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a b s t r a c t
We report the structural and magnetic properties of ZnO single crystals implanted with Gd ions at 40 keV.
Ion beam analysis shows that after implantation up to 12% of the near-surface atoms are Gd, with most of
the Gd ions occupying substitutional lattice sites. The carrier concentration of implanted ﬁlms is up to
several orders of magnitude larger than in unimplanted ZnO. Room temperature ferromagnetism was
observed in Gd implanted and annealed ZnO. Zero-ﬁeld cooled magnetisation curves reveal the presence
of super-paramagnetic clusters. The annealing can cause the diffusion and/or migration of implanted ions
and intrinsic defects and possibly the formation of super-paramagnetic clusters suggesting that the
annealing plays a signiﬁcant role towards the observed magnetic properties.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
Electron spin provides an additional degree of freedom that can
potentially be exploited in novel semiconductor devices [1]. The
combination of electron charge and spin, termed as ‘‘spintronics’’,
can be realized in several materials such as dilute magnetic semiconductors (DMSs), rare-earth nitrides [1–3], etc. The carrier mediated mechanism was proposed to explain the observed
phenomenon in DMSs [2]. Zinc oxide (ZnO) doped with transition
metal (TM) atoms, up to several atomic%, has been predicted to
demonstrate room temperature ferromagnetic ordering [4]. This
was followed by several experimental investigations where Curie
temperatures of as high as 790 K were reported [5]. However, the
observation of room temperature ferromagnetism in the systems
with poor conductivity or highly resistive materials suggests that
there could also be some other mechanism [5]. The most likely reason could be the inclusion of magnetic ions as secondary phases
and/or metallic clusters [6]. Several non magnetic ions (e.g. C) were
doped into ZnO to overrule the segregation and precipitation of
magnetic ions into the material [7]. The room temperature ferromagnetism has also been observed in pure ZnO, which suggests
that the intrinsic defects can also play a signiﬁcant role towards
the observed property [8]. Oxygen vacancies (Vo) and zinc interstitials (Zni) are common intrinsic defects present in the ZnO which
can occur during sample growth and post growth treatments. Thus,
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room temperature ferromagnetism is highly sensitive to the preparation technique and post growth treatments along with the
impurity magnetic ions. Recently, high magnetic moment has been
observed in GaN [9] and ZnO doped with rare earth (RE) elements
[10,11]. RE elements usually have higher magnetic moment compared to TM elements. RE dope ZnO has mainly been investigated
in terms of optical properties [12,13]. Recent reports on gadolinium (Gd) doped ZnO suggest that the coupling between Gd ions
is ferromagnetic which can be enhanced by electron doping [14].
The aim of this paper is to investigate the structural properties of
Gd implanted into ZnO single crystals and subsequent effects on
the magnetic property.
2. Experimental procedure
The Zn-face of hydrothermally grown ZnO(0 0 0 1) was implanted with 40 keV Gd ions using a low energy ion implanter
[15–17]. Implanted Gd ﬂuences range from 6.7  1014 to
3.0  1016 cm2 resulting in 0.7 to 12 at.% Gd in the near surface region of ZnO, with average implantation depth of 12 nm and maximum depth of 25 nm as was found by theoretical calculation using
DYNAMIC-TRIM [18] (see Fig. 1). The implanted samples were subsequently annealed in a vacuum chamber with base pressure Pb
1  107 mbar [17]. Rutherford backscattering spectrometry
(RBS) measurements were performed for compositional analysis
and depth proﬁling with a collimated 2 MeV He+ beam. Rutherford
backscattering spectrometry and channeling (RBS/C) analyses were
carried out to estimate the crystalline quality upon implantation
and annealing. Structural modiﬁcations were investigated applying
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channeled spectrum is considerably attenuated, indicating that
this sample retains relatively good crystallinity after implantation.
In Fig. 3(a) and (b) the RBS/C measurements carried out along
the <0 0 0 1> direction of the ZnO lattice are shown for the sample
implanted with 3.9  1015 Gd cm2, both before and after annealing at 650 °C. The ratio of the RBS yield in channeling and random,
termed as Xmin, was collected as a function of the incident beam
angle for both Zn and Gd. The ZnXmin value of around 27% for the
unannealed sample is somewhat larger than the value of 7% for
unimplanted ZnO, suggesting that the material is partly crystalline
and well below the amorphization threshold. After annealing
Zn
Xmin reduces to 22%. The corresponding values of GdXmin are
56% and 64% for as implanted and annealed samples, respectively.
The data for Zn and Gd follow similar trends, suggesting that both
ions are subjected to similar types of lattice disorder, although the
larger GdXmin values imply that the Gd ions are more disordered
overall. The fraction of Gd ions located on Zn substitutional sites
can be estimated from [12,13].

Fig. 1. Gd depth proﬁles calculated with DYNAMIC-TRIM for Gd implanted at
40 keV into ZnO in the ﬂuence range from 6.7  1014 to 3.0  1016 cm2.

GdZn ¼
Raman spectroscopy using a Jobin–Yvon LabRam micro-Raman
system at ambient temperature. An Ar+ laser with wavelength
514 nm was an excitation source and the spectra were collected
in backscattering geometry with a liquid nitrogen-cooled charge
coupled device detector. Hall effect measurements were performed
at room temperature using the Van der Pauw geometry. A Quantum Design MPMS superconducting quantum interference device
(SQUID) was employed to study the magnetic properties of the
ﬁlms.
3. Results and discussion
To characterise the depth proﬁle and lattice location of the implanted Gd ions RBS and RBS/C measurements were carried out on
all samples. The retained doses, composition and the thickness
information were extracted using the Rutherford Universal Manipulation Program (RUMP) [15]. Fig. 2 shows the RBS spectra of an
unimplanted and a sample implanted with 3.9  1015 Gd cm2
and vacuum annealed at 650 °C in random and channeled conditions. The RBS spectra demonstrate the near-surface nature of
the implantation, consistent with the results shown in Fig. 1. The
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Fig. 2. Random and h0 0 0 1i-aligned RBS spectra of an unimplanted,
3.9  1015 Gd cm2 implanted and vacuum annealed at 650 °C ZnO. The inset
shows an expanded view of the Gd peak.
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Applying this formula around 60% of the Gd ions in the unannealed sample occupy substitutional lattice sites. After annealing
the estimated Gd ions at the substitutional sites reduced to 47%,
possibly suggesting the occurrence of some clustering in the annealed samples, consistent with the observations reported by Alves
et al. for Er implanted ZnO [12] and Wahl et al. [13]. The latter suggest an annealing temperature of around 1050 °C is required for
complete recovery of the crystalline damage [13]. However,
annealing at such elevated temperatures is likely to enhance clustering and potentially lead to the out-diffusion of the implanted
ions.
Further investigation of the effects of implantation and subsequent annealing of the ZnO:Gd ﬁlms was carried out by Raman
spectroscopy. The characteristic Raman modes in ZnO are
A1 + 2B1 + E1 + 2E2 [19]. The non-polar E2 modes have two wavenumbers Ehigh
and Elow
associated with the motion of the O and
2
2
Zn sub-lattices, respectively. The modes A1 and E1 are polar modes,
and can be split into transverse (TO) and longitudinal optical (LO)
phonons. The E2, A1 (TO), and E1 (TO) modes are observed when the
incident radiation is perpendicular to the c-axis of the sample,
whereas E2 and A1 (LO) modes are observed when the incident
radiation is parallel to the c-axis [20]. Fig. 4(a) shows the Raman
spectra obtained from the samples implanted with ﬂuences between 6.7  1014 and 3.0  1016 Gd cm2. The spectra are dominated by the strong O and Zn related peaks observed at 438 cm1
1
(Ehigh
(Elow
2 ), which are characteristic of high-quality
2 ) and 100 cm
ZnO. The peak near 331 cm1 arises due to the second-order phonon, 2E2(M), scattering [19]. However, there is a broad feature from
520 cm1 to 600 cm1 which consists of two peaks at 540 cm1
and 575 cm1. The peak at 575 cm1 can be attributed to the A1
(LO) mode of ZnO, a mode that is usually observed due to disorder
in ZnO [20,21]. Observation of this peak has been attributed to the
presence of structural defects such as oxygen vacancies (Vo) and
zinc interstitials (Zni) or their complexes [22]. The peak at
540 cm1 is from two phonon scattering from the LA phonon
branch, which is also disorder-induced. Fig. 4(b) displays the Raman spectra collected for unimplanted, 3.9  1015 Gd cm2 as-implanted and 3.9  1015 Gd cm2 vacuum annealed samples. As
expected annealing helps to recover the implantation induced disorder, similar to the observations of Schumm et al. for air annealed
ZnO:Mn [21]. The fact that this is possible after vacuum annealing,
which might induce some oxygen loss, implies that the observation
of the 540 cm1 and 575 cm1 peaks is not closely related to the

P.P. Murmu et al. / Nuclear Instruments and Methods in Physics Research B 272 (2012) 100–103

1.1

1.1

1.0

1.0

0.9

0.9

Normalized Yield

Normalized Yield

102

0.8
0.7
0.6
0.5
0.4

0.8
0.7
0.6
0.5
0.4

Zn
Gd

0.3

Zn
Gd

0.3

0.2

0.2
-3

-2

-1

0

1

2

3

-3

-2

Angle (deg.)

-1

0

1

2

3

Angle (deg.)

Fig. 3. (a) Angular scan around h0 0 0 1i for a sample implanted with 3.9  1015 Gd cm2. (b) Angular scan around h0 0 0 1i of the same ﬁlm after annealing at 650 °C.
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Fig. 4. (a) Raman spectra of ZnO implanted between 6.7  1014 and 3.0  1016 Gd cm2. (b) Raman spectra of unimplanted and 3.9  1015 Gd cm2 implanted and 650 °C
annealed ZnO.

presence of oxygen vacancies, and must therefore be due to some
other defects.
Hall effect measurements performed in the Van der Pauw
geometry at room temperature showed that electrons are the major charge carriers. The unimplanted ZnO has a carrier concentration of 8  1013 cm 3, as quoted by the supplier. The
implantation of 3.9  1015 Gd cm2 led to an increase of the carrier
concentration up to 1.8  1020 cm3, assuming the conduction
takes place in the top 40 nm of the sample. Annealing caused a
slight further enhancement of the surface layer carrier concentration to 2.7  1020 cm3, possibly due to the enhancement of intrinsic defects such as Vo [10].
The magnetisation reversal measurements were carried out at
5K
and
300 K
for
unimplanted
and
6.7  1014
to
15
2
6.4  10 Gd cm
implanted and annealed ZnO, sweeping the
ﬁeld from 1 T to 1 T. Unimplanted ZnO exhibited diamagnetism
even at 5 K. The typical hysteresis loops are shown in Fig. 5(a)
for 3.9  1015 Gd cm2 implanted and 650 °C annealed ZnO. The inset depicts the saturation magnetic moment for 6.7  1014–
6.4  1015 Gd cm2 implanted and annealed ZnO. It ranges from
103 emu cm3 at 5 K where the magnetic moment unit refers to
the total sample volume. It is to be noted that the diamagnetic

background contribution from the ZnO substrate has been corrected for all the samples. There was no ferromagnetic ordering
in the as-implanted samples. However clear evidence for ferromagnetic order that persist to room temperature can be observed upon
annealing the samples, which suggests the ferromagnetic ordering
temperature is above 300 K.
To investigate the ferromagnetic ordering temperature ﬁeld
cooled (FC) and zero-ﬁeld cooled (ZFC) measurements were performed with an applied ﬁeld of 100 Oe. For ZFC, the samples were
ﬁrst cooled down to 5 K from room temperature at zero ﬁeld and
measured while increasing the temperature up to 360 K. FC measurements were performed while decreasing the temperature from
360 K to 5 K. Fig. 5(b) shows the FC/ZFC magnetisation curves for
3.9  1015 Gd cm2 implanted and annealed ZnO. It can be seen
that the critical temperature is greater than 300 K. The ZFC curve
shows an initial increase of the magnetic moment up to 40 K which
suggests the presence of size distributed super-paramagnetic clusters. The possible cluster formation can be caused by the diffusion
and/or migration of the implanted ions during the annealing process. To understand the nature of the ferromagnetism it is important to consider possible impurities. ZnGd and Gd metal have
Curie temperatures of 268 K and 293 K, respectively, whereas,
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Fig. 5. (a) Magnetisation hysteresis loops of 3.9  1015 Gd cm2 implanted and 650 °C annealed ZnO, at 5 K and 300 K. Inset shows the saturation magnetic moment at 5 K
and 300 K from 6.7  1014 to 6.4  1015 Gd cm2 implanted and annealed ZnO. (b) Field cooled and zero-ﬁeld cooled magnetisation curves obtained using a measurement
ﬁeld of 100 Oe of 3.9  1015 Gd cm2 implanted and annealed ZnO.

Gd2O3 is paramagnetic at room temperature [11]. Thus, these are
unlikely to contribute towards the observed ferromagnetism above
room temperature. The ﬁeld cooled measurement also shows a
paramagnetic contribution below about 40 K. A similar trend has
been reported in the literature [23], Martinez et al. suggested that
the non-homogenous distribution of Co atoms in Co-doped ZnO
leads to a combination of ferromagnetic and paramagnetic Co ions,
depending on their surroundings in the lattice. Based on the results, it seems like that a similar effect is occurring in our samples.
Dietl et al. suggested that the ferromagnetism in DMS materials
should arise due to the (indirect) coupling among the magnetic
ions at the substitutional lattice sites [2]. However, in our case, ferromagnetic ordering is enhanced upon annealing in the ZnO:Gd.
The implantation and annealing enhance the free charge carrier
concentration which can establish the indirect ferromagnetic coupling among diluted ions. Potzger et al. suggested that the optimum concentration of ions must be present in the material
which can be helped by free charge carriers to mediate the ferromagnetic coupling [11]. The enhancement of ferromagnetic ordering has been observed in pure ZnO by Banerjee et al. They proposed
that the annealing leads diffusion of Vo and cluster formation
which interact through isolated F+ centres or limited electrons
delocalisation can lead to ferromagnetism by double exchange
mechanism [8].
4. Summary
The effect of Gd implantation into the near surface region and
subsequent annealing on the structural and magnetic properties
of ZnO single crystals has been investigated. RBS/C showed that
the Gd ions can be successfully introduced primarily into substitutional lattice sites. Annealing leads to the diffusion of ions which
most likely reduces the number of Gd ions at substitutional lattice
sites. The, implantation induced disorder, around 575 cm1, was
found which is a common feature of ion implantation induced
crystalline defects. Annealing did not make a signiﬁcant difference
in the carrier concentration in contrast to signiﬁcant impact on the
observed ferromagnetism. Further investigation is underway to address the observed ferromagnetism with the varying Gd concentration and annealing conditions.
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