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Ferromagnetic order beyond the superconducting
dome in a cuprate superconductor

Tarapada Sarkar', D. S. Wei?3, J. Zhang?, N. R. Poniatowski', P. R. Mandal’,

A. Kapitulnik®>5€, Richard L. Greene'*

According to conventional wisdom, the extraordinary properties of the cuprate high-temperature
superconductors arise from doping a strongly correlated antiferromagnetic insulator. The highly
overdoped cuprates—whose doping lies beyond the dome of superconductivity—are considered to be
conventional Fermi liquid metals. We report the emergence of itinerant ferromagnetic order below

4 kelvin for doping beyond the superconducting dome in thin films of electron-doped La,_,Ce,Cu0,4
(LCCO). The existence of this ferromagnetic order is evidenced by negative, anisotropic, and hysteretic
magnetoresistance, hysteretic magnetization, and the polar Kerr effect, all of which are standard
signatures of itinerant ferromagnetism in metals. This surprising result suggests that the overdoped
cuprates are strongly influenced by electron correlations.

nderdoped cuprates exhibit many or-

dered phases, including antiferromag-

netism (7, 2), charge order (3-5), and

nematicity (6). The relationship of these

phases to high-temperature (high-7)
superconductivity has yet to be determined.
Moreover, the nature of the much-studied
pseudogap phase in the hole-doped cuprates,
which appears to end at a critical doping, re-
mains unresolved (7). The seemingly conven-
tional overdoped region of the phase diagram
[beyond the pseudogap endpoint in hole-doped
materials or beyond the Fermi surface recon-
struction (FSR) in electron-doped materials]
has been studied less systematically, and its
importance to the mechanism of superconduc-
tivity has largely been dismissed. However,
some studies of this region suggest that the
physics is not that of a conventional Fermi
liquid. For example, in both hole-doped and
electron-doped materials, the low-temperature
normal-state transport properties are anoma-
lous (8, 9). An extended range of quantum
critical transport appears to exist from the
FSR doping to the end of the superconduct-
ing dome in all cuprates (10-12).

Here, we report ferromagnetic order in
electron-doped La,_,Ce,CuO, (LCCO), which
further challenges the conventional picture of
overdoped cuprates. Hints of magnetism in
overdoped hole-doped cuprates at tempera-
tures below 1 K have been reported previously
(13), and ferromagnetic fluctuations have been
reported at higher temperatures (14). We pro-
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vide comprehensive and robust evidence for
static ferromagnetic order in LCCO (see be-
low). The existence of a ferromagnetic phase
beyond the end of the superconducting dome
that competes with the d-wave superconduc-
tivity was hypothesized in (75); the fluctua-
tions of this phase were invoked to explain the
temperature dependence of the magnetic sus-
ceptibility () in overdoped (Bi, Pb)sSroCuOg, 5.
This raises the possibility that ferromagnetism
is a universal feature of overdoped cuprate
physics. However, obtaining direct evidence
of static (or itinerant) ferromagnetic order as-

A 9.8 T T T B 11.7 7 T T T T
B 0.6 o= { =116} :
Vool 8
O}i9.4" "C} 11.5
Ses f—_/_ g
Q% ! S 114 -
8 0 1 1 1 ]] 3 1 1 1 1 1
0 4 8 12 16 8-40 4 8
woH (T) uH (T)
C T D20
0.8 b
04
S
2—0‘0
-0.4
'08 1 1 1 1 1 1
-40 20 0 20 40 40 20 0 20 40
uoH (mT) uoH (mT)

Fig. 1. Low-temperature magnetoresistance
across the end of the superconducting dome in
LCCO. Shown are the data for a sample on STO
substrate. (A) ab-plane magnetoresistivity (H 1 ab-
plane) for x = 0.17 (T, = 4 K) at 2 K (black), 5 K
(red), and 10 K (blue). (B) ab-plane magneto-
resistivity (H L ab-plane) for x = 0.18 at 2 K. (C and
D) ab-plane Ap(%) = [p(H) - p(0)]/p(0) x 100 for
x =018 (T, = 0 K) at 2 K in low-field sweep from
+400 Oe to —400 Oe for H 1 ab-plane (C) and

H || ab-plane (D). Arrows indicate the sweeping
direction of the H field.

sociated with the CuO, planes in any cuprate
remains experimentally challenging.

To investigate this highly overdoped regime,
we measured electron-doped LCCO thin films,
which can reliably be doped beyond the super-
conducting dome. In particular, we focused on
the nonsuperconducting dopings (x = 0.18,
0.19) where a Fermi liquid-like quadratic tem-
perature dependence of the resistivity is found
at low temperatures (16).

In Figs. 1 and 2, we present the negative
transverse magnetoresistance, anisotropic mag-
netoresistance, and magnetic field hysteresis
in magnetization, magnetoresistance, and
magneto-thermopower measurements on LCCO
samples grown on SrTiOs; (STO) substrates.
Figure 1 shows the low-temperature trans-
verse (H L ab-plane) magnetoresistance for
both a superconducting (x = 0.17) and a non-
superconducting (x = 0.18) sample. The mag-
netoresistance for & = 0.17 is positive and
crosses over from linear to quadratic in field
with increasing temperature, whereas the trans-
verse magnetoresistance for x = 0.18 is negative
with a strong low-field hysteretic dependence
below ~4 K. Both of these features, the neg-
ative magnetoresistance and low-field hysteresis
below 4 K, are hallmarks of itinerant ferromag-
netism (I7-20). Similar magnetoresistance data
suggestive of ferromagnetic order are shown in
Fig. 2, A and B, for x = 0.19, again below 4 K. As
shown in Fig. 2D, we also observed hysteresis in
the magneto-thermopower (21), reaffirming the
presence of ferromagnetism and ruling out any
current heating effect as the cause of the mag-
netoresistance hysteresis. In Fig. 2C we show
a superconducting quantum interference device
(SQUID) magnetization study of a # = 0.19
sample, which demonstrates hysteresis in the
magnetization below 4 K, with a coercive field
comparable to that of the magnetoresistance
shown in Fig. 2, A and B. The hysteresis van-
ishes at 4 K (fig. S1). At 2 K, the magnitude of
the magnetization is approximately 0.06 to
0.08 Bohr magneton per formula unit (ug/f.u.).
The in-plane magnetization saturates, whereas
the out-of-plane magnetization does not satu-
rate (Fig. 2C); this shows that the ferromagnetic
moments are in the plane, as confirmed by the
polar Kerr effect results (Fig. 3) (22). Further-
more, we found an anisotropic magnetore-
sistance, which is a well-known effect intrinsic
to ferromagnets, arising from spin-orbit cou-
pling (17-19). These data are shown in Fig. 1,
C and D, and fig. S4, where the magnetore-
sistance depends on the relative orientation of
the current and the magnetization.

In Fig. 3, we show the polar Kerr effect
measurements of an x = 0.19 LCCO film grown
on an (LaAlO3), 3(SroTaAlOg)o 7 (LSAT) sub-
strate. For these high-resolution measurements,
we used a zero-area loop Sagnac interferometer
that nulls out any reciprocal effects such as lin-
ear birefringence and is capable of detecting
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Fig. 2. Magnetotransport and magnetization for x = 0.19 in LCCO. Shown are the data for a sample on STO substrate. (A) ab-plane Ap(%) = [p(H) - p(0)]/p(0) x
100 (H L ab-plane) at 2 K. Inset: Ap(%) for low fields. Black arrows indicate the sweeping direction of the field. (B) Low-field ab-plane Ap(%) (H L ab-plane) at

3 K, 3.5 K, and 4 K with the same sweeping direction as in (A) (the y-axis label is also the same). (C) Magnetization versus magnetic field with H || ab-plane and
H 1 ab-plane at 2 K. The substrate background is removed in these plots (22). Inset: Magnetization in extended view for H || ab-plane. (D) ab-plane thermoelectric
power with transverse sweeping field +400 Oe to -400 Oe.

Fig. 3. Polar Kerr effect in LCCO. (A) Kerr angle
measured in zero magnetic field after cooling down
from 6 K in +10 mT (red) and =10 mT (green), plotted
as a function of temperature for an LCCO sample with
x =019 (H L ab-plane, LSAT substrate). Data are
averaged over 500-mK windows, and we subtract a
temperature-independent background offset of

~0.7 um stemming from electrical and optical
contributions from the instruments. Error bars
indicate SD. An onset of Kerr signal at 4 K and a
complete reversal with opposite magnetic field
indicate field-canted moments along the polar direc-
tion. (B) Kerr angle measured in zero magnetic field
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while warming after cooling down in zero magnetic field (orange) and after cooling down in +10 mT (blue). Data are averaged over 200 mK windows, and we
subtract a temperature-independent background offset of roughly 0.7 um. There is no discernible Kerr signal, indicating that the magnetic moments are in the
ab-plane. Inset: Direction of the applied magnetic field for all Kerr measurements.

tiny magneto-optic effects on the order of
tens of nanoradians, as described in (23). This
technique has been used to detect time-reversal
symmetry breaking in triplet superconductors
(24, 25) as well as the ferromagnetic phase
transition of a thin film of SrRuO; (26). For all
the Kerr measurements, we operated at a wave-
length of 1550 nm with a spot size D ~ 10.6 um
and measured with an incident optical power
Piye ~ 30 uW. The details of these measure-
ments are given in the Fig. 3 caption and (22).
These results fully confirm the transport and
magnetization results and indicate the onset of
long-range ferromagnetic order at ~4 K. More-
over, the magnitude of the Kerr angle 6y is
consistent with the magnetic moment found
from the magnetization results (22).
Taken together, the negative transverse mag-
netoresistance, anisotropic magnetoresistance,
and hysteretic features in magnetoresistance,
magneto-thermopower, and magnetization mea-
surements, as well as the finite polar Kerr effect,
provide compelling evidence for static ferro-
magnetic order below 4 K in overdoped LCCO.
Great care was taken to ensure that the ob-
served magnetism was intrinsic to the sample
(22), including the reproduction of our results
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for more than 20 films grown on three different
substrates. For example, magnetoresistance
hysteresis similar to that shown in Figs. 1 and
2 for LCCO on an STO substrate was found
for LCCO films on LSAT and LaSrGaO, sub-
strates (fig. S3). Magnetization hysteresis of
LCCO on LSAT is shown in fig. S1C; the Kerr
effect was done for LCCO films on an LSAT
substrate (Fig. 3).

The ferromagnetism we observe in overdoped
nonsuperconducting LCCO resembles that
found in weak itinerant ferromagnets such
as UGe, (27) and Y,Cos (28), in that they also
exhibit a 72 temperature dependence of the
resistivity. The ferromagnetic order may exist
above the doping «# = 0.19, but we were un-
able to prepare such films. The onset of su-
perconductivity at 5 K for = 0.17 prohibits a
lower-temperature magnetoresistance study
for this and lower dopings. However, we mea-
sured an @ ~ 0.175 film that might be super-
conducting below 1.8 K. This film shows a
positive normal-state magnetoresistance at
1.8 K and no low-field hysteretic magneto-
resistance (fig. S12), which means that it is
not ferromagnetic at 1.8 K. On the basis of
this result, the magnetoresistance data in

Fig. 1, and a prior uSR study of LCCO (29), it
is reasonable to predict the absence of any
ferromagnetic order below @ = 0.175. We at-
tribute the observed ferromagnetism to the
hypothesized (75) low-temperature ferromag-
netic order in the copper oxide planes of over-
doped cuprates.

A previous transport study observed quan-
tum critical behavior of unknown origin at the
end of the superconducting dome in LCCO
based on the scaling of the resistivity with tem-
perature and magnetic field. The work reported
the low-temperature normal-state resistivity to
vary as 76 for a doping at the end of the dome
(30). This power law of resistivity is very close
to the power law expected to arise from quan-
tum critical ferromagnetic fluctuations (31). In
conjunction with the evidence for ferromag-
netic order above the superconducting dome
described in this work, these results are sug-
gestive of a superconducting/ferromagnetic
quantum critical point located at the end of
the superconducting dome in LCCO.

Our study firmly establishes the existence
of itinerant ferromagnetic order in the over-
doped, nonsuperconducting, cuprate LCCO at
temperatures below 4 K. This suggests the
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presence of a ferromagnetic quantum critical
point at the end of the superconducting dome,
and a resultant competition between d-wave
superconductivity and ferromagnetism. This
competition may play a role in other un-
explained aspects of the overdoped cuprates,
such as the decrease of 7, beyond optimal
doping and the anomalous loss of superfluid
density (32). However, further work will be
needed to learn more about the nature of the
ferromagnetic phase and its impact on the
properties of overdoped cuprates. Nonetheless,
this striking observation of itinerant ferromag-
netism may help to address the long-standing
mystery of the cuprates and to reimagine the
unexplored frontiers of their phase diagram.
Finally, it is possible that this ferromagnetic
order represents another intriguing similar-
ity between the cuprates and twisted bilayer
graphene, given that ferromagnetic order has
recently been found beyond the superconduct-
ing dome in that system (33).
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An unexpected order
The phase diagram of cuprate superconductors, in addition to superconductivity, contains many ordered states
such as antiferromagnetism, charge density waves, and nematicity. Sarkar et al. show that ferromagnetism should be
added to this list. Studying thin films of La 5_,Ce,CuQg4 at high dopings, past the point at which superconductivity
disappears, the researchers found signatures of ferromagnetism in both the transport and optical properties of the films.
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