PRL 100, 047202 (2008)

PHYSICAL REVIEW LETTERS

week ending
1 FEBRUARY 2008

Domain Walls in the (Ga, Mn)As Diluted Magnetic Semiconductor
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We report experimental and theoretical studies of magnetic domain walls in an in-plane magnetized
(Ga, Mn)As dilute moment ferromagnetic semiconductor. Our high-resolution electron holography
technique provides direct images of domain wall magnetization profiles. The experiments are interpreted
based on microscopic calculations of the micromagnetic parameters and Landau-Lifshitz-Gilbert simu-
lations. We find that the competition of uniaxial and biaxial magnetocrystalline anisotropies in the film is
directly reflected in orientation dependent wall widths, ranging from approximately 40 to 120 nm. The
domain walls are of the Néel type and evolve from near-90° walls at low temperatures to large angle
[110]-oriented walls and small angle [110]-oriented walls at higher temperatures.
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Magnetic domain walls (DWs) are extensively explored
for their potential in integrated memory and logic devices
[1,2] and because of the number of open basic physics
questions related to their dynamics in external magnetic
and electric fields [3—7]. Dilute moment ferromagnetic
semiconductors, of which (Ga, Mn)As is archetypical, are
playing an increasingly important role in this research area
[8—11]. p-type (Ga, Mn)As has a saturation magnetization
(M) which is 2 orders of magnitude lower than in con-
ventional metal ferromagnets, while the magnetocrystal-
line anisotropy energies (K) and spin stiffness (A) are
comparable to the metals [12—15]. The low M, is due to
the dilute Mn moments while the holes in the spin-orbit-
coupled valence bands, mediating the long-range Mn-Mn
coupling, produce the large K and A.

Among the immediate implications of these character-
istics are weak dipolar stray fields which would allow for
dense integration of (Ga, Mn)As microelements without
unintentional cross-links, macroscopic-size domains,
square hysteresis loops, and mean-field-like temperature
dependent magnetization [16,17]. The strong in-plane bi-
axial and uniaxial magnetocrystalline anisotropies [16—18]
and weak dipole fields lead also to the formation of unique
segmented domain structures and spontaneous domain re-
organization with changing temperature [19]. An outstand-
ing feature of DW dynamics in (Ga, Mn)As is the orders of
magnitude lower critical current for DW switching than
observed for conventional ferromagnets [8,9].

The basic tool for studying DWs is magnetic structure
imaging, but here the low saturation moment in
(Ga, Mn)As is a problem, greatly reducing the sensitivity
of conventional magneto-optical and scanning Hall probe
microscopy techniques. For out-of-plane magnetized
(Ga,Mn)As films, grown under tensile strain on
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(In, Ga)As, the resolution achieved with these techniques
is limited to ~1 wm [8,20,21] and the sensitivity is further
reduced for (Ga, Mn)As layers grown on GaAs under com-
pressive strain with in-plane magnetization [16,22,23]. Im-
aging internal DW configurations, which are particularly
intriguing in the in-plane materials, requires ~100-10 nm
resolution and has therefore remained far beyond the reach
of the conventional magnetic microscopy techniques.

In this Letter we present the detailed study of in-plane
DWs in (Ga, Mn)As. We obtain direct images of DW
magnetization profiles and determine the type and width
of the DWs and their dependence on the wall orientation
and temperature. The high sensitivity to in-plane magneti-
zation is achieved by employing transmission electron
microscopy techniques [24] based on the Lorentz deflec-
tion of transmitted electrons by the in-plane component of
the magnetic induction and on holographic electron phase
retrieval. The interpretation of experiments is based on
kinetic-exchange-theory [25] calculations of micromag-
netic parameters and Landau-Lifshitz-Gilbert (LLG)
simulations.

A GagosMngpsAs (500 nm)/GaAs (1 nm)/AlAs
(50 nm)/buffer-GaAs (100 nm) multilayer was deposited
on a GaAs(001) substrate using molecular beam epitaxy.
Electron-transparent uniform (Ga, Mn)As foils with a wide
field of view around 100 wm were produced by selectively
etching away the substrate using the AlAs as a stop layer.
The cubic anisotropy favors magnetization along the in-
plane (100) crystalline axes, and the uniaxial anisotropy
favors magnetization along one of the (110) axes. We label
the in-plane uniaxial easy axis as the [110] direction, as this
was found to be the easy axis in layers grown under similar
conditions in the same system [26]. SQUID magnetization
measurements on an unetched part of the wafer yield the
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cubic anisotropy constant K, = 1.18(0.32) kJ/m? and the
uniaxial anisotropy constant K, = 0.18(0.11) kJ/m? at
T = 10(30) K, and the Curie temperature 7 = 60 K.

Electron holography measurements were performed us-
ing a 300 kV transmission electron microscope equipped
with a cold field-emission electron gun (Hitachi High-
Technologies, HF-3300X). The specimen was located at
a special stage in between the condenser and the weakly
excited objective lens. In this configuration the internal
magnetic structures are expected to be undisturbed by the
residual magnetic field, which is estimated to be smaller
than 107* T and oriented perpendicular to the specimen.
Electron holography experiments were performed within a
near-edge sample region, because of the need for a refer-
ence electron wave traveling through vacuum. The electro-
static phase gradient associated with slight thickness
variations arising from inhomogeneous chemical etching
of the sample near edges was compensated for by subtract-
ing a phase image of the sample in the high temperature
paramagnetic state together with a linear wedge correction.
The sampling resolution of the CCD camera used for
image acquisition was 1.6 nm, while the numerical phase
reconstruction was performed using a low-pass Fourier
mask corresponding to the wavelength of 20 nm for holo-
grams acquired with 5 nm-spacing interference fringes.

Figure 1 shows the DW phase images (right-hand pan-
els) acquired from a 3 um X 1 um corner region of the
sample foil at 30.5, 25.4, and 9.8 K, respectively, together
with a larger area overview (left-hand panels) obtained by
Fresnel-mode Lorentz imaging [19]. The phase (¢) is
amplified by a factor of 4 for clarity, and its cosine [i.e.,
cos(4¢)] is displayed in gray scale. The magnitude and
direction of the magnetic induction B are determined
separately from the relationship between the phase gra-
dient and magnetic induction, d¢/dr = 27ret/hB(r),
where e is the electron charge, ¢ is the film thickness, and
h is the Planck constant. The local B directions are parallel
to the tangent of the equiphase lines, as indicated by black
arrows in Fig. 1, and the magnitude of B is inverse pro-
portional to the spacing of the equiphase lines.

The Fresnel-mode Lorentz and holographic phase re-
constructed images show consistently the location of sev-
eral DWs by bright contrast lines in the former case and by
sharply bent equiphase lines in the latter case. The high
resolution electron holography then provides the detailed
information on the internal structure of the DWs. As ex-
pected the magnitude of B decreases with increasing tem-
perature. The direction of B rotates gradually across the
wall boundary for all detected DWs implying the Néel-type
walls in the studied (Ga, Mn)As film. For the DW denoted
as (i) in Fig. 1, B rotates from the near [100] and [010]
directions towards the [110] direction with increasing tem-
perature; i.e., we acquired direct images of a transition
from the near-90° in-plane DW at low-temperatures to a
near-180° wall at higher temperatures. As discussed below
this is a demonstration in DW physics of the competition

between cubic and uniaxial anisotropies in the (Ga, Mn)As
ferromagnet.

Figure 2 summarizes the variation of the magnitude of B
and the angle 6 of B measured from the [110] axis as a
function of temperature for the left end of the DW (i).
Filled symbols, corresponding to the phase images in
Fig. 1, include linear wedge correction for thickness varia-
tion near the sample foil edge along the [110] direction. For
comparison we also plot the uncorrected data which show
similar behavior only the variation of € appears smaller.
We also note that the Lorentz wall contrast observed in the
near-edge regions disappeared at temperatures typically
10 K lower than the far-edge region. This suggests that
the local temperature near the edges of the sample foil was
higher than indicated by the thermal readout from the
liquid helium sample holder, due to restricted or insuffi-
cient heat transfer.

Phase images in Figs. 3(a) and 3(b) show vortexlike
DWs which clearly demonstrate the dependence of the
magnetization rotation angle and width of the DWs on
the crystallographic orientation of the wall and tempera-
ture. The [110]- and [110]-oriented walls evolve from near-
90° walls at low temperatures to a large angle
[110]-oriented wall and a small angle [110]-oriented wall
at higher temperatures. The width W,, of the walls is
obtained by differentiating the phase images with respect
to the x ([110]) and y ([110]) directions [see Figs. 3(c)—

(@) 30.5K

FIG. 1 (color online). Lorentz micrographs (left-hand column)
and phase images amplified by a factor of 4 (right-hand column)
acquired at (a) 30.5 K, (b) 25.4 K, and (c) 9.8 K. Three different
types of DWs are observed, marked by white arrows: (i) a wall
parallel to [110] that is near-180° type at high temperature and
near-90° type at low temperature, (ii) a pair of DWs that is near-
180° head-on type at high temperature and near-90° type at low
temperature, and (iii) a near-90° type wall parallel to [110] that
appeared at low temperature. The local B directions are denoted
by black arrows.
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3(f)] and by fitting the measured phase gradient profile
with a hyperbolic-tangent function [27]. In particular, the
B, profile along the x axis for the narrow [110]-oriented
wall was fitted by B, = Bytanh[2(x — x()/W,,] + C, where
Xxo and C are the central position of the wall and a com-
pensation term for the phase gradient, respectively. We ob-
tained W,, = 45 = 10 nm for the measurement at 8§ K and
54 £ 17 nm at 22 K. At 30 K the width is, within the error
bar, identical to W,, at 22 K. Analogous fitting procedure
for the [110]-oriented walls yields W,, = 85 = 15 nm for
the measurement at 8§ K and 117 = 35 nm at 22 K. At30K
the [110]-oriented walls have not been resolved.

Quantitatively accurate theoretical modeling of the mi-
cromagnetics in (Ga, Mn)As is inherently difficult due to
the strong disorder and experimental uncertainties in Mn
and hole densities. On a qualitative or semiquantitative
level, the physics underlying the observed phenomenology
of in-plane DWs in (Ga, Mn)As can be consistently de-
scribed using the well-established kinetic-exchange model,
as we now discuss in detail. The description is based on the
canonical transformation 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, § = 5/2
local moments with host valence band states [25]. The
spin-orbit coupling in the band states produces the large
magnetocrystalline anisotropies and, together with the
mixed heavy-hole or light-hole character, the large spin
stiffness [12-15].

Based on previous detailed characterizations [28] of the
as-grown (Ga, Mn)As materials we assumed in our calcu-
lations a range of relevant hole densities, p = (3—4) X
10 cm™3, and Mn local moment dopings, Xy, =
3%—4.5% [Ny, = (6-10) X 10%° cm™3]. The correspond-
ing mean-field Curie temperatures are between 50 and
100 K, consistent with experiment. First we inspected the
theoretical dependence of in-plane magnetocrystalline an-
isotropies on growth-induced lattice-matching strains. We
found that typical strains in as-grown materials have a
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FIG. 2 (color online). Magnitude (|B|) and direction (0) of B
as a function of temperature (7). Only results with subtraction of
paramagnetic phase images for thickness variation correction
and further linear wedge correction are displayed.

negligible effect on the in-plane anisotropy energy profiles
and, therefore, releasing the strain during the preparation
of the thinned, electron-transparent (Ga, Mn)As foil should
not affect significantly the properties of in-plane DWs.
The in-plane magnetocrystalline anisotropy energy is ac-
curately described by E(6)=—K,/4sin’26 + K sin’6,
where 6 is measured from the [110] crystal axis. The
microscopic origin of the [110]-uniaxial anisotropy com-
ponent present in most (Ga, Mn)As materials is not known
but can be modeled [26] by introducing a shear strain e, ~
0.001%—0.01%. For the considered range of hole and local
moment densities we obtained theoretical 7 = 0 values of
K. between approximately 0.5 and 1.5 kJm™3, consistent
with the low-temperature SQUID measurement of K. The
theoretical K. values were found to be independent of e,,,
which is the only free parameter in the theory and whose
magnitude and sign was fixed to match the experimental
low-temperature K, /K, ratio. We then calculated the tem-
perature dependence of K,/K, and the corresponding
easy-axis angle 6 = 1/2arccos(K,/K,) (the other easy
axis is placed symmetrically with respect to the [110]
direction). The results, shown in Fig. 4(a), are fairly uni-
versal for all p’s and Ny,’s considered in the calculations
and consistent with experimental data in Fig. 2.

An order-of-magnitude estimate of the theoretical DW
width is given [14] by the length scale \/A/K.¢, where K ¢
is the effective anisotropy energy barrier separating the
bistable states on respective sides of the DW. For Ny, =
10?! cm ™3, the mean low-temperature value of Ky =~
K./4 = 0.3 kJm 3 (with 20% variation in the considered
range of hole densities) and the spin stiffness A =
0.4 pJm™! (nearly independent of p), yielding typical
DW width W,, ~ 40 nm, in agreement with experiment.
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FIG. 3 (color online). Phase image amplified by a factor of 4,
acquired at 8 K (a) and 22 K (b). x-differentiated (c) and
y-differentiated (d) images of (a). The DW positions are indi-
cated by white arrows. Projected profile of the phase gradient
across the [110] (x)-oriented DW (e) and [110] (y)-oriented
DW (f) along lines indicated by white rectangles.
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FIG. 4 (color). (a) Microscopic calculations of K, /K, for the
whole range of doping parameters considered; inset shows the
effective barrier energies for the two walls and the specified hole
and local moment densities. (b) LLG simulations for the low-
temperature micromagnetic parameters of the studied
(Ga, Mn)As. Magnetization orientations in the individual do-
mains are highlighted by arrows.

Despite the relatively small K,,/K,. = 0.15 and the corre-
sponding small tilt by = 10° of the easy axis from the

[100] or [010] directions at low temperatures, Kgfm] =~
K./4 + K, /2 for the larger-angle, [110]-oriented DW is

already about twice as large as Kgfl '~ K,/4 - K,/2 for
the smaller-angle, [110]-oriented DW [see Fig. 4(a)], ex-
plaining the sizable difference between the respective ex-
perimental DW widths at 8§ K. The observed temperature
dependence of W, can be qualitatively understood by
considering the approximate magnetization scaling of
K.~ M?* K,~ M? and A~ M? [15,17]. This implies
for the [110]-oriented DW that W,, initially increases
with temperature and then saturates at high 7 while the
[110]-wall width steadily increases with T, becoming un-
resolvable at K,,(T)/K.(T) = 1/2. (Note that a more quan-
titative discussion of the temperature dependence of W, is
also hindered by the relatively large experimental error
bars for this quantity.)

Magnetic dipolar fields play a marginal role in the dilute
moment (Ga, Mn)As ferromagnets which may explain,
together with the <180° wall angle, the Néel type of the
observed DWs despite their relatively small thickness. We
further elaborate on this and on the above qualitative argu-
ments by performing the LLG simulations using micro-
magnetic parameters of the studied (Ga, Mn)As material.
These calculations, shown in Fig. 4(b) for T = 8 K, con-
firm the Néel type of the DWs, the evolution from near-90°
walls at low temperatures to larger-angle [110]-oriented
walls and smaller-angle [110]-oriented walls at higher tem-
peratures, and the increasing anisotropy of the DW widths
with increasing temperature with W), ranging from 40 to
100 nm. This leads us to the conclusion that our combined
experimental and theoretical work represents an important
extension to our understanding of the micromagnetics of
in-plane magnetized (Ga, Mn)As down to the smallest
relevant length scale, the individual DW width. Since our
findings are likely unaffected by the constraints of the

experimental technique on the lateral and vertical sample
dimensions, our approach has a generic utility as a basis for
DW studies in dilute moment ferromagnets.
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