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Exploring new strategies to manipulate the order parameter of magnetic materials
by electrical means is of great importance not only for advancing our understanding
of fundamental magnetism but also for unlocking potential applications. A well-
established concept uses gate voltages to control magnetic properties by

modulating the carrier population in a capacitor structure'>. Here we show that,

in Pt/Al/Fe/GaAs(001) multilayers, the application of anin-plane charge currentin
Ptleadsto ashiftin the ferromagnetic resonance field depending on the microwave
frequency when the Fe filmis sufficiently thin. The experimental observationis
interpreted as a current-induced modification of the magnetocrystalline anisotropy
AH, of Fe. We show that (1) AH, decreases with increasing Fe film thickness and is
connected to the damping-like torque; and (2) AH, depends not only on the polarity
of charge current but also on the magnetization direction, thatis, AH, has an opposite
sign when the magnetization direction s reversed. The symmetry of the modification
is consistent with a current-induced spin®®and/or orbit®** accumulation, which,
respectively, act on the spin and/or orbit component of the magnetization. In this
study, as Ptis regarded as a typical spin current source®*, the spin current can play a
dominant part. The control of magnetism by a spin current results from the modified
exchange splitting of the majority and minority spin bands, providing functionality
that was previously unknown and could be useful in advanced spintronic devices.

Spin torque (spin-transfer torque and spin-orbit torque), which
involves the use of angular momentum generated by partially or
purely spin-polarized currents, is a well-known means for manipulat-
ing the dynamic properties of magnetic materials. Instructures such as
giant magnetoresistance or tunnel magnetoresistance junctions, the
flow of aspin-polarized electric current through the junctionimparts
spin-transfer torques on the magnetization in the free ferromagnetic
layer> ™", In heavy metal (HM)/ferromagnet (FM) bilayers, a charge cur-
rent flowingin HMinduces a spin accumulation at the HM/FM interface
and generates spin-orbit torques (SOTs) acting on FM™. These torques
serve as versatile control mechanisms for magnetization dynamics,
such as magnetization switching'*?°, domain wall motion® 2, magneti-
zationrelaxation?* and auto-oscillations of the magnetization®?, These
innovative approaches and their combinations open up aspectrum of
possibilities for tailoring magnetic properties with potential implica-
tions for technologies such as magnetic random access memories'®?.

General considerations

Although the impact of spin currents on the orientation of the mag-
netization Mis widely recognized, there have been only a few explicit
observations of successful spin-current-driven manipulation of
the magnitude of M. Previous work?® has shown that, in a magnetic

Ni/Ru/Fe tri-layerin which the two magnetization layers are coupled by
an exchange coupling, ultrafast laser-generated super-diffusive spin
currentsin Nitransiently enhance the magnetization of Fe whenthe two
ferromagnetic layers are aligned parallel and decrease when the two
ferromagnetic layers are aligned antiparallel, respectively. This tran-
sient effectis limited tolow optical excitations because super-diffusive
spin currents saturate at high power. To explore the modulation of
magnetism by spin current, Fig. 1 shows the process of spin current
transfer® 7?3 Spin accumulation, generated by a charge current
I, contains both transverse and longitudinal spin components with
respect to M. It can be generated by the strong spin splitting of the
energy band of ferromagnetic metals”, by spin Hall effect®, by orbital
Hall effect and by subsequent conversion of the orbital current into
aspin current by the spin-orbit interaction in the bulk’” as well as by
spin Rashba-Edelstein effect (alternatively named inverse spin gal-
vanic effect)® at the interfaces. The incident transverse spin current
dephases and is absorbed by M, which gives rise to damping-like spin
torques and is responsible for the change in M direction®, After spin
transfer and in the spin diffusion length of FM, the exiting spin cur-
rentis on average aligned with M, and the spin-up electron can fill the
majority band when Mis along the +z direction (Fig. 1a). Owing to the
enhanced exchange splitting of the majority and minority spin bands,
thisleadsto an enhancement of Mas well as anincrease in the magnetic
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Fig.1|Schematic of the microscopic mechanism of manipulation of
magnetismby aspin current.a, Theelectronspinstransmittedinto the

FM containboth transverse and longitudinal components with respect to M.
Owing to exchange coupling, the transverse component dephases and is
absorbed by M, which gives rise to the damping-like (DL) SOT and is responsible
for changing the direction of M. The longitudinal component of the spin
currentisonaverage aligned with M, leading to additional filling of the majority
bandwhenMis oriented along the +z direction, and anenhancement of the
magnitude Mas well as anincrease in magnetic anisotropies are expected
because of the enhanced exchange splitting of the majority and minority spin
energybands.b, WhenMis aligned along the -z direction, the spin-polarized
electron enters the minority band, whichcanleadtoadecreasein Maswellasa
decreasein the magnetic anisotropies because of the reduction in the exchange
splitting of the majority and minority spin energy bands. c¢,d, Thesameasa
andbbutthe polarization of the spin currentis reversed, whichis expected to
reduce MforM | +z (c) and enhance M for M || -z (d).

anisotropies. When M is along the -z direction as shown in Fig. 1b, a
decreasein Mis expected because of the filling of the minority band and
thereduction of the exchange splitting. Similarly, once the polarity of
thespincurrentisreversed by reversing the polarity of I, adecrease or
anincreasein MisexpectedifM || +zor M || -z, respectively, as shownin
Fig.1c,d. Therefore, the change in magnetization AMby aspin current
isexpected tobe odd withrespect totheinversion of either lor M, that
is, AM(I, M) = -AM(-1, M) = -AM(1, -M).

Ferromagnetic resonance measurements

To prove the above scenario, Pt (6 nm)/Al (1.5 nm)/Fe (¢, =4.5,2.8,2.2
and 1.2 nm) multilayers with different Fe thicknesses t;. are grown on
asingle 2-inch semi-insulating GaAs(001) wafer by molecular-beam
epitaxy (Fig.2b, Methods and Supplementary Note 1). The ultrathin Fe
films on GaAs(001) allow us to investigate the expected modification
of the magnetic properties for two reasons: Fe/GaAs(001) shows
(1) very low Gilbert damping a values in the sub-nanometre thickness
regime (a = 0.0076 for t;. = 0.91 nm) (ref. 32), and thus it is possible to
detect the magnetization dynamics for ultrathin samples and (2) strong
interfacial in-plane uniaxial magnetic anisotropy (UMA), whichis advan-
tageous for the detection of the spin-current-induced modification of
magnetic anisotropies. The UMA originates from the anisotropic bond-
ing between Fe and As atoms at the GaAs(001) surface®, in which the
(110) orientations are the magnetic easy axis (EA) and the (110) orienta-
tionsarethe magnetic hard axis (HA) (Fig. 2c). We perform time-resolved
magneto-optical Kerr microscopy measurements with out-of-plane
driving field to characterize both the static and dynamic magnetic
properties of Fe under the influence of spin currents generated by
applying a charge current in Pt (Fig. 2a and Methods).

Typical ferromagnetic resonance (FMR) spectra for t;. = 2.2 nmand
forl || [110] are shownin Fig. 2d. A clear modification of the FMR spec-
trum is observed. By fitting the curves with the combination of sym-
metric and an anti-symmetric Lorentzian (Methods), the resonance
field Hy and the full width at half maximum AH are obtained.

Modification of the linewidth

Thedependence of AHon/for ¢, ,,=+90°isshowninFig.2e, where ¢,
istheangle betweenland the magnetic field H (Fig. 2d, inset). Alinear
behaviour with opposite slopes for ¢, ,,= £90° shows the presence of
the damping-like SOT, confirming previous reports®. To extract the
modification of the linewidth, the /dependence of AH is fitted by

AH=AHy+ [d(AH) /dI1]+ ¢,/ M

Here AH, is AH for =0, d(AH)/dI quantifies the modification of
linewidth by the spin current and ¢; accounts for possible Joule heat-
ing effects on AH. A detailed measurement of d(AH)/d/as afunction
of ¢,_,shows that d(AH)/d/ varies strongly around HA. The angular
dependence can be well fitted by considering an effective damping-
like SOT efficiency £ of 0.06 (Methods). The weaker damping-like
torque, generated by the Bychkov-Rashba-like and Dresselhaus-like
spin-orbit interactions at the Fe/GaAs interface, plays a negligible
partin the linewidth modulation®*. As the angular dependence of
d(AH)/dI can be well fitted by conventional SOTs'®*, that is, equa-
tion (10) in Methods, thereisnoneed to consider other higher order
SOTs*.

Modification of the ferromagnetic resonance field

Having identified the modification of AH, we now focus on the modi-
fication of Hy, which is related to the magnetization and magnetic
anisotropies. Figure 3a,b shows the /dependence of Hy for ¢, =2.8 nm
measured at selected frequencies ffor H applied along EA and HA to
avoid magnetic dragging effects®***, Asshown at the top of each panel,
thecurrentisapplied along the [100] orientation, and the direction of
spin o is along the [010] orientation with equal projections onto the
[110] and[110] orientations. Therefore, this geometry allows a precise
comparison of the current-induced modification of Hy between the
[110] and [110] orientations in the same device. For M || [110] (Fig. 3a),
all the Hy-Itraces show a positive curvature, whereas for M || [110]
(Fig. 3b), traces with a negative curvature are observed. The positive
and negative curvatures along [110] and [110] orientations are because
Joule heating reduces the magnetization and thus the UMA, result-
ing in an increase in Hy along [110] but a decrease in Hy along [110].
Apart from the symmetric parabolic dependence induced by Joule
heating, alinear componentinthe/dependence of Hyis also observed
because Hi(=/) # Hy(+/) holds. Note that for M along both EA and HA,
Hy(=I) > Hy(+]) holds for all frequencies. As t;. is reduced to 1.2 nm, the
I dependence of H along the EA is similar to the one with ¢, =2.8 nm
and Hy(-1) > Hy(+) still holds (Fig. 3c). However, for M || [110] (Fig. 3d),
the relative magnitude of Hy(~/) and Hi(+/) strongly depends onf,
that is, Hy(=/) < Hg(+]) holds for f=12.0 GHz; Hy(-1) = Hg(+/) holds
for f=14.0 GHz but Hy(-/) > Hx(+/) holds for f=16.0 GHz. The
frequency-dependent shift of Hyindicates that the magnetic properties
of Fe are modified by the spin current for thinner samples, an observa-
tion that has not been reported before, to our knowledge.

Modification of the magnetic anisotropies

To quantify the modification of the magnetic anisotropies, the /depend-
ence of the Hy trace is fitted by

Hy = Hgo+ (dHg /AN + ¢, ()
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Fig.2|Measurementset-up, device and modification of linewidth by
charge current. a, Schematic of the device for the detection of ferromagnetic
resonance by time-resolved magneto-optical Kerr microscopy. b, Schematic of
the Pt/Al/Fe/GaAs(001) structure. ¢, Diagram of crystallographic axes with EA
and HA along the (110) and <110) orientations. d, FMR spectra for different d.c.
currents/measuredatf=12 GHzand ¢, ,=90°, where ¢, , isthe angle between
the magnetic field and the currentdirection asshownin theinset. The solid

Here Hy, is Hy at /= 0, dH/d/ quantifies the modification of Hg, and
c,accounts forJoule heating effects on Hy. The fdependences of dHy/
d/for different orientations of M and different ¢, are summarized in
Fig. 4.For t;.=2.8 nm and M || (110) orientations (Fig. 4a), dH/d/ is
independent of frequency with a positive zero-frequency intercept
(about 0.08 mT mA™) for M || [110]. As Mis rotated by 180° to the [110]
orientation, the sign of the intercept changes to negative with the
same amplitude as the [110] orientation (around —0.08 mT mA™).
This canbe understoodin terms of the current-induced Oersted field
and/or field-like torque A, arising from the current flowing in Pt
and Al, which shifts Hg. The field-like torque originates from the incom-
plete dephasing (non-transmitted and/or non-dephased) component
of the incoming spin®3°*, For Malong HA (Fig. 4b), the f-independent
dHy/dIhas also opposite zero-frequency intercepts for M || [110]and
M || [110] with virtually identical Ao value as EA. This confirms that
the spinaccumulation o has equal projection onto the (110) and (110)
orientations. As t;. is reduced to 1.2 nm (Fig. 4c), the intercept of the

f-independent dHy/d/traces along [110] and [110]orientations, respec-
tively, increases to about —0.20 mT mA™ and about 0.20 mT mA~,
respectively. However, as M is aligned along HA (Fig. 4d), the dH,/d/
trace differs significantly from other traces: (1) it is no longer finde-
pendent but shows alinear dependence on fwith opposite slopes for
M along the [110]and [110] orientations, (2) the absolute value of the
zero-frequency interceptalong HA (about 0.32 mT mA™) is no longer
equal to that along EA (about 0.2 mT mA™). The fdependence of the
dHg/dl traces cannot be interpreted to arise from the frequency-
independent A, and can be explained only by a change in the mag-
netic anisotropies induced by the spin current.

In the presence of the in-plane magnetocrystalline anisotropies,
the dependencies of Hy on falong EA HE* and HA H{* are given by the
modified Kittel formula®*
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lines are the fits. e, FMR linewidth as afunction of d.c. current for ¢, ,,= +90°
solid lines are the linear fits from which the modulation amplitude d(AH)/d/
isobtained. Error barsrepresent the standard error of the least squares fit of
the Vi..(H) tracesind.f, ¢, ,dependence of d(AH)/d/. Error barsrepresent the
standard error of the least squares fitof the /-AHtracesine. The solid lineis the
calculated result when taking into account the in-plane magnetic anisotropies
of Fe (see Methods).

2
(?} =#(2)(HF<A+HK+ %)(HEA_HB_HU)

(3)

2
2m H
( yf] =ﬂ§[HE'A+HK+TB‘HUJ(HE'A—H“HU)'

where y is the gyromagnetic ratio, H is the effective magnetic ani-
sotropy field due to the demagnetization field along (001), Hy is the
biaxial magnetic anisotropy field along {100) and H,jis the in-plane UMA
field along (110). The magnitude of Hy, H,and Hg at /= O for each t;. is
quantified by the angle and frequency dependencies of H; (Methods).
Obviously, achange in the magnetic anisotropy fields H, (H, = Hy, H,,
Hg) by AH, (AH, = AH,, AH,, AH) leads to a shift of Hy and the magni-
tude of the shift AHg, defined as AH = Hy(H,) — Hy(H, + AH,), depends
onf.Inthemeasured frequency range (10 GHz <f< 20 GHz), the AHy—f
relations induced by AH, can be calculated by equation (3), and their
dependencies on fare summarized in Extended Data Table 1.

As hg,p also shifts Hp along EA and HA by ighOe/FL, where ‘+’ cor-
responds to the [110] and [110]directions, and ‘~’ corresponds to the
[110]and[110]directions, the total AH, along EA and HA is given by

AHRA(f) = AHy~ AHy ghOe/FL + (ke + kg = ko) f

(4)
HA V2

AHRA(f) =— (AHy+ AHp) + ThOe/FL + (kg t kp)f .

Heretheslope k [k = kg, ky, kyand k= d(AH“)] quantifies the modulation

of Hyinduced by AH,. As the fdependence of AHE* induced by AH, has
an opposite slope as those induced by AH, and AH; (Methods), it is
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Fig.3|Modification of resonancefield. a,/dependence of H measured
atselected frequencies for Halong [110] for ¢;.= 2.8 nm.b, The same as abut
for Halong[110]. ¢,d, The same plots asaand b but for t;, =1.2 nm. Error bars
represent the standard error of the least squares fit of the V., (H) traces. The
red and blue arrows in each panel are marked to show therelative amplitude
of Hy(=1) and Hy(+/). As shown in the top panels, for all the devices, the charge

possible to obtain an f-independent AHE* along EA by tuning the cor-
responding parameters and to obtain an f-linear AHH” along HA. To
reproduce the results along the [110] and [110] orientations (that is,
the net magnetization of these two orientations is parallel to I), we
obtain AH;=0.26 mT mA™, AH,=2.0 mT mA™and AH,=2.5mT mA™
through equations (3) and (4) (Methods). By contrast, for the data-
sets forMalong the[110]and[110]orientations (thatis, the magnetiza-
tion is rotated by 180° and the net magnetization is antiparallel to 1),
AHy=-0.26 mT mA™, AH,=-2.0mTmA™and AH,=-2.5mT mA™are
obtained, which have the opposite polarity compared with that of M
along the [110] and [110] orientations.

Figure 4e shows the obtained AH, as a function of t;. For t;. above
2.8 nm, the modification of the magnetic anisotropy is too small to
be observed. For ¢, below 2.2 nm, AH, increases as t;, decreases. This
indicates that the spin-current-induced modification of the magnetic
energy landscape is of interfacial origin, similar to the damping-like
spin torque determined by the f dependence of d(AH)/d/ (Methods),
and a possible magnetic proximity effect has no role in the modifica-
tion (Supplementary Note 3). The modification changes sign when
M is rotated by 180°, which fully validates the scenario of AH,(I, M) =
-AH,(-1, M) =-AH,(I, -M) as suggested in Fig. 1. For a given M direc-
tion, the obtained AH,, AH, and AH, have the same sign, which is also
consistent with a monotonicincrease or decrease in Hy, H, and Hy as
temperature decreases or increases, respectively (Supplementary
Fig. 7). Moreover, these results also show that H is more sensitive to
spin current than Hy and H; highlighting the importance of UMA to
enable the observation. The much smaller AH; value is because Hj is
onetotwo orders of magnitude smaller than H,and H, in the ultrathin

1 (mA)

currentsare applied alongthe [100] orientation, and the direction of the spin
accumulation @ is along the [010] direction with equal projections onto the [110]
and[110]orientations. This experimental trick allows anaccurate comparison
ofthe current-induced modification for the [110] and [I10] orientations in the
samedevice.

regime (Methods). It should be noted that, besides the modification of
anisotropy, ananisotropic modification of y could, in principle, explain
the experimental results according to equation (3). However, as it is
not clear why a modification of g could be anisotropic, we ignore this
effect here (Methods).

Discussions of possible mechanisms

As H, = Mholdsintheultrathin regime (Methods), AH, is directly related
to AM.The change in magnetization can be attributed to the additional
filling of the electronic d-band. To afirst-order approximation, the
filling of the d-band by spin current leads to a change in the magnetic
momentofthe order of n/n;, = 0.16%, where n,is the transferred areal
spin density, and n;. is the areal density of the magnetic moment of
Fe. This estimation agrees with the ratio between AH, and H,, that is,
AH/H = 0.2% (Methods).

By contrast, to mimic the effect of spin current on the UMA and
magnetic moment, we have investigated the dependence of the UMA
on the external magnetic field by first-principles electronic band
structure calculations. The resulting modification of UMA has been
determined using magnetic torque calculations® (Supplementary
Note 4). The applied H results in an increase in the magnetic anisot-
ropy energy, if His parallel to M and to a decrease in anisotropy in the
case of antiparallel orientation. These changes are accompanied by
anincrease (for H > 0) or decrease (for H < 0) of magnetic moment,
consistent with experimental observations. Moreover, to model a
change in AH, of 2.5 mT for ad.c. current of 1 mA as observed in the
experiment, an equivalent magnetic field of about 1.5 T is needed
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Fig.4 |Modification of magnetic anisotropies. a, The fdependence of dH,/d/
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thestandard error of the least squaresfit of the /-Hy traces in Fig. 3. The insets
show therelative orientations between the current (I || [100], black arrows) and

(Supplementary Note 4). More sophisticated models might be needed
to extend the existing model and to explain the experimental results
quantitatively.

Perspective on spintronics and orbitronics

Our results have shown that the intrinsic properties of ultrathin fer-
romagnetic materials, that is, the magnitude of M and H,, can be var-
ied in a controlled way by spin currents, which has beenignored in
the spin-transfer physics. This unique route of controlling magnetic
anisotropies is not accessible by other existing ways using electric
field" > and mechanical stress***® in which the control of magnetismis
independent of the magnetization direction. Besides the magnitude
of the magnetization, other material parameters, such as the Curie
temperature and coercive, are also expected to be controllable by
spin current. Spintorque plays an essential partinmodern spintronic
devices; thus, beyond this proof of principle, the so far unnoticed
modification of the length of M by spin currents could offer an alter-
native and attractive generic actuation mechanism for the spin-torque
phenomena. We expect such a modification of the magnetic energy
landscape to be ageneral feature, not limited to ferromagnetic metal/
heavy metal systems with strong spin-orbitinteractionbutalso tobe
present in the case of conventional spin-transfer torques, in which
itis generally believed that the magnitude of M is fixed during the
spin-transfer process™ 7. Although the modulation of magnetism is
demonstrated by using asingle-crystalline ferromagnet, this concept
alsoapplies to polycrystalline ferromagnets, for example, Py. Moreo-
ver, the modification is not limited to in-plane ferromagnets, and
we could manipulate ferromagnets with perpendicular anisotropy
by using out-of-plane polarized spin current sources, for example,
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the magnetic field (or magnetization), in whichthe EA are represented by
brownarrowsandthe HA arerepresented by green arrows. e, Summary of ¢,
dependenceof AH, (AH, = AHy, AH,, AHg) for opposite magnetizationM
directions, inwhich thesolid symbols represent the M directionand the open
symbols represent the -Mdirection. The inset shows the relative orientations
betweenthe charge currentland M.

WTe, (ref. 41), RuO, (refs. 42-45), Mn,Sn (ref. 46) and Mn,Ga (ref. 47).
We believe that much larger modification amplitudes can be realized
in other more effective spin current sources based on the wide range
of spin-torque material choices™.

Apart from the spin effect mentioned above, recent experimental
and theoretical studies have shown that the orbital Hall effect’ and
the orbital Rashba-Edelstein effect’®'? can generate orbital angular
momentain thebulk of nonmagneticlayers and atinterfaces with bro-
ken inversion symmetry. The generated orbital momenta can exert
atorque on M and could also cause a modification of M in two ways:
(1) the orbital current diffuses into an adjacent magnetic layer and
is converted into a spin current by spin-orbit interaction', In this
case, the modification of Mis analogous to the scenario discussed for
aspin current. (2) The orbital current could, in principle, act directly
on the orbital part of M, generating orbital torques as well as leading
toamodification of the orbital magnetization. The change in M by an
orbital current is expected to have the same odd symmetry as that
induced by aspin current. Importantly, orbital effects could induce an
even larger modification than spin effects because of the giant orbital
Hall conductivity’ observed in some materials and could affect thicker
ferromagnetsasithasbeen predicted that the orbital current dephas-
ing length is longer than the spin dephasing length*s.
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Methods

Sample preparation

Samples with various Fe thicknesses ¢, are grown by molecular-beam
epitaxy (MBE). First, a GaAs buffer layer of 100 nmis growninalll-V
MBE. After that the substrate (semi-insulating wafer, which has a resis-
tivity pbetween 1.72 x 108 Q cm and 2.16 x 108 Q cm) is transferred to
ametal MBE without breaking the vacuum for the growth of the metal
layers. For a better comparison of the physical properties of differ-
ent samples, various Fe thicknesses are grown on a single two-inch
wafer by stepping the main shadow shutter of the metal MBE. After
the growth of the step-wedged Fe film, 1.5-nm Al/6-nm Pt layers are
deposited onthe whole wafer. Sharp reflection high-energy electron
diffraction patterns have been observed after the growth of each layer
(Supplementary Note 1), which indicate the epitaxial growth mode as
well as good surface (interface) flatness. High-resolution transmis-
sion electron microscopy measurements (Supplementary Note 1)
show that (1) all the layers are crystalline and (2) there is diffusion of
Al into Pt but no significant Al-Fe and Pt-Fe interdiffusion. There-
fore, the magnetic proximity effect between Feand Ptisreduced. The
intermixed Pt-Alalloy can be agood spin current generator. Previous
work* has shown that alloying Pt with Al enhances the spin-torque
efficiency.

Device fabrication

First, Pt/Al/Fe stripes with a dimension of 4 pm x 20 pm and with
the long side along the [110] and [100] orientations are defined by a
mask-free writer and Ar-etching. After that, contact pads for the applica-
tion of the d.c. current, which are made from3-nm Tiand 50 nmAu, are
prepared by evaporation and lift-off. Then, a70-nm Al,O; layer is depos-
ited by atomiclayer depositionto electrically isolate the d.c. contacts
and the coplanar waveguide (CPW).Finally, the CPW consisting of 5 nm
Tiand150 nm Auis fabricated by evaporation, and the Fe/Al/Pt stripes
are located in the gap between the signal line and ground line of the
CPW (Fig. 2a). During the fabrication, the highest baking temperature
is 110 °C. The CPW is designed to match the radiofrequency network
that hasanimpedance of 50 Q. The width of the signal line and the gap
are 50 pmand 30 um, respectively. Magnetization dynamics of Fe are
excited by out-of-plane Oersted field induced by the radiofrequency
microwave currents flowing in the signal and ground lines.

FMR measurements

The FMR method is used in this study for several reasons: (1) FMR has
a higher sensitivity than static magnetization measurements. (2) The
FMR method, together with angle and frequency-dependent meas-
urements, is a standard way to quantify the effective magnetization,
magnetic anisotropies and Gilbert damping. (3) Damping-like and
field-like torques can be determined simultaneously inasingle experi-
ment, and thus we can establish a connection between damping-like
torque and the modification of magnetic anisotropies. (4) The Joule
heating effect, which also alters the magnetic properties of Fe, can be
easily excluded from the /dependence of H.

The FMR spectra are measured optically by time-resolved
magneto-optical Kerr microscopy; a pulse train of a Ti:sapphire laser
(repetition rate of 80 MHz and pulse width of 150 fs) with a wave-
length of 800 nm is phase-locked to a microwave current. A phase
shifter is used to adjust the phase between the laser pulse train and
microwave, and the phase is kept constant during the measurement.
The polar Kerr signal at a certain phase, V., is detected by a lock-in
amplifier by phase modulating the microwave current at afrequency
of 6.6 kHz. The V., signal is measured by sweeping the external mag-
neticfield, and the magnetic field can be rotated in-plane by 360°. A
Keithley 2400 device is used as the d.c. current source for linewidth
andresonance field modifications. All measurements are performed
atroom temperature.

The FMR spectra are well fitted by combining a symmetric (L, =
AH*/[4(H - Hp)* + AH?]) and an anti-symmetric Lorentzian (L, g, =
~4AH(H ~ Hp)/[4(H - HR)2 +AH?), Vierr = VsymLsym + l/a-symLal-sym + Vottser
where Hyis the resonance field, AH is the full width at half maximum,
Voirse IS the offset voltage, and V., (V,.yn) is the magnitude of the sym-
metric (anti-symmetric) component of V,.,,. It is worth mentioning
that, by analysing the position of Hy, we have also confirmed that the
application of the charge currents does not have a detrimental effect
on the magnetic properties of the Fe films (Supplementary Note 2).

Magnetic anisotropies in Pt/Al/Fe/GaAs multilayers
Atypicalin-plane magnetic field angle ¢, dependence of the resonance
field Hy for ¢z, =1.2 nm measured at f=13 GHz is shown in Extended
Data Fig. 2a. The sample shows typical in-plane uniaxial anisotropy
with two-fold symmetry, that is, a magnetically HA for ¢, = —45° and
135° (¢110) orientations) and a magnetically EA for ¢,, = 45° and 225°
({110) orientations), which originates from the anisotropic bonding at
theFe/GaAs interface®. To quantify the magnitude of the anisotropies,
we further measure the fdependence of Hyboth along the EA and the
HA (Extended DataFig. 2b). Both the angle and frequency dependence
of Hyare fitted according to***°

2
(?) = uEHHS, 5)

with HR = H cos( — @) + H + Hy(3 + cos 4¢)/4 — H, sin*(¢p — 45°) and
HR=HR cos(p - @,,) + Hy cos 4 — Hy sin 2¢. Here y (= guy/h) isthe gyro-
magnetic ratio, gis the Landé g-factor, ug is the Bohr magneton, f is
thereduced Planck constant, Hy (=M - H,) isthe effective demagneti-
zation magnetic anisotropy field, including the perpendicular magnetic
anisotropy field H,, Hy is the biaxial magnetic anisotropy field along
the (100) orientations, H,is the in-plane UMA field along (110) orienta-
tionsand gisthein-plane angle of magnetization as defined in Extended
DataFig.1. Themagnitude of ¢ is obtained by the equilibrium condition

Hg sin(@ - @,) + (Hy/4)sind@ + (Hy/2)cos2¢ = 0. (6)

It can be checked that ¢ = ¢, holds when H is along (110) and (110)
orientations. From the fits of Hy, the magnitude of the magnetic ani-
sotropy fields H, (H, = Hy, Hy, H,) for each t. is obtained, and their
dependences on inverse Fe thickness t7}, together with the results
obtained fromthe AlO,/Fe/GaAs samples, are shown in Extended Data
Fig.2c. Theresults show that the Pt/Al/Fe/GaAs samples have virtually
identical magnetic anisotropies as the AlO,/Fe/GaAs samples, and
introducingthe Pt/Allayer neither enhances the magnetization leading
toanincrease in Hy nor generates a perpendicular anisotropy leading
to adecrease in Hy. By comparing the values of H, and M, we confirm
that the main contribution to H, stems from the magnetization due to
the demagnetization field. For both sample series, Hyand H; decrease
as t, decreases because of the reduction of the magnetization as ¢;,
decreases, and both of them scale linearly with ¢;.. The intercept (about
2,220 mT) of the Hy - t;. trace corresponds to the saturation magnet-
ization of bulk Fe, and the intercept (around 45 mT) of the H, — t;l trace
corresponds to the biaxial anisotropy of bulk Fe. In contrast to Hy and
Hg, Hyshows alinear dependence on t7. withazerointercept, indicative
of the interfacial origin of H,.

Effective mixing conductance in Pt/Al/Fe/GaAs multilayers
Extended Data Fig. 3a,b shows the ¢,, dependence and fdependence,
respectively, of linewidth AHfor ;. =1.2 nm. The magnitude of AHvaries
strongly with ¢,, because of the presence of in-plane anisotropy, and
the dependencies of AHon falong both EA and HA show linear behav-
iour. Both the angular and frequency dependence of AH can be well
fitted by*



AH=A[Im(y)]+ AH,

R AT A )
(HiHy— HRHR)? + a HRHR(H, + H,)? o

where A[Im(x)]is the linewidth of the imaginary part of the dynamic
magnetic susceptibility Im(y), H, and H, are defined in equation (5)
forarbitrary Hvalues,and AH,isthe residual linewidth (zero-frequency
intercept). Asthe angular trace can be well fitted by using adamping
value of 0.0078, there is no need to consider other extrinsic effects
(thatis, inhomogeneity and/or two-magnon scattering) contributing
to AH. It is worth mentioning that the angular trace gives a slightly
higher a value because AH,, which also depends on ¢,,, is not consid-
ered in the fit. In this case, the frequency dependence of linewidth
givesmore reliable damping values (Extended Data Fig. 3b). Extended
Data Fig. 3c compares the magnitude of damping for Pt/Al/Fe/GaAs
and AlO,/Fe/GaAs samples. For both sample series, the Gilbert damp-
ing increases as ;. decreases and a linear dependence of a on t;.
is observed. The enhancement of a is because of the spin pumping
effect, which is given by*>%

h
a=ag+ gZéJTM L, (8)

where aj is the intrinsic damping of pure bulk Fe and g vis the effec-

tive spin mixing conductance quantifying the spin pumpmg efficiency.

By usingu,M=2.2Tandy=1.80 x10"rad s’ T, the magnltude of gl
for Pt/Al/Fe/GaAs is determined to be 4.6 x 1018 ?,and g} at the
Fe/GaAs interface is determined to be 1.9 x 10™® m’2 Therefore by
subtracting these two values, the magmtude ofg atPt/Al/Feinter-

face is determined to be 2.7 x 10 m™. The spin transparency Tinc Of
the Pt/Al/Fe interfaceis given by ref. 53

_2* 8 )
int™ h GPt

where 2e%/h is the conductance quantum, G, [=1/(p,,A)] is the spin
conductance of Pt, p,. is theresistivity and A, is the spin diffusion length.
By using A, =4 nm and an averaged p,, =40 pQ cm, T, = 0.21is deter-

mined. We note that the magnitude of g - at the Pt/Al/Fe interface is
about one order of magnitude smaller than the experimental values
found at heavy metal/ultrathin ferromagnetinterfaces®, but very close
to the value obtained by the first-principles calculations®. The previ-
ously overestimated g*;f and thus T;,, at heavy metal/ultrathin ferro-
magnet interfaces is probably because the enhancement of a by
two-magnon scattering>® as well as by the magnetic proximity effect
(see Supplementary Note 3) is not properly excluded. Moreover, the
obtained a, values for Pt/Al/Fe/GaAs (a, = 0.0039) and AlO,/Fe/GaAs
(ap=0.0033) slightly differ; the reason is unclear to us, but might be
because of a small error in the Fe thickness, which is hard to be deter-
mined accurately in the ultrathin regime.

Theory of the modulation of the linewidth

To model the modulation of the FMR linewidth by the application of
d.c.current, the Landau-Lifshitz-Gilbert equation with damping-like
spin-torque term is considered™*,

dM a. . dM  VH I
de T VMMt Mgy

MxMxag. (10)

The terms on the right side of equation (10) correspond to the pre-
cessiontorque, the damping torque and the damping-like spin torque
induced by the spin current. Here g is the spin polarization unit vector,
and hy, is the effective anti-damping-like magnetic field. The effec-
tive magnetic field H.¢, containing both external and internal fields, is
expressedinterms of the free energy density F, which can be obtained as

1 oF
Heff— - ;Om-

(11
For single-crystalline Fe films grown on GaAs(001) substrates with
in-plane magnetic anisotropies, Fis given by>**

HM
2

_ isin“93 +cosdp

2 4

F= {—ZH[COSBCOSQH +sinBsinfycos(¢ - @)1+ Hycos?0

- HUsinzesinz((p - %)}

Bringing equations (11) and (12) into equation (10), the time-resolved
magnetization dynamics for current flowing along the [110] orientation

12)

(thatis, o || [110]) is obtained as
op VMo (OF _ a OF
ot (1+a®Msinf\ 06 sin 0p
h
aﬁ)ﬁ J; [acosB (sing — cosp) + cosep
+sing]

0 _ VHy [ a® _\OF _ a VHoOF 13)
ot Msinf|\1+a> 0@ 1+a®> M 06

2
+ (1+ " a ]ypohm ﬁcos@(smq) cosQ)

o J2 .
+ Wy/'lohDLT (cosg +sing)

Similarly, for the current flowing along the [100]-orientation (that
is, ]| [010]), we have

dp_ W, (OF_ a oF
ot (1+a®Msing\ 08 sind dp
h
(li}l;oﬁ (acosBsing + cosg)
14
90 _ Vo (@ \OF  a VHoOF (14)
ot Msinf\1+a® |0p 1+a®> M 06

2

Vﬂohp{ a 2(o(cost9sm(p+cosqo) cosesm(p}

The time dependence of @(t), 6(¢t) and then m(¢) can be readily
obtained from equations (13) and (14), and Extended Data Fig. 4a
shows an example of the time-dependent m, by using u,H =101 mT,
HoH¢=1,350 mT, uoH, =128 mT, iyHy =10 mT, & = 0.0063 and pyHp, = 0.
The damped oscillating dynamic magnetization can be well fitted by

m,(t) =Ae”"cos(2mft + ¢) 15)

where Aisthe amplitude, 7is the magnetization relaxationtime and ¢
is the phase shift. The connection between 7and AH is given by

LN
2n

_ dHp | 1
AH= i |1 (16)

where dH,/df can be readily obtained from equation (5). We confirm
the validity of the above method in Extended Data Fig. 4b by show-
ing that the angle dependence of AH obtained from the time domain
(equation (16)) at hp, = O is identical to the linewidth obtained by the
dynamic susceptibility in the magnetic field domain (equation (7)).

Having obtained the linewidth for /=0, the next step is to calculate
the influence of the linewidth by spin—-orbit torque. The magnitude
of hy, isgiven by
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h ¢

Holto = 2e Mt;

th 17)

where §is the effective damping-like torque efficiency and . is the
current density in Pt. For the Pt/Al/Fe multilayer, i, is determined by
the parallel resistor model

j _ tPt pApDFe /
Pt Iy, PaiPre + tAlppthe + tFepp[pAl Wip,

(18)

where pp, (=40 pQ cm), p,, (=10 pQ cm) and pg, (= 50 pQ cm) are the
resistivities of the Pt, Aland Fe layers, respectively; ¢, t, and ¢;. are the
thicknesses of the Pt, Aland Fe layers, respectively; /isthe d.c. current;
and wis the width of the device. Plugging equations (17) and (18) into
equations (13) and (14), the / dependence of AH can be obtained. An
exampleis shown in Extended Data Fig. 4c, which shows alinear AH-/
relationship. Fromthe linear fit (equation (1) in the main text), we obtain
the modulation amplitude of AH, thatis, d(AH)/dl. Extended DataFig. 4d
presents the calculated d(AH)/d/ as a function of the magnetic field
angle, which shows a strong variation around the HA.

To reproduce the experimental data as shown in Fig. 1f in the main
text, the magnitude of the magnetic anisotropies and the damp-
ing parameter obtained in Extended Data Fig. 3 as well as = 0.06
are used. Note that the distinctive presence of robust UMA at the
Fe/GaAs interface significantly alters the angular dependence of
d(AH)/dl. This deviation is remarkable when compared with the sing,_,
dependence of d(AH)/d/ as observed in polycrystalline samples, such
as Pt/Py (refs. 57,58).

To understand the strong deviation of d(AH)/d/ around the HA, we
plot the in-plane angular dependence of Fin Extended Data Fig. 5 for
6=0,,=90°,thatis,

HM HB 3+ cos4gp

F=—— > {ZHRcos((p 0= 4 - Hysin ((p—%ﬂ (19)

It shows that, around the HA (approxnmately +15°), the magnetic
potential barrier completely vanishes and £ %0 =0 and a—F <0 hold.
Thisindicates that the net static torquesinduced by mternal and exter-
nal magnetic fields acting on the magnetization cancel and the mag-
netization has a large cone angle for precession®’. Consequently, the
magnetization behaves freely with no constraints in the vicinity of the
HA, and the low stiffness allows larger d(AH)/dl/ valuesinduced by spin
current®. If there are no in-plane magnetic anisotropies, the free
energy is constantand isindependent of the angle, the magnetization
always follows the direction of the applied magnetic field and has the
same stiffness at each position. Therefore, the modulation shows no
deviation around the HA.

Frequency dependence of the linewidth modulation

Extended Data Fig. 6a shows the frequency dependence of the modu-
lation of linewidth d(AH)/dIfor t;,=2.8 nm and 1.2 nm, in which the
current flows along the [100] orientation. For both samples, the mod-
ulation changes polarity as the direction of Mis changed by 180°. The
modulation amplitude increases quasi-linearly with frequency, and
the experimental results can be also reproduced by equation (14) using
£=0.06, consistent with the angular modulation shown in Fig. 2f. For
Halong the(110) and (110) orientations, the frequency and the Fe thick-
ness dependence of linewidth modulation is approximately given by**

d(u,AH)
an

2nf sing,_, h € 1

20
Yy Hg+Hg/22e Mty tpw’ (20)

where ¢, ,,=45°,135°,225°and 315° as shown by the inset of each panel
in Extended Data Fig. 6. The damping-like torque efficiency can be

further quantified by the slope s of f~-dependence modulation, that is,

= %;Wd”. Extended DataFig. 7 shows the absolute value of s values
as a function of ;.. A linear dependence of |s| on ¢, is observed,
whichindicates that the damping-like torque is an interfacial effect,

originating from the absorption of spin current generated in Pt (ref. 61).

Quantifying the modification of the magnetic anisotropies

In this section, we show our procedure to quantify the modulation of

magnetic anisotropies by spin currents. According to equation (5),

the fdependencies of Hy along the EA (¢,, = ¢ = 45° and 225°) and the

HA (¢, = ¢ =135° and 315°) are given by equation (3). From the angle

and frequency dependencies of Hy as shown in Extended Data Fig. 2,

HoH=1,350 mT, puoH, =128 mT, uyH; =10 mT and g =2.05 are deter-

mined for ¢, = 1.2 nm. Extended Data Fig. 8a shows the H; dependence

of ffor uyHy =1,350 mT (blue solid line) and p,Hy + ApoHy =1,400 mT

(redsolid line) along the HA calculated by equation (3). To exaggerate

the difference, u,AH, of 50 mT is assumed. The shift of the resonance

field AH,is obtained as AHy = Hy(Hy) — Hy(Hy + AH,), and the frequency

dependence of AHy is plotted in Extended Data Fig. 8b, which shows a

linear behaviour with respect to fbetween 10 GHz and 20 GHz (in the

experimental range), thatis, AH, = ki f. Note that, to simplify the analy-
sis, the zero-frequency intercept is ignored because the magnitude
is much smaller than the intercept induced by AH, and AH;. The sign
of the slope k is the same as that of AH, and its magnitude is propor-
tional to AH,, that s, k < AH,. For the EA as shown in Extended Data

Fig. 8c,d, the AHy—frelationship induced by AH, remains the same as

forthe HA, thatis, AH, = k fstill holds.

Extended DataFig. 8e shows the Hydependence of ffor p1,H, =128 mT
(blue solid line) and poH,, + p,AH, =178 mT (red solid line) along the
HA. As shown in Extended Data Fig. 8f, the shift of the resonance field
along the HA is independent of fwith a negative intercept, that is,
AHp =-AH,.However, for the EA, as shown in Extended DataFig. 8g,h,
the f~dependent AH, can be expressed as AH, = AH,, — k f, which has
an opposite slope compared with the AHy—frelationships induced by
AH, (Extended Data Fig. 8d), that s, k, =< —AH,.

Ifthe modulationisinduced by a change inthe biaxial anisotropy as
shownin Extended DataFig. 8i-1, AH; along both the HA and EA shows
alinear dependence onf, which is expressed as AH, = -AH; + k f, and
kg o< AHg holds.

Extended Data Table 1 summarizes the AHy—frelationships both
along the EA and HA induced by AH,, AH,and AH;,.

As hor generated by the d.c. current also shifts the resonance field
along the EA and HA axes by iﬂhOe/FL' where plus corresponds to
the [110] (EA) and the [110] (HA) directions, and minus corresponds
to the [110] (EA) and the [110] (HA) directions, the total AH, induced
by AHy, AH;and AH; along the EA and HA is, respectively, given by
equation (4).

Based on equations (4) and (5), the values of AHy AH,, AHgand hgejp,
for ;. <2.2 nmare extracted as follows:

1. We consider theresultsobtained forH || M || [110] (EA) and H || M/[110]
(HA) as shown in Extended Data Fig. 9a (the same results as shown
in Fig. 4 in the main text for /=1mA), where the net magnetization
isparalleltol. Atf=0, equation (4) isreduced to

AHEM0) = AHy - AHy + gh(,e L =-0.20mT (21
AHEMNO) = - (AHy+ AHy) - %hOe spL=—032mT. (22)

By adding equations (21) and (22), the magnitude of AHj is deter-
mined to be 0.26 mT, which corresponds to k; of 4 x 10> mT GHz™*
according to equation (3).

2. From Extended DataFig. 9a, the slope along the HA is determined to
be ki + ky = 0.025 mT GHz . Thus, the magnitude of k is determined



by k¢ =0.025 mT GHz ™ - k; = 0.021 mT GHz™, which corresponds to
AH=2.0 mT according to equation (3).

3. As AHEA is frequency independent, this requires that ky = ki + k; =
0.025 mT GHz™?, which corresponds AH,;=2.5mT.

4. As the magnetization along EA and HA is, respectively, rotated by
180° to the [110] and [110] directions, and the net magnetization is
antiparallel to I (Extended Data Fig. 9b), we obtain AH; = -0.26 mT,
AH,=-2.0 mT and AH,=-2.5 mT, which are of opposite sign as the
results obtained from Extended Data Fig. 9a.

5. Finally, bringing the magnitude of AH; and AH, back into equa-
tions (21) and (22), gh(,e srLis determined tobe -2.24 mT. The nega-
tive sign of A, indicates thatitis along the [010] orientation.

Similarly, the corresponding AH;, AH, and AH,, values can be deter-
mined for ¢, = 2.2 nm (Extended Data Fig. 10). Extended Data Table 2
summarizes the magnitudes of the magnetic anisotropy modifications
as well as the h, values for all the devices. The enhancement of the
field-like torque inthinner samples has been observedin other systems
andis probably because of the enhanced Bychkov-Rashba spin-orbit
interaction®*?and/or the orbital angular momentum (orbital Hall effect
and orbital Rashba effect) at the ferromagnetic metal/heavy metal
interface®.

It is worth mentioning that, once the magnetization direction is
fixed, AHg, AH and AH, obtained either from Extended Data Fig. 9a
(Extended Data Fig. 10a) or from Extended Data Fig. 9b (Extended
DataFig.10b) have the same sign (either positive or negative depend-
ing on the direction of M). This is consistent with the change in mag-
netic anisotropies by temperature (Supplementary Fig. 7), which
shows that the magnitude of AH;, Hy and AH increases as the tem-
perature decreases and decreases as the temperature increases.
This indicates that the increase in the magnetic anisotropies is
dominated by the increase in M as temperature decreases and the
decrease in the magnetic anisotropies is dominated by the decrease
in M as temperature increases. For the spin current modification
demonstrated here, the temperature is not changed but the change
in M is induced by populating the electronic bands by the spin
current. More interestingly, the new modification method can con-
trol the increase or decrease in M simply by the direction of current
and/or the direction of magnetization, which is not accessible by
other controls.

Alternative interpretation of the experimental results

Itisknown that the starting point of the FMR analysisis the static mag-
netic energy landscape, whichisrelated to the magnetic anisotropies.
Therefore, it is natural to consider that the modification of magnetic
anisotropy accounts for the f-linear dH,/d/ curves as observed in the
experiment. Although the data analysis discussed in the previous sec-
tionis self-consistent, there could be alternative interpretations of the
data. One possibility could be the current-induced modification of the
Landé g-factor of Fe. In magnetic materials, itisknown that gis related
to the orbital moment g, and the spin moment ug:

2
g:i+2.

7 (23)

A flow of spin and orbital angular momentum induced by charge
current could, respectively, modify the orbital and spin moment of
Fe by Aug and Ay, and then a change in the gyromagnetic ratio of
Fe is expected. This could, in turn, lead to a shift of FMR resonance
fields linearly depending on the frequency. However, if this were the
case, an anisotropic modification of gis needed to interpret the data
as observed in Extended Data Figs. 9 and 10 (that is, there is sizeable
modification along the HA, but no modification along the EA). As we
cannot figure out why the modification of g could be anisotropic, we
ignore the discussion of the g-factor modification in the main text.

We are also opento other possible explanations for the experimental
observations.

Estimation of the magnitude of spin transfer electrons

The change in magnetization is attributed to the additional filling of
the electronic d-band. The induced filling of the bands in Fe occurs
mainly close to the interface and is not homogeneously distributed,
as it depends on the spin diffusion length of the spin current in Fe. In
otherwords, the measured modulated magnetic anisotropies are aver-
aged over the whole ferromagnetic film. For simplicity, we neglect the
spin current distribution in Fe and assume that it is homogeneously
distributed. The spin chemical potential at the interface® is given by
ul= 2e/1££tanh(%) ,Where eis the elementary charge, Ais the spin
diffusion length, E (=j/0) is the electric field, j is the current density
and agis the conductivity of Pt. The areal spin density n, transferred
into Fe is obtained as n = ulAN (ref.18), where N is the density of
states at the Fermi level. Using N=6 x10**J'm™,1=4 nm, £=0.06,
0=2.0x10°Q"m™, n,=4.2x10” gy cm2isobtained for/=1mA.AsFe
hasabccstructure (lattice constant a = 2.8 A) withamoment of about
1.0 p; for ¢ = 1.2 nm at room temperature®, the areal density of the
magnetic moment of Fe n;.. is determined to be 2.6 x 10" p, cm™. Inthis
case, the filling of the d-band by spin current leads to a change in the
magnetic moment of the order of ny/ng, = 0.16%, which agrees with the
ratio between AHy and Hy, thatis, AH,/H,=2.0 mT/1T = 0.2%.
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Extended DataFig.1|Schematic of the coordinate systemused for the
analysis. 6,,and ¢, represent the polar and azimuthal angles of external
magnetic-field H,and 8 and @ are the polar and azimuthal angles of
magnetization M. The Fe/GaAs thin films show competing in-plane magnetic
anisotropies along <100>, <110>and<110)-orientations.
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Extended DataFig.2|Magnetic anisotropies of Fe/GaAs(001).
a, p,,-dependence of theresonance field Hymeasured for t;.=1.2 nmatf=13 GHz.
b, Hy-dependence of fmeasured along the hard axis (HA) and easy axis (EA).
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Extended DataFig. 3 | Damping and mixing conductance of Fe/GaAs(001).
a, p,-dependence of AHfor t;.=1.2 nm measured at f=13 GHz. The solid line
is fitted using adamping value of 0.0078.b, f~-dependence of AH measured
alongthe EAand HA. The solid lines are the fits by adamping value of 0.0063.
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Extended Data Table 1| Summary of the AH,-f relationships induced by AH,, AH,, and AH; along easy and hard axes

Axis AH, AH, AHy,
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Extended Data Table 2| Summary of AH,, AH,, AH, and ho¢, for t;,=4.5nm, 2.8nm, 2.2nm and 1.2nm

fre =4.5 nm fre=2.8 1M fre=2.2101mM fre=1.2n0nm
+M -M +M -M +M -M +M -M
AHg (mT) 0 0.11 —-0.14 0.26 —-0.26
AHy (mT) 0 0 0 1.5 -1.8 2.0 -2.0
AHy; (mT) 0 0 0 0 1.6 -1.9 2.5 -2.5
|hoerr | (MT) 0.03 0.08 1.56 2.24
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