Spin-glass state in nickelate superconductors
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Magneto-optical measurements in Lag.gSro.2NiO2 and Ndg.g25510.175NiO2 reveal an intriguing new
facet of infinite-layer nickelate superconductors: the onset of spin-glass behavior at a temperature far
exceeding the superconducting critical temperature T.. This discovery sharply contrasts with copper
oxide superconductors, where magnetism and superconductivity remain largely exclusive. Moreover,
the magnitude and onset temperature of the polar Kerr effect in Ndg.g255r0.175NiO2 fabricated on
SrTiO3 and (LaAlOs3)o.3(Sr2TaAlOg)o.7 substrates differ dramatically, while T, does not.

INTRODUCTION

It has been a long quest to find a system analogous to
the cuprates, in which a parent compound can be doped
to reveal high-T, superconductivity [I]. A typical high-T,
cuprate is characterized by a stack of n-CuO5 planes each
separated by an alkaline-earth element A%* (A=Ca,Sr,Ba)
with additional intervening “charge-reservoir” layers that
separate the stacks (see e.g. [2]). This structure implies an
infinite-layer cuprate structure (where n — co) ACuO- [3],
which is a strongly correlated antiferromagnetic charge-
transfer insulator [4] [5].

However, its counterpart nickelate system RNiOs (R
= La, Nd, Pr) is either weakly insulating [6] or supercon-
ducting [7HI] and lacks long-range antiferromagnetic order
[10], while exhibiting a spin-glass behavior [11]. This is
despite sharing the same P4/mmm space group and the
3d? configuration in its electronic structure. With the
discovery of superconductivity in Sr-doped NdNiOs with
T. in the range of 9 to 15 K [12], it became clear that
the set of a priori expectations for a parent material to
exhibit superconductivity needs to be revisited [13].

In many cuprates, doping typically induces a spin-glass
(SG) phase, which bridges the loss of antiferromagnetic
(AFM) long range order and the emergence of supercon-
ductivity (SC) [14]. For example, a thorough study [15] of
the magnetic phase diagram of Lag_,Sr,CuQy, a single-
layer doped cuprate, revealed that SG order persists far
into the superconducting region with a glass transition
temperature T, that is anti-correlated with the supercon-
ducting T,.. This is also true for thin films, where the
glass transition was shown to be larger, approximately
twice as large as the bulk superconducting transition [16].
While T;; seems to diminish towards optimal doping, it
seems to show a peak at dopant concentration z ~ 1/8,
which was previously shown to exhibit a weakened super-
conducting state. Excluding that last feature, Fig.[I] is
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FIG. 1: Schematic phase diagrams showing spin-glass
order in cuprates and nickelates. Left: The copper oxide
superconductor Las_,Sr,CuO,4 exhibits AFM order for
0 <z < 2%, and SC for 5% S « < 25%. The SG state
starts within the AFM phase and apparently leaks into
the SC phase [16] I7]. Right: Nickelate superconductors
have a SG phase that is present in a wide range of Sr
doping, such that the SC dome (10% < = < 25%) is
located deep inside the SG phase. The exact dependence
of SG order on doping concentration is yet to be
determined.

the accepted phase diagram for the spin glass phase in
cuprates. At low doping (z < 2%) the transition can be
ascribed to freezing of the spins of the doped holes into
a SG state which is superimposed on the preexisting 3D
AFM long-range order of the Cu?* spins [I5HI8]. With
increased doping (z 2 2%), stronger frustration of the
AFM environment yields a lower-temperature SG phase
associated with freezing of spin fluctuations [I9H21].

While the magnetic structure of infinite-layer nickelate
superconductors is yet to be fully understood, particularly
as it affects superconductivity, its most salient features are
the absence of long-range AFM ordering and freezing of
spins into a glass phase even in the parent compound [I1
22, 23]. In the cuprates where magnetism originates from
copper spins in the CuOs planes, which is also the starting



a 8 : T T : T
6r "\ | e -
~ 4r : P T ~80K T
o h 1 onset
© 2r I ! 4
f . 1 |
= 07 : '
X ot i ' -
< ; ZFW after IFC (+20 mT)
4r : ZFW after IFC (-20 mT) | T
6t ; Difference: IFC — IFW | |
b E : : | :
8t } IFW (+15 mT) after ZFC =~ |
— : IFC (+15 mT)
o ' . .
® ol T : IFW ( 15ImT) with memory
32 | |
< ' |
= 4r : :
2 1 1 1 1

0 20 40 60 80 100 120
Temperature (K)

FIG. 2: Kerr signal in Lag gSrp.oNiOs . Vertical dashed
lines indicate the onset temperature Tynset and a
cusp/peak feature temperature Tg,sp. a The Kerr signal
recorded in a zero magnetic field warmup (ZFW) after
cooling in perpendicular field B, = £20 mT. The
difference between IFC in +15 mT and IFW at the same
field following a ZFC is shown in yellow. b Kerr signal
value measured during a warmup in +15 mT after a
zero-field cooldown (purple), and during cooldown in
same field (green). The cyan curve demonstrates
memory effect (see main text).

point for models of SG state [24]. By contrast, glassy
dynamics observed in polycrystalline LaNiOs samples
were attributed to the presence of subtle local oxygen
disorder in the form of remaining apical oxygen [I1].
Because superconductivity has so far only been detected
in thin films nickelates, their associated magnetic states
have not yet been established. A comprehensive muon
spin-relaxation (uSR) study of Ry_,Sr,NiOy by Fowlie et
al. [25] discovered intrinsic magnetism, which gradually
onsets in the 100-150 K temperature range across the rare
earth (R) series, and co-exists with superconductivity.
These authors speculated that the observed glassy mag-
netic phase is intrinsic in nature and reflects the AFM
coupling between the NiT spins. On the other hand,
scanning superconducting quantum interference device
(SQUID) microscopy has picked up an inhomogeneous
ferromagnetic background in Lag g5Srg.15NiO4 slightly
above the superconducting temperature, which has been
attributed to extrinsic NiO, particles on the interface
between the nickelate and the SrTiO3 capping layer [26].
Moreover, measurements of the magnetic excitations in
Nd;_,Sr,NiOy using resonant inelastic x-ray scattering
(RIXS) indicate strong spin-1/2 AFM paramagnons [27],
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FIG. 3: Slow time saturation and relaxation of
magnetization in Lag gSrg.oNiOs at T = 15 K. The
perpendicular magnetic field is abruptly turned on at

t = 0 and then turned off after ¢t = 27 minutes.
Horizontal dashed lines are guide for the eye. Inset:
Hysteresis loop recorded at T7 = 11 K. Arrow indicates
the start of the loop. Field was ramped in steps of 8 mT
each 30 seconds.

while nuclear magnetic resonance (NMR) measurements
observe short-range glassy antiferromagnetic fluctuations
[28]. These dissimilar observations call for a better un-
derstanding of the relationship between magnetism and
superconductivity in infinite-layer nickelate superconduc-
tors.

In this paper we present a comprehensive study of the
magnetic state of doped infinite layer nickelates through
highly sensitive measurements of the magneto-optical po-
lar Kerr (MOKE) and Faraday (MOFE) effects using
zero area-loop Sagnac interferometers (ZALSI) [29]. Our
work provides direct evidence of a spin-glass magnetic
state in infinite-layer nickelate superconductors through
observations of: i) Irreversible magnetic susceptibility, i)
Slow dynamics and aging, iii) memory effect. Focusing on
doping levels close to optimal doping, we further demon-
strate the robustness of superconductivity in the presence
of a glass phase with T, > T¢.

RESULTS

The detailed design of ZALSI is described in the Meth-
ods section and Supplementary Information [30]. Most
importantly, the Kerr angle is a direct probe of magneti-
zation since it is proportional to Hall conductivity at the

frequency of light [3TH33].
O X 0gy(w) ox £M, (1)
Since time-reversal symmetry breaking is a necessary

condition for a finite Kerr effect [34], we will refer to polar
Kerr rotation simply as the magnetic signal.
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a,b NSNO on STO substrate. a Data, taken during a zero-field warm-up

magnetic field. b Kerr rotation in nickelate in the presence

of —30 mT magnetic field taken during the warmup after zero-field cooldown and during the in-field cooldown. c,d
NSNO on LSAT substrate. Measurement protocol in ¢ and d is the same as in a and b respectively.

Figures [2| and [3| show evidence for spin glass behavior
in LaggSrg.oNiOy (LSNO). Figure [2| demonstrates the
presence of spontaneous magnetization, which gradually
emerges in LSNO below Typset =~ 80 K. When the sample
is field-cooled in a small field of +20 mT and then the field
is turned off at the base temperature Ti.se ~ 5 K, any
remanent Kerr rotation is evidence for aligned magnetic
moments in the material. Reversing the direction of the
training field leads to the reversal of the sign of the Kerr
signal, which confirms the magnetic nature of the optical
signal. The observed smooth onset of the magnetic signal
is characteristic for glassy systems.

In-field cooldown and warmup measurements (bottom
panel of Fig. |2)) probe magnetic susceptibility, which ap-
pears to be irreversible: following a zero-field cooldown
(ZFC), magnetic moments are frozen and cannot be ro-
tated by a weak external field, while during the in-field
cooldown (IFC), moments are aligned with the field. The
difference between these two measured susceptibilities
(IFW and IFC) is roughly the same as the remanent mag-
netization extracted during the measurement with ZFW
protocol as shown by the yellow line on the top panel of
the Fig. [2.

Irreversible behavior of magnetic susceptibility and
gradual onset of magnetization are known properties of
spin-glass; however these could also be explained with
domain physics alone. Thus, to verify the SG nature of
magnetic state in nickelate superconductors, we further
probe dynamical manifestations of SG phase.

After cooling the sample in zero-field from room tem-

perature to Thase, we heat it up to To = 15 K, turn on a
weak external field B, = +15 mT and record Kerr signal
as a function of time. As evident from Figure [3| mag-
netization slowly increases on the scale of minutes; this
property of spin-glass is known as aging. Once the field is
turned off, the magnetization slowly relaxes to some finite
but smaller value on a similar time scale. The observed
time-dependence of magnetic susceptibility is character-
istic of glass-like spin dynamics and is comparable to
analogous experiments performed on bulk polycrystalline

LaNiO, samples [111, 22].

From T we cool the sample down to 77 = 11 K and
perform a hysteresis loop by sweeping the field to +80
mT, then to —80 mT and back to zero. The resulting
hysteresis curve is depicted in the inset of Fig. [3]. Fi-
nally, we cool down to a base temperature of Ty = 5
K, turn on an opposite field B, = —15 mT and record
the Kerr signal during in-field warmup, which exhibits a
relatively sharp, non-monotonic features at 77 = 11 and
Ty = 15 K (see Figure ) This unusual effect can be
explain as a manifestation of the “memory effect,” which
happens because the systems retains information about
spin dynamics that was happening at 77 and T prior to
cooldown. Above T, the magnetic susceptibility recovers
the same trend that was recorded during the previous
in-field warmup after zero-field cooldown. The hierarchic
structure of the free-energy landscape with many local
minima leads to apparent "memory" about the state from
which the system was cooled down [35].

Finally, we direct our attention to measurements
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FIG. 5: Resistivity of LSNO, NSNO/STO, and
NSNO/LSAT. Superconducting transition temperatures
T, (indicated with dashed lines) were determined as the
mean of inflection point temperature and half-normal
point temperature.

of Nd0.825Sr0_175NiOQ (NSNO) samples prepared on
SrTiOs and (LaAlOs3)o.3(SraTaAlOg)g.7 substrates, ab-
breviated as STO and LSAT respectively (Fig.|4]). It was
shown that nickelate films prepared on LSAT substrate
have higher crystallinity compared to the similar films
fabricated on STO substrate [36} [37]. This is evident from
the reduction in Ruddlesden-Popper-type stacking faults,
improved metallicity, and an increase in the supercon-
ducting critical temperature (see Fig. [5) when compared
to NSNO on STO [38].

The irreversible trend in Kerr susceptibility, together
with the aging effect, undoubtedly demonstrates glassy
nature of magnetic order in Ndg go551g.175NiO2 . Fur-
thermore, the data explicitly demonstrates a significant
difference in the strength of magnetic signal between the
two NSNO samples grown on different substrates,which
we attribute to the difference in films quality as well as
strain-epitaxy.

Specifically, the magnitude of the zero-field Kerr signal
at base temperature drops from about 6 urad to about 1
prad, while onset temperature is decreased to Topget &~ 13
K in NSNO/LSAT sample compared to Topset = 70 K in
the NSNO/STO. In fact, since full strength of magnetic

signal in NSNO/LSAT is just 9;? ~ 850 nanorad (see
Fig. 4| ¢), we’re unable to demonstrate aging phenomenon
in this sample. Based on the similar measurements in
LSNO/STO and NSNO/STO samples, we would expect
the aging magnitude Ok (¢t = 30min) — Ok (t = 0) to be
an order magnitude smaller then 9$)7 which is below
the resolution of our apparatus of 100 nanorads. Still,
irreversible susceptibility and gradual onset of magnetic
signal in zero-field measurements are indicative of a spin-
glass state. We also note that in NSNO/LSAT samples
we observe only a single characteristic temperature, at
which the signal onsets, but we do not see any cusp-type
features in the susceptibility data.

DISCUSSION

Our results of the dynamics of the magnetic state of
doped thin films nickelates are in good agreement with
the magnetic susceptibility measurements of the polycrys-
talline parent compound LaNiOy [I1, 22], which demon-
strated similar hallmarks of SG phase: irreversible sus-
ceptibility, aging, and a memory effect. The authors of
[11] have also identified two characteristic temperatures
associated with SG behavior in the AC susceptibility of
LaNiO, : cusp-like peak feature around T¢,sp >~ 13 K and
an onset of frequency-dependent susceptibility at Topnger =~
85 K. Approximate typical temperatures are summarized
in the Table [l Based on this observation, they surmised
the possible existence of two disorder mechanisms at play
with different characteristic energy scales.

However, it is challenging to estimate the exact SG
emergence temperature due to the gradual nature of the
transition, based on Tcusp and the magnitude of the split-
ting between susceptibility curves, magnetic signal in the
thin films on the STO substrate appears to be compara-
ble to the signal in the (undoped) nickelate crystals [I1],
which generally have lower crystallinity [39]. This simi-
larity appears to be even more bizarre, when it is taken
into account that polycrystalline samples are reported to
have no nickel impurities, while ~ 37 nickel particles per
pm? have been reported in the thin-film samples [26]. In
any case, the onset temperature of the SG phase does not
depend strongly on the rare earth ion or Sr doping, which
permits us to surmise the phase diagram shown in Fig. [].

Importantly, present magneto-optical measurements
agree with the uSR study [25], conducted on the same
Lag gSrp.oNiOs sample as measured in the current work.
We speculate that the spin-glass magnetic order detected
with ZALSI is responsible for the change in muon spin
relaxation rate between T'= 100 K and 7' = 5 K reported
in Ref. |25]. Since pSR confirm the bulk nature of the
magnetic signal, we conclude that the glassy spin dynam-
ics is not caused by extrinsic factors such as Ni clusters
on the interface with the capping layer, but instead arise
due to intrinsic mechanisms. However, in contrast to uSR
we can exclude the AFM interaction as the origin of the
observed glassy magnetic state, since compensated AFM
ordered moments would not produce any Kerr rotation.

Finally we comment on the large reduction in strength
and characteristic temperature of the magnetic signal
between the NSNO samples that are fabricated on STO
and LSAT substrates. A relatively moderate increase
by 20 % in superconducting temperature (see Fig. || ),
indicates that the mechanism for “static” magnetism in
nickelates is weakly related to superconductivity. Instead,
it appears that the overall improvement in the sample’s
crystallinity is responsible for the suppressed SG state.
Furthermore, as evident from the RIXS study of PrNiO, ,
the paramagnon spectrum does not change between sam-



Sample H T, Tcusp Tonset
LaNiO; (polycrystal) [IT] || - | 13 | 85
NdNiO, (polycrystal) [I1] || - 6 85

LaoAssI‘o‘QNiOQ / STO 9.1 20 80
Ndo.g2551r0.175NiO2 / STO ||12.5| 25 | 70
Nd0‘3258r0_175Ni02 / LSAT||15.3 - 13

TABLE I: Summary of the transition temperatures (in
Kelvins) for different samples: undoped crystalline
materials from Ref. [I1] and optimally doped
superconducting thin films.

ples prepared on STO or LSAT substrates [40].

The main results of the present work are magneto-
optical measurements of superconducting infinite-layer
nickelates Lao,gsro_gNiOQ and Nd0,825Sr0_175N102 ) which
clearly demonstrate the presence of a spin-glass phase
coexisting with superconductivity and persisting up
to temperatures T, much higher than superconduct-
ing critical temperature T.. The dramatic change
in magnetic signal and onset temperature between
Ndo,825Sr0_175Ni02 samples grown on SI‘TIOg and
(LaAlOg3)g.3(Sr2TaAlOg)g.7 substrates indicates the im-
portance of the sample’s crystallinity on the disorder
magnitude in the exchange interaction energy. On the
other hand, the relatively smaller effect this change has on
the superconducting T, suggests that there is no simple,
direct connection between SG order and the mechanism
of superconductivity in this material - and possibly, by
analogy - in the cuprates as well.

METHODS

The ZALSI apparatus has a unique symmetry-based
design that enables the measurement of the Kerr angle
0 with sub-microradian resolution. ZALSI has been
used to detect time-reversal symmetry breaking (TRSB)
in superconductors [41H45] and thin film ferromagnets
[46]. It was recently demonstrated that ZALSI is sensitive
exclusively to TRSB and does not suffer from optical
activity induced by non-magnetic phases such as charge
order [47H49).

We use continuous superluminescent diode light source
operating at A = 1550 nm SLED, which corresponds
to w ~ 0.8 eV. Additionally, we have repeated selected
measurements with 830 nm (1.5 eV) ZALSI, and found
qualitatively similar results. Notably, the Kerr rotation
from the LSNO at 830 nm is reversed in sign and has a
smaller magnitude compared to signal detected at 1550
nm.

0?{:830 nm o +Mza (2)

9?{:1550 nm _Mz~ (3)

This behavior is, in fact, similar to elemental nickel, where
Kerr angle is known to reverse sign at w ~ 1 eV [50].
Moreover, for in-field measurements paramagnetic-like
contributions from the substrate is much larger at 830
nm. This makes longer wavelengths more suitable for
studying magnetism in nickelate superconductors.

Overall, magneto-optical Kerr effect measurements are
perfectly suited for studying magnetization in nickelate
thin-film superconductors, since they allow for local bulk
probe (beam spot size &~ 25 pm) of magnetization in a
wide range of temperatures. However, due to tiny absolute
magnitude of the SG signal of ~ 5 urad, this measure-
ment is beyond the reach of conventional MOKE setups,
whereas ZALSI is able to resolve such signals with ease
owing to its extremely high sensitivity of 100 nrad/ VHz.
See the Supplementary Material [30] for more details on
relationship between ZALSI MOKE signal and magne-
tization, its dependence on wavelength, and substrate
contributions.
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