fig. 8. However, in the thicker samples (r = 13 nm), a
positive current switches the magnetization from +z to
the in-plane direction, where the field-like term starts to
be dominant.

8. Suppression of the field-like term with Oersted
field

In contrast, by changing the directions of J and Hex:
from [110] to [110] (or [110]) for the thick (Ga,Mn)As
thin films (¢ = 13 nm), Ho. can be used to suppress the
field-like term, and the DLT becomes dominant again.
As shown in Fig. 11, the magnetization is switched by
an angle larger than 90 deg and the switching behavior
shows a DLT dominant character, which means that the
field-like term can be suppressed by carefully designing
the current flowing scenario. As shown in Fig. 12
(orange curve), when ¢ is 15 nm, SOT magnetization
switching occurs atJ. =4.6 X 10* A cm™, which is the
lowest value until now among those reported for SOT
magnetization switching. When 7 < 15 nm, suppression
of the FLT is not as effective in comparison with the
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Figure 12. Thickness ¢ dependence of the critical
switching current density J. (orange curve) and the
switching power P (blue curve).

case of t= 15 nm, and thus, J; decreases with increasing
t. Additionally, when ¢ > 15 nm, Ho. increases with
increasing ¢, which makes the suppression of the FLT
contribution excessively effective so that the
magnetization switching barrier becomes larger, thus
increasing J.. Furthermore, the switching power P =
I’R shows the lowest value in the (Ga,Mn)As thin film
with #= 15 nm, as shown in Fig. 12 (blue curve), making
further elimination of the heating effect and reduction of
the energy consumption possible. Here, /. is the critical
switching current, and R is the direct current resistance
of (Ga,Mn)As. Therefore, by carefully adjusting Hoe,
we can obtain ultra-efficient SOT magnetization
reversal with ultra-low energy consumption.

9. Summary

= SOT switching can be achieved in a single-crystalline
ferromagnet with a large spin polarization, the intrinsic
bulk inversion asymmetry, and the strong spin-orbit
interactions, which is the first time to achieve a full
magnetization reversal in a perpendicularly
magnetized ferromagnetic single layer.
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By suppressing the field-like term contribution with
using an Oersted field, the SOT switching can be
achieved with the lowest J. of 4.6 x 10* A/cm?.

The results provide us with guidance in selecting
appropriate materials and help in understanding the
mechanism of magnetization switching from the view
of the torque contribution, which will advance the
development of memory technology with higher
efficiency and lower energy consumption.
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FIG. 1. Schematic illustration of the

(a)
(001)-oriented full-epitaxial multilayer structure of
LSMO/LAO grown on an STO (001) substrate. The

sample size is 2x1 mm. In the elec-
tron-spin-resonance system, a radio-frequency mag-
netic field /i was applied along the [110] (/ x)
direction of the sample. The static magnetic field
toH was applied along the [110] (y) axis. Here, M
represents the magnetization of LSMO. (b) Principle
of spin-to-charge conversion via the inverse Edel-
stein effect; the spin current injected into the
LAO/STO interface moves the outer and inner Fermi
circles, generating a charge current in the x direction.
Here, the dotted and solid lines are the original Fer-
mi circles and the ones after a spin current is inject-
ed, respectively. (¢) Scanning-transmission-electron
microscope-lattice image of the LSMO (30 u.c.)/
LAO (2 u.c.)/ STO heterostructure (sample A) pro-
jected along the [010] axis. (d) Atom-
ic-force-microscope image of the surface of sample
A, in which atomic steps are observed [S. Ohya
et al., Phys. Rev. Res. 2, 012014 (R) (2020)].
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FIG. 2. (a) Temperature dependence of the magneti-
zation of LSMO (30 u.c.)/ LAO (2 u.c.)/ STO (sam-
ple A). (b) Temperature dependence of the sheet
resistance of the reference samples of LAO (8 u.c.)/
STO with the ratio ¢ of La to Al of 83% (sample
ref-A) and 101% (sample ref-B). (c) Temperature
dependences of the mobility and the carrier density
measured for sample ref-A (¢ = 83%). (d) Tempera-
ture dependence of the sheet resistance of the LSMO
(30 u.c.) LAO(Q2 u.c.)/ STO samples with a 2DEG
(sample A, ¢ = 83%) and without a 2DEG (sample
B, ¢ = 101 %). The dotted curve is the sheet re-
sistance reported for LSMO/STO, which is repro-
duced from Ref. [1] assuming the film thickness to
be the same as that of our LSMO layer. [S. Ohya
et al., Phys. Rev. Res. 2, 012014 (R) (2020)]
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FIG. 3. (a)—(c) Magnetic-field uoH dependences of
the microwave absorption derivative (a), EMF (b),
and j& (c) measured for sample A
(LSMO/LAO/STO with a 2DEG) at various tem-
peratures. The used microwave power is 30 mW. [S.
Ohya et al., Phys. Rev. Res. 2, 012014 (R) (2020).]
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FIG. 4. (a) Comparison between j& (with a 2DEG)
and jB (without a 2DEG) as a function of
temperature. (b) Temperature dependences of
experimental Agg and predicted Aigg for the atomic
spin-orbit splitting energy Aaso = 4, 5, and 6 meV.
[S. Ohya et al, Phys. Rev. Res. 2, 012014 (R)
(2020)].
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