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1. Introduction

The ferromagnetic semiconductor (Ga,Mn)As has been util-
ized to demonstrate proof-of-concept devices since its first syn-
thesisin 1996!'1, (Ga,Mn)As exhibits hole mediated ferromagnet-
ism, in which the localized Mn spin couples anti-ferromagnetic-
ally with valence band holes[? 3., In this review, we describe
the recent research on (Ga,Mn)As, mainly focusing on the mag-
netization dynamics and its related phenomena. Comprehens-
ive reviews of the synthesis, physics, and applications of ferro-
magnetic semiconductors have been updated continuously
by many researchers, and are available elsewherel*-¢l. We
present also recent results on the dynamics in a single crystal-
line ferromagnetic metal/semiconductor hybrid structures.

2. Properties of (Ga,Mn)As

Because the thermal-equilibrium solubility of Mn in GaAs
is small, non-equilibrium growth method, i.e., low-temperat-
ure molecular-beam epitaxy at substrate temperature ~ 250 °C,
is developed to synthesize single crystalline (Ga,Mn)As films
with on the order of percent of nominal Mn composition x. Its
p-type conductivity indicates that most of the Mn atoms
(Mng,) act as acceptors by replacing Ga atoms in divalent
states (dP configuration with localized spin of 5/2)17-8, A part of
the Mn atoms, Mn,, sit also at the interstitial sites due to the
self-compensation effectl®. The Mn, acts as a double donor,
and its spin couples antiferromagnetically with that of
Mng, 9. The presence of Mn, thus affects the electrical and
magnetic properties!''. The number of Mn, can be reduced by
post-growth annealing at ~ 200 °C through its diffusion to-
wards surfacel'2,

The itinerant holes, which reside in the valence band of
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GaAs, mediate Ruderman-Kittel-Kasuya-Yosida (RKKY)-type ex-
change interaction among Mn spins!'3], and bring about the fer-
romagnetism in (Ga,Mn)As!2 31, Therefore, there is a correla-
tion between the electrical and magnetic properties, as ex-
plained by the p-d Zener model. The model is an adaption to
the RKKY model specific to semiconducting materials, and can
describe many properties of (Ga,Mn)As including the spin-or-
bit coupling related phenomena, such as the magneto-crystal-
line anisotropy, through band calculations based on effective
mass approximations.

2.1. Curie temperature

In (Ga,Mn)As, the exchange interaction among As 4p and
Mn 3delectrons (p—-d exchange interaction) results in the ferro-
magnetic state. According to the p—d Zener model, the Curie
temperature Tc is proportional to the effective Mn composi-
tion participating in the ferromagnetic order, and the density
of state at the Fermi level. Therefore, T¢ increases as the hole
concentration p increases by decreasing the number of Mn,
through annealing. The enhancement of the annealing effect
is expected for a (Ga,Mn)As nanowire because of its larger ra-
tio of the surface region than films!'4.. This was confirmed by
magneto-transport measurements on a 310-nm wide
nanowire of (Ga,Mn)As with x = 0.13, which exhibits a T. of
200 K after annealing (as shown in Fig. 1)1,

2.2. Magnetic anisotropy and anisotropic
magnetoresistance effect

(Ga,Mn)As shows sizable magnetic anisotropy depending
on the spontaneous magnetization M, p, and lattice strain. For
example, a metallic (Ga,Mn)As film with compressive strain on
aGaAs (001) substrate exhibits anin-plane easy axis for the mag-
netization, while that with tensile strain on an (In,Ga)As buffer
layer shows perpendicular easy axis!'®.. The in-plane magnetic
anisotropy shows four-fold anisotropy along (100) as well as
two two-fold anisotropies along [110] and [110]. Because
(Ga,Mn)As exhibits a clear anomalous Hall effect and anisotrop-
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Fig. 1. (Colour online) Arrott plots at different temperatures for a 300 nm-wide Hall bar of (Ga,Mn)As. The inset shows a close-up view of the Ar-
rott plots near the ferromagnetic transition, which confirms that T¢ is slightly above 200 K. (Adapted from Ref. [15])

ic magnetoresistance (AMR)[" 17-191 the direction and mag-
nitude of the anisotropies can be determined by magneto-
transport measurements!2%, Ferromagnetic resonance (FMR)
can be also used to determine the magnetic anisotropiesi2'l,
The origin of the anisotropies is explained by the spin-orbit in-
teraction in the valence band of (Ga,Mn)As with (virtual) lat-
tice strain(2 3.22-26],

2.3. Carrier localization

Magneto-transport measurements show that (Ga,Mn)As is
in the vicinity of the metal-insulator transition (MIT)27, and
the interplay between magnetic properties and carrier localiza-
tion has been probed experimentally. In doped semiconduct-
ors near MIT, there are two regions occupied by itinerant carri-
ers and localized carriers[?8, In (Ga,Mn)As, the former region ex-
hibits ferromagnetic behavior, and the latter superparamagnet-
ic-like behaviorl?9, The ratio between the two regions de-
pends on the degree of the localization39,

2.4. Electric-field effects

By making a capacitor structure with one of the two elec-
trodes as a thin (Ga,Mn)As film, one can apply an electric-field
onto (Ga,Mn)As to change p and the degree of MIT, which in
turn alters the magnetic properties of (Ga,Mn)As due to carri-
er induced ferromagnetism. So far, the electric-field modula-
tion of TMBY, magnetic anisotropies®?, net magnetic
moment!28], anomalous Hall coefficient?3], and Gilbert damp-
ing constant a has been demonstrated3%, The electric-field ef-
fect is now being investigated also in ferromagnetic metalsB4.

3. Ferromagnetic resonance (FMR) and related
phenomena in (Ga,Mn)As-based structures

There is an excellent review on the magnetization preces-
sion in (Ga,Mn)As induced by optical means!¢], and also a com-
prehensive review on FMR and spin-wave resonance in
(Ga,Mn)As[35], Here, we introduce recent topics of FMR and its re-
lated phenomena in (Ga,Mn)As-based structures.

FMR spectrum is usually measured as the derivative of the
microwave absorption, which is well fitted by the derivative of
the Lorentz function, — (16//m{AH(H — Hg)/[4(H — Hg)? + AH?13,
similar to other conventional ferromagnets. From the fitting,
one can determine the absorption coefficient I, resonance
field Hg, and the linewidth (the full width at half maximum)

AH. The magnetization dynamics is known to be described by
the Landau-Lifshitz-Gilbert (LLG) equation(36],

dM(1)
dr

— Y M) xpoHeg + i MO X T (1)
and this is also the case for (Ga,Mn)As. Here, Mis the spontan-
eous magnetization vector, t the time, Y, the magnetic con-
stant, H.¢ the effective magnetic field, a the damping con-
stant, y the gyromagnetic ratio (y = gug/h), g the Landé g
factor, ug the Bohr magneton, and A the Dirac constant. The
first term on the right side of Eq. (1) corresponds to the mag-
netization precession about H., while the second term to the
relaxation of Mtowards Heg. Hes is determined from the mag-
netostatic energy density F3537),

M
F :?{—ZH [cosOps cos O + sinyy sin Oy cos (o — of)]

Hp 3 +cos4
+ HKCOSZHM - TB wSiH‘th
— Hissi 2 .2 T ) .2 _n
usin“0ysin” (g 1 Hyosin“0ysin” (o 7))

(@)

as H.¢ = —0F/oM. Here M = |M, H the external magnetic field,
Hy the effective perpendicular uniaxial magnetic anisotropy
field including the demagnetizing field along [001], Hg the in-
plane biaxial magnetic field along (100), Hy the in-plane uni-
axial anisotropy along [110], and Hy, the in-plane uniaxial an-
isotropy along [100]. The magnetic field angles 6, and ¢ as
well as the magnetization angles 6,,and ¢, are polar angles 6
measured from the [001] and azimuthal angles ¢ measured
from the [100] orientation. 6y, and ¢, are determined from the
energy minimum conditions, 8 F/d 6, = 0, 02F/d 6,2 > 0, d F/d
@y =0, and 02F/3 @2 > 0. In a linear-response regime, the res-
onance condition is given by!38],
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with w = 2mf. From the fitting of Eq. (3) to the magnetic-field
angle dependence of Hg, one can determine the values of g
and magnetic anisotropy fields.
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Fig. 2. (Colour online) Gate-voltage dependence of (a) magnetic anisotropy fields H,,; and (b) Gilbert damping constant a. (c) Damping constant

a (closed symbols) and ratio of the superparamagnetic-like component Msp to the total magnetic component M, (open symbols) as a function

of resistivity p. Circles (triangles) are for the sample with x = 0.075 (0.068), whose p is changed by annealing. Squares are for the MIS structure,

whose pis changed by applied gate voltage. (Adapted from Ref. [30])

The linewidth induced by intrinsic damping is expressed
as[38]’

“4)
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Extrinsic contributions such as the dispersion of the mag-
netic anisotropies and roughness as well as two-magnon scat-
tering can also be included phenomenologically in the analys-
is of the magnetic-field angle 6, (or ¢4) dependence of AH to
determine the magnitude of a39-42],

3.1. Electric-field effects on FMR spectra

The FMR measurements can be used to determine the mag-
nitude of magnetic anisotropy fields, a, and g. By measuring
the FMR spectra under electric-fields, one can determine the
electric-field dependence of these parameters. The electric-
field effects on the FMR spectra were investigated for a 4-nm
thick (Ga,Mn)As film with x=0.13 annealed at 200 °C for 10 min
in a capacitor structure3%, The maximum applied voltage V; is
24 V, which corresponds to an electric field of ~4 MV/cm. The
resistance changes by about £10% by the application of +24 V.

Figs. 2(a) and 2(b) show the V; dependence of anisotropic
fields H,,; and damping constant. The modulation of the mag-
netic anisotropy fields and g, whose values are expected to be
determined by the spin-orbit interaction, is relatively small
(~1%). On the other hand, a becomes larger by decreasing p
through an electric field, and its modulation reaches ~12%, sug-
gesting that the modulation is not determined only by the
spin-orbit interaction. We measure the electrical resistance
and magnetization under electric fields and those of some oth-
er samples with different conductivities in addition to a. As
shown in Fig. 2(c), thereis a clear correlation between the resist-
ance, the portion of a superparamagnetic-like component,
and g, i.e., a larger portion of the superparamagnetic-like com-
ponent and larger afor samples with higher resistance. This ob-

servation suggests strongly that a in (Ga,Mn)As is determined
mainly by the magnetic disorder induced by carrier localiza-
tion.

The electric-field effect on a was also observed in a thin
CoFeB/MgO structurel®?, and the origin of the modulation is
still to be elucidated.

3.2. Electrical detection of FMR

In conductive ferromagnets, the relationship between elec-
tric field E and current density j is phenomenologically ex-
pressed as[43],

E=,0j+<,0||—,OJ_)”(I"")"‘PH”Xj, (5)

where pis the resistivity, n the unit magnetization vector (n=
M/M), p1 and p) the resistivity perpendicular and parallel to j,
and py the anomalous Hall resistivity. The first term corres-
ponds to Ohm's law, the second term to the AMR effect, and
the third term to the anomalous Hall effect. The electric part of
the microwave excites an oscillating current j, and the mag-
netic part of the microwave causes the magnetization n to
precess at the same frequency as j. Thus, according to Eq. (5), a
DC voltage is generated in the material under FMR.

We prepared a 20-nm thick (Ga,Mn)As film with x = 0.065
on a semi-insulating GaAs (001) substrate, and annealed it at
250 °C for 30 min. T¢ of the (Ga,Mn)As was 118 K. We meas-
ured FMR spectra and DC voltages V along the [110] orienta-
tion simultaneously by sweeping H orthogonal to the [110] ori-
entation at f=9 GHz and at 45 KB7], The electric-field compon-
ent of the microwave was along the [110] orientation and the
magnetic-field component along the [110] orientation in our
configuration. As shown in Fig. 3(b), the measured Vis well fit-
ted by the sum of the symmetric and anti-symmetric Lorentz
functions, Ly = AH2/[4(H— Hg)2+ AHZ and L, gy, = —4AH(H -
HR)/T4(H — Hg)? + AH?]. The fitting gives identical Hg and AH
with those determined from the FMR spectra shown in Fig. 3(a).

L Chen et al.: Magnetization dynamics and related phenomena in semiconductors ......
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Fig. 3. (Colour online) (a) Ferromagnetic resonance and (b) DC voltage Vspectrum obtained at temperature T= 45 K and magnetic field angle 6, =

90° for (Ga,Mn)As/un-doped GaAs. Magnetic field angle 6, dependence of (c) symmetric component V;,, and (d) anti-symmetric component

V,.ym Of the DC voltage, normalized by the microwave absorption coefficient /, which can be well fitted by the planar Hall effect and the anomal-

ous Hall effect of (Ga,Mn)As. (Adapted from Ref. [37])
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Fig. 4. (Colour online) The magnetic-field angle 6, dependence of (a)
the FMR resonant field Hg and (b) the linewidth AH for (Ga,Mn)As/p-
GaAs and (Ga,Mn)As/undoped GaAs. The resonance fields for both
samples are identical, while a larger linewidth is found for
(Ga,Mn)As/p-GaAs, indicating the existence of spin pumping. (Adap-
ted from Ref. [37])

According to Eq. (5), the transverse AMR effect (planar Hall ef-
fect) and the anomalous Hall effect contribute to V. The planar
Hall effect reflects the real part of in-plane component of the dy-
namic magnetization Re(m,), and thus exhibits a symmetric
lineshape, Vo ~ Re(m,). The anomalous Hall effect reflects the
out-of-plane component Re(my), and thus exhibits an anti-sym-
metric lineshape, Vppe ~ Re(my). As shown in Figs. 3(c) and
3(d), the magnetic-field angle dependence of V,,, and V, ¢m
can be well fitted by planar Hall effect and anomalous Hall ef-
fect of (Ga,Mn)As, respectively.

It was also shown that electrical detection of FMR is pos-
sible in (Ga,Mn)As through electric-field excitation®4,

3.3. Spin pumping and inverse spin Hall effect

Similar to metallic systems*3-47], the spin-pumping cre-
ates pure spin current from (Ga,Mn)As into adjacent p-GaAs.
Due to the spin-orbit interaction in p-GaAs, the pure spin cur-
rent is converted into a DC voltage through the inverse spin
Hall effect, which is superimposed on the DC voltage induced
by magnetogalvanic effects.

The measurements of the inverse spin Hall effect was
done on virtually identical (Ga,Mn)As films as described in the
previous section on a 20-nm thick p-GaAs layer with p = 9.5 x
10'® cm~3 grown on a semi-insulating GaAs substrate37l. The
measurement configuration and condition are the same as
those in the previous section. We rotated the sample about
the [110] orientation to measure the magnetic-field angle 6, de-
pendence of FMR and dc voltage. The presence of spin pump-
ing is confirmed by the enhancement of AH of the
(Ga,Mn)As/p-GaAs comparing to that of (Ga,Mn)As, which is
shown in Fig. 4. The linewidth analysis gives the effective mix-
ing conductance at the (Ga,Mn)As/p-GaAs to be 1.5 x 10" cm2.

The DC voltage induced by inverse spin Hall effect Vigye is
proportional to the damping term in Eq. (1), which can be de-
rived as Visye ~ Re(my)Im(m,) — Im(mX)Re(my). The lineshape of
Vishe is symmetric, which is the same as the planar Hall effect.
Note that, being different from Vpug, Visye results from the com-
bination of the real and imaginary part of the dynamic magnet-
ization. Thus, the separation of the signals induced by the two
effects is possible by utilizing the different magnetic-field
angle 6, dependence of the two signals as shown in Fig. 5.
The fitting reproduces well the experimental observation, and
indicates contributions of 12% from the inverse spin Hall ef-
fect and 88% from the planar Hall effect to symmetric DC
voltagel3’]. This separation method has been applied to other
material systems#8-50],

4. Spin-orbit torques in single crystalline Fe/GaAs
(001) hybrid structures

Due to the crystal and structural symmetry breaking in a

L Chen et al.: Magnetization dynamics and related phenomena in semiconductors ......
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Fig. 5. (Colour online) Angular dependence of the DC voltage for
(Ga,Mn)As/p-GaAs.Magnetic field angle 6, dependence of (a) symmet-
ric component V;,, and (b) anti-symmetric component V, ., of the
DC voltage, normalized by the microwave absorption coefficient /. Dot-
ted and dashed lines in (a) show the 6, dependence of the DC
voltages induced by the inverse spin Hall effect Visye// and planar Hall
effect Vope/l, where the ratio of the magnitudes of Visye and Vo is ad-
justed to reproduce the experimental result. Solid line represents
total contributions, Visye/l + Vppe/l. Solid line in (b) shows the 6, de-
pendence of the DC voltage induced by the anomalous Hall effect
Vane normalized by /. (Adapted from Ref. [37])
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Fig. 6. (Colour online) Experimentally determined magnitude and direc-
tion of the in-plane spin-orbit fields, which are normalized by a unit cur-
rent density of 10" A/m2.

strained (Ga,Mn)As film, one can induce the effective spin-or-
bit magnetic field in (Ga,Mn)As by applying electric current,
which was utilized to manipulate the magnetization direction
and to excite FMRM4 51,521 Thus, one can imagine not making
GaAs ferromagnetic, but putting a layer of single crystalline fer-
romagnetic metal on top of GaAs[53 54, Here, we focus on the
FMR induced by spin-orbit torques in a Fe film on GaAs (001)
at room temperature. A thin single crystalline Fe film can be
grown on GaAs by MBE thanks to relatively small lattice mis-
match (~ 1.4%) between the two materials3 54, Fe/GaAs het-
erostructure has long been used for spin-injection experi-
ments5>-571, and interest in the system has recently been re-
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vived in view of spin-orbitronics due to the presence of Bych-
kov-Rashba- and Dresselhaus-like spin-orbit interactions at the
interfacel®8l. The effective in-plane spin-orbit fields, h.g in mo-
mentum space can be written asl>9,

1
ﬂoheﬂ: = /J—B(—ﬁkx—a’ky,&kx +,Bky), (6)

where k, (k) is a [100] ([010]) component of the wavevector k,
and a (B) characterizes the strength of the Bychkov-Rashba
(Dresselhaus) spin-orbit interaction. The presence of the inter-
facial spin-orbit interaction was evidenced previously by tun-
neling anisotropic magnetoresistance measurements in a
Au/GaAs/Fe trilayer structurel>3,

4.1. Quantifying the interfacial spin-orbit field at the
Fe/GaAs interface

The strength of the interfacial spin-orbit fields at the
Fe/GaAs interface can be quantified using spin-orbit-torque
FMR (SO-FMR). The applied RF current to Fe/GaAs produces RF
spin-orbit fields, which induce magnetization precession
when the resonance condition is fulfilled. The precession res-
ults in the periodic change in resistance with precessional fre-
quency through the magnetogalvanic effect in Fe, and thus pro-
duces DC voltage V(Eq. (5))44l,

The sample used for SO-FMR measurements is a 5-nm
thick single crystalline Fe grown by MBE on undoped GaAs
(001). The Fe layer was patterned into stripes (6.4 X 100 um?)
along different crystal orientations of GaAs, ie., [100], [010],
[110], and [110] orientations. The DC voltage V was measured
at RF current with frequency of 12 GHz as functions of current
density upto ~1.9x 10" A/m2 and the direction ¢, of an extern-
alin-plane magnetic field by sweeping the external field. The ex-
ternal magnetic-field dependence of V contains both symmet-
ric and anti-symmetric lineshapes, which can be decomposed
into the symmetric and anti-symmetric Lorentz functions. The
symmetric component results mainly from the out-of-plane
components of effective spin-orbit fields and the anti-symmet-
ric component from the in-plane components. By analyzing
the magnetization-angle ¢y dependence of the anti-symmet-
ric component of V, one can determine the crystal-orientation
dependence of the magnitude of the effective spin-orbit fields
as shown in Fig. 6 at j= 10"" A/m238], The obtained results are
explained by the coexistence of Bychkov-Rashba (hg) and
Dresselhaus (hp) components of spin-orbit fields in agree-
ment with theoretical predictions.

The spin galvanic effect induced by spin pumping at
Fe/GaAs spin-orbit interface was also demonstrated by excit-
ing FMR using an out-of-plane component of an Oersted field
in a coplanar waveguide (putting Fe wires a gap between the
signal and ground lines of a coplanar waveguide)[>8l, Similar ob-
servations have been reported for Bi/Ag and LaAlO3/SrTiO;
Rashba interfacel6 61,

4.2, Electric-field control of interfacial spin-orbit fields

The magnitude of 8 and a at the Fe/GaAs interface de-
pends linearly on the interfacial electric-field. Thus, it is pos-
sible to control the effective spin-orbit field by an external elec-
tric-field2. The sample investigated in this study was an Fe
(4 nm)/n-GaAs (electron concentration, n=4 x 106 cm-3) Schot-
tky junction. The DC voltage Vinduced by SOT-FMR was meas-
ured under a gate voltage V; applied through the depleted n-
GaAs underneath Fe, and the strength of spin-orbit effective

L Chen et al.: Magnetization dynamics and related phenomena in semiconductors ......
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Fig.7.(Colouronline) Polar plot of in-plane spin-orbit fields under differ-
ent gate-voltages. The arrows represent direction and relative
strength of h.g, and the solid lines represent the spin-orbit energy split-
ting. (Adapted from Ref. [62])
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Fig. 8. (Colour online) Magnetic-field angle ¢, dependence of the
damping constant a for Fe thickness of (a) 1.9 nm and (b) 1.3 nm. Iso-
tropic damping is observed for 1.9 nm-Fe. However, for Fe thickness
of 1.3 nm, a larger a along <110> is observed, and a gradually de-
creases until approaching {(110). The anisotropic damping shows 2-
fold symmetry, which results from the anisotropic density of states at
the Fe/GaAs interface, as shown by open symbols in (b). (Adapted
from Ref. [66])

field was determined by the method described above. Fig. 7
shows the polar plot of the effective spin-orbit fields at Vg =
-0.88 V and +0.07 V (arrows are field vectors and lines are spin-
orbit energy splitting Agsg = 2uglig|herr])- It clearly exhibits the
electric-field modulation of the spin-orbit field vectors. For
[100] and [010] orientations, both the direction and strength
of the fields is modified Vg, while for [110] and [110] orienta-
tions, only the strength of the fields is modified. The result

shows also that the modulation of the Bychkov-Rashba spin-
orbit fields is several-time larger than that of the Dresselhaus
spin-orbit field.

The electric-field modulation of the interfacial spin-orbit ef-
fects is attracting much attention also from the view point of
practical applications. For instance, the electric-field induced
precessional magnetization switching through the modula-
tion of the interfacial magnetic anisotropy was demonstrated,
and this switching scheme is fast with low-power consump-
tion63l,

4.3. Emergence of anisotropic Gilbert damping at
Fe/GaAs interface

The interplay of Bychkov-Rashba and Dresselhaus spin-or-
bit interaction can modify the density of states at the Fe/GaAs
interface. This has caused a rich variety of interfacial spin-orbit
related phenomena. It has been found that the symmetry of
the anisotropic magneto-resistancel®, the polar magneto-op-
tic Kerr effect’® and the Gilbert dampingl®d! is governed by
the two-fold interfacial G,, symmetry rather than its bulk fold
G4, symmetry when the thickness of Fe is decreased to a few
monolayers. Here we show the emergence of anisotropic damp-
ing in ultrathin Fe film on GaAs (001).

Fig. 8(a) shows the angular dependence of Gilbert damp-
ing for Fe thickness of 1.9 nm determined by analyzing the in-
plane magnetic angle ¢, dependence and the microwave fre-
quency fdependence of the linewidth. Isotropic behavior is ob-
served for 1.9 nm Fe on GaAs. However, clear anisotropic Gil-
bert damping has been found when the Fe thickness is re-
duced to 1.3 nm as shown in Fig. 8(b). The anisotropic damp-
ing shows two-fold symmetry, coinciding with the symmetry ob-
served for tunneling anisotropic magnetoresistancel3], crystal-
line anisotropic magnetoresistance®* and the polar magneto-
optic Kerr effectl®s], can be explained in terms of the anisotrop-
ic density of states (open symbols in Fig. 8(b)) induced by the in-
terfacial spin-orbit interaction.

5. Conclusion

We have described the fundamental properties of
(Ga,Mn)As focusing on its ferromagnetic-resonance (FMR) re-
lated phenomena such as the spin pumping and the electric-
field modulation of the damping constant. We have described
also recent topics on FMR-related phenomena in single crystal-
line Fe/GaAs structures such as the electric-field modulation of
the interfacial spin-orbit fields and the emergence of the aniso-
tropic damping in the structures with an ultrathin Fe. In both
systems, (Ga,Mn)As and Fe/GaAs, the observation of the mag-
netization dynamics provides us the opportunities to investig-
ate a variety of physics based on their spin-orbit interaction.
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