
those of the RBS signals from the GaAs host lattice at room

temperature.
6

The magnetic field �0H dependence of M of all the

samples before and after annealing at 5 K, after subtraction

of diamagnetic negative slope of the substrate, is shown in

Figs. 1�a� and 1�b�, respectively. Here, �0H was applied

along the �1̄10� direction and M along the same direction

was measured. Because M saturates at higher fields

���0.2 T� in all the curves, Ms and diamagnetic suscepti-

bility of the substrate can be determined from the intercept at

zero magnetic field and the slope of linear fits to M in the

range of 0.35–0.5 T, respectively. The obtained Ms is sum-

marized in Table I. Here, Ms increases systematically with

increasing x in both as-grown and annealed samples. From

Ms, one can determine xeff=Ms /�0N0g�BS, where �0 is the

magnetic permeability in vacuum, N0 is the concentration of

Ga sites, g �=2� is g factor of Mn, �B is the Bohr magneton,

and S �=5 /2� is the spin of Mn. Note that we do not take into

account the effect of the lattice constant change as a function

of xeff here. xeff determined from Ms is much smaller than x,

and the highest xeff=0.088 was obtained in sample E �x

=0.198� after annealing.

The fractions of Mn in the substitutional position fsub,

interstitial position f I, and at atomic locations that are incom-

mensurate with the crystal lattice �these Mn atoms are nei-

ther substitutional nor interstitial but present in a form that

scatter the ion beam similar to a “random” nonaligned con-

dition� f rand of the as-grown samples were determined by

RBS and PXIE measurements, as listed in Table I. One can

see that the largest fraction of Mn atoms is in lattice loca-

tions incommensurate with the lattice �f rand� �0.5�; they

are most likely diffused out to the surface forming oxide. It

was suggested that for thin �Ga,Mn�As layers ��10 nm�,

Mnint can diffuse to the surface during or after growth to

form Mn-related oxides.
15

xeff can be calculated from these

results using xeff= �fsub− f I�x. Figure 2�a� shows the x depen-

dence of xeff determined by M �as-grown and annealed

samples� and c-RBS-PIXE �as-grown samples� measure-

ments. xeff before and after annealing with increasing x are

also shown. As shown in the figure, the xeff determined by

ion channeling agrees well with the M measurement, cor-

roborating the validity of the present determination of xeff.

The concentration of interstitial Mn, xintN0, was also deter-

mined from the two measurements as xintN0= f IxN0 for

c-RBS-PIXE measurements and xintN0= �xeff�annealed�

−xeff�as grown�	N0 for M measurements assuming that all

TABLE I. The saturated magnetization Ms, the effective Mn composition xeff, and the Curie temperature TC

determined by magnetization measurements for the as-grown and annealed samples. The fractions of Mn atoms

at the lattice sites other than well defined substitutional and interstitial position f rand, interstitial position f I, and

substitutional position fsub are determined by RBS-PIXE measurements for the as-grown samples.

Sample x

As grown Annealed

Ms �T� xeff TC �K� f rand f I fsub Ms �T� xeff TC �K�

A 0.101 0.048 0.037 56 0.61 0.03 0.36 0.062 0.048 116

B 0.126 0.063 0.049 70 0.55 0.06 0.39 0.082 0.063 138

C 0.148 0.070 0.054 64 0.50 0.08 0.42 0.089 0.069 147

D 0.174 0.072 0.056 64 0.52 0.07 0.41 0.083 0.064 127

E 0.198 0.087 0.068 74 0.47 0.07 0.46 0.113 0.088 148

FIG. 1. �Color online� Magnetic field �0H dependence of magnetization M

along the �1̄10� direction at 5 K for �a� as-grown and �b� annealed samples.

FIG. 2. �Color online� �a� The nominal Mn composition x dependence of the

effective Mn composition determined by the magnetization measurements

�closed symbols, SQUID� before �circles� and after �triangles� annealing and

RBS-PIXE measurements �open stars, PIXE�. The alphabets in the figure

show sample name. �b� The interstitial Mn concentration xintN0 determined

by the magnetization measurements �closed circles, SQUID� and RBS-PIXE

measurements �open stars, PIXE� as a function of x.
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