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The SQUID magnetic measurements were performed on the GaN films prepared by metal-organic
vapour phase epitaxy and implanted by Tb>", Tm**, Sm*", and Ho>" ions. The sapphire substrate
was checked by the electron paramagnetic resonance method which showed a content of Cr*" and
Fe*" impurities. The samples 5 x 5 mm?” were positioned in the classical straws and within an esti-
mated accuracy of 10 ®emu, no ferromagnetic moment was detected in the temperature region of
2-300 K. The paramagnetic magnetization was studied for parallel and perpendicular orientation. In
the case of GaN:Tb sample, at T=2XK, a pronounced anisotropy with the easy axis perpendicular to
the film was observed which can be explained by the lowest quasi-doublet state of the non-Kramers

Tb** ion. The Weiss temperature deduced from the susceptibility data using the Curie-Weiss (C-W)
law was found to depend substantially on the magnetic field. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4916761]

In recent years, a great attention was devoted for search-
ing the room temperature ferromagnetic (FM) ordering in
dilute magnetic semiconductor (DMS) GaN layers doped by
transition metals and rare earths (RE). The FM state at
T=300K was reported for GaN:Gd,"* Dy,* Tb,* and only
recently Sm” films. The origin of the FM state in these films
has not yet been explained. For GaN:RE, in contrast to
GaN:Mn films, the calculations of the electronic structure do
not predict the FM moment at T=300K.° It seems, how-
ever, that especially in the case of the implanted films, the
FM state is essentially influenced by the presence of defects.”
In many cases, there is a question about the presence of the
FM state since it is not easy to detect a very small moment
of the GaN:RE layer superimposed on the large diamagnetic
(DM) contribution of the sapphire substrate. The problem of
the measurements of such films has been recently analyzed
in a great detail in the papers.®'° Starting from these works
and following our earlier contributions,z’3 we performed the
study of the FM and paramagnetic (PM) magnetization of
the implanted GaN:Ho, Sm, Tb, Tm layers. To our knowl-
edge, the magnetic properties of these films with exception
of GaN:Tb'" and GaN:Sm" have not yet been studied and in
most cases the measurements were not performed in the low
temperature region. In our case, the magnetic moment meas-
urements were supplemented by the electron paramagnetic

YAuthor to whom correspondence should be addressed. Electronic mail:
marysko@fzu.cz.

0021-8979/2015/117(17)/17B907/4/$30.00

117, 17B907-1

resonance (EPR) study of the sapphire substrate with the aim
to obtain information on PM impurities in the sapphire and
GalN/sapphire films.

GaN layers with a thickness of about 3 um were grown
by low pressure metal-organic vapour phase epitaxy
(MOVPE) on c-plane sapphire substrates with thickness of
0.45 mm. These GaN layers were implanted with Tb", Tm™,
Sm™, Ho" ions using an energy of 200 and 400keV and some
samples subsequently annealed at 900°C for 15 min. The
details of preparation of the GaN:RE films and their descrip-
tion including the disorder densities Np/N for GaN:Tb,Sm
layers were reported in the work.'? The as-prepared layers
used in experiments (Table I) are characterized by a implan-
tation energy and fluency and by a total amount N of the
implanted RE atoms N per unit of area determined from the
Rutherford backscattering (RBS) and the concentration pro-
file obtained by secondary ion mass spectrometry (SIMS).

The content of PM impurities in the sapphire substrate
was detected using the EPR measurement at X band and
T =77K. The spectrum with the magnetic field perpendicular
to the plane (Fig. 1) shows two lines at 1.9 and 2.2 kOe origi-
nating from the Cr’" ions. The positions of these lines corre-
spond to the expected resonances and the simulation of the
lineshape for the isotope *>Cr (I = 3/2) agrees with experiment
and a rough estimate of concentration of Cr impurity is a few
tens of ppm. Some smaller lines without satellites are most
probably from Fe’™. The presence Cr’" and Fe’" ions is in
accord with the EPR experiment on the sapphire/GaN

© 2015 AIP Publishing LLC
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TABLE I. List of the layers, total amount of the RE atoms N, Curie constant from experiment, effective Bohr magnetons from the y(7), and free ion theoretical

value.

N x 107'° atoms cm 2

Layer, energy, impl fluence Cl/CL (emuK Oe ' em?) Hegr 1/ 1ogr L 1 Heffineor. B
GaN:Ho, 200keV, 1 x 10'® atoms cm™> 7.6 44 % 107845 x 1078 3.4/3.4 10.6
GaN:Sm, 400keV, 5 x 10" atoms cm > 6.17 0.84
GaN:Tb, 400keV, 1 x 10" atoms cm > 1.79 232 x 107%- 7.7/- 9.72
GaN:Tb, 400keV, 5 x 10" atoms cm > 6.67 6.39 x 107°%/13.6 x 1078 6.8/9.9 9.72
GaN:Tm, 200keV, 1 x 10'® atoms cm > 11.3 448 x 10°8/5.04 x 10°# 437/44 7.57

reported by Bonanni e al.® A similar spectrum with the Cr
and Fe lines was observed for a GaN/sapphire film. The m(H)
curve at T = 2K and m(T) dependence for H = 10 kOe for
the GaN/sapphire sample are shown in the insets (a) and (b)
of Fig. 1, respectively.

The magnetic measurements were carried out using a
Reciprocating Sample Option (RSO) of the SQUID option of
the SQUID magnetometer MPMS XL (Quantum Design).
The samples with dimensions about 5 X 5mm? were posi-
tioned in classical drink straws for parallel and perpendicular
orientation of the magnetic field with respect to the plane of
the film. Most experiments, especially all room temperature
measurements were made in parallel configuration. At
T=300K, the magnetic moment corresponding to the
GaN:RE layer is obtained after subtracting the DM contribu-
tion of the sapphire substrate evaluated between the fields 10
and 25 kOe. The accuracy of the measurement is influenced
by two factors. The first is an FM impurity content in the
GaN/sapphire sample, which depends on the quality of the
pure GaN and sapphire. The second factor is connected with
the procedure of the measurement, where an apparent FM
moment can be detected due to a deformation of the straw
around the sample, disturbing a cylindrical symmetry, e.g.,
Ref. 9. (The material of the straw contains FM impurities
with the saturation magnetization of the order 10~*emu/g
corresponding to Fe content several ppm). In our experi-
ments, the influence of the second factor was minimized by
careful positioning of the sample in the straw and repeating
the measurement with different straws. As a result, the

1 sapphire substrate
T=77K

arbitiary units

2 3 Hoe) 2 5

FIG. 1. EPR spectrum of Al,O; substrate at T=77K and frequency
f=9311 MHz with the magnetic field perpendicular to the plane, in the inset
(a) GaN/sapphire sample—the magnetic moment vs magnetic field depend-
ence at T=2K, inset (b) GaN/sapphire substrate—the magnetic moment vs
temperature under an applied field 10 kOe.

hysteresis curves shown in Fig. 2 reflect from the greater part
only the possible intrinsic FM moment and the moment due
to FM impurities in GaN/sapphire film. The first curve on the
top of Fig. 2 with saturation moment smaller than 5 X
10~"emu corresponds to the pure GaN/sapphire sample. The
essential fact is that all the hysteresis curves of the GaN:RE
layers exhibit a large dispersion of the measured points and
the saturated moment smaller than 1 x 10~ ®emu. This value
can be taken as the accuracy of the measurement. Within this
accuracy 10 °emu in the measured moment and 0.25 emu/
cm’ in the magnetization (taking the depth range of RE ions
about 150 nm), we may state that at room temperature and in
the parallel configuration the GaN:Ho, Sm, Tb, Tm films do
not exhibit a spontaneous FM moment. Also the low temper-
ature measurements (see below) and the measurements on
the annealed samples show the absence of the FM ordering
in the whole temperature region of 2-300K. We cannot,
however, exclude the presence of a FM contribution with the
saturation moment on the level of FM impurities, i.e., below
10 %emu.

It is useful to compare this result, especially that for sam-
ple GaN:Tb 5 x 10" atoms cm ™2 (4.4 x 10%° atoms Tb in
em®) and chemical index Tb, (x~0.01) with those reported
for GaN:Tb.*!' In the first work,'! the GaN:Tb,_o014 layers
were prepared by the molecular beam epitaxy (MBE) method
and only the PM behaviour was observed between 5 and
300K. Contradictory to our results, in the second work, the
GaN:Tb films prepared by dual energy ion implantation
with the concentration of Tb atoms 5 X 1020/cm3 were found
to be in a FM state at =300 K with the saturated moment of

T=300 K
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'_:"Weawmmwm
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FIG. 2. Hysteresis curves at T=300K measured on the sample 5 x 5mm?,
corrected for a diamagnetic contribution of the substrate.
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1 x 10 emu (sample 6 x 6 mm?). At this place, it is impor-
tant to remind the experimental finding that the FM state is to
a great extent connected with defects as are Ga and N vacan-
cies.” The content of defects in the MBE films is about an
order of the magnitude below that for the implanted layers,
which gives a reliable explanation for the absence of the FM
state in GaN:Tb films."" Comparing our result mzy = 0 with
the work® suggests that the content of defects in our films can
be smaller than that for the films prepared by dual energy im-
plantation. The dual method yields a more homogeneous distri-
bution of Tb ions but the number of defects could be increased
by a repeated implantation process. This conjecture is sup-
ported by the negligible (GaN:Tb 5 x 10')? and large*
effects of annealing on the Np /N and XRD data, respectively.
The temperature dependence of the PM susceptibility
was measured between 2 and 300K in the field-cooled regime
mostly under an applied field of 10 kOe. Here, we limit our-
self to the GaN:Tb films for which yp,, (¥(T) corrected for the
GaN/sapphire contribution) and related to number of Tb
atoms are plotted in Fig. 3. First, we notice the coincidence of
the results for samples 1 x 10" and 5 x 10" in parallel con-
figuration, which verifies the proportionality of yp,, to number
N of Tb atoms. The susceptibility was interpreted using the C-
W law y = C/T — 0) + yo, where C is the Curie-constant and
%o 1s a susceptibility contribution independent on temperature
formed primarily by the DM contribution of the substrate.
The parameter 0 represents the Weiss temperature, which is
given by exchange interactions between PM centres. The pos-
itive and negative values of 0 correspond to FM and antiferro-
magnetic (AFM) interactions, respectively. For the standard
measurement (10 kOe), the values of 0 evaluated from the
7(T) between 2 and 300K were negative with the absolute
value between 2 and 6K. For the sample GaN:Tb 5 x 10'°,
the parallel susceptibility vs T dependence was measured also
for the fields H =5 kOe, 2.5 kOe, and 700 Oe. With decreas-
ing field, the evaluated value of 0 decreased substantially as is
shown in the inset of Fig. 3. This result suggests certain
limitations with respect to the application of the C-W law.
The C-W relation was derived using the first term in the series
expansion of the Brillouin function under the assumption that
x = gJugH /kT < 1. For the Brillouin function with J=1/2,

0.0004 GaN:Tb 5.10'® H parallel to the layer
4 m experiment
= ° -
E [ ] §2 ./O calculation for
£ 00003{ s
S i
o .
= . 0 Skoey
<4 °
Q 000024 .»
\:u-z % H=10 kOe
= Q@ e GaN:Tb5.10'perpendicular configuration
& 000014 Qe O GaN:Tb5.10'parallel configuration
: B\ X GaN:Tb 1.10"parallel configuration
N
>,
0.00004

oA
o
o
-
o
o
-
o 4
s
N
o
(=]
N
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o
w
o
o

FIG. 3. The layers GaN:Tb, the PM susceptibility per Tb atom measured
under an applied field of 10 kOe. In the inset, the evaluated values of the
Weiss temperatures for different applied fields, by open circles the calcula-
tion for J' = 1/2, g=10.15.
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we may express the magnetization as m = my.tanh(x) and
illustrate this effect qualitatively. We take g=10.15, J=1/2
(see below), and zero interactions between the PM centres.
The numerical approximation of m/H by the C-W law in the
temperature region of 2-300K then yields an apparent nega-
tive Weiss temperature 0 depending on field. This value
approaches zero in the limit of zero field (in the inset of
Fig. 3). In real cases of finite interactions, the zero field limit
determines the true Weiss temperature 6, which can have
even an opposite sign that the apparent value of 0. In the case
of the sample GaN:Tb 5 x 10'°, the quadratic extrapolation to
H=0 gets 0 =—0.4K. In parallel configuration, g is not so
large but the same effect leading to an increase of x can be
achieved by admitting that the field H is increased by a posi-
tive molecular field, i.e., by assuming that some PM centres
(Tb ions) exhibit a FM interaction. The pronounced field de-
pendence of the apparent () observed in parallel configuration
therefore suggests the simultaneous occurrence of FM and
AFM interacting Tb ions with an average value of 0 corre-
sponding to a weak AFM interaction predicted for the Ga va-
cancy induced FM state."* Let us remark that for DMS
problems in determining 6 and its interpretation have been al-
ready mentioned in the works.'*!”

For GaN:Tb, Ho, Tm, the parallel and perpendicular
magnetization curves at T=2K corrected for the GaN/sap-
phire contribution are plotted in Fig. 4. Using the number N
of the RE atoms, we evaluated the magnetic moment per RE
atom in Bohr magnetons. In GaN, the RE>* ions substitute
for Ga®" ions. The m(H) curves measured with increasing
and decreasing field were practically identical, i.e., with dif-
ferences of the moments of the order 10~7 emu, which veri-
fies the conclusion about the absence of the FM moment up
to T=2K. Comparing the m(H) curves for the sample
GaN:Tb 5 x 10'°, we observe a pronounced anisotropy with
the easy axis perpendicular to the layer plane (c-axis). The

] (@) GaN:Ho T=2K
° 0000°’...
...ogggggooooooooooo
#85°°°
lo
o)
T T T T T T T
0 10 20 30 40 50 60 70
H(kOe)
(b) GaN:Tb 5.10"

N
1

m(ug/Ho atom)
1

o
.

——m=mgtanh(BH)
O

0000cad P

@

m(ug/Th atom)

T T T T T T T T
0 10 20 30 40 50 60 70
H(kOe)

(c) GaN:Tm
0888°
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-
[é)]
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8080080800890
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FIG. 4. The magnetic moment vs H curves at T=2K, the moment is
expressed in Bohr magnetons per atom RE using the number N from
Table L. (a) GaN:Ho, (b) GaN:Tb 5 x 10'%, and (c) GaN:Tm.
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saturated moment along the easy axis amounts to 3.7 ug,
which is notable smaller than theoretical free ion value for
Tb*+ my =9 up (g7=1.5 and J = 6). Both these observations
are caused by the crystal-field-splitting of RE levels. In our
case, the anisotropy is expressed as the ratio mL/m ||= 1.7.
(In the work,'! the anisotropy at 5 K amounts to be 1.4.) The
measured m(H) curve along the easy axis can be well
described by the Brillouin function for the quasi-doublet
pseudospin J' = 1/2 in the form m = my.tanh(gJ' uzH /kT)
with g =10.15 (Fig. 4).

The fact that the magnetization follows the Brillouin
function for J' = 1/2 means that energy gap between two
lowest singlets of non-Kramers Tb>" ion in GaN is smaller
than the Zeeman energy and these levels act as a doublet.
This situation is analogical as mentioned by Knizek er al.'®
for the ion Tb>" in cobaltites with the energy gap of
0.2cm ™. For the other our samples GaN:Ho (Fig. 4(a)) and
GaN:Tm (Fig. 4(c)), the observed anisotropy is smaller. Also
in these cases, the lowest energy singlets form quasi-
doublets, but their energy gap exceeds that of Tb>*."”

In summary, the SQUID measurements of the implanted
GaN:Ho, Sm, Tb, and Tm films were performed between 2
and 300K and the EPR method yielded information on the
presence of Cr'" and Fe*" impurities in the sapphire sub-
strate. In parallel configuration, within the accuracy
10~%emu of the measured moment, we did not observe any
FM ordering. This result which is in agreement with that for
the MBE films'' could be explained by a small defect con-
tent in our films. With exception of GaN:Sm (small signal),
PM behaviour of Ho®", Tb*", and Tm>* ions was observed.
For GaN:Tb, the Weiss temperature evaluated using the C-
W law was found to depend on the magnetic field which sug-
gests the presence of both AFM and FM exchange interac-
tion between the RE ions with an average value of 0
corresponding to weak AFM interactions. At T=2K, for
GaN:Tb, a pronounced anisotropy with the easy axis perpen-
dicular to the film plane was observed. At this temperature,

J. Appl. Phys. 117, 17B907 (2015)

the magnetization curve points to the lowest quasi-doublet
state of the non-Kramers Tb” " ion.

This study was supported by Project Nos. 13-20507 S
and P108/12/G108 of the Grant Agency of the Czech
Republic.
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