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Intrinsic magnetic order and inhomogeneous transport in Gd-implanted zinc oxide
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We report the results from magnetic, resistivity, and Hall effect measurements on a ferromagnetically ordered
5% Gd low energy implanted ZnO single crystal. Temperature-dependent magnetization measurements show
that the Gd ions do not contribute to the magnetic order; hence, the magnetic order is intrinsic. The electronic
transport in the Gd-implanted region is inhomogeneous, and there is a nonlinear Hall resistance. The nonlinear Hall
resistance is likely to be a consequence of the inhomogeneous transport and not due to an anomalous Hall effect.
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Dilute magnetic semiconductors (DMS) remain in the
forefront of spin polarized electronics (spintronics) research
because of the potential for new devices. In a typical DMS sys-
tem, the ferromagnetic order is established via charge carriers.
For example, Dietl et al. reported hole mediated ferromagnetic
order in Mn-doped GaAs.! However, ferromagnetism has also
been reported in a series of DMS materials that show poor
electrical conductivity.? The appearance of an anomalous Hall
effect (AHE) is sometimes used as evidence for a DMS. For
example, Behan et al? and Hsu et al.* observed an AHE in
metallic or semiconducting Co- or Mn-doped ZnO. However,
an AHE was reported in Co-doped TiO,s even though it
contained superparamagnetic Co nanoparticles.” An AHE was
also observed in ZnO:Cu films that showed no evidence for
ferromagnetic order, and the magnitude of the AHE was
similar to that found in a ferromagnetically ordered ZnO film.®
This suggests that the observation of an AHE effect is not
necessarily evidence for a DMS.

There are a number of reports of ferromagnetism in
undoped,®'* transition metal,">~!7 or rare earth doped'®-%
ZnO. In the case of undoped ZnO, the ferromagnetism was at-
tributed to intrinsic point defects (Zn or oxygen vacancies)®~ '3
or extended defects at the surface or grain boundaries.'*
Ferromagnetism in transition-metal doped ZnO is believed
to be due to the formation of a transition metal band and
double exchange.!> Ferromagnetism in rare earth doped ZnO
can occur via a carrier mediated mechanism.'*=2* It has been
reported that this can account for the large ordered moment
observed in ZnO:Gd of up to 3274 up per Gd," where g
is the Bohr magneton, although much lower ordered moments
of up to 1.8 up per Gd?! and 0.06 pp per Gd'° have also
been reported. However, no magnetic order was observed in
Zn0:Gd films made by magnetron sputtering,?? and it was
concluded from an ab initio study?*>* that Gd cannot induce
the required electronic polarization to ferromagnetically order
the Gd moments. We have recently shown that ferromagnetism
can be observed in hydrothermally grown ZnO crystals.'® The
saturation magnetic moment was not correlated with the Gd
concentration; hence it may be that the ferromagnetism arises
from point defect nanoclusters near the surface. However,
it was not possible to completely exclude the formation of
ferromagnetic Gd nanoparticles because the Curie temperature
of Gd metal is 294 K (Ref. 26), which is close to the Curie
temperature found in our low energy Gd-implanted ZnO
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crystals. Khalid and Esquinazi®’ recently reported ferromag-
netic order in low energy hydrogen-implanted ZnO crystals,
where there was an enhancement of the saturation moment
with increasing hydrogen fluence. An AHE was observed, but
it did not follow the magnetization data except at and above
220 K. This suggests that the departure from linearity of the
Hall resistivity below 220 K is caused by some other effect
and is not due to an AHE.

In this paper, we report the results from magnetic, re-
sistivity, and Hall effect measurements on a low energy
5% Gd-implanted and 650 °C annealed ZnO hydrothermally
grown single crystal (Zng9sGdoos0). We show that the Gd
ions do not form magnetically ordered clusters and that the
resistivity can be modeled using the Khalid and Esquinazi
model,”” where there is inhomogeneous transport near the
surface. We also observe a nonlinear Hall resistivity that is
likely to be a consequence of the inhomogeneous transport
rather than being due to an AHE.

Hydrothermally grown ZnO (0001) crystals obtained from
Semi-Wafer, Inc. were implanted with 40 keV Gd ions. The
Gd fluence was 6.4 x 10'% ions cm—2, resulting in a 5 at.% Gd
concentration in the near-surface region. The implanted sam-
ples were annealed in a high vacuum chamber (~10~7 mbar)
at 650°C for 30 minutes. The magnetic properties were
investigated using a Magnetic Property Measurement System
(MPMS) employing a superconducting quantum interference
device (SQUID) magnetometer. Resistivity and Hall effect
measurements were made using a Physical Property Measure-
ment System (PPMS).

We show in Fig. 1 the moment per unit area, m’, as a
function of temperature at 1 T. There is a large upturn at
low temperatures that arises from Gd** moments as well as
point defect moments that are not involved in the magnetic
order. There is also a contribution from the ordered magnetic
defect nanoclusters and a diamagnetic contribution that is
dominated by the unimplanted ZnO region. It is also possible
that there are some Gd ions that form magnetically ordered Gd
nanoparticles. For this reason we modeled the magnetic data
using

' = misy + mly + x0Bt/po + ms, (1)

where m’gq is the paramagnetic contribution from paramag-
netic Gd**, and it can arise from distributed Gd>* ions or from
paramagnetic Gd,03. m’p is the paramagnetic contribution
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FIG. 1. (Color online) Temperature-dependent moment per unit
area, m’, for Zng 9sGdg 5O at 1 Tesla (filled circles). The solid curve
is a fit to the data using Eqs. (1)—(3).

from the point defects, xo is the ZnO core diamagnetic
susceptibility, and m’s is the saturation moment per unit area
from the ordered moments. m’g is known to be significantly
less at room temperature'g; hence, we model this contribution
as being linear with increasing temperature. m’gq is determined
by the Brillouin function, where m’gq can be written as

2J +1 (2] +1 )
coth X
2J

2J

1 X
— ﬁcoth <E>:|, (2)

where n'gq is the paramagnetic Gd>* concentration per unit
area, g = 2, and J = 7/2 for the 8S7/2 ground state. x =
gupJB/(kgT), where B is the magnetic field, kp is Boltz-
mann’s constant, and 7 is the temperature. We assume that
the point defect paramagnetic moment is low; hence, it is
reasonable to use the Curie term for m’p and hence,

meq = n/GdglfLBJ|:

ro_ n/D P eszlu‘]23B
mp = ———"—
3kgT
where n'p is the point defect concentration per unit area, and
P is the effective moment divided by pp.

We show in Fig. 1 that the data can be fitted using the
functions above and with n’gq being the implanted Gd**
concentration and n'p x Peg? of 2.1 x 10*' m~2. This
shows that the data can be modeled with all of the Gd**
ions being paramagnetic and without a fraction of the Gd
ions forming magnetically ordered Gd nanoparticles. If the
paramagnetic point defects were F centers with § = ',
then P.s = 1.73. Thus, n'p X Pg® = 2.1 x 10*' m2
would imply that n’p = 7.0 x 10 m~2. This assumption
is supported by measurements by Zhan et al. on thermally
annealed ZnO films in Ar.'' They deduced a magnetic
moment from a singly occupied oxygen vacancy and suggested
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FIG. 2. (Color online) Temperature-dependent resistivity for
Zng.95Gdy 05O (solid curve). The dashed curve is a fit to the data using
Eq. (4). Also shown in is a schematic of inhomogeneous resistivity
model with normal metallic p,,, semiconducting p,, and disordered
pq resistivities (upper) and the resistance network used to model the
data (lower).

that they were responsible for the ferromagnetism. It is
unlikely that the paramagnetic point defects are in the same
region near the surface where superparamagnetism occurs.
We previously showed that superparamagnetism occurs in the
Gd ion-implanted thickness of 40 nm (Ref. 18). If the defect
paramagnetic moment was in this Gd-implanted region, then
the defects would on average be separated by 3.8 A, which
is not possible. However, if the paramagnetic point defects
were throughout the crystal (0.5 mm thick), then the average
separation is 89 A. Since the volume per ZnO is 23.4 A3
(Ref. 28), this would imply a slightly reduced ZnO crystal with
a 0.0017% oxygen deficiency. This is possible, and oxygen
deficiencies of up to 1% have been reported in the literature.?

The electrical resistivity is plotted in Fig. 2, and the data
were obtained using the Gd implantation depth of 40 nm.
We first note that the unimplanted magnetically ordered ZnO
crystal resistivity is very high, and it is reduced by six
orders of magnitude after Gd implantation, which implies
that Gd implantation leads to significant carrier doping. The
increase in the resistivity below ~200 K appears to suggest a
metal-semiconductor-like transition that has also been reported
from other measurements on ZnO films*® and hydrogen-doped
ZnO films?! that do not display magnetic order. In both cases
the resistivity was modeled in terms of weak localization
and Coulomb electron interactions as well as another high
temperature 72 term. However, the resultant resistivity model
does not provide a good fit to our data over the entire
temperature range because our resistivity data starts to saturate
below ~55 K.

We note that the temperature dependence of our resistivity
data is similar to that reported by Khalid and Esquinazi®’ from
measurements on hydrogen-implanted ZnO crystals where the
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resistivity decreases until ~220 K and then increases with
decreasing temperature and starts to saturate below ~50 K.
One key difference is that the resistivity has only increased
by 29% in our Gd-implanted sample at low temperature,
while it has increased by at least two orders of magnitude
in hydrogen-implanted ZnO. However, we find that we can
model our resistivity data using their inhomogeneous model,
which is illustrated in the upper inset to Fig. 2. There is one
layer containing metallic islands with resistivity p,, embedded
in a semiconducting region with resistivity p;. The metallic
islands could possibly be related to superparamagnetic defect
clusters that have been reported to occur near the surface.'® For
71 95Gdy 950, there is a broad plateau in the zero-field-cooled
data between 51 K and 120 K, which is indicative of a
distribution in superparamagnetic cluster sizes.'® There is
also another disordered layer with a resistivity p,. Similar
to the hydrogen-implantation study,?’ we also approximate the
resistance (see the lower inset in Fig. 2) in this inhomogeneous
model by

R (L L) )
" \R,  R.+R)

where R, is the metallic resistance, R; is the semiconducting
resistance, and R, is the disordered layer resistance. The
normal state resistance is modeled as R,, = R0 + Ry x T"!
to account for the usual observation that metallic resistances
can have exponents that vary from 1 to 2. The semiconducting
resistance was modeled as being thermally activated, where
R, = Ryo x exp(A /(kpT)) and A is the activation energy. The
disordered layer resistance is modeled as R, = R,o0 — R, X
T"2. The best fit using Eq. (4) is plotted in Fig. 2. We find
an activation energy of 54 meV, which is close to the 60 meV
found in low energy hydrogen-implanted ZnO (Ref. 27). The
fit also produced a nearly temperature-independent R,, which
is consistent with the assumption that the corresponding region
is disordered.

It is apparent in Fig. 3 that the Hall resistance is not linear
with the applied magnetic field at 100 K. This may suggest the
appearance of an AHE, which we discuss later. In this case the
Hall resistance, R,,, can be written as

RyB
R,y =

+ ny—NL ’ (5)

where Ry is the Hall coefficient, ¢ is the thickness, and
R,y-n1 is the nonlinear contribution to the Hall resistance. For
homogeneous and simple metals or semiconductors, Ry =
—1/(ne), where n is the carrier concentration. We plot the
resultant n in the inset to Fig. 3, where we have used the high
field gradient of Ry, to estimate Ry and ¢ is the implantation
depth of 40 nm. The room temperature n values are comparable
to those reported in other studies.?’->> However, we find that
the temperature dependence of n appears to be similar to the
resistivity plotted in Fig. 2, where n initially decreases with
decreasing temperature and then increases below ~200 K. The
temperature dependence of n may be because in the model used
to obtain Eq. (4) the current transport is predominately through
the R, region at low and high temperatures. This can result
in similar carrier concentrations at low and high temperatures.
In the intermediate temperature region there is also significant
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FIG. 3. (Color online) Hall resistance for Zng¢5Gdg¢sO with a
current of 0.1 mA. Inset: the carrier concentration estimated from the
Hall data.

transport in the R, and R, regions. This can lead to a change in
n calculated from Ry in the intermediate temperature region.

If R.y.nr arises from an AHE, then it can be written as
Ryy.ni = RyM/t, where R, the AHE coefficient and M is
the magnetization. We show in Fig. 4(a) that R,y is still
increasing even at 7 T. This is not expected because the
magnetization from the ferromagnetically ordered moments
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FIG. 4. (Color online) (a) The nonlinear contribution to the Hall
resistance, Ryy.yy, for Zng9sGdg 5O at different temperatures. Inset:
Plot of —R,,_y; at 7 T against temperature. (b) —R,,.y, normalized
to the same value at 7 T.
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saturates at ~0.4 T (Ref. 18). The magnetic field dependence of
R,y is similar to that reported from the study of hydrogen-
implanted ZnO at 40 K and below although the sign of R,,.n.
is different.”” However, this study also reported a Ryy.yz
that systematically decreased with increasing temperature and
a different magnetic field dependence of R, y; at higher
temperatures where only R,,.n; at and above 225 K followed
the magnetic field dependence expected from an AHE. In our
case, low energy Gd implantation results in a large negative
R,y at 100 K, which is seen more clearly in the inset to
Fig. 4(a) where —R,,_n is plotted at 7 T and as a function
of temperature. Furthermore, the dependence of Ry, y; on B
has nearly the same functional form from 50 K to 250 K, as
can be seen in the normalized —R,,.y; plotted in Fig. 4(b).
R,y-nr at 300 K is too small and noisy to be included in the
figure. However, it does not follow the magnetization. The 10
K data are also small and noisy and shows a small and positive
ny-N L-

It is possible that Ry,.n; does not follow the
expected dependence on the magnetization because of
the inhomogeneous transport. We note that a nonlinear R,,
was also observed from recent modeling of magnetotransport
in inhomogeneous conductors using an array of coupled
four-terminal elements.?® Thus, different electronic transport
mechanisms in the metallic superparamagnetic nanoclusters,
the semiconducting region, and the disordered region could
lead to a nonlinear R,, that does not follow the magnetization.
The large apparent R,,.y; at 100 K may simply be because
the electronic transport in this temperature region has a
significant contribution from R, and R,.

The inhomogeneous transport explanation could also
explain the apparent anomalous Hall voltage found in fer-
romagnetic Ni and Co ferrite nanoparticles in ZnO in-
duced by ion implantation and vacuum annealing where
the apparent anomalous Hall voltage does not saturate
at 6 T while the magnetization saturates below ~0.5 T
(Ref. 34). It could also explain the apparent anomalous
Hall resistivity found in Zng¢gsCug ;50 films that do not
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show evidence for magnetic order.’> It is possible that the
apparent anomalous Hall resistance that does not follow the
magnetization at and below 200 K in low energy hydrogen-
implanted ZnO (Ref. 27) may also be due to inhomogeneous
transport. At higher temperatures (above ~200 K), the semi-
conducting resistivity contribution to the resistivity does not
appear to be large; the resistivity is below 100 ©€2 cm, and
Ryy-nr 18 ~3 m& (cf. ~—14 m< at 300 K in our sample). This
may be why an AHE that follows the magnetization is observed
at high temperatures in low energy hydrogen-implanted ZnO.

In conclusion, we have shown that the magnetic data
from a ferromagnetically ordered low energy Gd-implanted
hydrothermally grown ZnO crystal can be modeled by nonin-
teracting Gd** moments, a ferromagnetic contribution, a para-
magnetic contribution from intrinsic defects throughout the
ZnO crystal, and a diamagnetic contribution. This shows that
the implanted Gd ions are not ferromagnetically ordered, and
it is consistent with our previous study'® where we found that
the saturation magnetic moment was not correlated with the
Gd concentration. The absence of ordered Gd moments means
that the ferromagnetic order is intrinsic and likely to arise
from superparamagnetic defect clusters near the surface of the
crystal. The resistivity data shows a metal-semiconductor-like
transition at ~200 K and can be modeled using the Khalid and
Esquinazi model?’ where there is inhomogeneous transport
near the surface and in the Gd-implanted region. We find
that the Hall resistance is nonlinear, and there is an apparent
anomalous Hall resistance that does not saturate even at 7 T
and is large at 100 K. This is likely to be a consequence of
inhomogeneous transport near the surface of the crystal that
leads to a nonlinear Hall resistance rather than being due to a
real AHE.
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