
Fig. 8. Resistivity versus temperature of high T c compounds. Part (a) shows the anisotropic resistivity of a detwinned single crystal of
YBa2Cu3O7 (from Friedmann et al., 1990 [83]). Part (b) shows the in-plane resistivity of a series of single crystals of La2!xSrxCuO4, with hole
doping x going from a small x antiferromagnet to an optimum x superconductor (from Ando et al., 2001 [84]). (c) The same data (from Ando
et al., 2001 [84]) on a linear scale after dividing out the nominal carrier density to get inverse mobility. The inset shows the Neel transition of

the x ¼ 0.01 sample detected as a peak in magnetization.
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authorization procedure and legal framework (12) were higher. The
explanation of public opposition purely by the NIMBY phenomenon
may be outdated as the actual reasoning is overall more complex and
multi-layered [17].

With respect to these contention points, superconducting
direct current (DC) transmission lines are likely to generate a very
different reaction due to their ability to carry more energy at a
much smaller size, while at the same time being buried under-
ground, and thus out of sight. This would substantially reduce the
approval times. Also, the cost for right-of-way would be lowered
due to the small size of SCTL.

2. Superconducting transmission lines

2.1. Technology

Superconductors (SC) are materials that can conduct electric
energy without losses below a certain critical temperature TC, i.e.
they are non-resistive below TC. That distinguishes them from
standard conductors like copper that are resistive and have power
losses dissipated as heat. A cryogenic envelope is needed to keep
the superconductor cooled below its critical temperature (see
Fig. 1). State-of-the-art cryogenic envelopes allow less than 1 W of
heat per meter length to enter the cryogenic system as heat influx
from the environment. Since the second law of thermodynamics
states that in a heat engine not all supplied heat can be used to do
work, the mechanical power that is needed at room temperature
in order to have the desired cooling power at the cryogenic tem-
perature is much higher. The theoretically most efficient thermo-
dynamic cycle is the Carnot process characterized by the Carnot
factor, which defines the efficiency of the process and depends on
both the cryogenic temperature and the higher temperature of the
environment (T¼300 K). The Carnot factor is 3 for liquid nitrogen
(T¼77 K) and 14 for liquid hydrogen (T¼20 K), meaning that the
cooling efficiency is 4–5 times higher if using liquid nitrogen
compared to liquid hydrogen. However, in a superconducting
transmission line the electric losses due to cooling can be kept

small for all considered coolants, as compared to the transferred
power and to the losses of standard conductors.

The critical temperature of a SC varies in a wide range and
there are basically two types of superconductors, low-temperature
superconductors (LTS) like niobium titanium (NbTi, TC¼9.2 K) and
high-temperature superconductors (HTS) like yttrium-barium-
copper-oxide (YBCO, TC¼93 K). Most LTS need to be cooled by
liquid helium (T¼4.2 K), while HTS can be cooled by liquid
nitrogen (T¼77 K) allowing for a simpler design of the cryogenic
envelope and opening the door for electric grid applications. With
the discovery of superconductivity below T¼39 K in magnesium
diboride (MgB2) in 2001 [18], a promising new superconductor has
come on the scene, that can be cooled by either gaseous helium or
liquid hydrogen, is based on raw materials that are very abundant
in nature and is therefore cheaper than any other competing
superconductor.

In the more than 100 years since its discovery [19], super-
conductivity has been successfully applied to a significant number
of large-scale particle-physics experiments, for instance

Acronyms and nomenclature

AC alternating current
BImSchV Federal Emission Control Act Concerning Electroma-

gnetic Fields
DC direct current
EMF electro-magnetic fields
GHe gaseous helium
GIL gas insulated line
HTS high temperature superconductors
HV high voltage
HVDC high voltage direct current
LH2 liquid hydrogen
LN2 liquid nitrogen
LNG liquefied natural gas
LTS low temperature superconductors
MgB2 magnesium-di-boride
MRI magnet resonance imaging devices
NbTi niobium titanium
NIMBY not in my backyard
OHL overhead line
E polyethylene
RES renewable energy share
ROW right-of-way

SC superconductors
SCTL superconducting transmission line
SF6 sulfur hexafluoride
TL transmission line
TSO transmission system operators
TYNDP ten-year-network-development-plan
VSC voltage source converter
XLPE cross linked polyethylene
YBCO yttrium–barium–copper-oxide
cm [39] centimeter
g gram
GW gigawatt
GW h gigawatt hours
Hz hertz
K kelvin
kA kiloampere
kA m kiloampere meter
km kilometer
kV kilovolt
kW h kilowatt hours
m meter
mm millimeter
MW megawatt
mT microtesla

Fig. 1. Design of a high temperature superconducting (HTS) cable for AC operation
with 3 phases cooled by liquid nitrogen (copyright Nexans).
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• AmpaCity (Essen) 
• TEPCO (Yokohama) 
• …

arrangement of the refrigerators and circulating pumps,
as well as their maintainability and troubleshooting proce-
dures while the cable operation is active. The cooling sys-
tem was partly assembled in MYCOM’s factory in order to
verify its performance(15), and it was then disassembled for
shipping purposes and reassembled at the Asahi substation.

7. System Qualification Test before 

Demonstration Operation

After installation of the HTS cable system and cooling
system at the demonstration site, but before connecting
the demonstration system to a live grid, the system was sub-
jected to a qualification test, whose items are shown in
Table 6. The qualification test verified that the character-
istics and performance of the entire demonstration system
met the required specifications.

7-1  Initial cooling
(1) Initial cooling method

To minimize the time needed to accomplish initial
cooling of the total system, the cable system was cooled sep-
arately from the rest of the cooling system in accordance
with the following procedures. The change in cable tem-
perature distribution is shown in Fig. 7. Only about 3 days
were required to carry out the procedures described above,
indicating that we had successfully established an effective
technique for rapidly and steadily cooling the cable.
(a) Cooling the entire cable system by filling it with nitro-

gen gas at -100°C and -150°C through terminal A, while
monitoring the temperature and pressure of each por-
tion and the cable load at both ends.

(b) Feeding liquid nitrogen into the cable system after the
temperature gradient in the system had saturated suf-
ficiently.

(c) Connecting the cable system and cooling system after
the respective pressures in both systems had equalized,
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Table 6. Test Items for Qualification before Demonstrative Operation

Photo 5. Cooling System after Installation

CableCable

P

T

LN2 Pump

R : Refrigerator
F : Flow meter
T : Thermometer
P : Pressure meter
M : Magnet valve

M

M

Reservoir
tank

R1

R2

F

R3

R4

F

R5

R6

F

F

Fig. 6. Schematic Diagram of Cooling System

Validation
item Description

Validation
of system
function

Initial cooling
character-istics

Validation of initial cooling of cable
itself
Validation of regenerative cooling
starting method

Cable 
character-istic

Critical current measurement
DC withstand voltage test
Heat loss measurement
Validation of cyclic cooling

Cooling system
character-istics

Actual measurement of refrigerator’s
refrigeration capacity
Actual measurement of circulating
pump characteristics
Multiple unit control test

Operation
and con-
trollability

Temperature
and pressure
control

Temperature control characteristics
test
Pressure control characteristics test

Monitoring Construction and validation of 
remote monitoring system

Reliability

Switching opera-
tion to spare
equipment

Validation of automatic switching
from faulty equipment to spare
equipment

Stable operation Confirmation of prolonged stable 
operation

Maintain-
ability

Maintenance
method

Validation of method for maintaining
refrigerators, pumps and other 
apparatus without stopping them

Photo 4. Terminations

Their AC loss, short-circuit withstand current and other
basic characteristics were measured; the results met the re-
quired specifications(13).
(2) Verification test (2009 - 2011)

The characteristics of a 30 meter-long HTS cable system,
which consists of an HTS cable and related devices, were eval-
uated and verified(13),(14). The performance of the cable cool-
ing system as an independent unit was also tested(15) and
confirmed to be suitable for cooling an live grid.
(3) Demonstration test (2012 - 2013)

An HTS cable system and cooling system were con-
structed and connected to each other, to measure their
basic characteristics. They were then connected to a live
grid for a long-term demonstration test, which commenced
in October 2012.

4. Major Components of Cable 
Demonstration System

4-1  Superconducting cable
The structure of the 3-in-One HTS cable is shown in

Photo 1. The cable core consists of a former made from
stranded copper wires, an HTS conducting layer, an insu-
lation layer, an HTS shielding layer, and a copper shielding
layer—all of which are coaxially wound around the former.
An adiabatic multilayer is provided between two stainless
steel double-corrugated cryostats. The adiabatic layer is
held at high vacuum to maximize thermal insulation(16).
(1) Increasing capacity and reducing transmission loss

To reduce the AC loss, low-loss DI-BSCCO wires (Type
ACT)(17) were used in the 3rd and 4th conducting layers.
Type ACT wires contain twisted HTS filaments, reducing AC

loss to one third that of standard DI-BSCCO wires (Type
HT) which are used in the 1st and 2nd conducting layers
and shielding layers. The loading test showed that the AC
loss of the designed cable was 0.8 W/m/phase at 2 kA(13),
thereby meeting the required specification of 1 W/m/phase
or less.
(2) Short-circuit withstand current

To suppress temperature increases in the HTS layer,
the cable was designed so that any short-circuit current
would be diverted into the copper former and copper
shield. Numerical simulation determined the minimum re-
quired cross-sectional area of copper, a sample of which was
tested and met the required specification(13). In the 30 m
cable performance verification test, a test short-circuit cur-
rent was also applied to the cable to confirm that the cur-
rent did not affect cable performance(18).
(3) Electrical insulation

The electrical insulation layer is a composite construc-
tion of polypropylene laminated paper (PPLP) impreg-
nated with liquid nitrogen. The 30 m cable performance
verification test confirmed that a 6 mm-thick electrical in-
sulation layer is sufficient to meet the required specifica-
tion(19). In practice, a 7 mm-thick electrical insulation layer
was used, to take into account previous long-term load test
results.
(4) Stranding three cores

When the three cores are cooled, they shrink 0.3%
lengthwise and create a tension of about 3 t. To reduce
cable size as much as possible, the terminations were de-
signed to absorb the tension, in lieu of providing a core
slackening mechanism in the cable(20). Reinforcement of
the HTS wires with a copper alloy dramatically increased
wire mechanical strength(21) and made the above tension-
absorbing mechanism practicable. A sample test confirmed
that 3-in-One cable performance did not deteriorate even
when the cable was cooled with both ends fixed.
(5) Tension member

The three cores and cryostat (corrugated heat-insulat-
ing pipes) are mechanically independent from each other.
Since the allowable cryostat tension is low, special care
must be taken during cable installation. To protect against
tension, a tension member constructed of stainless steel
tape was fitted to the outer surface of the cryostat(22). In-
stallation according to the predetermined layout was ex-
pected to generate a tension of 2 t, so after taking into
account a tension decrease achieved with pushed-in ball
rollers, the tension member was designed to bear a maxi-
mum tension of 2 t.
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Table 3. Demonstration Project Schedule

Copper Stranded
Former

Electric Insulation
(PPLP® + LN2)

Stainless Steel Double
Corrugated Cryostat

Tension member

Copper Shield

HTS Conductor (4 layers)

HTS tape (DI-BSCCO®)

HTS Shield (2 layers)

 FY 2007  FY 2008 FY 2009 FY 2010 FY 2011 FY 2012 FY 2013

Cable system 
development

In-grid 
demonstration

Design & Preliminary tests Pre-performance
test with 30m

system

Wire and Cable manufacturing Install
Construction

In-grid operation

Analysis of grid condition
Decision of test method

Pre-performance
test of cooling system

Completion
test

Cooling system
manufacturing

Photo 1. Structure of 3-in-One HTS Cable



!xy
" -H curve against the M-H curve measured at

each T, we have determined (24) Rs versus T in
each of the samples studied (Fig. 3). The intro-
duction of Br causes the Rs versus T profiles to
change markedly. In the undoped sample (x #
0), Rs is positive and monotonically decreasing
below 360 K, as is typical in high-purity ferro-
magnets (Fig. 3B). Weak doping (x # 0.1) pro-
duces a negative shift in Rs and a finite negative
value at low T. Increasing the doping to x # 0.25
leads to an Rs profile that is large, negative, and
nearly independent of T below 50 K (Fig. 3B).
At mid-range doping and higher (x ! 0.5), the
magnitude of Rs increases steeply, but now in the
positive direction. At maximum doping (x # 1),
the value of Rs at 5 K is very large, correspond-
ing to !xy

" $ 700 %&!cm (Fig. 2B).
Our focus is on the low-T values of !xy

"

where impurity scattering dominates. At 5 K,
!xy

" is too small to be resolved in the sample
with x # 0. As x increases to 1, the absolute
magnitude !!xy

" ! at 5 K increases by more than
three orders of magnitude (hereafter, !xy

" re-
fers to the saturated value measured at 2 T or
higher). It is noteworthy that !xy

" is negative at
low doping (0 ' x ' 0.4) but becomes
positive for x ( 0.5. Initially, the sign change
seemed to suggest to us that there might
exist two distinct mechanisms for the AHE
in this system. As more samples were stud-
ied, however, it became apparent that irre-
spective of the sign, the magnitude !!xy

" !
versus ! falls on the same curve over sev-
eral decades (Fig. 4), providing strong ev-
idence that the same AHE mechanism oc-
curs in both sign regimes. We focus first on
the magnitude !!xy

" ! versus !, and discuss
the change in sign later.

It is worth emphasizing that )xy
" is propor-

tional to the carrier density nh (see Eq. 1). For
our goal of determining whether the AHE
current is dissipationless, it is clearly neces-
sary to factor out nh before comparing !"xy

against !. Hence, we divide !!xy
" ! by nh. We

refer to )xy
" /nh as the normalized AHE con-

ductivity (24).
Figure 4 shows !!"xy!/nh versus ! in log-log

scale for all samples investigated [except x #
0 (24)]. Over several decades, the data fit
well to !!xy

" !/nh # A!* with * # 1.95 + 0.08
(because Ms is nearly insensitive to x, Fig. 4
also gives Rs/nh $ !2). This immediately
implies that the normalized AHE conductiv-
ity )xy

" /nh at 5 K is dissipationless. Increasing
! by a factor of $100 leaves the AHE current
per carrier unchanged to our measurement
accuracy [see (24) for a discussion of our
resolution]. As noted, the two samples with
x # 1 are in the localization regime. The fact
that their points also fall on the line implies
that the dissipationless nature of the normal-
ized AHE current extends beyond the Bloch-
state regime (where most AHE theories ap-
ply) into the weak localization regime, where
much less has been done. This supports re-

cent theories (10, 11, 17) that the anomalous-
velocity origin is topological in nature and is
equally valid in the Bloch and localization
regimes.

The sign change at x $ 0.4 is reminiscent
of sign changes observed in ferromagnetic
alloys (versus composition). The common
feature is that doping drives the Fermi energy
εF across the overlap between two narrow
bands derived from distinct transition-metal
elements. In the alloy Ni1–xFex, the band
derived from Fe 3d states lies just above the
3d band of Ni. As εF crosses the overlap, !xy

"

changes from negative to positive. Similar
sign changes are observed in Au-Fe and Au-
Ni alloys. It has been pointed out (2) that the
effective spin-orbit parameter , in Eq. 1
changes sign whenever εF moves between
overlapping narrow bands. A similar effect is
implied in Noziéres and Lewiner’s calcula-
tion (9). Band-structure calculations (25) on
CuCr2Se4 reveal that εF lies in a hole-like
band of mostly Cu 3d character strongly ad-
mixed with Cr 3d states lying just above. We
infer that as εF rises with increasing Br con-
tent, the conduction states acquire more Cr 3d
character at the expense of Cu 3d, triggering

Fig. 1. (A) Hole density nh (solid circles) in
CuCr2Se4–xBrx versus x determined from R0 at 400 K
(one hole per formula unit corresponds to nh # 7.2 -
1021 cm.3). The Curie temperature TC is shown as open circles. (B) Curves of the magnetization M
versus H at 5 K in three samples (x values indicated). The saturation value Ms # 3.52 - 105
A/m for x# 0, 3.72- 105 A/m for x# 0.5, and 3.95- 105 A/m for x# 1.0. (C) Resistivity ! versus
T in 10 samples with Br content x indicated (a and b indicate different samples with the same x).
Values of nh in all samples fall in the metallic regime (for x # 1, nh # 1.9 - 1020 cm.3).

Fig. 2. Curves of the observed Hall resistivity
!xy # R0B / Rs%0M versus H (at temperatures
indicated) in CuCr2Se4–xBrxwith x# 0.25 (A) and
x# 1.0 (B). In (A), the anomalous Hall coefficient
Rs changes sign below 250 K, becomes negative,
and saturates to a constant value below 50 K.
However, in (B), Rs is always positive. At low T, it
rises to very large values (note difference
in scale).

Fig. 3. (A) Values of Rs extracted from the
curves of !xy and M versus H measured
at each T in CuCr2Se4–xBrx, with values of x
indicated (a and b refer to different crystals
with the same x). (B) The corresponding
curves for x # 0, 0.1, 0.25, and 0.5 (two
crystals a and b). The values of Rs at 5 K are
negative at small x (' 0.4), but as x increases,
Rs rapidly rises to large positive values.
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CuCr2Se3Br

RH = B · (1/ne) +M · const

AHE (anomalous Hall effect)

ratio onto the Ge!111"-c!2# 8" buffer layer substrate at
330 $C. The growth rate was %6 !A=min , and the typical
film thickness is 45 nm. Sharp reflection high energy
electron diffraction (RHEED) patterns confirm the epitax-
ial growth reported in Ref. [11]. Magnetic properties were
measured with a superconducting quantum interference
device magnetometer. The longitudinal resistivity was
measured using the standard four-point-probe technique.
Hall measurements were performed following the proce-
dures descibed in Ref. [12].

Figure 1 shows the spontaneous magnetization, obtained
by extrapolating the high field part of the magnetization
isotherms M!H" to zero internal field, after correcting for
the linear diamagnetic background signal. The saturation
magnetization at 2.5 K is 2:6& 0:2!B per Mn, in excellent
agreement with our previous results from solid-phase epi-
taxy [11]. The susceptibility " ' M=B follows the Curie-
Weiss law [Fig. 1(a), inset], and the Curie temperature TC
determined from the linear fit is 298& 3 K. Our tempera-
ture range (2– 400 K) is not low enough to resolve the T3=2

dependence in the spontaneous magnetization expected
from independent spin-wave excitations. Instead, we find
a near-perfect T2 dependence up to about 220 K, as shown
in Fig. 1(b). The T2 fall of the magnetization arises from
long-wavelength, low-frequency fluctuations of the mag-
netization or multiple excitations of the interacting spin
waves [13].

Figure 2 shows the Hall resistivity at various tempera-
tures. The anomalous Hall component is well characterized
by the ‘‘knee’’ profile below TC and can still be identified at
temperatures as low as 2.5 K [Fig. 2(a)]. R0 can, in prin-
ciple, be extracted from the high field slope of the Hall
isotherm [14]. The slope changes from negative to positive
at about 180 K [Fig. 2(b)], indicating a sign change of R0
[14]. #AH is obtained by extrapolating the high field slope
to zero internal field and is shown in Fig. 3(a), together
with #xx. The latter indicates a TC ( 298 K, in excellent
agreement with the magnetic results.

The AHE contains both intrinsic and extrinsic contribu-
tions. In light of the semiclassical transport theory, the
electrical current can be written as [8]
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where !n is the Berry curvature of the Bloch state defined
by !n!k" ' )Imhrkunkj# jrkunki. The function unk is
the part of the Bloch wave function (with band index n)
that is periodic in the lattice. fn is the equilibrium Fermi-
Dirac distribution function, and %fn is a shift proportional
to the electric field and relaxation time. The first term is an
intrinsic anomalous current and originates from the Berry
curvature correction to the group velocity of a Bloch
electron. This intrinsic contribution is independent of scat-
tering and should lead to a quadratic dependence #AH /
#2
xx. The second term normally represents the longitudinal

current, but it will have a transverse component or Hall
current in the presence of skew scattering. Because %fn is
proportional to the relaxation time, the skew scattering
contribution is proportional to #xx. To separate the intrinsic
and extrinsic contributions to the AHE, we thus write

#AH ' a!M"#xx * b!M"#2
xx; (4)

where the functions a!M" and b!M" generally depend on

FIG. 1 (color online). (a) Temperature-dependent spontaneous
magnetization M. The upper inset shows the RHEED pattern of a
Mn5Ge3 thin film grown on Ge=GaAs!111". The lower inset
shows the temperature dependence of the inverse magnetic
susceptibility, measured at 0.7 T. The green/gray line is a linear
fit and extrapolates to TC ' 298 K. (b) M versus T2. The solid
line is a linear fit, showing that "M!T"=M!0" / T2 up to
%220 K.

FIG. 2 (color online). Field-dependent Hall resistivity #H at
various temperatures

FIG. 3 (color online). (a) #AH as a function of temperature
before (square-dotted line) and after (circle-dotted line) subtract-
ing the skew scattering contribution. #xx is also shown.
(b) #AH=!M#xx" as a function of #xx before (square-dotted
line) and after (circle-dotted line) subtracting the skew scattering
term. The solid line across the circle dots is a fit crossing the
origin.
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The top panel of Fig. 2 shows the temperature depen-
dence of the 7 T cooled magnetization of the films probed
in a small field of H ! 0:05 T applied normal to the
plane, i.e., in the same direction as in the Hall measure-
ments, along the easy axis of magnetization. As seen in
the inset, the coercivity Hc of the films monotonously
increases with increasing Ca doping. In addition to pos-
sible disorder, the Ca substitution yields structural
changes, affecting the magnetic properties and, as we
will discuss below, the AHE. At low temperatures, M
(H ! 7 T) amounts to "1:5!B=Ru for the undoped
SRO film. Because of the itinerant character of the mag-
netism, the obtained moment is smaller than expected
according to Hund’s rule (2!B=Ru; S ! 1). M (H ! 7 T)
decreases with increasing Ca doping, and amounts to
"0:75!B=Ru for x ! 0:4. The middle panel of Fig. 2
shows the temperature dependence of the anomalous
Hall resistivity "xy for all the films and the SRO single
crystal. At a constant temperature, "H is a linear function
of H at high fields, with a negative proportionality con-

stant (Ro< 0), indicating charge carriers of electronlike
nature.

As seen in the figure, "xy of the films varies non-
monotonously with T. No AHE is observed at high tem-
peratures. The AHE appears just above Tc; "xy is negative,
and shows a maximum near Tc. At lower temperatures,
"xy changes sign (near 120 K for x ! 0, and 60 K for x !
0:2), and remains positive down to the lowest tempera-
ture. For x ! 0:4 with a lower Tc, however, the sign
change is not observed. Similar features are observed
for the single crystal of SRO; the resistivity of the single
crystals was too low below 40 K to estimate "xy (and thus
#xy). As seen in the bottom panel of Fig. 2, the anoma-
lous conductivity remains fairly large at low tempera-
tures, amounting to "# 100 S cm#1 at 2 K for the
undoped and x ! 0:1 films. #xy (T) shows a similar
high-temperature peak, which, as Tc, is shifted to lower
temperatures as the Ca doping increases. If the anomalous
conductivity data in Fig. 2 are plotted against the mag-
netization instead of the temperature, as in the top of
Fig. 3, one observes, within the measurement uncertain-
ties, a similar or universal behavior of the Hall conduc-
tivity for all the samples.
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FIG. 2 (color online). Temperature dependence of the mag-
netization (top panel), transverse resistivity (middle panel), and
transverse conductivity (bottom panel) of the Sr1#xCaxRuO3
films. In the SQUID experiments, the samples are cooled in
H ! 7 T, and the magnetization is recorded on reheating in
H ! 0:05 T applied normal to the film planes. The results for
the single crystal (SC) are included for comparison in dashed
lines. The top inset shows the monotonous increase of the
coercivity Hc with increasing Ca doping; Hc was determined
from M#H measurements at T ! 5 K.

−150

−100

−50

0

σ xy
 (

S
cm

− 1
)

00.250.50.7511.25

− 150

 −100

− 50

0

50

00.250.50.7511.25

− 150

− 100

 50

0

M (µ
B
/Ru)

σ xy
 (

S
cm

 −
1 )

0.4 0.3 0.2 

0.1 

x = 0 
Calc. 

Exp. 

increasing 
broadening 

Orthorhombic structure 

Cubic structure 

FIG. 3 (color online). Top panel: The transverse conductivity
#xy data obtained for the films is plotted against the magne-
tization M, using the data from Fig. 2. Typical errors bars are
indicated. As the areas of the films are well defined by pattern-
ing, the uncertainty on the magnitude of " is mainly deter-
mined by the error in thickness determination, which amounts
to "5% of the actual thickness. Including measurement and
determination errors, there is an uncertainty of "15% on #xy .
The uncertainty on the magnitude of M is, as ", of "5%.
Bottom panel: First-principles calculations for cubic and ortho-
rhombic structures. Results obtained using different broadening
parameters are shown in the orthorhombic case.
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tance polar plot !RPP".17 We have applied !0H=−56 mT
!!0: permeability of vacuum" along " and then removed the
field so that H=0 to prepare an initial state. Then, the !0H is
swept up to 20 mT along ". Figure 2!a" shows an example of
Ryx versus H curve taken at "=315° !along #100$", 5 K, and
j=25 kA /cm2, where the value of Ryx reflects the direction
of M #see Eq. !1"$. The jump at !0HS=5 mT is caused by
the switching of M across the hard axis along #110$. We
repeat the same measurement for different " with a 3° incre-
ment, and compile the results as the RPP. Figure 2!b" high-
lights the switching fields HS obtained from RPP at 28 K and
j= #2.5 MA /cm2 !I= #1 mA". The smallest !largest" %HS%
along #1̄10$, i.e., "=90° !#110$", indicates the direction of the
easiest !hardest" axis consistent with the result from the mea-
surements of M. Importantly, we find that HS measured at
%j%=2.5 MA /cm2 depends on the polarity of j, while the HS
has an identical value for low %j%=25 kA /cm2 with different
polarities !not shown". At j=+2.5 MA /cm2, the M switch-
ing field HS shifts downward, whereas at −2.5 MA /cm2 the
shift is upward. This indicates that the apparent magnetic
anisotropy is modulated by j and the direction of the shift is
consistent with that expected from the presence of Heff due to
the strain-induced SOI.

Next, we investigate the magnitude of Heff as functions
of j and T. We rotate H either counterclockwise !CCW" or
clockwise !CW" about #001$ orientation, and measure the
dependence of Ryx on ".16–18 Figure 3!a" shows the " depen-
dence of normalized Ryx /Ryx,0 at j=2.5 MA /cm2 at TD
=28 K and !0H=5.6 mT. Arrows indicate the direction of

H rotation. The Ryx /Ryx,0-" curve deviates from sine curve
due to the existence of in-plane magnetic anisotropy.19,20 The
hystereses around "=0° and 180° reflect M switching across
the hard axis along #110$. The change in polarity of j shifts
the position of the hysteresis; positive j shifts the hysteresis
around "=0° to a lower angle, whereas the hysteresis around
"=180° to a higher angle. This can be understood again in
terms of the presence of Heff. The hysteresis around "=0°
reflects the M switching between the direction nearly along
#100$ and #010$ across the hard #110$ axis, where positive
!negative" j produces Heff assisting CCW !CW" rotation of
M #Fig. 1!b", and thus the hysteresis loop shifts to lower
!higher" angle for positive !negative" j. Around "=180°, on
the other hand, Heff under positive !negative" j now works
against the CCW !CW" M rotation, resulting in hysteresis
shift in the opposite direction. These hystereses observed
around " along magnetic hard axis are believed to include
the effect of the nucleation of domain and domain-wall
displacement.16 Then, in order to realize the situation of co-
herent magnetization rotation, we increase the magnitude of
!0H above in-plane anisotropy field !&32 mT", as shown in
Fig. 3!b", where the results around "=0° obtained for CCW
rotation of H are presented. Under coherent rotation, the
magnitude of Heff can be expressed as Heff=H sin!$" /2",
where $" is the difference between the positions at Ryx=0
!%=0°" under positive and negative j. The magnitude of $"
decreases with the increase of H consistent with the above
expression and the magnitude of !0Heff is determined to be
0.32 mT. The obtained !0Heff is larger than the in-plane
component of the current generated Oersted field calculated
to be 63 !T at most. The measurements at different magni-
tudes of j at various TD produce j and TD dependence of Heff
shown in Fig. 3!c", where Heff increases almost linearly with
j. The linear increase of Heff and the magnitude of its slope
are consistent with the previous report.10 In order to address
the origin of its TD dependence, however, further systematic
studies are necessary.

Finally, we show the M reversal by the application of the
pulsed current at 80 K. We initialize the M orientation along
#11̄0$ !easy axis, %=270°" by external field H #state I in Fig.
4!a"$, and then apply a positive current-pulse with density jP
and width wP=5 !s. The current-pulse generates Heff along
the #1̄10$ orientation, which reverses the M direction to

#1̄10$ orientation when Heff surpasses a threshold value.
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Spin orbit torque - AC

Spin–orbit-driven ferromagnetic resonance
D. Fang1, H. Kurebayashi1, J. Wunderlich2,3, K. Výborný2†, L. P. Zârbo2, R. P. Campion4, A. Casiraghi4,
B. L. Gallagher4, T. Jungwirth2,4 and A. J. Ferguson1*

Ferromagnetic resonance is the most widely used technique for
characterizing ferromagnetic materials1. However, its use is gen-
erally restricted to wafer-scale samples or specific micro-mag-
netic devices, such as spin valves, which have a spatially
varying magnetization profile and where ferromagnetic reson-
ance can be induced by an alternating current owing to angular
momentum transfer2–4. Here we introduce a form of ferromag-
netic resonance in which an electric current oscillating at micro-
wave frequencies is used to create an effective magnetic field in
the magnetic material being probed, which makes it possible to
characterize individual nanoscale samples with uniform magne-
tization profiles. The technique takes advantage of the micro-
scopic non-collinearity of individual electron spins arising from
spin–orbit coupling and bulk or structural inversion asymmetry
in the band structure of the sample5,6. We characterize lithogra-
phically patterned (Ga,Mn)As and (Ga,Mn)(As,P) nanoscale
bars, including broadband measurements of resonant damping
as a function of frequency, and measurements of anisotropy as
a function of bar width and strain. In addition, vector magnetome-
try on the driving fields reveals contributions with the symmetry
of both the Dresselhaus and Rashba spin–orbit interactions.

The principle of the spin–orbit ferromagnetic resonance (SO-
FMR) technique is illustrated in Fig. 1a. When an alternating elec-
trical current traverses through the uniformly magnetized material,
the resulting non-equilibrium distribution of occupied states in the
SO-coupled carrier bands yields a non-equilibrium time-dependent
spin polarization7–10. The polarization produces a transverse
component of the internal exchange field, and a torque is applied
that drives the precession of the magnetization vector11,12.
The SO-induced driving field in uniform magnets has been
previously used for magnetization switching in the ferromagnetic
semiconductor (Ga,Mn)As5 and for domain nucleation in a
Pt/Co/AlOx stack6.

The micro- and nanobars used in our study are patterned from 25-
nm-thick films of (Ga0.94,Mn0.06)As and (Ga0.94,Mn0.06) (As0.9,P0.1).
To drive the FMR we pass a microwave-frequency current through
the nanobar (Fig. 1b). For detection we use a frequency mixing
effect based on anisotropic magnetoresistance (AMR)13–18. When
magnetization precession is driven, there is a time-dependent
change DR(t) in longitudinal resistance from the equilibrium value
R (owing to AMR). The resistance oscillates with the same frequency
as the microwave current, thus causing frequency mixing, and a
directly measurable d.c. voltage Vdc is generated. This voltage provides
a direct probe of the amplitude and phase of magnetization preces-
sion with respect to microwave current.

We first present measurements on an 80-nm-wide nanobar pat-
terned in the [11̄0] direction from the (Ga,Mn)(As,P) epilayer. The
magnetic field dependence of Vdc is measured at different micro-
wave frequencies and taken at a temperature of 6 K. The frequency

of the incident current is fixed while an external d.c. magnetic field
H0 is swept, and a well-defined resonance peak appears (Fig. 2a).
The peak is well fitted by the solution of the Landau–Lifshitz–
Gilbert (LLG) equation, which describes the dynamics of preces-
sional motion of the magnetization. The resonance lineshape is a
combination of symmetric and antisymmetric Lorentzian functions
with amplitudes Vsym and Vasy, respectively.

200 nm

j(t)

Htot

M

τα
τSO

V

a

b

c

Figure 1 | Principle of the experiment and setup. a, Precession of the
magnetization vector M around the total magnetic field Htot. M is subject to
a damping torque ta (yellow arrow) owing to energy dissipation, which
causes the magnetic motion to relax towards Htot. The driving torque tSO

owing to the current-induced effective field counters the effect of damping,
and leads to steady-state motion ∂M/∂t¼2gM × Htot (grey arrow). The
current density vector is represented by j(t). b, SEM image of an 80-nm-
wide bar, patterned from the (Ga,Mn)(As,P) wafer. c, Schematic of the
experimental setup. A microwave frequency current is driven across the
nanoscale magnetic bar, which is contacted with Cr/Au bondpads. The d.c.
voltage, generated by magnetization precession, is extracted through a bias
tee (represented by the capacitor and inductor network attached between
the signal generator and sample source). The d.c. connection at the drain
also provides a microwave ground, represented by a capacitor.
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Figure 2b plots the frequency dependence of the resonance field
Hres, which fits well to a modified Kittel formula (see equation (3)
in the Methods). The FMR linewidth (DH¼ DHinhomoþ av/g)
describes the damping in the ferromagnetic system. The broadband
nature of the setup allows us to determine the inhomogeneous
(2.5 mT) and frequency-dependent contributions to the damping
(Fig. 2c) corresponding to a Gilbert damping constant of
a¼ 0.023. Using a vector field cryostat, we also performed
the SO-FMR measurements for different orientations of the external
magnetic field. In Fig. 2d we present the data from an in-plane scan
of the magnetic field, showing that there is a strong uniaxial aniso-
tropy perpendicular to the bar direction. By analysing the peak
positions (Fig. 2e) using equation (3), we quantify the anisotropy
fields and find m0H2∥¼2180 mT (uniaxial) and m0H4∥¼ 68 mT
(biaxial). In addition to the FMR signal, we also note the presence
of a non-resonant, angle-dependent background signal (Fig. 2d)
owing to a bolometric or thermoelectric effect.

To characterize SO-FMR it is necessary to understand the direc-
tion and amplitude of the effective field heff that drives magnetiza-
tion precession. We are able to perform vector magnetometry on
the driving field from the angle dependence of the amplitude of
the FMR peak2,3. For a vector driving field heff(t)¼ (hx , hy, hz)eivt

in phase with the microwave current I(t)¼ (I, 0, 0)eivt, the
amplitudes of the two components of the FMR peak are (see
Supplementary Information for the derivation)

Vsym(u) =
IDR

2
Asym sin(2u)hz (1)

Vasy(u) =
IDR

2
Aasy sin(2u)(hx sin u+ hy cos u) (2)

where DR is the non-crystalline AMR coefficient of the ferromag-
netic sample, u is the angle between the applied field H0 and the
current I, and Asym(asy) are constants determined by the magnetic
anisotropies. Hence, by decomposing the resonance lineshape
into Vsym and Vasy, and by measurements of the AMR and

magnetic anisotropies, we are able to deduce the components
of heff. In the Supplementary Information, we verify this vector
magnetometry technique in a sample where FMR is driven by
the microwave magnetic field from a short-circuited waveguide.

No component of Vsym is seen to behave as sin(2u), indicating
that the driving field heff is predominantly in-plane. Accordingly,
we restrict our discussion to Vasy (a comparison of Vasy and Vsym
is found in the Supplementary Information). Figure 3a shows the
angle dependence of Vasy for a 500-nm-wide (Ga,Mn)As bar
patterned in the [11̄0] direction. We see that Vasy(u) comprises a
2sin(2u)cos(u) term, indicating that the driving field is perpendicu-
lar to I. In a [110] device (Fig. 3a) the amplitude of Vasy has opposite
sign, indicating that the driving field has reversed. For nanobars
along [100] and [010] (Fig. 3b), the Vasy curve is a superposition
of sin(2u)sin(u) and sin(2u)cos(u) functions, showing that
the driving field consists of components both parallel and per-
pendicular to I.

These data are most clearly seen by plotting the dependence of
the magnitude and direction of the effective field on the current
(nanobar) orientation (Fig. 3c). Two contributions to the driving
field are observed, with different symmetry, heff¼ hDþ hR.
Quantitative microscopic understanding of these contributions is
provided by calculations that are described in detail in the
Supplementary Information. The theory links the SO-FMR
driving fields to the inversion-symmetry-breaking terms in the
relativistic 3D Hamiltonian of the ferromagnetic semiconductor,
HC4 = C4

∑
i Jiki(ei+1 i+1 − ei+2 i+2) + C4

∑
i(Jiki+1 − Ji+1ki)ei i+1

(refs 5,19). These terms originate from the combined effects of
inversion asymmetry of the bulk zinc-blende lattice and uniform
strain. Here J is the hole total angular momentum operator, k is
the wavevector, e is the strain tensor and C4 ≈ 0.5 eV nm for the
GaAs semiconductor host. The first term in HC4, which yields
hD, is present in our samples owing to the substrate–ferromagnet
lattice matching growth strain, exx¼ eyy = ezz. It depends only on
the in-plane (x and y) components of the angular momentum
and wavevector and, up to a prefactor, is identical to the
Dresselhaus SO Hamiltonian of a 2D electron gas. As expected
from the model, our experimental data (Fig. 3c,d) show that hD
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Figure 2 | Spin–orbit-driven ferromagnetic resonance. a, Vdc measured at 8, 10 and 12 GHz (symbols) on the 80-nm-wide device. The resonance peaks are
clearly observed and can be well described by the solution to the LLG equation (for example equation (32) in ref. 16). Solid lines are the fitted results. The
difference in the signal level at different frequencies is caused by the frequency-dependent attenuation of the microwave circuit. b, Resonance field Hres as a
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magnitude of the voltage. w is the angle between the magnetization vector M and the [100] crystalline axis. e, Angle plot of the resonance field Hres. The red
line is a fitting curve to equations (3) and (4) to calculate the magnetic anisotropy.
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changes sign as the strain changes from compressive ((Ga,Mn)As)
to tensile ((Ga,Mn)(As,P)). The second term in HC4 yields the
observed hR if it takes a form analogous to the 2D Rashba SO
Hamiltonian, that is, if exy¼ eyx = 0. This shear strain is not phys-
ically present in the crystal structure of ferromagnetic semiconduc-
tor epilayers. It has been introduced, however, in previous studies to
model the in-plane uniaxial anisotropy present in (Ga,Mn)As, and
the values of this effective off-diagonal strain are typically several
times smaller than the diagonal, growth-induced strain20. This is
consistent with the observed smaller magnitude of hR¼ 6.5 mT than
hD¼ 18 mT (values given at j¼ 1× 105 A cm22). Furthermore,
hR may contain a contribution from the Oersted field (discussed
in the Supplementary Information). Both hD and hR are measured
to be linear in current density (Fig. 3e,f ). This measurement was
performed for bars in the [100] direction, where it is possible to
independently resolve contributions to hR and hD. We observe a
larger magnitude of hD at a given current density in the
(Ga,Mn)(As,P) nanobars. This is explained by the larger magnitude
of the growth strain and larger resistivity (larger E at given j) of
(Ga,Mn)(As,P) as compared with the (Ga,Mn)As film21.

We now demonstrate that SO-FMR can be applied to compara-
tive investigations of nanobars where the anisotropies differ from
bulk values22–25. We first compare the effect of strain relaxation
between 500 nm bars under compressive ((Ga,Mn)As) and tensile
((Ga,Mn)(As,P)) growth strain. The in-plane anisotropies are
studied; although (Ga,Mn)(As,P) is out-of-plane magnetized21,
the applied field H0 brings the magnetization into plane. In
(Ga,Mn)As we observe an additional uniaxial contribution to the
anisotropy (m0HU¼ 32 mT) along the bar (Fig. 4a,c) with a magni-
tude similar to previous reports22,24,25. In contrast, in the
(Ga,Mn)(As,P) nanobar (Fig. 4b,c) the sign of the uniaxial aniso-
tropy (m0HU¼230.5 mT) has reversed and the easy axis is now
perpendicular to the bar. This can be understood in terms of the
sign of the strain relaxation: these materials become magnetically
easier in the direction of most compressive (least tensile) strain.
So when the tensile strain of the (Ga,Mn)(As,P) nanobar relaxes,
it introduces an easy axis perpendicular to the bar. Furthermore,
we measured (Ga,Mn)(As,P) bars of different widths (Fig. 4e) and
observed a decrease in the strain-relaxation-induced anisotropy
from the 80 nm bar (m0HU¼2270 mT) to the 500 nm bar
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and (Ga,Mn)(As,P) nanobars. A second horizontal scale is included for the electric field, calculated from the device resistance (values given in Methods).
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changes sign as the strain changes from compressive ((Ga,Mn)As)
to tensile ((Ga,Mn)(As,P)). The second term in HC4 yields the
observed hR if it takes a form analogous to the 2D Rashba SO
Hamiltonian, that is, if exy¼ eyx = 0. This shear strain is not phys-
ically present in the crystal structure of ferromagnetic semiconduc-
tor epilayers. It has been introduced, however, in previous studies to
model the in-plane uniaxial anisotropy present in (Ga,Mn)As, and
the values of this effective off-diagonal strain are typically several
times smaller than the diagonal, growth-induced strain20. This is
consistent with the observed smaller magnitude of hR¼ 6.5 mT than
hD¼ 18 mT (values given at j¼ 1× 105 A cm22). Furthermore,
hR may contain a contribution from the Oersted field (discussed
in the Supplementary Information). Both hD and hR are measured
to be linear in current density (Fig. 3e,f ). This measurement was
performed for bars in the [100] direction, where it is possible to
independently resolve contributions to hR and hD. We observe a
larger magnitude of hD at a given current density in the
(Ga,Mn)(As,P) nanobars. This is explained by the larger magnitude
of the growth strain and larger resistivity (larger E at given j) of
(Ga,Mn)(As,P) as compared with the (Ga,Mn)As film21.

We now demonstrate that SO-FMR can be applied to compara-
tive investigations of nanobars where the anisotropies differ from
bulk values22–25. We first compare the effect of strain relaxation
between 500 nm bars under compressive ((Ga,Mn)As) and tensile
((Ga,Mn)(As,P)) growth strain. The in-plane anisotropies are
studied; although (Ga,Mn)(As,P) is out-of-plane magnetized21,
the applied field H0 brings the magnetization into plane. In
(Ga,Mn)As we observe an additional uniaxial contribution to the
anisotropy (m0HU¼ 32 mT) along the bar (Fig. 4a,c) with a magni-
tude similar to previous reports22,24,25. In contrast, in the
(Ga,Mn)(As,P) nanobar (Fig. 4b,c) the sign of the uniaxial aniso-
tropy (m0HU¼230.5 mT) has reversed and the easy axis is now
perpendicular to the bar. This can be understood in terms of the
sign of the strain relaxation: these materials become magnetically
easier in the direction of most compressive (least tensile) strain.
So when the tensile strain of the (Ga,Mn)(As,P) nanobar relaxes,
it introduces an easy axis perpendicular to the bar. Furthermore,
we measured (Ga,Mn)(As,P) bars of different widths (Fig. 4e) and
observed a decrease in the strain-relaxation-induced anisotropy
from the 80 nm bar (m0HU¼2270 mT) to the 500 nm bar
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Figure 3 | Characterization of the driving field in both (Ga,Mn)As and (Ga,Mn)(As,P) devices. a,b, Amplitudes of the anti-symmetric part of the FMR
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and (Ga,Mn)(As,P) nanobars. A second horizontal scale is included for the electric field, calculated from the device resistance (values given in Methods).

NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2011.68 LETTERS

NATURE NANOTECHNOLOGY | VOL 6 | JULY 2011 | www.nature.com/naturenanotechnology 415



Spin orbit torque - again DC

from a fixed FM polarizer by out-of-plane elec-
trical current driven in a FM-AFM stack. How-
ever, relativistic spin-orbit coupling may offer
staggered current-induced fields, which do not
require external polarizers and which act in bare
AFMcrystals (19). The effect occurs in AFMswith
specific crystal and magnetic structures for which
the spin sublattices form space-inversion part-
ners. Among these materials is a high–Néel
temperature AFM, tetragonal-phase CuMnAs,
which was recently synthesized in the form of
single-crystal epilayers on III-V semiconductor
substrates (20).
Relativistic current-induced fields observed

previously in broken inversion-symmetry FM
crystals (21–29) can originate from the inverse
spin-galvanic effect (30–34) (Fig. 1, A and B).
The full lattice of the CuMnAs crystal (Fig. 1C)
has an inversion symmetry with the center of
inversion at an interstitial position (green ball
in the figure). This implies that the mechanism
described in Fig. 1, A and B, will not generate a
net current-induced spin density when integrated
over the entire crystal. However, Mn atoms form
two sublattices (depicted in Fig. 1C in red and
purple) whose local environment has broken in-
version symmetry, and the two Mn sublattices
form inversion partners. The inverse spin-galvanic
mechanisms of Fig. 1, A and B, will generate
locally nonequilibrium spin polarizations of op-
posite signs on the inversion-partner Mn sublat-
tices. For these staggered fields to couple strongly
to the AFM order, it is essential that the inversion-
partner Mn sublattices coincide with the two
spin sublattices A and B of the AFM ground
state (19). The resulting spin-orbit torques have
the form dMA;B=dt ∼ MA;B ! pA;B, where the
effective field proportional to pA ¼ −pB acting on
the spin-sublattice magnetizations MA;B alter-
nates in sign between the two sublattices. The
CuMnAs crystal and magnetic structures (Fig. 1C)
fulfill these symmetry requirements (20).
To quantitatively estimate the strength of the

staggered current-induced field, we performed
microscopic calculations based on the Kubo
linear response formalism (35) (see supplemen-
tary text for details). The calculations (Fig. 1D)
confirm the desired opposite sign of the current-
induced field on the two spin sublattices and
highlight the expected dependence on the mag-
neticmoment angle, which implies that the AFM
moments will tend to align perpendicular to the
applied current. For reversible electrical switch-
ing between two stable states and the subsequent
electrical detection by the AMR, the setting cur-
rent pulses can therefore be applied along two
orthogonal in-plane cubic axes of CuMnAs. The
magnitude of the effect seen in Fig. 1D is com-
parable to that of typical current-induced fields
applied in FMs, suggesting that CuMnAs is a
favorable material for observing current-induced
switching in an AFM.
Our experiments were conducted on epitaxial

films of the tetragonal phase of CuMnAs, which
is amember of a broad family of high-temperature
I-Mn-V AFM compounds (6, 7, 20). We have
observed the electrical switching and readout
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Fig. 2. Electrical switching of the AFM CuMnAs. (A) Scanning transmission electron microscopy
image of CuMnAs/GaP in the [100]–[001] plane. (B) Magnetization versus applied field of an un-
patterned piece of the CuMnAs/GaP wafer measured by SQUIDmagnetometer. (C) XMLD-PEEM image
of the CuMnAs film with x-rays at the Mn L3 absorption edge incident at 16° from the surface along the
[100] axis. (D) Optical microscopy image of the device and schematic of the measurement geometry.
(E) Change in the transverse resistance after applying three successive 50-ms writing pulses of am-

plitude Jwrite ¼ 4! 106 A cm−2 alternately along the [100] crystal direction of CuMnAs (black arrow in
panel D and black points in panel E) and along the [010] axis (red arrow in panel D and red points in

panel E).The reading current Jread is applied along the [110] axis, and transverse resistance signals R⊥

are recorded 10 s after each writing pulse. A constant offset is subtracted fromR⊥. Measurements were
done at a sample temperature of 273 K.

Fig. 3. Dependence of the switching on the writing pulse length and amplitude. Transverse resist-
ance after successive writing pulses along the [100] axis (black points) and [010] axis (red points) for
different current amplitudes (A) or pulse lengths (B). R⊥ is recorded 10 s after each writing pulse. R is the
average of the longitudinal resistance R. Measurements were done at sample temperature of 273 K. A
constant offset is subtracted from R⊥.
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SPINTRONICS

Electrical switching of
an antiferromagnet
P. Wadley,1*† B. Howells,1* J. Železný,2,3 C. Andrews,1 V. Hills,1 R. P. Campion,1

V. Novák,2 K. Olejník,2 F. Maccherozzi,4 S. S. Dhesi,4 S. Y. Martin,5 T. Wagner,5,6

J. Wunderlich,2,5 F. Freimuth,7 Y. Mokrousov,7 J. Kuneš,8 J. S. Chauhan,1

M. J. Grzybowski,1,9 A. W. Rushforth,1 K. W. Edmonds,1 B. L. Gallagher,1 T. Jungwirth2,1

Antiferromagnets are hard to control by external magnetic fields because of the alternating
directions of magnetic moments on individual atoms and the resulting zero net magnetization.
However, relativistic quantum mechanics allows for generating current-induced internal fields
whose sign alternates with the periodicity of the antiferromagnetic lattice. Using these fields,
which couple strongly to the antiferromagnetic order, we demonstrate room-temperature
electrical switching between stable configurations in antiferromagnetic CuMnAs thin-film
devices by applied current with magnitudes of order 106 ampere per square centimeter.
Electrical writing is combined in our solid-state memory with electrical readout and the stored
magnetic state is insensitive to and produces no external magnetic field perturbations, which
illustrates the unique merits of antiferromagnets for spintronics.

I
n charge-based information devices, per-
turbations such as ionizing radiation can
lead to data loss. In contrast, spin-based
devices, in which different magnetic moment
orientations in a ferromagnet (FM) represent

the zeros and ones (1), are robust against charge
perturbations. However, the FM moments can be
unintentionally reoriented and the data erased
by perturbing magnetic fields generated exter-
nally or internally within the memory circuitry.
If magnetic memories were based on antiferro-
magnets (AFMs) instead, they would be robust
against charge and magnetic field perturbations.
Additional advantages of AFMs compared to FMs
include the invisibility of data stored in AFMs
to external magnetic probes, ultrafast spin dyna-

mics in AFMs, and the broad range of metal,
semiconductor, or insulator materials with room-
temperature AFM order (2–7).
The energy barrier separating stable orienta-

tions of ordered spins is due to the magnetic
anisotropy energy. It is an even function of the
magnetic moment, which implies that the mag-
netic anisotropy and the corresponding memory
functionality are readily present in both FMs and
AFMs (8, 9). The magneto-transport counterpart
of the magnetic anisotropy energy is the aniso-
tropic magnetoresistance (AMR). In the early
1990s, the first generation of FM magnetic ran-
dom access memory (MRAM) microdevices used
AMR for the electrical readout of the memory
state (10). AMR is an even function of the mag-

netic moment, which again implies its presence
in AFMs (11). Although AMR in AFMs was ex-
perimentally confirmed in several recent studies
(12–17), efficient means for manipulating AFM
moments have remained elusive.
It has been proposed that current-induced

spin transfer torques of the form dM=dt ∼ M!
ðM ! pÞ, which are used for electrical writing in
the most advanced FM MRAMs (1), could also
produce large-angle reorientation of the AFM
moments (18). In these antidamping-like torques,
M is the magnetic moment vector and p is the
electrically injected carrier spinpolarization. Trans-
lated to AFMs, the effective field proportional
to ðMA;B ! pÞ that drives the antidamping-like
torque dMA;B=dt ∼ MA;B ! ðMA;B ! pÞ on indi-
vidual spin sublattices A and B has the favorable
staggered property, i.e., alternates in sign be-
tween the opposite spin sublattices.
In FM spin-transfer-torque MRAMs, spin-

polarized carriers are injected into the free
FM layer from a fixed FM polarizer by an out-
of-plane electrical current driven through the
FM-FM stack. In analogy, (18) assumes injec-
tion of the spin-polarized carriers into the AFM
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Fig. 1. Theory of the staggered current-induced field in CuMnAs. (A)
Schematic of the inverse spin-galvanic effect in a model inversion asymmetric
Rashba spin texture (red arrows). kx;y are the in-planemomentumcomponents.
The nonequilibrium redistribution of carriers from the left side to the right
side of the Fermi surface results in a net in-plane spin polarization (thick red
arrow) along þz! J direction, where J is the applied current (black arrow).
(B) Same as (A) for opposite sense of the inversion asymmetry, resulting in
a net in-plane spin polarization (thick purple arrow) along −z! J direction.
(C) CuMnAs crystal structure and AFM ordering.The two Mn spin-sublattices
A and B (red and purple) are inversion partners.This and panels A and B imply
opposite sign of the respective local current–induced spin polarizations,

pA ¼ −pB, at spin sublattices A and B. The full CuMnAs crystal is centro-
symmetric around the interstitial position highlighted by the green ball. (D) Mi-
croscopic calculations of the components of the spin-orbit field transverse to
the magnetic moments per current density 107 A cm−2 at spin sublattices A
and B as a function of themagneticmoment angle φmeasured from the x axis
([100] crystal direction).The electrical current is applied along the x and y axes.
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switching an antiferromagnet!

from a fixed FM polarizer by out-of-plane elec-
trical current driven in a FM-AFM stack. How-
ever, relativistic spin-orbit coupling may offer
staggered current-induced fields, which do not
require external polarizers and which act in bare
AFMcrystals (19). The effect occurs in AFMswith
specific crystal and magnetic structures for which
the spin sublattices form space-inversion part-
ners. Among these materials is a high–Néel
temperature AFM, tetragonal-phase CuMnAs,
which was recently synthesized in the form of
single-crystal epilayers on III-V semiconductor
substrates (20).
Relativistic current-induced fields observed

previously in broken inversion-symmetry FM
crystals (21–29) can originate from the inverse
spin-galvanic effect (30–34) (Fig. 1, A and B).
The full lattice of the CuMnAs crystal (Fig. 1C)
has an inversion symmetry with the center of
inversion at an interstitial position (green ball
in the figure). This implies that the mechanism
described in Fig. 1, A and B, will not generate a
net current-induced spin density when integrated
over the entire crystal. However, Mn atoms form
two sublattices (depicted in Fig. 1C in red and
purple) whose local environment has broken in-
version symmetry, and the two Mn sublattices
form inversion partners. The inverse spin-galvanic
mechanisms of Fig. 1, A and B, will generate
locally nonequilibrium spin polarizations of op-
posite signs on the inversion-partner Mn sublat-
tices. For these staggered fields to couple strongly
to the AFM order, it is essential that the inversion-
partner Mn sublattices coincide with the two
spin sublattices A and B of the AFM ground
state (19). The resulting spin-orbit torques have
the form dMA;B=dt ∼ MA;B ! pA;B, where the
effective field proportional to pA ¼ −pB acting on
the spin-sublattice magnetizations MA;B alter-
nates in sign between the two sublattices. The
CuMnAs crystal and magnetic structures (Fig. 1C)
fulfill these symmetry requirements (20).
To quantitatively estimate the strength of the

staggered current-induced field, we performed
microscopic calculations based on the Kubo
linear response formalism (35) (see supplemen-
tary text for details). The calculations (Fig. 1D)
confirm the desired opposite sign of the current-
induced field on the two spin sublattices and
highlight the expected dependence on the mag-
neticmoment angle, which implies that the AFM
moments will tend to align perpendicular to the
applied current. For reversible electrical switch-
ing between two stable states and the subsequent
electrical detection by the AMR, the setting cur-
rent pulses can therefore be applied along two
orthogonal in-plane cubic axes of CuMnAs. The
magnitude of the effect seen in Fig. 1D is com-
parable to that of typical current-induced fields
applied in FMs, suggesting that CuMnAs is a
favorable material for observing current-induced
switching in an AFM.
Our experiments were conducted on epitaxial

films of the tetragonal phase of CuMnAs, which
is amember of a broad family of high-temperature
I-Mn-V AFM compounds (6, 7, 20). We have
observed the electrical switching and readout
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Fig. 2. Electrical switching of the AFM CuMnAs. (A) Scanning transmission electron microscopy
image of CuMnAs/GaP in the [100]–[001] plane. (B) Magnetization versus applied field of an un-
patterned piece of the CuMnAs/GaP wafer measured by SQUIDmagnetometer. (C) XMLD-PEEM image
of the CuMnAs film with x-rays at the Mn L3 absorption edge incident at 16° from the surface along the
[100] axis. (D) Optical microscopy image of the device and schematic of the measurement geometry.
(E) Change in the transverse resistance after applying three successive 50-ms writing pulses of am-

plitude Jwrite ¼ 4! 106 A cm−2 alternately along the [100] crystal direction of CuMnAs (black arrow in
panel D and black points in panel E) and along the [010] axis (red arrow in panel D and red points in

panel E).The reading current Jread is applied along the [110] axis, and transverse resistance signals R⊥

are recorded 10 s after each writing pulse. A constant offset is subtracted fromR⊥. Measurements were
done at a sample temperature of 273 K.

Fig. 3. Dependence of the switching on the writing pulse length and amplitude. Transverse resist-
ance after successive writing pulses along the [100] axis (black points) and [010] axis (red points) for
different current amplitudes (A) or pulse lengths (B). R⊥ is recorded 10 s after each writing pulse. R is the
average of the longitudinal resistance R. Measurements were done at sample temperature of 273 K. A
constant offset is subtracted from R⊥.
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from a fixed FM polarizer by out-of-plane elec-
trical current driven in a FM-AFM stack. How-
ever, relativistic spin-orbit coupling may offer
staggered current-induced fields, which do not
require external polarizers and which act in bare
AFMcrystals (19). The effect occurs in AFMswith
specific crystal and magnetic structures for which
the spin sublattices form space-inversion part-
ners. Among these materials is a high–Néel
temperature AFM, tetragonal-phase CuMnAs,
which was recently synthesized in the form of
single-crystal epilayers on III-V semiconductor
substrates (20).
Relativistic current-induced fields observed

previously in broken inversion-symmetry FM
crystals (21–29) can originate from the inverse
spin-galvanic effect (30–34) (Fig. 1, A and B).
The full lattice of the CuMnAs crystal (Fig. 1C)
has an inversion symmetry with the center of
inversion at an interstitial position (green ball
in the figure). This implies that the mechanism
described in Fig. 1, A and B, will not generate a
net current-induced spin density when integrated
over the entire crystal. However, Mn atoms form
two sublattices (depicted in Fig. 1C in red and
purple) whose local environment has broken in-
version symmetry, and the two Mn sublattices
form inversion partners. The inverse spin-galvanic
mechanisms of Fig. 1, A and B, will generate
locally nonequilibrium spin polarizations of op-
posite signs on the inversion-partner Mn sublat-
tices. For these staggered fields to couple strongly
to the AFM order, it is essential that the inversion-
partner Mn sublattices coincide with the two
spin sublattices A and B of the AFM ground
state (19). The resulting spin-orbit torques have
the form dMA;B=dt ∼ MA;B ! pA;B, where the
effective field proportional to pA ¼ −pB acting on
the spin-sublattice magnetizations MA;B alter-
nates in sign between the two sublattices. The
CuMnAs crystal and magnetic structures (Fig. 1C)
fulfill these symmetry requirements (20).
To quantitatively estimate the strength of the

staggered current-induced field, we performed
microscopic calculations based on the Kubo
linear response formalism (35) (see supplemen-
tary text for details). The calculations (Fig. 1D)
confirm the desired opposite sign of the current-
induced field on the two spin sublattices and
highlight the expected dependence on the mag-
neticmoment angle, which implies that the AFM
moments will tend to align perpendicular to the
applied current. For reversible electrical switch-
ing between two stable states and the subsequent
electrical detection by the AMR, the setting cur-
rent pulses can therefore be applied along two
orthogonal in-plane cubic axes of CuMnAs. The
magnitude of the effect seen in Fig. 1D is com-
parable to that of typical current-induced fields
applied in FMs, suggesting that CuMnAs is a
favorable material for observing current-induced
switching in an AFM.
Our experiments were conducted on epitaxial

films of the tetragonal phase of CuMnAs, which
is amember of a broad family of high-temperature
I-Mn-V AFM compounds (6, 7, 20). We have
observed the electrical switching and readout
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Fig. 2. Electrical switching of the AFM CuMnAs. (A) Scanning transmission electron microscopy
image of CuMnAs/GaP in the [100]–[001] plane. (B) Magnetization versus applied field of an un-
patterned piece of the CuMnAs/GaP wafer measured by SQUIDmagnetometer. (C) XMLD-PEEM image
of the CuMnAs film with x-rays at the Mn L3 absorption edge incident at 16° from the surface along the
[100] axis. (D) Optical microscopy image of the device and schematic of the measurement geometry.
(E) Change in the transverse resistance after applying three successive 50-ms writing pulses of am-

plitude Jwrite ¼ 4! 106 A cm−2 alternately along the [100] crystal direction of CuMnAs (black arrow in
panel D and black points in panel E) and along the [010] axis (red arrow in panel D and red points in

panel E).The reading current Jread is applied along the [110] axis, and transverse resistance signals R⊥

are recorded 10 s after each writing pulse. A constant offset is subtracted fromR⊥. Measurements were
done at a sample temperature of 273 K.

Fig. 3. Dependence of the switching on the writing pulse length and amplitude. Transverse resist-
ance after successive writing pulses along the [100] axis (black points) and [010] axis (red points) for
different current amplitudes (A) or pulse lengths (B). R⊥ is recorded 10 s after each writing pulse. R is the
average of the longitudinal resistance R. Measurements were done at sample temperature of 273 K. A
constant offset is subtracted from R⊥.
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• spin-orbit torque corresponds 
 to a staggered field 

• (transverse) AMR used for 
 read-out 



AMR: crystalline and non-crystalline components

∆ρL/ρav =

CI cos 2φ + CI ,C cos(2φ + 4θ) +

+CC cos(4φ + 4θ) + CU cos(2φ + 2θ)

de Ranieri et al., NJP ’08

∆ρT/ρav =

CI sin 2φ − CI ,C sin(2φ + 4θ)

I

M

[1 0]1

[110]

!
"

#

Wunderlich et al., PRB ’07

Rushforth et al., PRB ’08

AMR:  crystalline and non-crystalline components

Tuesday, 25 May 2010

dence of the resistance on the basis of AMR and OMR.

IV. ANALYSIS AND DISCUSSION

We analyze our data with the expression of Döring7 for
the resistivity, which is based on the symmetry of the crystal.
He assumed that the electric field components E1 , E2, and
E3 along the cubic directions are linear functions of the com-
ponents j1 , j2, and j3 of the electrical current density: Ei
!!k!1

3 wik jk . Here wik are the magnetization-direction de-
pendent components of the magnetoresistivity tensor, which
describes all ohmic MR effects, including AMR and OMR.
The resistivity can be written as "!! i ,k!1

3 wik# i#k , where
#1 , #2, and #3 are the direction cosines of the electrical
current with respect to the cubic axes. The components wik
can be rewritten using the symmetry of a cubic crystal. This
yields for the relative change in resistivity for arbitrary cur-
rent and magnetization directions:7,22

"""*
"*

!k1! $1
2#1

2#$2
2#2

2#$3
2#3

2"
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3 "

#2k2%$1$2#1#2#$2$3#2#3#$3$1#3#1&

#k3s#k4! $1
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2#$2
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2#$3
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2
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1
3 "

#2k5%$1$2$3
2#1#2#$2$3$1

2#2#3

#$3$1$2
2#3#1&, %1&

where "* is the average resistivity of a hypothetical multi-
domain sample with equal volume fractions with the magne-
tization pointing along a '100( direction, k1 , k2 , k3 , k4, and
k5 are temperature dependent constants, $1 , $2, and $3 are
the direction cosines of the magnetization direction with re-
spect to the cubic axes and s!$1

2$2
2#$2

2$3
2#$3

2$1
2. The lo-

cal magnetization direction should be used if the sample is in
a multidomain state. Equation %1& then describes the local
change in resistivity. Equation %1& is an expansion based on

the symmetry of the crystal. Therefore, it is hard to directly
relate the k constants to physical properties such as the spin-
orbit interaction. The relation of the k constants with the
underlying physics should follow from first principle AMR
models, but that is beyond the scope of this article.
For our purpose, we adapt Eq. %1& to the specific geometry

of our %110& films, using $1!"$2!(1/!2)sin), $3
!cos), #1!"#2!(1/!2)sin *, and #3!cos *. Here ) is
the angle between the magnetization and the +001, direction
and * is the angle between the electrical current and the
+001, direction %see inset Fig. 3&. This leads to four indepen-
dent terms in Eq. %1&:

"""*
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%7&

A linear term in ) is added to Eq. %2& to take into account the
small temperature drift in our measurements at high tempera-
tures %while stepping through the range of angles
+.start ,.end , the resistance drifts linearly in time&. A linear
term is orthogonal to the other terms, so that it does not
influence these in principle, but helps to correctly weigh each
measurement point. It is not possible to determine both "*
and - from the measurements. Therefore, we use +"""*(1
#-),/"*/(R"R0)/R0, which introduces a negligible error
(/1%) compared to the other errors in the C coefficients.
We analyze the resistance versus angle data with Eq. %2&

for measurements at up to 13 different temperatures in the
range 4.2–220 K for each sample, using )!.#* . In the
analysis, the value of the coefficients C1 , C2 , C3, and C4
results from a fitting procedure. In general, good agreement
between the experimental data and Eq. %2& is obtained, as
exemplified by the fit results in Figs. %4& and %6&. The tem-
perature dependence of the C coefficients is plotted in Figs. 7
and 8, where the error bars reflect the different fit results
obtained for curves measured with opposite angle-step direc-
tion at each temperature. The following general observations

FIG. 6. Magnetoresistance of sample B at H!10 kOe as a func-
tion of the angle between the applied magnetic field and the current
at %a& T!4.2 K, %b& T!80 K, and %c& T!184 K. The measurement
geometry is as in Fig. 5.
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cryst. dir.

other cryst. dir.

uniaxial and cubic crystalline terms, and a crossed non-
crystalline/crystalline term. The purely crystalline terms
are excluded by symmetry for the transverse AMR and we
obtain, !!xy=!av ! CI sin2"" CI;C sin#4 " 2"$.

Microscopically, we describe the AMR components
starting from the valence-band kinetic-exchange model of
(Ga,Mn)As with metallic conductivities, which is an estab-
lished qualitative and often semiquantitative theoretical
approach [14,15]. The description is based on the canoni-
cal Schrieffer-Wolff transformation of the Anderson
Hamiltonian which for (Ga,Mn)As replaces hybridization
of Mn d orbitals with As and Ga sp orbitals by an effective
spin-spin interaction of L ! 0; S ! 5=2 local moments
with host valence-band states. These states, which carry
all the SO coupling, can be described by the k % p Kohn-
Luttinger Hamiltonian [14,16].

In these dilute moment systems two distinct microscopic
mechanisms lead to anisotropic carrier lifetimes
[Fig. 1(a)]: One combines the SO coupling in the carrier
band with polarization of randomly distributed magnetic
scatterers and the other with polarization of the carrier
band itself resulting in an asymmetric band-spin texture.
Although acting simultaneously in real systems, theoreti-
cally we can turn both mechanisms on and off indepen-
dently. We find that the former mechanism clearly
dominates in (Ga,Mn)As which allows us to neglect spin-
splitting of the valence band in the following qualitative
discussion. This is further simplified by focusing on the
noncrystalline AMR in the heavy-hole Fermi surfaces in
the spherical, s k k, spin-texture approximation [17] [see
Fig. 1(a)] and considering scattering off a #-function po-
tential / #$& M̂ % s$. Here, s and k are the carrier spin
operator and wave vector, and $ represents the ratio of
nonmagnetic and magnetic parts of the impurity potential.
Assuming a proportionality between conductivity and life-
times of carriers with kjjI we obtain,

 %M̂kI=%M̂?I ! #$2 & 1=4$#$2 & 1=12$=#$2 " 1=4$2:
(1)

Therefore, when $' 1, one expects %M̂kI < %M̂?I (as is
usually observed in metallic ferromagnets). The sign of the
noncrystalline AMR reverses at a relatively weak nonmag-
netic potential ($ ! 1=

!!!!!!
20
p

in the model), its magnitude is
then maximized when the two terms are comparable ($ !
1=2), and, for this mechanism, it vanishes when the mag-
netic term is much weaker than the nonmagnetic term
($! 1).

Physically, carriers moving along M̂, i.e., with s parallel
or antiparallel to M̂, experience the strongest scattering
potential among all Fermi surface states when $ ! 0,
giving %M̂kI < %M̂?I. When the nonmagnetic potential is
present, however, it can more efficiently cancel the mag-
netic term for carriers moving along M̂, and for relatively
small $ the sign of AMR flips. Since $< 1=

!!!!!!
20
p

is un-

realistic for the magnetic acceptor Mn in GaAs [12,14] we
obtain %M̂kI > %M̂?I, consistent with experiment. Our
analysis also predicts that when the SO coupling in the
host band is of the form s ? k, as in the Rashba-type 2D
systems, or when Mn forms an isovalent pure magnetic
impurity, e.g., in II-VI semiconductors, the sign of the
noncrystalline AMR will be reversed.

Numerical simulations of hole scattering rates, illus-
trated in Fig. 1(a) on a color-coded minority heavy-hole
Fermi surface, were obtained within the spherical approxi-
mation but including the hole spin polarization, light-hole,
and split-off valence bands, and realistic nonmagnetic and
magnetic Mn impurity potentials [12]. The simulations
confirm the qualitative validity of the analytical, noncrys-
talline AMR expressions of Eq. (1). The additional crys-
talline AMR terms are obtained when the spherical
approximation is relaxed and band warping is included in

FIG. 1 (color). (a) Noncrystalline AMR in spherical bands: 2D
cartoons of AMR mechanisms and calculated anisotropic scat-
tering rate on the 3D Fermi surface of the minority heavy-hole
band in Ga0:95Mn0:05As. (b) Noncrystalline and crystalline AMR
on warped bands: calculated anisotropic scattering rates for M̂ k
[100] and [110] axes. (c) Calculated and (d) measured (at 4.2 K)
longitudinal and transverse AMR for Ga0:95Mn0:05As as a func-
tion of the angle between M̂ and I. The legend shows the
direction of the current. The y axes show !!=!av shifted so
that the minimum is at zero.
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Anisotropic magnetoresistance in an antiferromagnet

with other heat-assisted magneto-recording protocols where the
Néel temperature is not crossed. For instance, it is also possible to
set a stable zero-field AMR trace of the form of Fig. 2d, only with
a factor 2 smaller amplitude, by field-cooling from 200 K down to
low temperatures and then performing the zero-field read-out
measurement back at 200 K (see Supplementary Fig. 10).
This is consistent with the ability, seen in Fig. 2a,b, to control
the antiferromagnetic state by the 2 T field even if below, but
not too far from the Néel temperature. Crossing the Néel
temperature in the heat-assisted magneto-recording, therefore,
helps the efficiency of the writing process, however, it is not
necessary. We emphasize that Fig. 2 not only demonstrates a
continuous harmonic-function AMR in an antiferromagnet but
it also shows a multiple stability of states in our MnTe memory
device.

Stability of the memory states. Next we explore how the
amplitude of the memory read-out signal depends on the strength
of the writing field and test the limits for erasing the multiple-
stable states by turning the magnetic field back on. In Fig. 3a, we
plot the AMR amplitude, defined as RXY 45!ð Þ$RXY $ 45!ð Þ

RXXh i n, obtained
when setting the states by field-cooling at jB,FC¼±45! from
350 K down to 5 K and measuring the resistance during the
temperature down-sweep with the field on. Figure 3b shows zero-
field AMR amplitudes measured during the subsequent up-sweep
in temperature. The variation of the signal is associated with the
dependence of the AMR coefficients on temperature
(see Supplementary Note 1). The AMR disappears near the Néel
temperature and at low temperatures the AMR is again reduced,
presumably due to the suppressed contribution from magnon and

phonon scattering. This leads to a peak of the AMR amplitude in
Fig. 3a,b at intermediate temperatures.

For the range of writing field magnitudes from 0.5 to 2 T, we
were able to set the multiple-stable memory states with the zero-
field AMR of the harmonic form seen in Fig. 2d. The signal
disappears for all traces at B285 K, which approximately
coincides with the Néel temperature of thin a-MnTe films25

and is just B10 K lower than the broad peak in the longitudinal
resistivity shown in Fig. 1d. This confirms the antiferromagnetic
origin of the read-out signal. The amplitude of the AMR signal
scales with the magnitude of the writing field, apart from the
region between 0.5 and 1 T, where the AMR signal changes sign,
and does not saturate at the maximum applied writing field of
2 T. Before discussing the origin of these features we complete in
Fig. 3c,d the description of experimental data, namely of the
measurements testing the robustness of the multiple-stable
memory states under magnetic-field perturbations.

In Fig. 3c, we replot the zero-field AMR amplitude obtained
from the temperature up-sweeps after setting the states in 2 T
writing fields. We compare the trace with analogous measure-
ments which only differ in an additional magnetic field exposure
of the memory at 5 K after the writing and before starting the
temperature up-sweep read-out measurement. The additional
exposure comprises application of rotating in-plane and out-of-
plane magnetic fields of a 1 or 2 T magnitude. We see that neither
of these two magnitudes of the disturbing field applied at any
angle is sufficient to fully erase the memory. After the exposure,
the multiple-stable states maintain their characteristic harmonic
AMR form of the read-out signal (see Supplementary Note 4 and
Supplementary Fig. 9) with only the amplitude being partially
reduced, as shown in Fig. 3c.

We performed similar attempts to erase our antiferromagnetic
memory at 200 K. The results, shown in Fig. 3d, illustrate that at
this elevated temperature a magnetic field of 2 T is sufficient to
fully erase the memory states. This is consistent with measure-
ments in the rotating field of 2 T at 200 K shown in Fig. 2a,b,
where the observed AMR traces had a character of AMR in
ferromagnets under saturating magnetic fields. A field of 1 T, on
the other hand, is not sufficient to erase the memory at 200 K; it
only reduces the amplitude of the read-out signal, as seen in
Fig. 3d.

In Fig. 3e, we illustrate in more detail the stability of our
antiferromagnetic memory in fields, which are insufficient to
erase it. We explore how the states set by cooling in writing fields
of 2 T applied at angles jB,FC¼±45!, corresponding to the
extrema in the AMR> read-out signal, are disturbed at 5 K by a
field of 1 T rotating in the sample plane. By taking the resistance
measurements with the field on, we observe a partial reorientation
of the antiferromagnetic spin-axis, reflected in the varying
resistance signal. The variations are, however, smaller than the
difference between the zero-field resistances of the two extrema
and according to our modelling presented below correspond to
only B3! rotation of the Néel vector and concomitant canting of
the antiferromagnetic moments by B1!. Moreover, if at each
given angle of the disturbing magnetic field we remove the field
and repeat the resistance measurement, we see that the original
zero-field state almost fully recovers. Supplementary Fig. 11
shows the measurements discussed in Fig. 3e but for applied
disturbing fields of 0.5 and 2 T. The 0.5 T field is insufficient to
cause any significant changes of the AMR signal neither with the
disturbing field on nor after turning the 0.5 T field off. On the
other hand, the 2 T disturbing field causes much stronger
transient changes of the AMR as compared with the 1 T field
and significant permanent changes of the AMR signal remain
even after turning the 2 T field off. This is consistent with the
measurements shown in Fig. 3c.
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Figure 2 | Antiferromagnetic AMR and multiple-stable memory.
(a,b) Transverse (red) and longitudinal (blue) AMR measurements at
200 K and rotating in-plane 2 T field. Analogous measurements at 5 K are
shown in grey. Arrow in a indicates the initial angle and the direction of
rotation. (c) Transverse AMR measured at 200 K after cooling from 350 K
in a magnetic field (BFC¼ 2 T) applied at an angle jB,FC and with the field
kept on. The dashed line is a guide to the eye. (d) Zero-field transverse
AMR obtained after field-cooling (BFC¼ 2 T) down to 5 K then removing the
field and taking zero-field resistance measurements at 200 K. The grey line
is a & sin 2jB;FC least squares fit which fails to describe the details of the

angular variation in the experimental data. On the other hand, the red line
shows the least square fit of the multi-domain model calculations, which
accurately reproduce the angular variation of the experimental data.
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with other heat-assisted magneto-recording protocols where the
Néel temperature is not crossed. For instance, it is also possible to
set a stable zero-field AMR trace of the form of Fig. 2d, only with
a factor 2 smaller amplitude, by field-cooling from 200 K down to
low temperatures and then performing the zero-field read-out
measurement back at 200 K (see Supplementary Fig. 10).
This is consistent with the ability, seen in Fig. 2a,b, to control
the antiferromagnetic state by the 2 T field even if below, but
not too far from the Néel temperature. Crossing the Néel
temperature in the heat-assisted magneto-recording, therefore,
helps the efficiency of the writing process, however, it is not
necessary. We emphasize that Fig. 2 not only demonstrates a
continuous harmonic-function AMR in an antiferromagnet but
it also shows a multiple stability of states in our MnTe memory
device.

Stability of the memory states. Next we explore how the
amplitude of the memory read-out signal depends on the strength
of the writing field and test the limits for erasing the multiple-
stable states by turning the magnetic field back on. In Fig. 3a, we
plot the AMR amplitude, defined as RXY 45!ð Þ$RXY $ 45!ð Þ

RXXh i n, obtained
when setting the states by field-cooling at jB,FC¼±45! from
350 K down to 5 K and measuring the resistance during the
temperature down-sweep with the field on. Figure 3b shows zero-
field AMR amplitudes measured during the subsequent up-sweep
in temperature. The variation of the signal is associated with the
dependence of the AMR coefficients on temperature
(see Supplementary Note 1). The AMR disappears near the Néel
temperature and at low temperatures the AMR is again reduced,
presumably due to the suppressed contribution from magnon and

phonon scattering. This leads to a peak of the AMR amplitude in
Fig. 3a,b at intermediate temperatures.

For the range of writing field magnitudes from 0.5 to 2 T, we
were able to set the multiple-stable memory states with the zero-
field AMR of the harmonic form seen in Fig. 2d. The signal
disappears for all traces at B285 K, which approximately
coincides with the Néel temperature of thin a-MnTe films25

and is just B10 K lower than the broad peak in the longitudinal
resistivity shown in Fig. 1d. This confirms the antiferromagnetic
origin of the read-out signal. The amplitude of the AMR signal
scales with the magnitude of the writing field, apart from the
region between 0.5 and 1 T, where the AMR signal changes sign,
and does not saturate at the maximum applied writing field of
2 T. Before discussing the origin of these features we complete in
Fig. 3c,d the description of experimental data, namely of the
measurements testing the robustness of the multiple-stable
memory states under magnetic-field perturbations.

In Fig. 3c, we replot the zero-field AMR amplitude obtained
from the temperature up-sweeps after setting the states in 2 T
writing fields. We compare the trace with analogous measure-
ments which only differ in an additional magnetic field exposure
of the memory at 5 K after the writing and before starting the
temperature up-sweep read-out measurement. The additional
exposure comprises application of rotating in-plane and out-of-
plane magnetic fields of a 1 or 2 T magnitude. We see that neither
of these two magnitudes of the disturbing field applied at any
angle is sufficient to fully erase the memory. After the exposure,
the multiple-stable states maintain their characteristic harmonic
AMR form of the read-out signal (see Supplementary Note 4 and
Supplementary Fig. 9) with only the amplitude being partially
reduced, as shown in Fig. 3c.

We performed similar attempts to erase our antiferromagnetic
memory at 200 K. The results, shown in Fig. 3d, illustrate that at
this elevated temperature a magnetic field of 2 T is sufficient to
fully erase the memory states. This is consistent with measure-
ments in the rotating field of 2 T at 200 K shown in Fig. 2a,b,
where the observed AMR traces had a character of AMR in
ferromagnets under saturating magnetic fields. A field of 1 T, on
the other hand, is not sufficient to erase the memory at 200 K; it
only reduces the amplitude of the read-out signal, as seen in
Fig. 3d.

In Fig. 3e, we illustrate in more detail the stability of our
antiferromagnetic memory in fields, which are insufficient to
erase it. We explore how the states set by cooling in writing fields
of 2 T applied at angles jB,FC¼±45!, corresponding to the
extrema in the AMR> read-out signal, are disturbed at 5 K by a
field of 1 T rotating in the sample plane. By taking the resistance
measurements with the field on, we observe a partial reorientation
of the antiferromagnetic spin-axis, reflected in the varying
resistance signal. The variations are, however, smaller than the
difference between the zero-field resistances of the two extrema
and according to our modelling presented below correspond to
only B3! rotation of the Néel vector and concomitant canting of
the antiferromagnetic moments by B1!. Moreover, if at each
given angle of the disturbing magnetic field we remove the field
and repeat the resistance measurement, we see that the original
zero-field state almost fully recovers. Supplementary Fig. 11
shows the measurements discussed in Fig. 3e but for applied
disturbing fields of 0.5 and 2 T. The 0.5 T field is insufficient to
cause any significant changes of the AMR signal neither with the
disturbing field on nor after turning the 0.5 T field off. On the
other hand, the 2 T disturbing field causes much stronger
transient changes of the AMR as compared with the 1 T field
and significant permanent changes of the AMR signal remain
even after turning the 2 T field off. This is consistent with the
measurements shown in Fig. 3c.
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Figure 2 | Antiferromagnetic AMR and multiple-stable memory.
(a,b) Transverse (red) and longitudinal (blue) AMR measurements at
200 K and rotating in-plane 2 T field. Analogous measurements at 5 K are
shown in grey. Arrow in a indicates the initial angle and the direction of
rotation. (c) Transverse AMR measured at 200 K after cooling from 350 K
in a magnetic field (BFC¼ 2 T) applied at an angle jB,FC and with the field
kept on. The dashed line is a guide to the eye. (d) Zero-field transverse
AMR obtained after field-cooling (BFC¼ 2 T) down to 5 K then removing the
field and taking zero-field resistance measurements at 200 K. The grey line
is a & sin 2jB;FC least squares fit which fails to describe the details of the

angular variation in the experimental data. On the other hand, the red line
shows the least square fit of the multi-domain model calculations, which
accurately reproduce the angular variation of the experimental data.
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the Néel temperature and in the antiferromagnetic phase with no
preferred direction among the easy axes set during the zero-field-
cooling. The weak transverse resistance signal seen in Fig. 1f is
ascribed to an unintentional asymmetry of the Hall bar transverse
contacts and the resulting small admixture of the longitudinal
signal. From the Hall effect measurements, we obtained
low-temperature hole density of P¼ 6" 1018 cm# 3 due
to unintentional doping in our film and corresponding hole
mobility of m¼ 43 cm2 V# 1 s# 1.

Antiferromagnetic anisotropic magnetoresistance memory.
We now proceed to the discussion of the antiferromagnetic AMR
and memory functionalities in our MnTe devices. In Fig. 2a,b,
we plot the transverse and longitudinal AMRs, defined as
AMR? jBð Þ & RXY jBð Þ# RXYh i

RXXh i n and AMR jj jBð Þ & RXX jBð Þ# RXXh i
RXXh i ,

where RXY jBð Þ and RXX jBð Þ are the transverse and longitudinal
resistances indicated in Fig. 1e, hi denotes averaging over all angles
jB between the magnetic field and current, and n is the aspect ratio
of our Hall bar. Measurements in Fig. 2a,b are performed at
constant temperature of 200 K, sufficiently below the Néel tem-
perature, and in a rotating 2 T field. The curves show a harmonic
sin 2jB cos 2jBð Þ dependence on the field-angle and the ampli-
tudes of AMR> and AMR|| scale with the Hall bar aspect ratio, that
is, corresponding curves in Fig. 2a,b have the same amplitude. This
phenomenology is reminiscent of common non-crystalline AMR
traces in ferromagnets in applied saturating magnetic fields, where
the ratio of the longitudinal and transversal AMR amplitudes is
also unity (see Supplementary Note 1). Note that a crystalline AMR
contribution, due to an additional dependence of the resistance on
the angle between magnetic moments and crystal axes, is negligible
at 200 K (Supplementary Note 3).

For comparison, we show in Fig. 2a,b also 2 T AMR curves
measured at a low temperature (5 K). In contrast to the data at
200 K, the corresponding traces are anharmonic, show history
dependence, have smaller magnitudes and the amplitudes of
AMR|| and AMR> are significantly different. This is a result of the
stiffening of the MnTe antiferromagnet at 5 K, where the 2 T field
causes only partial reorientation of the spin-axes in the domains
around their zero-field direction, reminiscent of ferromagnets in
weak fields below the saturation field. The AMR|| and AMR>
signals therefore differ in their amplitude and depend on the
previous field-cooling protocol. Consistently, Supplementary
Fig. 8 shows a more systematic study of the ratio of the measured
AMR|| to AMR> amplitude whose deviation from unity and
history dependence is largest at low fields and low temperatures.
Together with a non-negligible contribution of the crystalline
AMR this results in a complicated anharmonic shape of the
longitudinal AMR trace at 5 K and 2 T shown in Fig. 2a,b.

In Fig. 2c, we show AMR measurements in which, for
each point, we first heated the sample above the Néel temperature
(to 350 K) and then field cooled (with BFC) down to 200 K
in a 2 T field of a fixed angle jB,FC and measured the
corresponding resistance with the field on. To obtain the data
shown in Fig. 2d, we continued with the field-cooling down to 5 K
then removed the field and took zero-field resistance measure-
ments again at 200 K. Corresponding data for other read-out
temperatures are shown in Supplementary Fig. 9a. Remarkably,
we observe similar AMR traces in the two panels only the
amplitude of the zero-field AMR in Fig. 2d is about a factor 2
smaller than in Fig. 2c.

Note that a 200 K zero-field AMR of a comparable amplitude
to the one seen in Fig. 2d is also obtained when field-cooling from
350 K down to only 200 K. Similar results can also be obtained
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(magenta) and Te (green). The inset shows the atomic positions including the Mn magnetic moments in the ordered antiferromagnetic state and the unit
cell size is indicated by a white line. Scale bar, 5 nm. (b) Absorption coefficient of MnTe in the mid-infrared and visible spectral range extracted from
transmission measurements for three different film thicknesses. (c) SQUID magnetic field sweeps for in-plane and out-of-plane field directions at 5 K. The
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a of peak position seems to be reasonable compared
with the values of other semiconductors.

In order to see the analogy with the phonon spectra
of other NiAs type crystals, we also measured the
absorption spectra of FeS, NiS, NiSe and NiTe, but
no absorption by phonon was observed. The phononc~E04
spectra may be hidden by the strong free electron
absorption. It remains uncertain whether the

A ~ I ~ A observed infrared band corresponds to the vibrationofA~mode orEj~mode.

The temperature dependence of lattice parameters
of MnTe has been reported by Greenwald.’~AnyFIG. I. The crystal structure ofMnTe (0: Mn, •: Te). anomalous temperature variation of lattice parameter

has not been observed in the a-axis, but an anomalous
3. RESULTS AND DISCUSSIONS variation (magnetostriction) was found in the c-axis.

The crystal structure of antiferromagnetic semicon- According to the neutron diffraction experiment’2
ductor MnTe (T~= 307 K) is of the NiAs type (Fig. 1), the magnetic structure consists of ferromagnetic
and the crystal has the symmetry belonging to the sheets in the c-plane’3 coupled antiferromagnetically
space group D~,,.The elementary cell contains two along the c-axis. The types of spin ordering for this
molecules. The lattice parameters’°ofMnTe at crystal structure are determined14 by the relative
20°Care a = 4.11 A, c = 6.70 A, respectively, values of exchange interaction J~, , J,. (Fig. 1).

The phonon spectrum at F point (k = 0) of the The potential of MnTe is expanded approximately
Brillouin zone can be analyzed qualitatively on the by the six normal coordinates which are specified in
basis of group theory. A decomposition into the equation (1) as follows
irreducible representations gives 6

r = 2A
2~+ Big + B1~+ 2E~+ E2g + E2~ (I) V = ü~[(w01+ ~1~w)

2 + V
2~]u~

i—i

One A2~(z) mode and oneE1~(x,y) mode correspond + anharmonic terms + nondiagonal second
to the translation of the crystal as a whole. One order magnetic
A2~(z) and one E1~(x, y) modes are infrared active terms
and oneE~mode is raman active. (2)

Where i stands for each normal modes A2~,Big,
The absorption spectrum of MnTe is shown in B1~,E1~,E,~andE2~,and ~i,Wc~,~uw, V2~and

Fig. 2. One broad absorption band was observed near u denote the reduced mass, the eigenfrequency, the
154 cm~.The increase of the absorption in the higher variation of frequency due to the volume change,
energy than 220 cm~is due to the scattering. The the magnetic interaction term and normal coordinate
dependence of the absorption peak position on the from its equilibrium position, respectively. The fre-
temperature is shown in Fig. 3, and it displays a quency shift observed in the infrered spectrum is
characteristic change near T~. expressed as follows.

The peak position observed in our experiment at = ~ + + anharmonic terms (3)
300 K was ca. 154 cm~and it is ca. 12 cm~higher wc~ w~
than that observed by Povstyanyi et a!. The variation where i stands for A2~mode or ~ mode. The non-
of the peak position with the temperature from diagonal second order magnetic interaction terms are
380 K to 80 K was ca. 7 cm

1 and the value of neglected, but the anharmonic terms may not be
Ca. 10 cm’ reported by Povstyanyi eta!, is a little ne~ectedbecause the Debye temperature (160 K) is
large. Our value, ca. 7 cm’. obtained as the variation
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Supplementary Figure 1: MnTe thin film properties. a) Xray di↵raction data of a

50 nm thick MnTe film grown on InP(111) showing only Bragg peaks of the hexagonal

bulk ↵-MnTe phase which is sketched in the inset. b) Magnetic susceptibility � of ↵-MnTe

thin films measured for in-plane and out of plane field orientation in fields of 0.5 T. The

drop of the susceptibility in the in-plane configuration is a result of the in-plane moment

orientation. c) Hall measurement in order to determine the carrier density and mobility.

in literature4.

Epitaxial orientation determined by X-ray di↵raction

From transmission electron microscope images shown in Supplementary Fig. 2 we find

that the films grow epitaxially oriented on both types of substrate. In combination with

the X-ray di↵raction reciprocal space maps shown in Supplementary Fig. 3 we determine

the in-plane epitaxial orientation of the hexagonal ↵-MnTe lattice on the cubic substrates.

We find the orientation of the c-planes (0001) is parallel to the (111) planes of the cubic

substrate and the in-plane [101̄0] direction of ↵-MnTe corresponds to the [112̄] direction of

the substrate. Note that we use the Miller-Bravais indices (hkil) with i = �h� k to denote

3

the Néel temperature and in the antiferromagnetic phase with no
preferred direction among the easy axes set during the zero-field-
cooling. The weak transverse resistance signal seen in Fig. 1f is
ascribed to an unintentional asymmetry of the Hall bar transverse
contacts and the resulting small admixture of the longitudinal
signal. From the Hall effect measurements, we obtained
low-temperature hole density of P¼ 6" 1018 cm# 3 due
to unintentional doping in our film and corresponding hole
mobility of m¼ 43 cm2 V# 1 s# 1.

Antiferromagnetic anisotropic magnetoresistance memory.
We now proceed to the discussion of the antiferromagnetic AMR
and memory functionalities in our MnTe devices. In Fig. 2a,b,
we plot the transverse and longitudinal AMRs, defined as
AMR? jBð Þ & RXY jBð Þ# RXYh i

RXXh i n and AMR jj jBð Þ & RXX jBð Þ# RXXh i
RXXh i ,

where RXY jBð Þ and RXX jBð Þ are the transverse and longitudinal
resistances indicated in Fig. 1e, hi denotes averaging over all angles
jB between the magnetic field and current, and n is the aspect ratio
of our Hall bar. Measurements in Fig. 2a,b are performed at
constant temperature of 200 K, sufficiently below the Néel tem-
perature, and in a rotating 2 T field. The curves show a harmonic
sin 2jB cos 2jBð Þ dependence on the field-angle and the ampli-
tudes of AMR> and AMR|| scale with the Hall bar aspect ratio, that
is, corresponding curves in Fig. 2a,b have the same amplitude. This
phenomenology is reminiscent of common non-crystalline AMR
traces in ferromagnets in applied saturating magnetic fields, where
the ratio of the longitudinal and transversal AMR amplitudes is
also unity (see Supplementary Note 1). Note that a crystalline AMR
contribution, due to an additional dependence of the resistance on
the angle between magnetic moments and crystal axes, is negligible
at 200 K (Supplementary Note 3).

For comparison, we show in Fig. 2a,b also 2 T AMR curves
measured at a low temperature (5 K). In contrast to the data at
200 K, the corresponding traces are anharmonic, show history
dependence, have smaller magnitudes and the amplitudes of
AMR|| and AMR> are significantly different. This is a result of the
stiffening of the MnTe antiferromagnet at 5 K, where the 2 T field
causes only partial reorientation of the spin-axes in the domains
around their zero-field direction, reminiscent of ferromagnets in
weak fields below the saturation field. The AMR|| and AMR>
signals therefore differ in their amplitude and depend on the
previous field-cooling protocol. Consistently, Supplementary
Fig. 8 shows a more systematic study of the ratio of the measured
AMR|| to AMR> amplitude whose deviation from unity and
history dependence is largest at low fields and low temperatures.
Together with a non-negligible contribution of the crystalline
AMR this results in a complicated anharmonic shape of the
longitudinal AMR trace at 5 K and 2 T shown in Fig. 2a,b.

In Fig. 2c, we show AMR measurements in which, for
each point, we first heated the sample above the Néel temperature
(to 350 K) and then field cooled (with BFC) down to 200 K
in a 2 T field of a fixed angle jB,FC and measured the
corresponding resistance with the field on. To obtain the data
shown in Fig. 2d, we continued with the field-cooling down to 5 K
then removed the field and took zero-field resistance measure-
ments again at 200 K. Corresponding data for other read-out
temperatures are shown in Supplementary Fig. 9a. Remarkably,
we observe similar AMR traces in the two panels only the
amplitude of the zero-field AMR in Fig. 2d is about a factor 2
smaller than in Fig. 2c.

Note that a 200 K zero-field AMR of a comparable amplitude
to the one seen in Fig. 2d is also obtained when field-cooling from
350 K down to only 200 K. Similar results can also be obtained
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Figure 1 | MnTe thin films properties. (a) Cross-sectional HAADF image taken along the 1!210
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zone axis resolving the individual atomic columns of Mn

(magenta) and Te (green). The inset shows the atomic positions including the Mn magnetic moments in the ordered antiferromagnetic state and the unit
cell size is indicated by a white line. Scale bar, 5 nm. (b) Absorption coefficient of MnTe in the mid-infrared and visible spectral range extracted from
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diamagnetism of the substrate is dominating the behaviour. (d) SQUID magnetic field sweeps for several indicated field directions at 5 K with the
diamagnetism of the out-of-plane measurement subtracted from all the measured traces. (e) Micrograph of the Hall bar geometry indicating the
longitudinal (RXX) and transverse (RXY) resistances together with the definition of the magnetic field angle jB. (f) Temperature-dependent longitudinal and
transverse resistance measurement showing a peak near the transition temperature in the longitudinal resistance.
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Spin caloritronics

silica. On the polished surface of Cr2O3, a thin film of Pt
(10 nm) or Cu (20 nm) is deposited as the PM layer by the
radio-frequency sputtering method. To provide the appro-
priate temperature gradient ∇T, the sample is sandwiched
with a pair of Cu blocks (covered by thin Al2O3 film to
guarantee the electrical insulation but with good thermal

contact) under the high vacuum condition less than
10−4 Torr. One Cu block serves as the thermal bath with
temperature T − ΔT, and another Cu block is equipped
with a resistive heater to keep its temperature T. Their
temperatures are actively monitored and controlled by
Cernox thermometers and a Lake Shore 335 temperature
controller. Here, the temperature gradient is given by∇T ¼
ΔT=LT with LT being the sample thickness along the
temperature gradient direction. To evaluate the magnitude
of thermally induced Js through Eq. (1), H dependence of
raw electric voltage Vraw is measured in the PM layer with
and without ∇T by nanovoltmeter. After the subtraction
of background (i.e., the one with ΔT ¼ 0), the H-odd
component of induced voltage V is extracted by
VðH;ΔTÞ¼f½VrawðH;ΔTÞ−VrawðH;0Þ%−½Vrawð−H;ΔTÞ−
Vrawð−H;0Þ%g=2. Magnetization M and thermal conduc-
tivity κ for Cr2O3 are measured with the Physical Properties
Measurement System (PPMS, Quantum Design Inc).
The target compound Cr2O3 has a corundum crystal

structure with trigonal space group R3̄c. The magnetism is
dominated by the Cr3þ ion with S ¼ 3=2, and the anti-
ferromagnetic order with local magnetic moments pointing
along the [001] axis is stabilized below the Néel temper-
ature TN ∼ 308 K [Fig. 1(b)]. Since antiferromagnetically
aligned spins prefer to lie normal to H, the application of
H∥½001% larger than the critical field valueHc induces spin-
flop transition and reorients the magnetic moment direction
as shown in Fig. 1(c) [24,25].
In the following, we mainly discuss the results for the

Cr2O3=Pt sample under the experimental configuration
shown in Fig. 1(a) (i.e., setup A) unless specified. Here,
Pt is deposited on the (110) plane of Cr2O3 and ∇T is
applied normal to it, which corresponds to the geometry of
the longitudinal spin Seebeck effect [12,13]. Magnetic field
is applied along the [001] direction of Cr2O3. To detect the
electric voltage of spin-current origin following Eq. (1), the
V component normal to H is measured within the Pt layer.
Figure 1(d) indicates the magnetic field dependence of M
for Cr2O3, as well as V in the Pt layer at T ¼ 40 K and
ΔT ¼ 15 K. The application of H∥½001% larger than Hc ∼
6 T causes a spin-flop transition and magnetization step in
the M −H profile, which remains almost T independent
below 60 K. Correspondingly, a clear steplike enhancement
of V is observed atHc. The magnitude of V in Pt is found to
be proportional toM in Cr2O3, suggesting that the observed
voltage originates from thermally induced spin current
mediated by an antiferromagnetic spin wave carrying
nonzero spin angular momentum σ ∝ M. Such a corre-
spondence is also observed for the case ofH∥½11̄0%, where a
spin-flop transition is absent and both V and M show
H-linear behavior (see the Supplemental Material [26]).
To further establish the validity of Eq. (1) in this system,

the same voltage measurement is performed for the
Cr2O3=Cu sample [Fig. 1(e)]. The obtained V in the Cu
layer is negligibly small, consistent with the much smaller

FIG. 1 (color online). (a) Experimental setup for the measure-
ment of the longitudinal spin Seebeck effect, with magnetic field
(H) applied along the [001] axis of Cr2O3. Arrows in Cr2O3

represent the local magnetic moments, and bold blue (thin red)
arrows in paramagnetic metal correspond to the propagation
direction (carried spin angular momentum) of the associated spin
current Js. LT (thickness of bulk Cr2O3 along the temperature
gradient direction) and LV [distance between the electrodes
(black circles) on the metal layer] are 0.5 and 4 mm, respectively.
Unless specified, Pt is employed as the paramagnetic metal. (b),
(c) The magnetic structures of Cr2O3 for the ground state (i.e.,
H ¼ 0) and the H-induced spin-flopped state, respectively. (d) H
dependence of induced electric voltage V for Pt and magnetiza-
tion M for Cr2O3. The similar voltage profiles are also measured
with (e) a different paramagnetic metal (Cu) and (f) different
magnitudes of temperature gradient ΔT. (g) ΔT dependence of Pt
voltage at 14 T.
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Spin precession in solid state devices: Hanle effect

Surface spin flip probability of mesoscopic Ag wires
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Spin relaxation in mesoscopic Ag wires in the di⇥usive transport regime is studied via nonlocal
spin valve and Hanle e⇥ect measurements performed on permalloy/Ag lateral spin valves. The ratio
between momentum and spin relaxation times is not constant at low temperatures. This can be
explained with the Elliott-Yafet spin relaxation mechanism by considering the momentum surface
relaxation time as being temperature dependent. We present a model to separately determine spin
flip probabilities for phonon, impurity and surface scattering and find that the spin flip probability
is highest for surface scattering.

PACS numbers: 73.23.-b, 75.40.Gb, 85.75.-d

Understanding how confinement influences physical
properties is crucial for advancing nanotechnology [1].
Numerous studies have shown that when one or more
dimensions of a structure become comparable to a char-
acteristic length scale of a physical process in question
(e.g., a mean free path for electron transport) even clas-
sical boundary or surface e�ects can give rise to dramat-
ically di�erent behavior than that expected for the same
bulk material. Examples include magnetoresistance in
semiconductor nanostructures (negative vs. positive in
the bulk) [2] or thermal conductivities in Si nanowires
(orders of magnitude reduction compared to bulk Si) [3].
In contrast, confinement e�ects are less evident in metal-
lic transport due to inherently short mean free paths but
often manifest themselves in optical properties [4]. An
important question to be addressed in spintronics [5]
is how does the size of a spin conductor or the surface
conditions a�ect the transport of spin currents? Due to
the relatively long spin di�usion length compared to the
mean free path, confinement e�ects can be more pro-
nounced in spin transport, even in metallic structures.
So far, experiments performed with metallic lateral spin
valve (LSV) structures [6, 7], where pure spin currents in
a non-magnetic normal metal (N) are generated by dif-
fusion of the non-equilibrium spin accumulation injected
from a ferromagnet (F)[8], have focused mostly on deter-
mining spin di�usion lengths ls and spin injection e⌅cien-
cies for various combinations of F/N materials, without
quantifying contributions of di�erent scattering mecha-
nisms to the spin relaxation. In particular, to what ex-
tent does confinement a�ect the spin relaxation time �s

[9]? In this Letter we present a model, based on the
Elliott-Yafet (EY) mechanism of spin relaxation [10, 11],
to separately quantify spin flip probabilities for phonon,
impurity and surface scattering in mesoscopic metal wires
in the di�usive transport regime. By studying spin trans-
port in permalloy (Py)/Ag LSVs we find that the spin
flip probability is highest for electron scattering from the
Ag surface. Our model can also explain recent experi-
mental results on temperature T [12] as well as thickness

FIG. 1: (Color online) (a) An SEM image of a Py/Ag LSV
device adapted to show the nonlocal measurement configura-
tion. Also shown are the directions of H⇥ and H� applied in
NLSV and Hanle e⇥ect measurements, respectively. (b) Rnl

vs. H⇥ at 20 K. Corresponding M orientations of the Py elec-
trodes are shown as blue arrows, while the total �Rs signal
is highlighted in red. (c) T dependencies of �Rs and �.

dependence of ls in mesoscopic Cu wires [13].
The Py/Ag LSV devices were fabricated on a SiN

(100 nm)/Si substrate by e-beam lithography and shadow
mask e-beam evaporation. A scanning electron micro-
scope (SEM) image of a central region of the device is
shown in Fig. 1(a). The two Py electrodes Py1 and Py2
were both 25 nm thick and had widths of 130 and 80 nm
respectively, while the bridging Ag wire was 260 nm wide
and d = 80 nm thick. The center to center distance L
between Py electrodes was 705 nm. Nonlocal spin valve
(NLSV) and Hanle e�ect measurements were performed

causes the densities (or electrochemical potentials) of the spin-up
and spin-down electrons in the Al strip to become unequal (Fig. 1c).
This unbalance is transported to the Co2 detector electrode by
diffusion, and can therefore be detected. Owing to the spin-
dependent tunnel barrier resistances, the Co2 electrode detects a
weighted average of the two spin densities, which causes the
detected output voltage V to be proportional to P2.

Figure 2a shows a typical output signal V/I as a function of an in-
plane magnetic field B, directed parallel to the long axes of Co1 and
Co2, taken at room temperature and 4.2 K. The measurements are
performed by standard a.c. lock-in techniques, using a current
I ¼ 100 mA. Sweeping the magnetic field from negative to positive,
a sign reversal of the output signal is observed, when the magnetiza-

tion of Co1 flips at 19mT (room temperature) and 45mT (4.2 K),
and the device switches from a parallel to antiparallel configuration.
When the magnetization of Co2 flips at 25mT (room temperature)
and 55mT (4.2 K), the magnetizations are parallel again, but now
point in the opposite direction. The fact that the output signal
switches symmetrically around zero indicates that this experiment is
sensitive to the spin degree of freedom only.
We have calculated the expected magnitude of the output signal

V/I as a function of the Co electrode spacing L by solving the spin
coupled diffusion equations for the spin-up and spin-down elec-
trons in the Al strip13–15. Taking into account the fact that the tunnel
barrier resistances are much larger than the resistance of the Al strip
over a spin flip length, we obtain:

V

I
¼ ^

1

2
P2 lsf

jAlA
expð#L=lsf Þ ð1Þ

where lsf ¼
ffiffiffiffiffiffiffiffiffi
Dtsf

p
is the spin flip length, A the cross-sectional area,

D the diffusion constant, and t sf the spin flip time of the Al strip.
The positive (negative) sign corresponds to a parallel (antiparallel)
magnetization configuration of the Co electrodes.
Figure 2b shows the measured spin dependent resistance DR ¼

DV=I as a function of L, where DV is the output voltage difference
between parallel and antiparallel configuration. By fitting the data
to equation (1), we find P ¼ 0:11^ 0:02 at both 4.2 K and room
temperature, lsf ¼ 650^ 100 nm at 4.2 K and lsf ¼ 350^ 50 nm
at room temperature. The diffusion constant D is calculated using
the Einstein relation jAl ¼ e2NAlD, where e is the electron charge
andNAl ¼ 2:4 £ 1022 states per eV per cm3 is the density of states of
Al at the Fermi energy16. Using D ¼ 4:3 £ 1023 m2 s21 at 4.2 K and
D ¼ 2:7 £ 1023 m2 s21 at room temperature, we obtain tsf ¼
100 ps at 4.2 K and tsf ¼ 45 ps at room temperature. These values
are in good agreement with those reported in the literature3,17–20.
Having determined the parameters P, l sfandD, we are now ready

to study spin precession of the electron spin during its diffusion
time t between Co1 and Co2. In an applied field B’, perpendicular
to the substrate plane, the injected electron spins in the Al strip
precess around an axis parallel to B’. This alters the spin direction
by an angleJ ¼ qLt, whereqL ¼ gmBB’= !h is the Larmor frequency,
g is the g-factor of the electron (,2 for Al), mBis the Bohr magneton
and !h is Planck’s constant divided by 2p. Because the Co2 elec-
trode detects the projection of the spin direction J onto its own
magnetization direction (0 or p), the contribution of an electron to

Figure 3 Modulation of the output signal V/I due to spin precession as a function of a
perpendicular magnetic field B’, for L ¼ 650 nm, L ¼ 1,100 nm and L ¼ 1; 350 nm.

The solid squares represent data taken at T ¼ 4:2 K, whereas the solid lines represent
the best fits based on equations (2) and (3). The arrows indicate the relative magnetization

configuration (parallel/antiparallel) of the Co electrodes. P, spin polarization; D, diffusion

constant.

Figure 4 Modulation of the output signal V/I as a function of a perpendicular magnetic
field B’ up to 3 T, for L ¼ 1; 100 nm. The solid squares/circles represent data taken at
T ¼ 4:2 K, whereas the solid lines represent the best fit based on equations (2) and (3).

The arrows indicate the relative magnetization configuration (parallel/antiparallel) of the

Co electrodes.
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the output voltage V is proportional to ^cos(J). However, in an
(infinite) diffusive conductor the diffusion time t from Co1 to Co2
has a broad distribution PðtÞ ¼ ½1=

ffiffiffiffiffiffiffiffiffiffiffi
4pDt

p
% exp½2L2=ð4Dt%, where

P(t) is proportional to the number of electrons that, once injected at
the Co1 electrode (x ¼ 0), arrive at the Co2 electrode (x ¼ L) after a
diffusion time t. The output voltage V at the Co2 detector electrode
as a function of B’ is calculated by summing all contributions of the
electron spins over all diffusion times t. We obtain:

VðB’Þ ¼ ^I
P2

e2NAlA

ð1

0
PðtÞ cosðqLtÞ expð&t=tsf Þdt ð2Þ

The exponential factor in equation (2) describes the effect of the
spin flip scattering. For qL ¼ 0, equation (2) reduces to equation
(1). We note that equation (2) can be evaluated analytically, and we
have verified that it yields the same result as obtained by Johnson
and Silsbee, who explicitly solved the Bloch equations with the
appropriate boundary conditions21,22.
At large B’, the magnetization direction of the Co electrodes is

tilted out of the substrate plane with an angle c. When we include
this effect we calculate:

VðB’;cÞ ¼ VðB’Þ cos2ðcÞ þ jVðB’ ¼ 0Þj sin2ðcÞ ð3Þ
Equation (3) shows that with increasing c (from zero), the

precession signal is reduced and a positive background output
signal appears. For c ¼ 0 equation (3) reduces to equation (2). In
the limit that c ¼ p=2, the magnetization of the Co electrodes is
perpendicular to the substrate plane and parallel to B’. No preces-
sion now occurs, and the full output signal jVðB’ ¼ 0Þj is recov-
ered. The angle c has been determined independently as a function
of B’ by measuring the anisotropic magnetoresistance of the Co
electrodes23.
In Fig. 3 we plot the measured output signal V/I at 4.2 K, as a

function of B’ for L ¼ 650 nm, L ¼ 1,100 nm and L ¼ 1,350 nm.
Before the measurement an in-plane magnetic field B directed
parallel to the long axes of Co electrodes is used to prepare the
magnetization configuration of the Co electrodes. For a parallel
(antiparallel) configuration we observe an initial positive (negative)
signal, which drops in amplitude as B’ is increased from zero field.
This is called the Hanle effect in ref. 3. The two curves cross where
the average angle of precession is about 908 and the output signal is
close to zero. As B’ is increased beyond this field, we observe that
the output signal changes sign and reaches a minimum (maximum)
when the average angle of precession is about 1808, thereby
effectively converting the injected spin-up population into a spin-
down and vice versa. We have fitted the data with equations (2)
and (3), as shown in Fig. 3. We find for all measured samples that
the best-fit parameters P, l sf and D are very close to those
independently obtained from the length dependence measurements
(Fig. 2).
As already visible in Fig. 3, for B . 200mT an asymmetry is

observed between the parallel and antiparallel curves. This is due to
the fact that magnetization of the Co electrodes does not remain in
the substrate plane. In Fig. 4 we plot the measured output signal V/I
at T ¼ 4:2K for L¼1,100 nm up to B’ ¼ 3 T, together with the
calculated curve, using P, l sf and D as obtained from the best fit
in Fig. 3. The data are in close agreement with equation (3), and
show a suppression of the precessional motion of the electron spin.
The full magnitude of the output signal is recovered at large B’,
when c ¼ p=2 and no precession takes place. Preliminary results
show that precession effects similar to those shown in Fig. 3 can also
be obtained at room temperature.
We believe that the system we report here, with its unique

sensitivity to the spin degree of freedom, will make possible detailed
studies of a variety of spin-dependent transport phenomena. A
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Electrochemical techniques for depositing metal films and coat-
ings1 have a long history2–5. Such techniques essentially fall into
two categories, with different advantages and disadvantages. The
first, and oldest, makes use of spontaneous redox reactions to
deposit ametal from solution, and can be used on both insulating
and metallic substrates. But the deposition conditions of these
processes are difficult to control in situ, in part because of the
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Spin transfer torque
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2M, so that the spin
current contribution then describes only the non-equili-
brium component.

We expect that the equations of motion become even
more interesting if one were to include spin–orbit coupling
in the Hamiltonian. First, there are additional terms in the
equation of motion of the spin density, Eq. (21), because the
contribution of spin–orbit coupling to the Hamiltonian
will not commute with the spin density operator. One
new term generated by the spin–orbit coupling is straight-
forward: the magnetocrystalline anisotropy gives a con-
tribution !g0ŝ(Hani. The damping term in Eq. (3) emerges
as well, when a coupling to a source of energy and angular
momentum is also included. The article by Tserkovnyak,
Brataas, and Bauer (this issue) describes the derivation of
such terms. However, when the orbital angular momentum
in a ferromagnet is appreciable, one should recognize that
the quantity of primary interest in the Landau–Lifshitz–
Gilbert equation is the magnetization rather than the spin
density, and these quantities need no longer be simply
proportional to each other. The magnetization operator is
M̂ ¼ !mBðjgejŝþ l̂Þ=_, where l̂ is the orbital angular
momentum density operator. When taking the commutator
of M̂ with the Hamiltonian, the spin part of the
magnetization will generate the same divergence of the spin
current written in Eq. (21) but there will be a large number
of additional terms due to spin–orbit coupling and l̂.

These complications due to spin–orbit coupling are likely
to play an important role in the dynamics of ferromagnetic
semiconductors discussed in the article by Ohno and Dietl
(this issue), because spin–orbit coupling is much more
significant in these materials than in transition-metal
ferromagnets. As the spin–orbit coupling is comparable
to the exchange splitting in the ferromagnetic semiconduc-
tors, the band structure does not divide cleanly into
majority and minority bands. This leads to additional
complications in calculating transport properties [105],
even beyond the complications discussed above. In these
materials, it is not even clear that the spin current is the
most appropriate current to consider. This question is
related to the issues of interest in the study of the spin Hall
effect, see Ref. [106] for a review. Complications from
spin–orbit coupling are also likely to be amplified in
ferrimagnetic samples as discussed in the articles by Haney,
Duine, Núñez, and MacDonald (this issue) and by Sun and
Ralph (this issue).

4. Multilayers and tunnel junctions

4.1. Device geometries

For understanding the behavior of spin-torque devices,
the simplest geometry to consider consists of two magnetic
layers separated by a thin non-magnetic spacer layer. One
magnetic layer serves to spin-polarize a current flowing
perpendicular to the layer interface (this spin filtering can
occur either in transmission or reflection), and then this

spin-polarized current can transfer angular momentum to
the other magnetic layer to excite magnetic dynamics. The
spacer layer can either be a non-magnetic metal or a tunnel
junction. In order that magnetic dynamics are excited in
one magnetic layer but not both, typically devices are
designed to hold the magnetization in one magnetic layer
(the ‘‘fixed’’ or ‘‘pinned’’ layer) approximately stationary at
least for low currents. This is done either by making this
layer much thicker than the other, so that it is more
difficult to excite by spin torque, or by fabricating it in
contact with an antiferromagnetic layer, which produces an
effective field (‘‘exchange bias’’) and increases the damping,
which both act to keep the ferromagnetic layer pinned in
place. The strength of the spin torque acting on the thin
‘‘free layer’’ can be increased by sandwiching it between
two different pinned magnetic layers (with moments
oriented antiparallel), so that a spin-polarized current is
incident onto the free layer from both sides [107–111].
Spin transfer devices must be fabricated with relatively

small lateral cross sections, less than about 250 nm in
diameter for typical materials, in order that the spin-torque
effect dominates over the Oersted field produced by the
flowing current [112]. (The Oersted field is often not
negligible even in samples for which the spin-torque effect
dominates—it can be included in micromagnetic simula-
tions of the magnetic dynamics as an additional contribu-
tion to Heff in the Landau–Lifshitz–Gilbert equation as
described in the article by Berkov and Miltat (this issue)).
Small device sizes are also convenient for understanding
spin-torque-generated magnetic dynamics because the
macrospin approximation can become a reasonable ap-
proximation, and of course small devices are desired for
many applications.
Two general experimental approaches are used to direct

current flow through an area p250 nm wide in a magnetic
multilayer. One is to make electrical contact to an extended
multilayer substrate in a ‘‘point-contact’’ geometry, made
either mechanically with a very sharp tip [25] or using
lithography techniques [27,113]. The other approach is to
make ‘‘nanopillar’’ devices in which at least the free
magnetic layer and sometimes both the free and the fixed
magnetic layers are patterned to a desired cross section. See
Fig. 6 for a schematic illustration of both geometries.
Nanopillars can be made by electron-beam lithography
and ion milling [28], stencil techniques [114], or electro-
deposition of layers inside cylindrical nanopores [115].
Samples in which the free layer is patterned but the fixed
layer is left as an extended film are convenient for some
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incident onto a normal-metal/ferromagnet interface to be
absorbed in producing the spin torque, we made the point
that this was only approximately correct; it is not exact.
The most important caveat is that classical averaging over
the Fermi surface need not necessarily eliminate all
transport of transverse spin density away from the inter-
face, particularly for the reflected part of the scattering
wavefunction (or for very thin magnetic layers in transmis-
sion). One consequence is that the amplitude of the ‘‘in-
plane’’ component of the torque can differ somewhat from
Eq. (14). In addition, there is the possibility of an
additional contribution due to the spin torque in the form

_M? ¼ Z?ðyÞ
mBI

eV
M̂$ M̂fixed, (27)

oriented perpendicular to the plane defined by M and
Mfixed, rather than within this plane as in Eq. (24). Note
that here the symbol ? refers to the direction perpendicular
to the plane of the magnetizations as opposed to the usage
in Eq. (14) where it refers to both components of the
spin current transverse to the free-layer magnetization. In
Fig. 7, this new component of torque would point in or out
of the page. The out-of-plane torque component is some-
times referred to as an ‘‘effective field’’ contribution
because its form is similar to the torque that would result
from a field aligned with the fixed layer magnetization. It
can be viewed as a consequence of a small amount of
average precession into the ŷ direction for reflected elec-
trons in our toy models from Section 3.

Calculations incorporating transmission and reflection
coefficients computed by ab initio techniques find that the
perpendicular component of the torque is small for the
materials generally used in metallic multilayer devices. For
electrons of a given energy, the out-of-plane component of
spin transfer is predicted to be less than 10%, and typically
1–3% of the in-plane component [93–95]. The final
magnitude of the bias-dependent part of the out-of-plane
torque is expected to be smaller still, due to a cancellation
that arises when computing the bias dependence. This
cancellation is maximal in the case of a symmetric N/F/N/
F/N junction, where it can be understood from a simple
symmetry argument.

Consider a junction whose layer structure is perfectly
symmetric about a plane at the midpoint of the device, see
Fig. 11. Assume that the magnetic moments of the two

ferromagnetic layers are oriented in the plane of the sample
layers, with an arbitrary angle y between them. When a
bias is applied to the junction, the resulting spin current
density in each lead (each of the outer N layers) will be
aligned with the magnetization of the neighboring ferro-
magnetic layer provided that the electrons that transmit
into the lead from the rest of the devices are completely
classically dephased. In this case, the spin currents in the
outer N layers are oriented in the plane of the two
magnetizations, and an out-of-plane spin component of the
spin current density can exist only in the middle N layer.
If there are no sources or sinks of angular momentum
except for the spin torques applied to the magnetic layers
(e.g., we assume that there is no angular momentum lost to
the excitation of short-wavelength spin wave modes), then
angular momentum conservation allows the perpendicular
component of spin torques on the ferromagnetic layers to
be determined solely from the out-of-plane spin current
traveling between the magnetic layers. As a consequence,
the out-of-plane spin torques on the two magnetic layers
must be equal and opposite. (To be clear, our argument
applies only to the perpendicular component of the spin
torque and not the in-plane component, because the in-
plane spin component of the spin-current density is not
zero in the outer N layers, and hence the in-plane spin
torques on the ferromagnetic layers are not generally equal
and opposite.)
For an applied bias such that electrons flow from left to

right, suppose that the perpendicular spin torque on the
right magnetic layer has the value N?. Now imagine that
the bias is reversed, so that electrons flow from right to left.
Because of the symmetry of the device, the spin current
density in this case can be determined from the first case
simply by an appropriate rotation; the answer is that both
the direction of the out-of-plane spin component that flows
between the two layers and the direction of its flow are
reversed, so that (multiplying the two negative signs) the
out-of-plane spin current density is actually the same as in
the first case. Consequently, the perpendicular spin torque
acting on the right magnetic layer due to electrons flowing
right to left will again be N?, the same magnitude and the
same sign as for the perpendicular torque on the same
(right) magnetic layer due electron flow from left to right. It
follows that the perpendicular spin torque on a magnetic
layer in a perfectly symmetric junction is an even function
of the bias V, as long as conservation of angular
momentum can be applied to the spin-transfer process
and the classical dephasing processes are complete.
Consequently, there is no contribution that is linear in V
at zero bias in a symmetric junction, in spite of the fact that
ab initio calculations show that electrons at a given energy
incident onto a magnetic interface can give non-zero
contributions to the perpendicular torque.
In a more microscopic picture, one can see how this

result comes about by considering a calculation in which
the total perpendicular spin torque is determined by
integrating the contributions from all electrons incident
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Fig. 11. Sample geometry for the perfectly symmetric N/F/N/F/N device
assumed in our analysis of the perpendicular component of the spin-
torque vector. The perpendicular spin torques on the two magnetic layers
are equal and opposite.
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