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Room temperature ferromagnetism of GaMnN thin film is awaked by a mild hydrogenation
treatment of a sample synthesized by molecular beam epitaxy. Local environment of Mn atoms is
monitored by Mn-L, ; near edge x-ray absorption fine structure technique. Doped Mn ions are
present at substitutional sites of Ga both before and after the hydrogenation. No secondary phase can
be detected. Major valency of Mn changes from 3+ to 2+ by the hydrogenation. The present result
supports the model that the ferromagnetism occurs when Mn?* and Mn>* are coexistent and holes
in the midgap Mn band mediate the magnetic coupling. © 2007 American Institute of Physics.

[DOI: 10.1063/1.2408646]

In order to realize practical spin-electronics devices, it is
essential to have a diluted magnetic semiconductor working
at room temperature (RT). Recently many reports claimed
their achievements of RT ferromagnetism in wide-gap
matters. However, mechanism behind the ferromagnetism is
still controversial. Clear guiding principles to make the room
temperature ferromagnetism have not been established.

Recently the present authors examined Mn doped GaN
(GaMnN) showing room temperature ferromagnetism and
p-type conductivity.2 The valence of Mn was monitored by
the Mn-L, 3 near edge x-ray absorption fine structure (NEX-
AFS). Coexistence of Mn?* (major) and Mn** (minor) was
demonstrated in the ferromagnetic GaMnN films. The ferro-
magnetism of the film vanishes at low temperatures where its
carrier concentration decreases significantly. It was also
noted that the ferromagnetism does not show up when Mn?*
is predominant.

The present experiments are designed in order to provide
further proof of this model. On the basis of the model, mag-
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netism can be manipulated by the redox control of Mn ions.
Paramagnetic or very weak ferromagnetic GaMnN samples
with predominantly Mn* can be converted into ferromag-
nets when the valence is controlled to make Mn>* and Mn**
coexistent. The most popular approach to change the valence
may be codoping of other impurities during the synthesis of
thin film samples. However, optimum process conditions are
often greatly affected by the presence of the codopants. Un-
intentional side effects may cover up the real effects unless
the optimum conditions are chosen. In the present study, we
have selected a mild hydrogenation treatment in order to
introduce hydrogen atoms into the GaMnN thin film. Thin
films before and after the hydrogenation process were sub-
jected to Mn-L, 3 NEXAFS and secondary ion mass spec-
troscopy (SIMS) analyses to examine the local environment
and valence of Mn together with the content of H. Magneti-
zation was measured by superconducting quantum interfer-
ence device (SQUID).

GaMnN thin films, 300 nm in thickness, with Mn con-
centration ranging from 6 to 8 cation% were prepared by
molecular beam epitaxy (MBE) using NH; as nitrogen
source as described elsewhere.” In order to obtain films that
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FIG. 1. (Color online) H" exposure system. H, gas was introduced into the
chamber through a variable leak valve and H" was generated by cracking H,
with a hot tungsten (W) wire.

show paramagnetic or weak ferromagnetic behavior at RT,
we applied relatively high substrate temperatures during the
growth. For example, under the fixed Ga and Mn fluxes, the
film as grown at 720 °C (Mn: 6.8%) shows ferromagnetism
at RT,” while one grown at 820 °C shows paramagnetism at
RT in spite of a similar Mn concentration (6.0%).

The films were then exposed to atomic hydrogen (H”).
Figure 1 shows the schematic of the atomic H* exposure
system employed in the present study.5 H" was generated by
cracking of H, with a hot tungsten (W) wire. No electric/
magnetic fields were applied. A hydrogenation cycle was
composed of 60 min H" exposure with 30 min idle time. The
temperature of the film during the hydrogenation process
was carefully measured not to exceed 100 °C. Since the
grown films have cation (Ga) polarity, the film surfaces were
thought not to be decomposed in the temperature range.6 In
fact, even after 10 cycles exposure, no change of the GaMnN
film thickness can be detected. Concentration profile of hy-
drogen as monitored by SIMS is shown in Fig. 2. The H
concentration in the H"-exposed sample is largest at the sur-
face, which is the order of 1X10?> cm™ at the depth of
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FIG. 2. (Color online) SIMS profile of hydrogen for GaMnN (Mn: 6.0%)
thin film before and after 10 cycles hydrogenation.
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FIG. 3. (Color online) Mn-L, ; NEXAFS of GaMnN (Mn: 6.0%) thin film.

6.8 nm, This corresponds to 30% of the number of cations in
GaMnN. The H concentration is more than a factor 20
greater than the surface of the original sample. It decreases
with depth and almost disappears at around 100 nm, where
the H concentration is the order of 1X 10'® cm™.” The hy-
drogen from the external source does not diffuse into the
deeper region.

Figure 3 shows Mn-L, ; NEXAFS from two samples
measured by the total electron yield method at BL1IA in
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FIG. 4. (Color online) (a) Raw data of magnetization vs magnetic field
curve of GaMnN (Mn: 6.0%). (b) Magnetization vs magnetic field curve of
GaMnN (Mn: 7.7%) after subtraction of the linear background.
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KEK-PF, Tsukuba, Japan. The spectra provide information of
specimen surface less than a few nanometers in depth. The
fine structures of the spectra are interpreted on the basis of
first-principles multielectron calculations as reported
previously.2 The results show that the doped Mn ions are
present at substitutional sites of Ga both before and after the
hydrogenation. Contribution from other phases cannot be de-
tected, which is consistent to x-ray diffraction analysis per-
formed for both specimens. The change in the spectrum im-
plies that the valence of Mn is changed from 3+ to 2+ by the
hydrogenation in order to compensate the charge of H* at the
interstitial sites.

Magnetic properties of the films measured by SQUID at
RT before and after the hydrogenation are summarized in
Figs. 4(a) and 4(b). Figure 4(a) shows raw magnetization
data of a sample which exhibits almost paramagnetism be-
fore the hydrogenation. Linear background magnetization
with negative gradient can be ascribed mainly to diamagne-
tism of the sapphire substrate, which is predominant in the
as-grown sample. After the hydrogenation, a hysteresis loop
appears, implying ferromagnetism is induced. With the in-
crease of the number of hydrogenation cycles, the hysteresis
loop becomes larger.

Figure 4(b) shows the magnetization behavior of another
sample which exhibits weak ferromagnetism in the as-grown
state. In this case, the linear background magnetization has
been subtracted in order to extract the ferromagnetic contri-
bution from the raw data. The ferromagnetism is found to be
reinforced with the hydrogenation cycle also in this sample.

Appl. Phys. Lett. 90, 012504 (2007)

We hereby demonstrate that the magnitude of the ferro-
magnetism in the GaMnN can be manipulated by the control
of the valence of magnetic impurities. This may be possible
not only by the hydrogenation but also by codoping of sec-
ondary impurities or simply by the change in process condi-
tions to modify the defect chemistry.
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"The presence of the residual hydrogen can be ascribed to the use of NH;
for MBE growth.
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