Science Advances

AVAAAS

Supplementary Materials for
Superconductivity in an ultrathin multilayer nickelate

XiYan et al.

Corresponding author: Hua Zhou, hzhou@anl.gov; Dillon D. Fong, fong@anl.gov

Sci. Adv. 11, eado4572 (2025)
DOI: 10.1126/sciadv.ado4572

This PDF file includes:

Figs. S1to S11
References



——NdNi,O,, g| 3UC
NI | ——Nd,Ni.O S 3
5 6 "5 12 o g|
3 S g [
3 < o 9l
© - o I
~ o o °0| o
2 ©c & 5 ©
z g 3 8
o) o
E o
o N|
o) N
= 9| 8 J
s g = 3
o 3| o
o ~— o
" 1 " 1 L IO. 1 n 1 ) 1 "
0.75 100 125 150 1.75 200 225 2.50
L (r.lLu.)

Figure S1: The specular Bragg rods of NdgNisO;¢ and NdgNisO1,. The 3 UC NdgNisOq¢ film
is grown by employing the NdO — NdO — NdO — NiO; stacking sequence. The superlattice
peaks of the NdgNisO;¢ film shift rightward after the topotactic reduction, forming a supercon-

ducting NdgNisO1, reduced phase.
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Figure S2: The temperature-dependent resistivity for multiple NdgNisOj, samples. All of them
are 1 UC and are measured down to 1.8 K. (a) The superconducting correlations are observed
on both the in situ reduced sample (Sample 1) as well as three different ex situ reduced samples
(Samples 2-4). The onset of superconductivity ranges from 13 K to 22 K. (b) The enlarged
region for (a) from 0 K to 30 K. The points of maximum curvature for the 4 samples are de-
scribed in the figure. The resistivity of the superconducting thin films can be affected by various
factors, including the quality of the parent phase and the reduction conditions, specifically, re-
duction temperature and reduction time. This can lead to sample-to-sample variations even with
the same film thickness.
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Figure S3: The CTRs of the substrates and COBRA results for NGO (110) substrate. (a) The
structural factor contribution of TiO, double-layer on the surface of a SrTiO3 (STO) (001) sub-
strate can cause a sharp intensity minimum at L = 1.05 r.L.u. on its CTR. The absence of this
sharp minimum on NGO (110) substrate indicates a mixed surface termination with NdO and
Ga0,. (b) (c) The COBRA fitting and the electron density profiles along the out-of-plane di-
rection, z extracted from COBRA for the NGO (110) substrate. (d) The layer spacings between
every NdO and GaO; planes extracted from the COBRA derived electron density profile. (e, f)
The specular Bragg rod (measured at 560°C) and the resulting crystal structures as determined
by COBRA, for the initial NdGaO3 substrate (with the structure shown at the bottom of (e)) and
after growth of the initial é UC of the NdgNisO;¢ film (with the structure shown in (f)).
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Figure S4: The OO% intensity measured by X-ray scattering during growth and an atomic force
microscope (AFM) image of the final surface. (a) The NdgNisOi¢ films are grown by a shutter
growth sequence starting with a NdO layer. The oscillations monitored at the surface sensitive
00% r.l.u. position for the the first five unit cells of NdNiO3 and a NdO adlayer (0.5 UC of
NdgNisOjg film) demonstrate a layer-by-layer growth mode. (b) The AFM image of the 1 UC
NdgNisOj¢ film before reduction with a scan area of 10 um x 10 um. The root mean square
(RMS) roughness is 0.616 nm.



[V

5
s
2
‘@
c
[0)
k=
(o))
o
—
—— Good sequence ----Ideal CTR ——Bad sequence
0.5 1.0 15 2.0 25 3.0
L (r.lu.)

b

E)
8
=
[2]
c

Qo
£

(@]
o
-

Good sequence ——Bad sequence
0.5 1.0 15 20 25 3.0
L (r.l.u.)

Log Intensity (a.u.)

Log Intensity (a.u.) <

;
186 Good sequence NdNi O, —1UC
10° §
10’ 8y  dx 3
10° i ; =] %= =)

5 ‘ ’ ‘ ’ o o
10 M\HHN\HHVW\IW il \M J o I‘JH‘\M st

0 10 20 30 40 50 60 70 80
10y ——3UC
10° |
0 o N
1930 8y gfl ¥g 3
10’ W3 8 ” 83 g
10° NM i mh L Sv—.rr
0 10 20 30 40 50 60 70 80
20 (degrees)

7
106 Bad sequence —3UC
10
10°
10*
6 || W N—
10? WhnmHHHHVMNA‘WMMW\MMMWM\M\‘ mWﬂmwwmnmmmmmmwmwmwm\ﬂ?n“ mWmmmmmmmmmm

30 40 50
26 (degrees)

60 70 80

Figure S5: CTRs for different growth sequences. (a) CTRs for the 1 UC NdgNisO¢ films
deposited according to two different stacking sequences. The dashed, gray curve is the ideal
CTR calculated assuming singly-terminated NGO, with NdO termination. After growing a 0.5
UC NdgNisO¢ film, the subsequent growth of NdO — NdO — NiO; results in a dynamic layer
rearrangement, forming a mis-stacking structure (blue curve, bad sequence); while adding an
NdO adlayer on top of the rock salt slab, that is, NdO — NdO — NdO — NiO3,, leads to a
specular Bragg rod (red curve, good sequence) very similar to the calculated OOL for the 1 UC
NdgNisOjg film. (b) The comparison of the 3 UC N dgNisOg films grown by the two different
deposition sequences further exhibits the necessity of the additional NdO layer. (c) Lab source
XRD for 1 UC and 3 UC NdgNi5Oi¢ films grown in NdO — NdO — NdO — NiO; sequence.
(d) Lab source XRD for the 3 UC nickelate film deposited in NdO — NdO — NiO; sequence.
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Figure S6: Structural characterization of the layered nickelates. (a, b) High-angle annular dark-
field scanning transmission electron microscopy (STEM) images for films grown with the NdO
— NdO — NiO; sequence (1 UC) and the NdO — NdO — NdO — NiO; sequence (3 UC).
The black arrows point to the film. The rock salt layers are marked by red and green arrows.
Stacking faults are indicated by the white arrows. (c, d) Schematics of the structures grown in
NdO — NdO — NiO; and NdO — NdO — NdO — NiO, sequences, respectively.
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Figure S7: The ex situ reduction experiments on the 3 UC samples. (a)(b) The effect of the
reduction time on the resistivity properties and the corresponding CTRs. At a fixed reduction
temperature of 255°C, the metal-insulator transition temperatures for the films reduced for 3
hours, 3.5 hours and 3.75 hours are 76 K, 32 K and 112 K, respectively. (c) The effect of
the reduction temperature on the resistivity properties. By varying the reduction temperature
from 255°C to 265°C in increments of 5°C when fixing a reduction time of 3 hours, the films

transform from a semiconducting state to a superconducting state (260°C), ending with an in-
sulating state. (d) The CTRs measured after being reduced in different reduction temperatures.
The specular Bragg rod of the superconducting sample shows the sharpest Bragg peaks and the
smallest out-of-plane lattice constant among all the samples (see the 0024 peak shown at the
right).



intensity (a.u.) @

Electron Density intensity (a.u.) © Layer spacing (A) Electron Density

Layer spacing (A)

- -~ Fit
——25°C

Z position (PL)

0.5 1.0
1 1 1 1 i 1 1 ! 1 !
40 -30 20 -10 O 10 20 30 40 50 60
Z position (A)
NdO-NiO, F28
NiO.-Nd 26
O NiO,-NdO o 16 o
© NdO-NdO
22
® L
"©@@)©€B*@®*@*@*€D@@ ””””” @’@’””"Q 20
®© © L18
O Lis
1.4
1 n 1 n 1 n 1 " 1 " 1 n 1 n 1 " 1 " 1 " 1 12
8 6 4 -2 0 2 4 6 8 10 12
Z position (PL)
- == Fit
— 205 °
1 1 1 1 1
.00 1.25 1.50 1.75 2.00 225 2.50
L(rlu.)
o)
T o 1
: = H
i Qv :
; z '
| v '
| i o
| 1 SO
;e@b v
"gexjég
[P EE T TP SRR TP SRR B ;I 1
40 -30 -20 -10 O 10 20 30 40 50 60
Z position (A)
NAO-NiO, [ 2.8
O NiO,-NdO %9 26
[24
© NdO-NdO
(0] 22
L-OO-0 00 OO0 0y ma i~ oo 20
OQOOQOO 00 18
To) O 16
- 1.4
1 1 1 1 1 1 1 1 1 1 1 12
8 6 -4 -2 0 2 4 6 8 10 12

intensity (a.u.) &

Electron Density intensity (a.u.) @ Layer spacing (A) Electron Density

Layer spacing (A)

O

- == Fit
——200°C
1 1 1 1 1
100 125 150 175 200 225 250
L(rlu.)
| v !
i Lo
£
rs g
Y=
! ! ! 1 l‘ ! 1 1 1 !
40 30 20 10 0 10 20 30 40 50 60
Z position (A)
NdO-NiO, 28
O NiO,-NdO 26
2 € 24
O NdO-NdO o :
2.2
O OOTOTCOO T m @D OB OF20
T 09%s 6@@9@) 18
1.6
1.4
1 n 1 " 1 " 1 " 1 n 1 n 1 n 1 n 1 n 1 " 1 12
8 6 4 2 0 2 4 6 8 10 12
Z position (PL)
- -~ Fit
\ ——210°C
AR
~I
1 1 1 1 1
100 125 150 175 200 225 250
L(rlu) _2
T O
: €32 .
AT\
! v !
S
Y
| §°§
[ ]
.4
1 1 1 1 i 1 1 1 II 1
40 30 20 -10 0 10 20 30 40 50 60
Z position (A)
NdO(Nd)-NiO, 28
O NiO,-NdO(Nd) 5 26
O NdO(Nd)-NdO(Nd) o 2‘2‘
©0 QOO0 sy e 2
o® -
000 o O
1.4
1 1 1 1 1 1 1 1 1 1 1 12
8 -6 4 2 0 2 4 6 8 10 12

Z position (PL)



e
—~ -==Fit ~
o~ S
E —215°Cg
2 2
2 £
c c
ko) 8
S iS5
" 1 1 " 1 " 1 1
1.00 1.25 1.50 175 200 225 250
L(rlu.)
e
T z T
v |
> | =
s z : i
T v : 3
[a) by [a)
s (2o s
g S e 5
@ ‘A/ o
w w
! 1 1 ! ‘ ! 1 1 I 1
40 -30 20 10 0O 10 20 30 40 50 60
Z position (A)

Nd-NiO, 28
< | © NiONd 5 o [2* =)
2 [O NdNd - 24 o
© 2.2 S
[ @
& 0000000y é—@——— r20 3
5 [@RORO) o @ o) 1.8 5
T o F16 B
- -

F1.4

1 1 1 1 1 n 1 1 1 1 1 12

Z position (PL)

- -~ Fit
——220°C
i
'
L
\
v
1 1 1 1 1
1.00 1.25 1.50 175  2.00 225 250
L(rlu.)
. 2 :
: v !
e 1
z !
M :
Efb_ow
v o
15
! 1 1 1 i ! ! 1 i 1
40 -30 20 10 0 10 20 30 40 50 60
Z position (A)

Nd-NiO 5 28
O NiO,Nd o T2
© Nd-Nd [24

F22

O OOCOO Oy o2

Ceswogpo  O° ofts

0] F16

F1.4

S R R T S S TN PP
8 -6 -4 2 0 2 4 6 8 10 12

Z position (PL)

Figure S8: Detailed COBRA analysis for the 1 UC nickelate sample. The in situ CTRs, the
electron density profiles along the out-of-plane direction, z, and the layer spacings taken at the
reduction temperatures of (a) room temperature, t = 0 min (b) 200°C, t = 97 min (c) 205°C, t =
220 min (d) 210°C, t = 269 min (e) 215°C, t = 308 min and (f) 220°C, t = 328 min, respectively.
Here, the layer spacing refers to the distance between each respective atomic layer, AO-BO,,
BO,-AO and AO-AOQO. The time intervals are calculated from the start time for each scan.
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Figure S9: The summary of the in situ CTRs and their COBRA fitting curves at different reduc-
tion temperatures (a) and the lattice constants of the full unit cell during reduction (b) for the 1
UC nickelate film. The triangles in (a) track the evolution of the 0024 peak during reduction.
The red line in (b) refers to the lattice constant at 25°C.
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Figure S10: The layer spacing between the NdO (or Nd after reduction) layers in the middle of

the 1 UC nickelate film at different reduction temperature. The reduction process converts the
rock salt Nd,O; layers to the fluorite structure.
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Figure S11: The ex sifu reduction experiments on the 1 UC samples. (a) The p(T) profiles after

different reduction conditions. 2 hours of reduction at a higher reduction temperature (265°C)
results in an insulating state. The semiconducting states are achieved after 2 hours and 2.5 hours

of reduction at 255°C, while further reducing the film for 3 hours leads to superconductivity.
(b) When approaching the superconductivity, the logarithmic temperature dependence of the
resistivity is observed. The resistivity is approximately linear in the temperature range of ~ 4 K
to ~ 15 K, and saturation is observed below 4 K. Similar behaviors were observed in undoped
LaNiO, films and the underdoped R |_,Sr,NiO; systems (4, 16, 17, 40, 41).

The logarithmic behaviors at low temperatures in Figure S11 may be theoretically conceived

from Kondo spin singlets in NdNiO, formed by incorporating the Kondo coupling between the

low-density Nd 5d conduction electrons and the localized Ni3d,2_,» electrons to the 7 —J model

for cuprates (51). Alternatively, given the possible presence of inhomogeneities in our samples,
as indicated by the lack of a zero Ohm state, combined with the presence of disorder holes in the
NiO; planes, localization effects cannot be precluded. We notice that in the Sr-doped infinite-
layer nickelates, the logarithmic temperature dependence is relatively insensitive to disorder
strength (52). Additional measurements like magnetoresistance or temperature dependence of
the Hall coefficient could aid in differentiating between these two e ffects. A two-band model
with both electron and hole carriers was proposed due to a relatively small magnetoresistance

and negative Hall coefficients in the Sr-doped nickelate system (16). However, distinct from
the



Sr-doped nickelates, Hall coefficients remain positive at all temperatures for the reduced mul-
tilayer nickelate, suggesting a single-band scenario. Therefore, in order to investigate intrinsic
transport mechanisms, further efforts in minimizing disorder and reducing extrinsic defects are

required.
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