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Observation of magnetic domain structure in a ferromagnetic
semiconductor (Ga, Mn)As with a scanning Hall probe microscope
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We have performed low-temperature scanning Hall probe microscopy on a ferromagnetic
semiconductonGa gsMng o49As. The observed magnetic domain structure is a stripe-shaped
pattern as has been observed in conventional nonsemiconductor ferromagnetic materials, and the
measured magnetic field from the sample surface was small, reflecting the weak magnetization of
(Ga, MnAs. The domain width increased and the measured magnetic field decreased with raising
temperature, which are consistent with calculated results, in which the exchange interaction between
Mn spins deduced from the Curie temperature is assumed0@ American Institute of Physics.
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Success in growth of ferromagnetic IlI-V-based dilutedwhich magnetostatic energy and domain-wall energy are
magnetic semiconductors has opened up the possibility dhken into account.
semiconducting devices which combine the functionality of A 0.2-um-thick (Gay gsMng g49As film was grown epi-
semiconductors with that of ferromagnetic materfafsin ~ taxially on a semi-insulating GaA@01) substrate at 250°C
magnetic materials, both the size and the shape of the ma§y the use of the molecular-beam epitaxy technique. The
netic domains are among the most fundamental quantitieperpendicular magnetization at zero field was realized by the
because they reflect the magnitude and anisotropy of the mintroduction of tensile strain into th&a, MnAs layer using
croscopic exchange interaction. In addition, the domainL-um-thick (Ing;dGays)As buffer layer?® T is 80 K deter-
structure is associated with the carrier conduction and théined from a magnetization measurement. A homemade
possible minimum size of magnetic bits in magnetic record-SHPM ~was utilized for the variable temperature
ing media, which are of technological importance for bothmeasurements. The Hall probe with the junction of &m
electronic and magnetic devices. However, there have beef 1 #m was scannetl~0.5u.m above the sample surface in
no experiments in order to observe the magnetic domaifrder to detect the local magnetic field perpendicular to the
structures of -V ferromagnetic semiconductors. sample surface. o

Recently, several scanning probe microscopic techniques  19uré 1 shows the observed magnetic images of the
for studying local magnetic properties, which detect the mag!G@ MNASs film at 9-77 K. The horizontal axes of the im-
netic field from the sample surface, have been develope&l,ges are along100. The color denotes the magnetic f|eld
such as the magnetic-force microscaphe scanning super- perpend]cular to the _sample surfeg. Note that each fig-
conducting quantum interference device microscbpad ure of Fig. 1 has a different scale Bf, and that the scan-
the scanning Hall probe microscop8HPM).” The SHPM ning area fozr the upper and lower panels are X455 and
has advantages of less magnetic invasiveness for the spegi'-3><7'3’u m rgspectlvely. Th_e red and blu_e areas corre-

Spond to positive and negativB,, respectively, hence,

men and a wider operating temperature range, the latter b?/\?hite boundaries withB,~0 correspond to the magnetic

ing sgitable for studying the temperature variation of thedomain walls. The stripe direction is nearly parallel to the
domain structure. 110), reflecting the magnetocrystalline anisotropy, which is

q nge, twe tre'ooft SHF;M measurc;ments .Of tze magnet onsistent with the theoretical prediction by the useagb
omain structure in a ferromagnetic semiconductGa, perturbation method: The stripe-shaped domain is pre-

Mn)As film. The results clearly showed stripe-shaped do'served in a wide temperature range upTto, as can be seen

mains with their widths depending on temperature below thefrom Fig. 1. The width of the domaid becomes wider, and
Curie temperatur@ . The domain width and the magnitude B, decreases with raising temperature. Figutedtiare sym-

of the magnetic field from the domain structures are dis‘bols) shows the temperature dependencelofit 9 K, d is
cussed on the basis of a classical magnetic domain model fi5 ,,m then gradually increases with raising temperature for
T<60K, and steeply increases for>60K up to ~6 um
¥Electronic mail: fukumura@oxide.rlem.titech.ac.jp arounch .
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FIG. 3. Temperature dependence of the measured and calculated maximum
magnetic field,BY® (square symboland B7%; (circle symbo), respec-
tively. The inset shows configurations of the magnetic domains and Hall
sensord is the domain widthL. the domain thickness, artdthe sample—

' probe distance. Arrows denote magnetization. Full lines are guides for the
-0.4 0 0.4 eyes.
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FIG. 1. (_Color) Magnetic images ofGa, MnAs obtained by scanning Hall agreement WitI‘B?aX (square symbo}s therefore, there is no
probe microscope. Measurement temperaturesau@ K, (b) 20 K, (9) 30 magnetic domain smaller than the spatial resolution of the
K, (d) 65 K, (e) 70 K, and(f) 77 K. The image areas are 4&.8 um- for . . .
9-30 K and 7. 7.3 um? for 63—77 K. The horizontal axes af200). The ~ Present SHPM. If a sm_aller domain exists, magnetic f!eld_s
red and blue regions denote positive and negdBiye respectively. from the adjacent domains cancel out each other, resulting in
considerable reduction oB7?*. The agreement between

Figure 3(square symbojsshows the temperature depen- BZ**andB7'%; also confirms that the domain structure in this

dence of the maximum value &, above the center of the compound is composed of a single magnetic domain in the
domain,BT®. At 9 K, BTis ~4 mT, and decreases almost direction perpendicular to the surface siricés assumed to

linearly with temperature up to about 60 K, then decrease8€ the whole film thickness in the present calculation.
slowly above 60 K. In order to calculate the magnitude of It is well known that the most stable domain structure in

BT 4 stripe-shaped domain model is employed as deferromagnetic materials with perpendicular magnetization

scribed below. The magnetic field perpendicular to the surdNder no external magnetic field is the stripe domain atay.
face above a perpendicularly magnetized thin film with striped IS detérmined so as to minimize the sum of the magneto-
domain array as functions df, the thickness of the domain Static energy and domain-wall energy, and expected to be
L, and a locationx,h), as illustrated in the inset of Fig. 3, is €xPressed asi=3.04<10"" (yL)"7Ms in Kennely’s Sl

- 15 . . . .
given by Eq.(6) in Ref. 12. In our case, the size of the Hall UNit:> v is the domain-wall energy per unit area given by

— 1/2 H H H
junction is nonzero so that the measured magnetic field =% (nJSxK/a)™2 wheren is the number of cation sites

should be averaged over the area of the Hall junction excludn the unit cell,J the exchange between Mn spirfs,the
ing the depletion layer, about 0<®.8.n?. Figure 3(circle ~ Magnitude of the Mn spirx the molar concentration of Mn,
symbol§ shows the calculate8T®, Bga&;‘, by usingd at K the magnetocrystalline anisotropic consta_nt, arttle _Iat-
tice constant. We assumedbetween Mn spins substituted

each temperaturé,=0.5um, L=0.2um, and the spontane- - h ) ! . ]
ous magnetizatiorM ¢ obtained from an Arrott plot as a for (_Ba S|_tes taklng_the nearest-neighbor cations into consid-
eration in mean-field theory ad=3kgT:/22§S+1)x,

function of temperatur&® M ¢ decreases largely with increas- i
ing temperature nedf. according to the temperature depen- Whereks is the Boltzmann constant, ands the number of
nearest-neighbor cation sit€s® Using the relation between

dence of a Brillouin function. However, the decrease in . ' h ]
BT depending on bottM¢ and d, is not large but ap- the magnetic anisotropic ener@y andK, E,~K sir? §, K
=1.0x10*J/n? is obtained from the hysteresis loss in the

Z,cal’

proximately linear in temperature, sinceincreases largely o o :
magnetic-field dependence of the Hall resistivity at various

angles between the magnetic field and the easy-

with increasing temperature neBg . B7'% is in quantitative
magnetization axig at 10 K? Taking Tc=80K, n=4, z

20t =12, S=5/2, anda=0.567 nm, v is calculated to be 3.4
X 10”4 J/n?. The calculated temperature dependence of do-
15F main widthd_, by the use of the obtainegland M g deter-
T mined from the Arrott plot as a function of temperature and
;-110 L=0.2um of the thickness of théGa, MnAs layer, well
reproducesd, as shown in Fig. Jcircle symbol$. d, is
5[ weakly temperature dependent below 60 K and abruptly in-
0 - creases neaf: mainly due to the reduction df1g, where
0 20 40 60 80 the disagreement betwedrandd_, due to the neglect of the

T[K] temperature dependence kfis observed.

FIG. 2. Temperature dependence of the observed and the calculated domain In summary, we have (_)bserved th.e magnetic dom.am
widths, d (square symbglandd,, (circle symbo), respectively. Full lines structure of(Qa, MnAs by using a Scann'ng. Hall probe mi-
are guides for the eyes. croscope. It is shown th@Ga, MnAs has stripe-shaped do-
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