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NMR EIC &k S IEE A GPCR DiEE £ K9 S EDREZH

EPERUIEN RRPFHER S£ahELEPH=E

tH =R, £8&E #. kA

—x

BETRSNATLWIEERD 30%LUELIE G EHEHEKEZAEIK (G protein-coupled receptor,
GPCR)Z1EM LT 5, MIIAANTIL, GPCR [IEE_FRP THEET 1=, IEEH GPCR DiE
PHEEICEZ HFEE. GPCR DAEBEDHAS L UVAIEDLTEETH S, AMETIE, KK
7% GPCR THEI 7T/ PV AARERICIE. DV FLERSHBVFREHEBEL . BLEH1EET
DHFIVERTEROELERBEND SN H L EEBALMNICLE, FLT, EMEIFFEREE
EEUHEBEDFELEZEAS LT, FBEREHOEHEEEDHFELEZEILIESHI L
T, VI FIEEFHEEHETHEELAOMNI Lz, KRICE Y., £ HY ROREDE
MHES L1- GPCRICIERATZ 5. HHROARBS JURBERAETH OEMZ R T HEHN BT,

ERXRRORAENIEY S EMNHFEIND,

1. &

G BEaEEEMZ AR (G protein-coupled
receptor, GPCR) (%, fiHDHNLE LRV F T A
DWMRAREYE OZ R E L CHiET 5, BUET
IRENTWDHEETD 30%LL Eid GPCR %111
4%, GPCR X, Miflasto V) 7 R k&
b2 & MiRAO G EAEZIEHEL LT, cAMP
B EOMBEBNY 7LV EFHIRT 5,

GPCR OAHEE Y A7 RAEGHNL & 13872 556
MIZEHT 2, TrRAT YV v 7EValb—F—L
MEEN DY OBIRBRAALNTND, ZDXD
PREEER G, BB Y B RROMEROEE SN T
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MR Tk, GPCR IFARE —HEH CTHERET 5.
Ray~FHxfE (DHA) 2%< ahR%s4s L
e EREIZEENS DHA ICHEKTHT7 21
HEFFOIREOEIAN EH LT, RbhicT 7%
R (ARA) & FFOIREOBEIENME T 5 2
EBFBN TS, L7zdv> T, DHA #47 GPCR
DIEMECHEEIC B 2 2803, GPCR O/EPERE
DIEFBE LT B AT ) v 7 EY 2 L—2—0DH
HOLETHETHD,
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high density lipoprotein, rHDL) % T, fBE
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® membrane scaffolding protein (MSP) A3H ¥
FHT oA & L 72 B4 10 nm O RIIEMEDORL - TH
. PICEEREZHHEET 2 Z LR ARETH D,
Fxix, GPCR ThH D B2 7 N U /IR
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WD Z & MRAR C A L ofE R D EI5 708
B7poTndHZ &, rHDL HIZEB T HIEHER OE
BMIBLFOMEED &Y T piEEEE B <
xnd 5 2 EEER LTS [1,2]0 & 2 TARBIE
Tid. DHA #{=° ARA #{# & Te rHDL (2, fA£HY



72 GPCR THAHT T /v Aoa T (A2aAR)
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POl i CIEE A F LD NMR & 7 F L%
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A. rTHDL F® AauAR & G
[35S]GTPyS it A L,

B. A2sAR D A F A4 = U FRHRS L ORIFIE T A T
= B EACEAN LT R IR D S,

C. WiEBhHE I L OGERIFENEE ARG L7z . rHDL
HF1 D AsaAR DOREAN,

D,E, F, G. WifEEFAET () &uafFasEss
TEF (L) O rHDL H1 0 AsAR (D), A2aAR
/A232M (E) . A2aAR /V239M (F) . A2aAR
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I. 288 K (/k 1), 298 K (1), 308 K (FR) 1281) 5,
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RIS, Y288 1%, NPxxY EF—7 & FEEN
%. GPCR I CIE BRI SN O— B TH 5
(X 1H), #fatEno ., FEENEG T2 &,
Y288 DMIGHD M E NS HZ LICE Y GER
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EF— 7 PARIEHR R LOVEHEL & 72> TV D fE
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WiEEN RIS L O BRI E TICk T 1bF
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A EEBNIRAFAE FicEs 7 5. rHDL H o
A2aAR /1106M/1292M @ 1H-13C HMQC %22
b, ABF 7 RAARTEMER (NPxxYoff) 6 X
OEMR (NPxxYon) IR T B3 7 F %,
LADKRZTTRLE,

B. 288 K (/kfa), 298 K (), 308 K (F) 1217
%, IEERNZRHIS T 5 M106 D> 7))L,

C. 288 K (/k 1), 298 K (), 308 K (7F) 12517
% . NPxxYoff & NPxxYon DFH% 58,
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Ferromagnetic resonance and magnetic anisotropy of the high-
Tc ferromagnetic semiconductor (Ga,Fe)Sb

I. Introduction

Ferromagnetic semiconductors (FMSs) which
demonstrate both magnetic and semiconducting
properties are promising to realize next generation low
power, non-volatile spin-based electronic devices. In this
context, a prototypical Mn-doped I1I-V FMS, (Ga,Mn)As
has been studied extensively over the past two decades.
In general, magnetic anisotropy (MA) plays an important
role in determining the magnetization direction of
ferromagnetic materials in spintronics devices. For Mn-
doped III-V-based FMS (Ga,Mn)As, control of the
magnetic anisotropy between in-plane and perpendicular
magnetization axes has been demonstrated very well by
epitaxial growth and strain [1]. Unfortunately, the Curie
temperature (7¢) of (Ga,Mn)As is much lower than the
room temperature (7c < 200 K) [2]. Thus, it is not
suitable for practical device applications.

To overcome this problem, recently we have
successfully grown Fe-doped FMS (Ga,Fe)Sb, which
shows high Tc (> 400 K) when the Fe concentration is
20% [2],[3]. Hence, this new material has a tremendous
potential for device applications at room temperature. In
this study, we uncover the various unknown aspects of
these new FMS by studying its magnetic anisotropy. Here,

we report switching MA of (Ga,Fe)Sb between in-plane
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(a) Schematic illustration of the sample

used in the ferromagnetic resonance (FMR).

magnetic anisotropy (IMA) and perpendicular magnetic
anisotropy (PMA) as a function of strain, thickness, and
temperature. These results provides an important guide
for designing the MA of high-Tc FMS (Ga,Fe)Sb thin
films for device applications operating at room

temperature.

II. Sample Growth and Characterization

In this work, we use low temperature molecular
beam epitaxy (LT-MBE) to grow our (Ga,Fe)Sb films
using (001)-oriented semi-insulating (SI) GaAs
substrates. For epitaxial strain control of MA, we grew
(Ga,Fe)Sb (x = 0.2, thickness d =15nm) on various
different buffer layers: AISb, GaSb, (Ings,Gaos)As and
GaAs.

All of the buffer layers are thick enough (300-
500nm) to be lattice-relaxed on semi-insulating
GaAs(001) substrates. For thickness and temperature
dependence of MA, we grew (Gag7,Feo3)Sb (d = 15, 20,
30, 40, and 55 nm) only using AlSb buffer layer. The
schematic structure of our samples is shown in Fig. 1. We
characterized the magnetic properties of all the samples
using magnetic circular dichroism (MCD) spectroscopy
and superconducting quantum interference device
(SQUID) magnetometry. In Fig?2, the magnetic-field
dependence of MCD (MCD — H curves) show clear
hysteresis, and the Arrott plots indicate that 7¢c is higher

(a) (b)
200 .
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& 100 | 8
£ 4000
ng ’ B & 2000
Q-100 1200k |\ 8 T 320K
200 L=3Q0K | S 0 . v

-0.04
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e B HIMCD (T/mdeg)

-0.5 -0 0 0.5
Magnetic Field (T)
FIG. 2. (a) MCD-H curves at different temperatures,
(b) Arrott plots of (Gaog.s,Feo2)Sb/AISb (Sample A).



than 320 K in (Ga,Fe)Sb/AISb film. Here the MCD
intensity was measured at the £ peak (~2.1 eV). Also,
magnetization hysteresis (M - H) curves of
(Ga,Fe)Sb/AlISb at 400 K show see clear remanent
magnetization. Thus, 7c > 400 K. Similar results were
obtained for all the samples grown using different buffer
layers. We characterized the crystal structures and lattice
constants of all the (Ga,Fe)Sb thin films and buffer layers
by x-ray diffraction (XRD).

I11. Ferromagnetic-resonance (FMR) measurements

We used a Bruker electron paramagnetic resonance
(EPR) spectrometer for performing FMR measurements
at 9.07GHz. As shown in Fig.3, in our FMR
measurements, the microwave radio frequency (rf)
magnetic field (%) is applied along the [110] axis in the
film plane and the direct-current (dc) magnetic field H is
rotated from the [110] direction (in the film plane) to the
[001] direction (perpendicular to the film plane). Initially,
we cut the sample into a 3x1 mm size piece with edges
along [110] (3 mm) and [110] (1 mm). Then, we put
it on the center of a quartz sample rod and placed it inside
the center of the microwave cavity that resonates in the
TEoi11 mode, where /4 and rf electric field (e) are largest
and smallest, respectively. The FMR spectrum was then
measured by sweeping the magnitude of H. The
magnetic-field derivative of the microwave absorption
was obtained by superimposing an alternating-current
(ac) magnetic field Ha. (1 mT, 100 kHz) parallel to H.
Figure 1(b) also shows the coordinate system used for the
FMR measurements. g and Gy are the angles of H and
M from the [001] direction, respectively. All the samples

were measured under a microwave power P =200 mW.

60 T T T T T T T 4
—~ 40 ° HHM10] .-°°]
g -l .
< 201 : :
> Of f ]
<. 20 .¢ T=400K ]
S 401 . o7 (Gags.Fe2)Sh ]

04 02 00 02 04
Magnetic Field (T)

FIG. 3. (a) M-H curves of (Gags,Feo2)Sb at 400 K.

In the FMR experiments, the total magnetic
moment M precesses around the direction of the external
magnetic field at the Larmor angular frequency .
Microwave absorption occurs when the microwave
angular frequency coincides with . This precessional
motion of the magnetization is described by the well-
known Landau-Lifshitz-Gilbert (LLG) equation as
shown in Eq. (1),
1M MxeH, )]+L[Mx aﬂ] &)
y ot T (yMs) orl’
where the first term on the right side shows the
precessional motion of the magnetization and the second
term represents damping. Here, y = gus/h is the
gyromagnetic ratio, where g, 1, and / are the g-factor,
Bohr and reduced Planck's

magneton, constant,

. G . . .
respectively, and o “or S the damping coefficient,
S

where G and Ms are the Gilbert coefficient and saturation
magnetization, respectively; Herr represents the effective
magnetic field which includes the rf microwave magnetic
field, the demagnetizing field (shape anisotropy field),
and the magnetocrystalline anisotropy field. To
determine the FMR condition, we used the first term of
Eq. (1). The free energy density E is expressed as the
summation of the magnetocrystalline anisotropy energy
(E)), the shape anisotropy energy (Esn), and the Zeeman
energy. £ depends on the out of plane magnetic-field
angle (6u), and in-plane magnetic-field angle (@y) in the
FMR measurement.

IV. Epitaxial Strain control of MA in (Ga,Fe)Sb [4]

For this study we use 15 nm-thick (Ga,Fe)Sb with
Fe concentration 20%. We use X-ray diffraction (XRD)

to determine epitaxial strain ¢ which is define as

AdGaFeSh ~dbuff
2 2T X 100%, where acGaresh and apufrer are the

dGaFeSh
intrinsic lattice constant of (Ga,Fe)Sb and buffer layer.
By using different buffer layers, we obtained change in
strain from tensile to compressive. Here, samples A (¢ =
—1.7%, AISb buffer layer) and B (¢ =—-0.1%, GaSb buffer
layer) have tensile strain, whereas samples C (¢ = 0.23%,
Ino.sGaosAs buffer layer) and D (e = 3.84%, GaAs buffer
layer) have compressive strain. Figure 4(a) and (b) shows
the FMR spectra of (Gaos,Feo2)Sb with AISb and GaAs
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buffer at 300 K when the magnetic field H is applied
along the in-plane [110] and the perpendicular [001]
directions. This means that easy magnetization axis is in-
plane in both the samples. Figure 4(b) shows the
dependence of the resonance field poHr on the direction
of H in the (Ga,Fe)Sb/AISb sample. The woHr value
decreased smoothly with increasing 6y from 0°
(H //'1001]) to 90° (H // [110]). The change in uoHr when
H is rotated from [001] to [110] in sample A is 0.14T.
This change of uoHr when H is rotated from [001] to
[110] monotonously decreases when one goes from
sample A (0.14T) to sample D (0.05 T). This result
indicates that the MA of (Ga,Fe)Sb depends on the
epitaxial strain. By fitting to the angle dependence of
LoHR, of the effective

magnetization (M.s). By combining with the saturation

we obtained the values

magnetization (Ms) measured by SQUID, we estimated
the magnetocrystalline anisotropy constant (K;), the
shape anisotropy constant (Ks), and the effective
anisotropy constant (Kesr = K; + Ksn) of the (Ga,Fe)Sb thin
films. We performed this study on all the (Gags,Feo2)Sb
samples grown on different buffer layers [AISb, GaSb,
(Ino.5,Gag 5)As, and GaAs]. In this work, the negative sign
of Kjand K.sr represents the in-plane magnetic anisotropy,
while the positive sign corresponds to the perpendicular
magnetic anisotropy.

Figures 5(a)-5(c) summarize the obtained Ki, K,
and K as a function of the epitaxial strain & The
magnetocrystalline anisotropy constant K;, though small,
shows a systematic dependence on the strain €. As shown
in Fig. 5(a), when the strain is changed from tensile (¢ =
—1.7%) to compressive (¢ = +3.84%), the magnitude of
K; increases and changes from negative (in-plane
anisotropy) to positive (perpendicular anisotropy). These
results indicate that it is feasible to control the
magnetocrystalline anisotropy of (Ga,Fe)Sb thin films by
using epitaxial strain. Meanwhile, K is always negative,
as shown in Fig. 5(b), making K.ir always negative (in-
plane magnetic anisotropy), as shown in Fig. 5(c). As a
result, all the (Ga,Fe)Sb thin films examined here have

in-plane magnetic anisotropy.

V. Thickness control of MA in (Ga,Fe)Sb [5]

In this work, we present thickness dependence
control of MA in (Gay.7,Feo3)Sb by growing four samples
with d= 20, 30, 40 and 55 nm grown on AISb by LT-
MBE. Figure 6(a) shows the FMR spectra measured at
300K for the samples with d = 20nm and 55 nm,
respectively, when the magnetic field H is applied along

(a) (b) (c)
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FIG. 5.

(a)—(c) Strain dependence of the magnetocrystalline anisotropy K; (a), shape anisotropy Ksn (b), and effective

magnetic anisotropy Kesr (¢) of (Ga,Fe)Sb grown on different buffer layers.
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FIG. 6. (a) FMR spectra observed for (Gag.7,Feo.3)Sb
with d =20 nm and 55 nm at 300 K. (b) Resonance Field
HoHR as a function of the H direction angle 6.

the in-plane [110] and the perpendicular [001] directions.
From FMR data of 20 nm, we note that zoHr is minimum
when H //[110] whereas in 55 nm, gHr is minimum
when H //[001]. This indicates that easy magnetization
axis changes from in-plane to perpendicular with increase
in thickness. FMR measurements were also performed
applying H along various directions in the film plane.
Figure 6(b) shows the resonance field as a function of the
out-of-plane direction angle (é4) of H in the (Ga,Fe)Sb
films with various d. In Fig. 6(b), when rotating H in the
perpendicular plane, for 15, 20, and 30-nm-thick film, we
observed two-fold symmetry, where soHr decreased
smoothly with increasing 8y from 0° (H // [001]) to 90°
(H //[110]). For 40-nm-thick film, woHr first increases
and then decreases, which means that four-fold symmetry
appears and it becomes clearer in 55-nm-thick film,
where poHr is smaller at 6y = 0° (H //[001]) than at
Oy =90° (H//[110]). .

Next, by applying the theoretical fittings to the
experimental H-angle dependence of the resonance field
combining with the value of zoMs measured by SQUID,
we estimated the perpendicular uniaxial anisotropy
constant (K1), the shape anisotropy constant (Ksn), the
perpendicular cubic anisotropy constant (Ks.), in-plane

uniaxial anisotropy constant (Kzy), and the total

perpendicular MA energy £, (=— K| — % — Ka) of
all the (Ga,Fe)Sb thin films. In this work, the negative
sign of E| represents the PMA, while the positive sign
represents the IMA. Figure 7(a) summarizes the obtained

magnetocrystalline MA constants (K21, K41, and K»/) as
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FIG. 8. (a) and (b)Transmission electron microscopy,
(c) Transmission electron diffraction pattern, (d) Energy
dispersive x-ray analysis (EDX) of the Fe distribution in
the 40-nm-thick (Gao 7,Feo3)Sb, where white arrows show

nano-columnar-like Fe rich regions.

a function of d. K>, and K41, which have positive signs,
align the magnetization normal to the film plane. In the
film plane, K>/ has a positive sign, which means that the
in-plane easy magnetization axis of (Ga,Fe)Sb is along
[110]. As shown in Fig. 7(a), K»1 and K4, increase with
increasing d, which causes the sign change of
perpendicular MA energy without shape anisotropy (E )
from positive (IMA) to negative (PMA) atd=dc ~17 nm.
Whereas after including shape anisotropy, total MA
energy E| (= E + Esn) changes sign, corresponding to
a switching between IMA and PMA, at an effective
critical thickness d:; ~42 nm.

To understand the mechanism of d dependence of
MA, we characterize the scanning transmission electron

microscopy (STEM) lattice image projected along the



[110] axis and energy-dispersive X-ray spectroscopy
(EDX) mapping of Fe atoms as shown in Fig. 8. From
Fig. 8, we observed nano-columnar-like Fe-rich regions
growing from the interface [shown by the white arrows]
along [001]. These Fe rich regions appear to be increasing
with d, which in turn increases the perpendicular shape
anisotropy causing PMA, and explaining increase in K>
and K3, .in thick samples. While thin samples show IMA

due to the strong in-plane shape anisotropy.

VI. Temperature dependence MA in (Ga,Fe)Sb [6]

Here, we report temperature dependence switching
of MA in 40-nm-thick (Gag3,Feo7)Sb grown on AlSb
using semi-insulating GaAs(001) substrates. Fig. 9(a)
shows the FMR spectra measured at 10 K and 300 K,
when the magnetic field H is applied along the in-plane
[110] and the perpendicular [001] directions. From FMR
data at 10K we note that gHr is minimum when
H //[001] whereas for 300K goHRr is minimum when
H //[110]. This indicates that easy magnetization axis
changes from perpendicular to in-plane with increase in
temperature. These results are consistent with the

magnetization measurement results measured by SQUID.

Figure 9(b) shows the resonance field as a function of the
out-of-plane direction of H in the (Ga,Fe)Sb films with
various temperatures. We note that when 6y is changed
(H//1001]) to 90° (H//[110])
perpendicular plane, we observed four-fold symmetry
with two-fold symmetry at high temperatures 7= 250 K

from 0° in the
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FIG. 9. (a) FMR spectra of the 40-nm-thick
(Gao.7,Feo3)Sb film at 10 K and 300 K, respectively.
(b) Resonance Field wuHr as a function of the H

direction angle .
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and 300 K, where the wHr value is minimum when
H //[110], indicating IMA at these high temperatures.
When T = 200K, we observed mainly four-fold
symmetry, where the zoHr is minimum when H // [001],
indicating IMA. With further decreasing temperature to
10 K, however, the four-fold symmetry changed to two-
fold symmetry, where poHr is minimum when H // [001],
indicating that MA changes to PMA.

After applying fittings to the angular dependence
of the FMR fields we obtained MA constants at various
temperatures. Figure 10(a) and 10(b) summarizes the
obtained MA constants and perpendicular MA energy
Ei= E)+Eg (=K — %Kuf %,uOMsz) as a function
of temperature.

When we decrease the temperature from 300 K to
10 K, £, changes its sign from positive to negative,
indicating a switching from IMA to PMA. This is
because the K>, component increases strongly with
decreasing temperature in the 40-nm-thick film. We also
did similar temperature dependence studies in 20-nm-
thick (Ga,Fe)Sb where we see only IMA at all
temperatures.

From microstructure characterizations of 40-nm-
thick film, we attribute the origin of this temperature
dependence to the fluctuation in the local Fe density,
which causes nano-columnar-like Fe-rich regions
elongating along the growth axis. PMA at low
temperature may be due to the dominant magnetization
alignment along the perpendicular direction inside these
nanocolumns. Due to the shape anisotropy of the
nanocolumns, which are elongated along the [001] axis,
the magnetic moments in these Fe-rich regions always
tend to align perpendicularly to the film plane, which
induces the PMA in the whole film at low temperature

due to carrier-mediated exchange interactions. At room
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FIG. 10. (a) and (b) Temperature dependence of MA

constants and MA energies, respectively.
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FIG. 11. (a) and (b) Schematic illustrations of the
magnetic moments inside the 40-nm-thick (Gaog.7,Feo 3)Sb
film at 300 K (a) and 10 K (b). The small red arrows
represent the magnetic moments of Fe atoms and large
pink arrows indicate the total magnetic moment inside the

nanocolumns.

temperature (7 = 300 K), the Fe spins in the matrix,
whose exchange interaction is weak, should be aligned
rather randomly; due to the shape anisotropy of the thin
film, they prefer to align in the film plane [Fig. 11(a)].
However, at low temperature (7' < 250 K), the magnetic
coupling between the Fe-rich nanocolumns and the
surrounding matrix becomes more effective, and the
whole system is perpendicularly magnetized [Fig. 11(b)].
This possibly leads to the strong enhancement of the
PMA at low temperature in the thick (Ga,Fe)Sb films, as
observed in the 40-nm-thick film in this study.

VII. Summary

B We successfully observed FMR in III-V FMS

(Ga,Fe)Sb at room temperature.

We found that the magnitude of magnetocrystalline
anisotropy K; is weak and shows a monotonous

dependence on the strain.

We found strong shape anisotropy Ksn in thin films
which is effective in controlling overall MA of
(Ga,Fe)Sb.

We revealed strong d dependence of MA in
(Ga,Fe)Sb at room temperature: thin films (d <
50 nm) show IMA due to strong thin film shape
anisotropy and d = 55 nm shows PMA due to shape
anisotropy of Fe-rich nanocolumns.

We suggest that Fe-rich nanocolumns induces the
PMA

temperatures due to carrier-mediated exchange

in the whole 40-nm-thick film at low

interactions.
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Al HZEHAT D LICLVERESND Z LR T
Hanhd, ZoORmEEEGSEDH L, 2DHG M7
EL 720 E XX, LaAlOs O A A IR LT,
LaAlOs NI CART v o ¥ VDR Z D553, 1E
ALERECEBSELHZ LKy, BmmIizz
DODEREEMZ D ENTED, TN ZORMEIC
2DHG 2 & TSN TEEATH S,
L2 L, FEERIC/ERL S 37z SrO/AIO: Sl O 5
R T RIS TH Y . 2DHG LB
TETCWehole, o, TOHBGEMEINT
W7z, 2018 A2 X 9 =°< . 2DEG & 2DHG
DOHAFIRAESY STO/LAO/ STO ~T 1 Tl &
N5 L D27 >70% [H. Lee et al., Nat. Mater. 17,
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Fex 1L, T X ¥ —% (MBE) 12X 0,
TiO, #&uii O H TV 5 STO (001)FEMK B, 7 X —
TR AEHWT, FIDIRE tp O Fe JEE2 7
L, WIZx¥ v 7EE LTHEE 1 nm O Al JEE %
7% L7z (Fig. 1la), ZABIXTTXTEIRTITo7,
AMFZEClE, Fe OIEIE ., % 0.10, 0.15, 0.20, 0.25,
0.30, 0.40, 0.60 nm & L7=ikt&2 R L7z, 2T
I, ERENOREA & A10, Al5, A20, A25, A30,
A40, A60 EIESZ LI2T 5, @ RLF—HE
T#HREPT (RHEED) /3% — (X, Fe & Al DA
HIZ, STO DA MY =TI NF =D T ENLVT 7
AR AN — N E— B LTz, B
(XPS) ZDMIEMNS ., Fe & AllE, KEHRITKA
ICE D LB Calcib SN 5 Z L85 ho
7o Fe l3MefR IR ORE{LER FeO, (y = 1.5) & 72> T\
HZ BB 5T, Fig. 1b RT3 EAEIR
R T-BAMEE (STEM) (2 X D814 X 0 3Rk A0
(tre=0.1 nm) OREIT, JAF LV TEHTH D
TN D, £T5. AlOJFeO, BIZIEFE A LT E
NT 7 ADRREL Ip o TNDZ ERNbnd, R

570{0011 P
2DHG /2DEG
¢ sample A30

Fig. 1. a) Deposited layered structure in the MBE
chamber (left) and actual structure of the studied
samples after taken out of the MBE chamber (right).
b) High-resolution STEM image of sample A10 (Fe
thickness of #;, = 0.10 nm). ¢) AFM image of
sample A30 (fz, = 0.30 nm), whose root mean
square (RMS) roughness is 0.229 nm. The flat
surface with atomic steps of the STO substrate is
maintained even with the top FeO, and AlOx layers.
[L. D. Anh et al., Adv. Mater. (2020). Reprinted by
permission of John Wiley & Sons, Inc.]
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7o — i n D A40 TITADAE S=-160 uV K 23
Bohl, ZOHEOENL, A—LBETEDL
NTARERIOFER E =T 5, HFontE—y
IO R E ST STO~T i TlE STy
% fE~150 uwV K' [A. Filippetti et al., Phys. Rev. B 86,

195301 (2012); I. Pallecchi et al., Nat. Commun. 6,



6678 (2015).] & 1FF—F Liz, > T, 2D X H 72 B0 Rt Z fEs 3 % 729, Shubnikov-
KERB—_y 7 BIE Rz EICHE LD de Haas (SAH)#RE) O HIE 2 508 A10 (23t L TIT -

N S - Y . - = e
DIEEZZBND, oo ZORERA Fig. 3 ([2RT, 500 mK (2B T,
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Fig. 2. a) Hall resistance R, as a function of the magnetic field measured at various temperatures. The samples
with #r, < 0.2 nm show p-type conduction, while the others show n-type conduction. b) Temperature dependence
of the sheet resistance Rsheet. All samples exhibit a rapid decrease in Rsneer With decreasing temperature.
¢) Temperature dependence of the mobility estimated from Ry and Rsneer. d) Mobility (left axis) and sheet carrier
density (right axis) at 2 K summarised as functions of the Fe thickness f.. [L. D. Anh et al., Adv. Mater. (2020).
Reprinted by permission of John Wiley & Sons, Inc.]
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Fig. 3. a) d®R../dB* — 1/B curves measured at various temperatures with B // [001] (top) and at 500 mK with B //
[100] (bottom). There are two oscillatory components when B is applied perpendicular to the film plane (parallel
to the [001] direction), which are marked by black inverted triangles and circles. b) FT results of the
d*R/dB* — 1/B curves, which reveal two oscillatory components with frequencies F; =0.0257 T-! (at f; =38.9 T)
and F, = 0.0086 T-! (at f, = 116.29 T). The top and bottom panels show the temperature dependence and B-
direction dependence of the FT amplitude, respectively. ¢) Thermal damping of the FT amplitude at frequencies
F and F> and the fitting curves derived using the Lifshitz-Kosevich model [equation (2)], from which we estimate
the effective mass of the hole carriers. [L. D. Anh et al., Adv. Mater. (2020). Reprinted by permission of John
Wiley & Sons, Inc.]
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2.2 Structure and Handling of Cryogenic Containers  Usiversity of Toiyo Cryagenic Research Center Safety Trsining Program

Storage of liquid helium containers

=, Connection to At the delivery/
\| the recovery line retrieval location

\ To ﬂ‘ereowery /

1, Connect the vent to the recovery line when kept in the lab

2. Do not leave container at the delivery/retrieval location for
long

3, Plug the liquid outlet port tightly
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