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Controlled Injection of
Spin-Triplet Supercurrents
into a Strong Ferromagnet

J. W. A. Robinson,* ]J. D. S. Witt, M. G. Blamire

The superconductor-ferromagnet proximity effect describes the fast decay of a spin-singlet
supercurrent originating from the superconductor upon entering the neighboring ferromagnet.
After placing a conical magnet (holmium) at the interface between the two, we detected a
long-ranged supercurrent in the ferromagnetic layer. The long-range effect required particular
thicknesses of the spiral magnetically ordered holmium, consistent with spin-triplet proximity
theory. This enabled control of the electron pairing symmetry by tuning the degree of magnetic
inhomogeneity through the thicknesses of the holmium injectors.

has been cooled below its superconduct-

ing transition temperature are influenced
by the pairing symmetry of the electrons. In a
conventional superconductor, the Cooper pairs
are formed from electrons with an antiparallel
spin alignment and are in the spin-singlet state
(1, 2). In contrast to superconductivity, ferromag-
netism favors a parallel alignment of electron
spins. Consequently, superconductivity and ferro-
magnetism rarely coexist, and diverse and com-
plex phenomena arise at the interface between
superconducting and ferromagnetic thin films
(3). The most striking manifestation happens when
spin-singlet Cooper pairs pass through a ferromag-
net: The differential action of the ferromagnetic
exchange field creates a spatially varying phase,
which results in an oscillatory damping of the

The electronic properties of a material that
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critical current (Ic) over a ferromagnetic thick-
ness of a few nanometers (4—10).

Recent experiments have detected a longer-
ranged effect in which the superconductivity ap-
pears to be insensitive to ferromagnetic exchange
fields (11, 12). These results could be explained
in the context of spin-triplet pairing in which
Cooper pairs are formed with a parallel spin

Fig. 1. (A) Theoretical A
spin-triplet Josephson

junction adapted from S
(16), consisting of two
spin-singlet supercon-
ductors (S) linked via a
noncollinear ferromag-
netic trilayer (F-Fc-Fg).
(B) The conical magnetic
configuration of idealized
Ho below its Curie tem-

alignment at the superconductor-ferromagnet
interface (/3—15). The spin-triplet pair is
believed to be only weakly affected by the
exchange field so that its phase coherence
decays on the same length scale as that of spin-
singlet pairs in a normal metal. Within this theo-
retical framework, the generation of spin-triplet
electron pairs requires the presence of particular
magnetic inhomogeneity at the superconductor-
ferromagnet interface (13, 16).

Long-range Josephson coupling is presently
the most robust way of detecting a spin-triplet
current, and was reported in (//, 12) for a bar-
rier formed from the half-metal CrO,. Sup-
porting theory (/4) suggested that the required
magnetic inhomogeneity for the spin-triplet
proximity effect could be provided by hypo-
thetical spin disorder at the surface of the half-
metal. A more recent theory (/6) indicates that
two matched spin-triplet sources are needed to
achieve a Josephson effect; physically, this con-
dition requires both interfaces to be magnetically
noncollinear and to share specific symmetries.
Because the nature of the inhomogeneteity is
uncertain in the CrO,-based junctions, reproduc-
ibly achieving these symmetry requirements in

B Cc Nb
{o=30°  Ho
% Co
Ho
i%o Nb

perature (20 K), showing an antiferromagnetic spiral rotating in-plane by 6 = 30° per atomic plane and
pitched o = 80° out-of-plane. The moments (arrows) rotate about the surface of a cone with the spiral
wavelength, A, corresponding to a Ho thickness of ~3.4 nm. (C) Device layout consisting of two
superconducting Nb electrodes coupled via a Ho-Co-Ho trilayer.
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this system is challenging. An enhanced proxim-
ity effect was also recently reported in (/7); here
the likely source of magnetic inhomogeneity
was in secondary ferromagnet/normal metal bi-
layers placed at the superconductor/ferromagnet
interface.

For a more straightforward interpretation of
the results, an appealing approach would be to
use one of the intrinsically inhomogeneous fer-
romagnets such as the rare earth metal Ho (/8)
coupled to a homogeneous ferromagnetic barrier.
Long-range superconducting phase-coherent
oscillations were reported in Ho wires (/9) grown
by evaporation and contacted inside a supercon-
ducting ring, but a Josephson current was not
detected.

10 15 20 25 30
dCo (nm)

Characteristic voltage, I .R, (mV) >

0 5 10 15
Cobalt thickness, d_ (nm)

20

Our experiment was motivated by the pro-
posal (/6) for a spin-triplet Josephson junction
consisting of two spin-singlet superconductors
(S) coupled via a ferromagnetic trilayer (F/F/FR).
The magnetization of Fy and Fg layers should be
noncollinear to provide the necessary inhomoge-
neity for the spin-triplet configuration of electron
spins to be favorable (Fig. 1A). The experiment
enables the decay length of the supercurrent from
spin-triplet pairs in the homogeneous central fer-
romagnet Fc to be directly compared with that
in simple homogeneous ferromagnetic barriers
of the same material and thickness.

We report results from structures in which
Ho was used for F; and Fg, and Co was used
for Fc (Fig. 1, B and C). The conical magnetic
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Fig. 2. (A) Slow decay at 4.2 K in the characteristic voltage of Nb/Ho(4.5 nm)/Co(dco)/Ho(4.5 nm)/Nb
junctions (blue circles) and Nb/Ho(10 nm)/Co(dc,)/Ho(10 nm)/Nb junctions (green circles) versus Co barrier
thickness (dco). Inset: Comparative data (black circles) from (22) showing the behavior of Nb/Rh/Co/Rh/Nb
junctions. The oscillating curves in the inset and main panel are theoretical fits to the experimental data in
the inset, as described in (22). (B) Characteristic voltage in Nb/Ho(d},)/Co/Ho(d,)/Nb junctions at 4.2 K
versus Ho layer thickness (dy,) for various Co barrier thicknesses. The thicknesses of each Ho layer in a
junction are identical. The peaks correlate to noninteger spiral wavelengths (A) in Ho. Asterisks identify
small, but nonzero characteristic voltage values. The red curves are a guide to the eye.
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Fig. 3. (A) Dynamic resistance of a Nb/Ho(4.5 nm)/Co(16 nm)/Ho(4.5 nm)/Nb junction versus current and
voltage at 4.2 K with and without microwaves. The normal state resistance of this device is Ry ~ 0.076
ohm and the critical current is /c = 90 pA. The voltage scale is divided by @of, where @ is the flux
quantum and f is the microwave frequency. A constant in-plane field of —32 mT was applied during these
measurements to cancel out internal flux and demagnetizing fields from the Co barrier. (B) Critical current
versus in-plane magnetic field at 4.2 K. The critical currents are offset in field (AH) due to internal flux and
demagnetizing fields from the Co barrier. Solid curves are a guide to the eye. Insets: (left) illustration of a
junction showing the field orientation, and (right) absolute AH versus Co barrier thickness.

ordering of Ho, which consists of an antiferro-
magnetic spiral canted to produce a net ferro-
magnetic component in the c-axis orientation,
allows for the inclusion of reproducibly noncol-
linear magnetic layers within device structures.
Moreover, its magnetic properties and a prefer-
ential (0001) texture are robust even in thin films
at the nanometer scale (20).

We processed several series of nanoscale Nb/
Ho/Co/Ho/Nb junctions with varying Ho and
Co layer thicknesses (27); within each junction,
the thicknesses of F; and Fr Ho layers were
equal and varied in the 0- to 12-nm range with
an absolute error of ~0.2 nm. The electrical prop-
erties of these junctions were measured at 4.2 K,
from which the critical current (/c) and normal
state resistance (Ry) of a device were determined
(21). Because device areas varied, /c was nor-
malized by multiplying by Ry to give the char-
acteristic voltage (IcRy).

The behavior of simple Co barrier junctions
is well understood: The singlet-based /- oscil-
lates as a function of Co thickness with a period
of ~1 nm superimposed on an exponentially de-
caying function with a characteristic length of
&co ~1 nm [Fig. 2A, inset; data from Nb/Rh/Co/
RWND junctions in (22)]. This structure was cho-
sen because it represents an equivalent layering
sequence with the same number of interfaces
and therefore acts as a better control sample than
a pure Nb/Co/Nb junction (which nevertheless
shows similar properties).

The main plot in Fig. 2A shows the Co
thickness dependence of /Ry for Nb/Ho/Co/
Ho/Nb junctions. In comparison with the Co
barrier junctions, the decay length is substan-
tially longer by a factor of at least 20. The figure
shows an approximate fit (shaded region) giv-
ing a coherence length of &, > 10 nm, which
agrees with the normal (nonmagnetic) coherence
length (AD/ksT)"? ~ 10 nm assuming an elec-
tron diffusivity of D = 43 x 107 m* s ' (and
where 7 is Planck’s constant / divided by 2m, kg
is Boltzmann’s constant, and 7 is temperature)
(22); that is, the supercurrent is passing through
the composite Ho/Co/Ho barrier as if it were
nonmagnetic.

To understand in more detail the role of the
Ho layers, we symmetrically varied dy, [any
asymmetry (Ady,) < 0.2 nm]) for several values
of Co barrier thicknesses (Fig. 2B). In the 2-nm
Co data, increasing the thickness of the Ho lay-
ers results in an increase in /=Ry of more than
an order of magnitude, despite the overall in-
crease in barrier thickness and total magnetic
moment. Plain Co barriers of 5 and 8 nm show
no measurable supercurrent in our previous ex-
periments (9, 22). Further measurements con-
firming the presence of a Josephson effect are
given in Fig. 3, A and B. External microwaves
give rise to sharp dips in the dynamic resistance
at particular voltage (V) values (Fig. 3A). These
Shapiro steps occur at integer values of V/@of =
*1, where @ is the flux quantum and f'is the
applied microwave frequency. Upon application
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of an external in-plane magnetic field (/) to our
junctions, we observe a Fraunhofer-like depen-
dence of I on H. The maximum /- values are,
however, offset from zero field (AH) due to the
presence of internal flux and demagnetizing fields
from the Co barriers. The absolute value of AH
linearly depends on the Co barrier thickness
(Fig. 3B inset), demonstrating that the Co bar-
riers are monodomain in nature (27).

Taken together, the data in Fig. 2, A and B,
show a complex variation of IcRy over the thick-
ness range investigated, with peaks correspond-
ing to Ho thicknesses of ~4.5 and ~10 nm. By
measuring the saturation magnetization of a series
of Nb/Ho/Co/Ho/Nb control samples, we deter-
mined a magnetically “dead” layer of ~1.2 nm
per Ho surface (27) (fig. S1A). Thus, the peaks
in IcRy in Fig. 2B correspond to magnetic Ho
layer thicknesses of ~2.2 and ~7.8 nm, which are
comparable to the experimentally determined co-
herence length in Ho of &y, ~ 5 nm (27). This
is then broadly consistent with the analysis in
(16), in which the largest spin-triplet contribu-
tion to /c is predicted to occur when F and Fr
layers have a thickness in the (0.5 to 2.5)¢ range.
However, this cannot on its own explain the peak
structure, and so we considered a possible link
between the peak thicknesses and the known
spiral wavelength of Ho, A ~ 3.4 nm (23). Fac-
toring in the magnetically dead layer of Ho
implies that the peak values of IcRy correspond
to antiferromagnetic spiral wavelengths of ~A/2
and ~5(A/2). Although an exact parallel between
these peaks and the magnetic ordering cannot

be drawn from this analysis, it is nevertheless
clear that the peaks appear at thicknesses cor-
responding to a high level of inhomogeneity in
the Ho, i.e., at thicknesses in which the spirals
are incomplete.

The long-range effect reported cannot be ex-
plained in terms of a spin-singlet proximity theory
or a complex domain-wall-related phenomenon
(24, 25). A controllable supercurrent with a finite
spin projection can allow for a more complete
interaction between superconductivity and mag-
netism, possibly bringing together the previous-
ly disparate fields of superconductivity and spin-
electronics (26, 27).
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Quantized Anomalous Hall Effect in
Magnetic Topological Insulators

Rui Yu,* Wei Zhang," Hai-Jun Zhang,"? Shou-Cheng Zhang,?? Xi Dai,* Zhong Fang™*

The anomalous Hall effect is a fundamental transport process in solids arising from the
spin-orbit coupling. In a quantum anomalous Hall insulator, spontaneous magnetic moments
and spin-orbit coupling combine to give rise to a topologically nontrivial electronic structure,
leading to the quantized Hall effect without an external magnetic field. Based on first-principles
calculations, we predict that the tetradymite semiconductors Bi,Tes, Bi,Ses, and Sh,Tes form
magnetically ordered insulators when doped with transition metal elements (Cr or Fe), in contrast
to conventional dilute magnetic semiconductors where free carriers are necessary to mediate the
magnetic coupling. In two-dimensional thin films, this magnetic order gives rise to a topological
electronic structure characterized by a finite Chern number, with the Hall conductance quantized
in units of e%/h (where e is the charge of an electron and h is Planck’s constant).

which a voltage transverse to the electric

current appears even in the absence of an
external magnetic field, was first detected in fer-
romagnetic (FM) metals in 1881 and later found
to arise from the spin-orbit coupling (SOC) be-
tween the current and magnetic moments. Recent
progress on the mechanism of AHE has estab-
lished a link between the AHE and the topo-
logical nature of the Hall current by adopting the

The anomalous Hall effect (AHE) (7, 2), in

Berry-phase concepts (3—5) in close analogy to
the intrinsic spin Hall effect (6, 7). Given the
experimental discovery of the quantum Hall (&)
and the quantum spin Hall (QSH) effects (9, 10),
it is natural to ask whether the AHE can also be
quantized.

A simple mechanism for a quantum anom-
alous Hall (QAH) insulator has been proposed in
a two-band model of a two-dimensional (2D)
magnetic insulator (/7). In the limit of vanishing

SOC and large enough exchange splitting, the
majority spin band is completely filled and the
minority spin band is empty. When the exchange
splitting is reduced, the two bands intersect each
other, leading to a band inversion. The degen-
eracy at the interaction region can be removed by
turning on the SOC, giving rise to an insulator
state with a topologically nontrivial band struc-
ture characterized by a finite Chern number and
chiral edge states characteristic of the QAH state
(11). Alternative mechanisms of realizing the
QAH state include bond currents on a honey-
comb lattice (/2) and the localization of the band
electrons (/3). However, these mechanisms may
be harder to realize experimentally.

The crucial criteria for realizing a QAH state
are (i) a FM 2D insulator that breaks the time-
reversal symmetry and (ii) a band inversion tran-
sition with strong SOC. QSH insulators are a
good starting point for the search for the QAH
effect because they satisfy the second criterion.
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