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Abstract In this work we present the study of the

structural, magnetic, and hyperfine properties of Gd-

doped SnO2 nanoparticles synthesized by a polymer

precursor method. The X-ray diffraction data analysis

shows the formation of the rutile-type structure in all

samples with Gd content from 1.0 to 10.0 mol%. The

mean crystallite size is *11 nm for the 1.0 mol% Gd-

doped samples and it shows a decreasing tendency as

the Gd content is increased. The analysis of magnetic

measurements indicates the coexistence of ferromag-

netic and paramagnetic phases for the 1.0 mol% Gd-

doped sample; however, above that content, only a

paramagnetic phase is observed. The ferromagnetic

phase observed in the 1.0 mol% Gd-doped sample has

been assigned to the presence of bound magnetic

polarons which overlap to create a spin-split impurity

band. Room-temperature 119Sn Mössbauer measure-

ments reveal the occurrence of strong electric quad-

rupole interactions. It has been determined that the

absence of magnetic interactions even for 1.0 mol%

Gd-doped sample has been related to the weak

magnetic field associated to the exchange interaction

between magnetic ions and the donor impurity band.

The broad distribution of electric quadrupole interac-

tions are attributed to the several non-equivalent

surroundings of Sn4? ions provoked by the entrance

of Gd3? ions and to the likely presence of Sn2? ions.

The isomer shift seems to be nearly independent of the

Gd content for samples with Gd content below

7.5 mol%.
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Introduction

Oxide semiconductors are interesting matrices for

producing the so-called oxide-diluted magnetic semi-

conductor (ODMS) systems. These materials have

drawn considerable attention due to their potential in
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spintronic applications (Ohno 1998; Dietl et al. 2000).

Therefore, a great deal of investigations has been

devoted in recent years to obtain ODMS ferromag-

netic compounds with a high Curie temperature (TC).

A room-temperature ferromagnetism (RTFM) has

been reported for transition-metal (TM)-doped SnO2

thin films and powders (Coey et al. 2004; Punnoose

and Hays 2005; Fitzgerald et al. 2006). RTFM has

been reported for Co-doped SnO2 powders with Co

concentrations below 1 mol%, but only a paramag-

netic (PM) behavior has been observed for higher Co

contents according to the authors (Punnoose et al.

2004; Hays et al. 2005).

On the other hand, it has been reported that the rare-

earth (RE) dopant type strongly affect the magnetic

properties of ODMS materials. RTFM properties were

observed for the calcinated and sintered CeO2 samples

doped with Nd and Sm; whereas for the system with

Gd, Tb, Er, and Dy dopants only a paramagnetic

behavior was observed. Moreover, the synthesis

method or technique seems to play a major role in

the magnetism of these ODMS systems. ZnO:Er films

synthesized by magnetron sputtering technique are

reported to exhibit a coexistence of ferromagnetic and

paramagnetic phases at room temperature (Qi et al.

2010). According to the authors, the strongest ferro-

magnetic signal has been observed for the 4.0 % Er-

doped sample and that ferromagnetic contribution

decreases with the increase of the Er content. In

addition, other reports indicate that undoped and Gd-

doped ZnO nanorods show RTFM properties (Panigr-

ahy et al. 2011; Limaye et al. 2011). In other report,

SnO2:Gd nanomaterials synthesized by a co-precipi-

tation method shows the absence of RTFM (Adhikari

et al. 2010). Similarly, SnO2:Er nanoparticles pre-

pared by sol–gel method show only the occurrence of a

paramagnetism with the presence of a weak Er–Er

antiferromagnetic (AF) interactions, which become

stronger as the Er concentration increases (Sambasi-

vam et al. 2011). Recently, a strong paramagnetic-like

behavior coexisting with a ferromagnetic order at

room temperature has been determined for samples

with Er content up to 5.0 %. Above this concentration,

only a paramagnetic behavior has been determined.

In the last years, various mechanisms have been

proposed to explain the observed RTFM properties.

An indirect exchange via shallow donor electrons that

form bound magnetic polarons (BMPs) (Coey et al.

2005; Jung et al. 2004; Qi et al. 2010; Aragón et al.

2013a), free carried-mediated coupling (Dietl et al.

2000) between magnetic cations, charge-transfer fer-

romagnetism (Coey et al. 2008), or a F-center

exchange mechanism (Coey et al. 2004; Dimri et al.

2012) have been proposed to explain the ferromagne-

tism in ODMS systems. Besides, extrinsic origins to

explain the RTFM such as impurity phases or metal

segregates have also been reported in the literature

(Punnoose et al. 2004; Duan et al. 2008; Sundaresan

et al. 2006).

Despite the intense research, there are still contro-

versies about the origin of the ferromagnetic proper-

ties observed in ODMS and its relation to the dopant

type (3d or 4f). To the best of our knowledge, there are

scarce reports about the magnetic properties of Gd

doping of SnO2 nanostructured system. In this work

we presented a systematic study of the structural,

magnetic, and hyperfine properties of Gd-doped SnO2

nanoparticles synthesized by a polymer precursor

method. Our results show that the Gd-doped SnO2

nanoparticles form in the rutile-type structure when

the Gd content is increased up to 10.0 %. It means that

by the synthesis method used in this work, it is possible

to overcome the solubility limit imposed by conven-

tional methods.

Experimental details

SnO2:Gd3? nanoparticles with 1.0, 2.5, 5.0, 7.5, and

10.0 mol% of Gd have been synthesized by using a

polymer precursor method reported as Pechini’s

method (Pechini 1967). The SnO2:Gd3? nanoparticles

were obtained by using SnCl2�H2O and Gd(NO3)3

5H2O as the precursors. The amount of Gd was

controlled by using the Gd/(Gd ? Sn) ratio and the

details of the synthesis are reported elsewhere (Aragón

et al. 2010a, b; Gouvêa et al. 1996). The crystalline

quality, structural parameters, and crystallite size were

determined by the X-ray powder diffraction (XRD)

technique using a commercial Rigaku diffractometer

with Cu Ka radiation. The particle size has also been

estimated from transmission electron microscopy

(TEM) images. In order to confirm the nominal dopant

concentration, an elemental analysis was done by

Energy-dispersive X-ray spectroscopy (EDS) option

of a scanning electron microscope (JEOL, model JSM

7001F). Magnetic measurements were carried out in

the temperature interval from 2 up to 300 K and
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applying magnetic fields up to 80 kOe using a

Vibrating Sample Magnetometer unit of a physical

property measurement system (PPMS, Quantum

Design). Mössbauer spectra were recorded by using

a conventional constant acceleration spectrometer

with a Ca119SnO3 as the radioactive source. A natural

Sn foil was used as the absorber for calibration. The

analyses of the spectra have been carried out using a

least-square fitting routine by using the Normos

software and assuming a Lorentzian shape peaks.

Results and discussion

Structural analysis

In order to determine experimentally the gadolinium

content in the SnO2:Gd3? nanoparticles EDS mea-

surements were carried out. Figure 1a shows the EDS

spectrum of the 10 mol% Gd-doped sample. Peaks

located at around 1.2, 6.1, and 6.7 keV are assigned to

the characteristic X-ray emissions of Gd3? ions. In

order to quantify the Gd content, several measure-

ments have been done by considering different regions

of the samples. Within the experimental uncertainties,

the results shown in Table 1 confirm the nominal

values of Gd content in the samples.

Figure 1b shows the XRD patterns of the SnO2:-

Gd3?nanoparticles at room temperature. The XRD

data analyses indicate the formation of the rutile-type

phase (space group, P42/mnm) for all samples, and no

evidence of additional crystalline or amorphous

phases are found. The formation of only rutile-type

phase has been corroborated by room-temperature

Raman spectroscopy measurements (not shown here).

The full width at half maximum (FWHM) of the

diffraction peaks increases as the dopant concentration

is increased (Fig. 1b). This effect can be attributed to

the particle size reduction and/or to changes in the

lattice strain extent (Karen and Woodward 1998). The

X-ray diffraction patterns were further analyzed by the

Rietveld refinement method by using the program

General Structure Analyses System, (Larson and Von

Dreele 1994). The parameters determined from the

analyses are shown in Table 1. The mean crystallite

size (\D[) was estimated assuming reflection peaks

with Lorenzian shape and using the Scherrer relation:

\D[ = Kk/Lcosh, where K = 0.9 for spherical

nanoparticles, k is the wavelength (1.5418 Å for Cu

Ka), L is the FWHM of the peaks, and h is the

diffraction angle. Since the Scherrer relation is valid

just for the widening induced by the particle size

reduction, no information of the lattice strain has been

obtained. As observed in Table 1, \D[ shows a

Fig. 1 a EDS spectrum

obtained for the 10.0 % Gd-

doped SnO2 nanoparticles.

b XRD patterns of the Gd-

doped SnO2 nanoparticles
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decreasing tendency with the Gd content. Similar

tendency has been reported for Fe-, Ni-, and Er-doped

SnO2 nanoparticles (Castro et al. 2005; Hidalgo et al.

2005; Aragón et al. 2013b). According to Castro et al.

(2005), an excess of dopant ions segregates onto the

surface of the particles and may lead to the reduction

of the surface energy and, consequently, to the

decrease of the final particle size. Although the

segregation of Gd dopant at the particle surface cannot

be excluded in the Gd-doped SnO2 nanoparticles, we

thought that the particle size reduction is induced just

by the doping and the dopant amount enhances the size

reduction. Currently, more studies are underway to

clarify this issue and results will be published

elsewhere.

Figure 2a shows one of the TEM image used to

prepare the histogram distribution of the particle size

for the 5.0 mol% Gd-doped sample. As observed in

the inset, the histogram distribution is well modeled by

a lognormal distribution. A mean particle size can be

estimated by using the relation:\D[ = D0exp(r2/2),

where D0 is the median value and r is the polydisper-

sion parameter. A value of \D[ = 6.9 ± 0.9 nm is

obtained, which is in good agreement with the mean

Table 1 Parameters

obtained from the Rietveld

refinement of XRD data of

SnO2:Gd3? nanoparticles

u is the internal parameter

of the rutile structure
a Data taken from Aragón

(2013c)

Gd (x %)

(nominal)

Gd (x %)

(EDS)

hDiXRD

(nm)

hDiTEM

(nm)

a (Å) c (Å) c/a u V (Å3)

0.0a – 14 ± 1 13.0 4.7359 3.1853 0.6726 0.299 71.44

1.0 1.1 ± 0.1 12 ± 1 11.5 ± 0.9 4.7386 3.1871 0.6726 0.312 71.56

2.5 2.8 ± 0.3 10 ± 1 – 4.7390 3.1914 0.6734 0.302 71.67

5.0 4.8 ± 0.3 8 ± 1 6.9 ± 0.9 4.7426 3.1953 0.6737 0.306 71.87

7.5 7.1 ± 0.2 5 ± 1 – 4.7429 3.1972 0.6741 0.311 71.92

10.0 10.4 ± 0.5 6 ± 1 5.1 ± 1.0 4.7403 3.2012 0.6753 0.324 71.93

(c) (d)

(a) (b)

101

4 5 6 7 8 9 10 11 12

5.0 mol% Gd
D0= 6.6 nm

σ  = 0.16

Particle size (nm)
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y 
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Fig. 2 a A TEM image of

the SnO2:Gd3?

nanoparticles doped with

5.0 mol% Gd. b The

histogram distribution of the

particles size, where the

solid line represents the

lognormal function. c High-

resolution TEM images of

the 5.0 and 10.0 mol% Gd-

doped SnO2 nanoparticles,

respectively
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crystalline size value determined from the XRD data

analysis. Moreover, high-resolution TEM images

shown in Fig. 2c, d for the 5.0 and 10.0 mol% Gd-

doped samples confirm the formation of the rutile-type

structure in our samples, and the particle sizes

determined from the TEM images are in good

agreement with those obtained from XRD experiments

(see Table 1).

On the other hand, the c/a ratio shows a linear

increase with the Gd content and suggests an asym-

metric expansion of the unit cell with the increasing of

Gd content. Moreover, the unit cell volume (V) shows

a monotonous augmentation with the Gd content,

although a reduction in the rate dV/dx (where x is the

Gd content) is observed above 7.5 mol%. This

behavior is opposite to that observed for Cr-doped

SnO2 nanoparticles (Aragón 2013) and suggests that

the Gd3? ions occupy mainly substitutional sites (Sn

sites) in the SnO2 matrix. Moreover, the large

difference between 0.71 and 0.94 Å ionic radii of

Sn4? and Gd3?, respectively, can explain the observed

result. This is also in agreement with the theoretical

study of defect and dopant states in SnO2 matrix

reported by Freeman and Catlow (1990). Those

authors predicted, via energy formation calculations,

the occurrence of substitutional dopant, and oxygen

vacancy compensation in the SnO2:Gd3? system. An

increasing tendency of unit cell volume as a function

of Er content has been observed in SnO2:Er3?

nanoparticles (Aragón et al. 2013b). The increasing

tendency has been attributed to the substitution of

Sn4? by Er3? in the SnO2:Er3? material. Although, the

occupation of interstitial sites by the dopant ions is not

excluded, the substitution of Sn by Gd ions seems to be

the main regime in the lower Gd content region. The

deviation from the linear behavior of V observed

above 7.5 mol% could suggest that the Gd ions prefer

to occupy interstitial sites for higher Gd-containing

samples.

Magnetic properties

DC susceptibility (vDC) as a function of the temper-

ature (T) was obtained in a field of H = 5 kOe for all

samples (see Fig. 3). A typical paramagnetic behavior

can be seen for all SnO2:Gd3? samples. The thermal

dependence of the susceptibility could be well simu-

lated by the Curie–Weiss law given by: vDC = v0 ?

C/(T - h), where v0 represents any temperature-

independent contribution, h is the Curie–Weiss tem-

perature, C is the Curie constant which is given by

C ¼ Nleff
2=3kB, N is the number of Gd3? ions, leff is

their effective magnetic moment which is given by:

leff = 2lB[J(J ? 1)]1/2, where J is the total angular

momentum quantum number of gadolinium ions, and

lB is the Bohr magneton.

Parameters obtained from these analyses are shown

in Table 2. The Curie–Weiss temperature (h) is rather

small for all samples. The negative and small value of

h suggests that the Gd ions weakly interact antiferro-

magnetically. Moreover, the positive values of v0

could be related to any other contribution which shows

a temperature-independent behavior.

As can be observed in Table 2, the Curie constant

shows an increase with the Gd concentration. These

C values are used to estimate the effective magnetic

moment per Gd3? ion leff). By using the experimental

leff values and the theoretical one expected for free

Gd3? ion (7.94 lB), we are able to estimate the

paramagnetic fraction of Gd ions (xP). These values

are also listed in Table 2 and they are slightly lower

than the nominal content of Gd. The leff does not show

any decreasing tendency with the Gd content, which is

in agreement with the weak antiferromagnetic inter-

actions; otherwise, smaller effective moments would

be expected for stronger antiferromagnetic interac-

tions. Figure 3 shows the magnetization (M) as a

function of the magnetic field (H) obtained at 300 K
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Fig. 3 Temperature (T) dependence of the DC susceptibility

(vDC) of the SnO2:Gd3? nanoparticles. The symbols are the

experimental data and the solid lines represent the fits to the

Curie–Weiss law. In the inset is shown the linear dependence of

the (v - v0)-1 on the temperature
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for all SnO2:Gd3? nanoparticles. A linear trend is

determined in the high magnetic field region for all

samples which has been assigned to the paramagnetic

behavior. However, in the low-field region, a ferro-

magnetic contribution is determined. After subtracting

the paramagnetic contribution, a saturation magneti-

zation (MS) of *2 9 10-3 emu/g and a coercive field

(HC) of *340 Oe have been determined for the

1.0 mol% Gd-doped sample. The ferromagnetic con-

tribution becomes negligible as the Gd content is

increased as can be observed in the inset of Fig. 4. A

similar behavior has been determined for Er-doped

SnO2 nanoparticles in a previous work (Aragón et al.

2013a). The FM order was interpreted within the

model proposed by Coey et al. (2005), in which model

the ferromagnetism is mediated by shallow donor

electrons that form bound magnetic polarons.

Although the charge-transfer ferromagnetism model

proposed by Coey et al. (2008) could also explain the

origin for the ferromagnetism observed for the

1.0 mol% Gd-doped sample, the effective magnetic

moment values strongly suggest the presence of Gd

ions in the valence state 3? which is in agreement with

the very stable half configuration of Gd ions (4f7).

Moreover, preliminary analysis of X-ray photoelectron

spectroscopy (XPS) measurements (not shown here)

corroborates the presence of only Gd3? ions. On the

other hand, other sources that explain the ferromagnetic

contribution are associated with tin vacancies. It has

been predicted via density functional theory calcula-

tions a ferromagnetic order in the undoped SnO2

system containing tin vacancies (Rahman et al. 2008);

nevertheless, the energy needed to generate this kind of

defect is larger than that one to generate oxygen

vacancies or interstitial tins (Kiliç and Zunger 2002)

and we can exclude this possibility, at least for the low-

doping region (Espinosa et al. 2011).

Figure 5 shows M versus H curves obtained at 5 K.

As observed, only a paramagnetic behavior is deter-

mined for all samples in accordance with the Curie–

Weiss behavior determined from vDC versus T curves.

It means that the ferromagnetic contribution expected

for the 1 mol% doped Gd sample is overwhelmed by

the strong paramagnetic signal at low temperatures.

M versus H curves are modeled using the Brillouin

function given by: M = MSB(y) (Heiman et al. 1984),

where MS is the saturation magnetization, and y is

given by lBJgH/kB(T - To), where To is the phenom-

enological parameter that represents any magnetic

interaction, and g is the Landé factor. Taking g = 2

and J = 7/2 for Gd3? ions, good fits are obtained. As

can be seen in Table 3, the magnetic saturation (MS)

exhibits an increasing tendency with the Gd content in

the SnO2 matrix. The interaction temperature (T0)

shows almost constant and negatives values suggest-

ing that antiferromagnetic interactions occur in agree-

ment with results obtained from the temperature

Table 2 Parameters obtained from the fits of the susceptibility (vDC) versus temperature (T) curves using the modified Curie–Weiss

law

Gd content (%) v0 (910-5 emu/gOe) C (910-5 emu K/gOe) h (K) leff (lB) xp (%)

1.0 4.4 ± 0.1 47 ± 1 -0.2 ± 0.1 7.57 ± 0.10 0.90

2.5 1.3 ± 0.1 128 ± 1 -0.2 ± 0.1 7.88 ± 0.08 2.46

5.0 4.2 ± 0.2 229 ± 1 -0.3 ± 0.1 7.48 ± 0.04 4.43

7.5 0.5 ± 0.4 362 ± 1 -0.5 ± 0.1 7.70 ± 0.02 7.05

10.0 2.9 ± 0.4 461 ± 1 -0.5 ± 0.1 7.55 ± 0.02 9.04

The error bars are obtained from the fit
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Fig. 4 Magnetization (M) versus applied magnetic field

(H) curves obtained at 300 K for the SnO2:Gd3? nanoparticles.

In the inset, we plotted the M versus H curves after subtracting

the paramagnetic contribution
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dependence of the DC susceptibility. Using the

saturation magnetization values, the Gd3? paramag-

netic fraction (xS) are estimated and values are listed in

Table 3. Those values are in good agreement with

those estimated from the thermal dependence of the

DC susceptibility.

Hyperfine properties

In Fig. 6 are presented some room-temperature

Mössbauer spectra of SnO2:Gd3? nanoparticles. A

preliminary analysis indicates that the Mössbauer

spectra are well resolved by fitting the experimental

data with a doublet which represents an electric

quadrupole splitting (QS). The linewidth (C) of the

peaks for all samples is found to be larger

(C *1.3 mm/s for the 1.0 mol% Gd-doped samples),

which is much larger than that expected for bulk SnO2

and suggests the presence of a large number of

doublets. In order to simulate the large number of

doublets, the spectra were fitted by considering a

distribution of QS’s.

The obtained histograms of the distributions of QS

are shown in Fig. 6. All spectra show an asymmetric

maximum in the low-QS region. The presence of a

distribution of QS’s could be associated to the several

non-equivalent surroundings of Sn4? ions produced by

the entrance of Gd3? in the lattice. Moreover,

preliminary analysis of XPS measurements suggests

the presence of Sn–O bonds consistent with Sn2? ions.

This low valence state of Sn ions can provide a

coordination that locally resembles the SnO phase

(Kiliç and Zunger 2002; Togo et al. 2006). The

presence of Sn2? ions can provide a larger QS values

which broaden the distribution of QS’s, in special for

the undoped SnO2 nanoparticles. As observed in

Fig. 6, the Gd doping largely reduces the distribution

broadening. It suggests a drastic reduction in the

population of Sn2? ions likely due to the arising of

complexes involving dopant ions and structural
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Fig. 5 Magnetization (M) versus applied magnetic field

(H) obtained at 5 K for the SnO2:Gd3? nanoparticles

Table 3 Magnetic parameters obtained from the fit of M ver-

sus H curves measured at 5 K

Gd content (%) MS (emu/g) T0 (K) xS (%)

1.0 2.3 ± 0.1 -4.9 ± 0.1 0.88

2.5 6.2 ± 0.1 -5.2 ± 0.1 2.41

5.0 11.3 ± 0.1 -5.4 ± 0.1 4.40

7.5 17.5 ± 0.1 -5.6 ± 0.1 6.89

10.0 22.9 ± 0.1 -5.8 ± 0.1 9.06

MS is the saturation magnetization, T0 is the interaction

temperature, and xS is the Gd paramagnetic fraction
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on

 (a
. u

.) 7.5 mol%

10.0 mol%
5%

-8 -6 -4 -2 0 2 4 6 8

0.0 mol%

Velocity (mm/s)

0 1 2 3 4 5 6 7

0 1 2 3 4 5 6 7

0 1 2 3 4 5 6 7

 P
 (Q

S
)

 P
 (Q

S
)

 QS (mm/s)

 P
 (Q

S
)

 QS (mm/s)

 P
 (Q

S
)

 QS (mm/s)

0 1 2 3 4 5 6 7
QS (mm/s)

Fig. 6 Mössbauer spectra SnO2:Gd3? recorded at room tem-

perature. The symbols are the experimental data and the lines

represent the fits. The histogram distributions of the quadrupole

splitting are shown at the right panels
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defects such as oxygen vacancies and/or interstitial

cations. On the other hand, the isomer shift (IS)

dependence on the Gd content is shown in Fig. 7. Due

to the large error bars determined for the IS values, the

IS seems nearly independent of the Gd content for

samples with Gd content below 7.5 mol%. It means

that the Gd doping does not provoke strong changes in

the s-type electronic charge density visiting the Sn

nuclei.

Conclusions

SnO2:Gd3? nanoparticles with rutile-type structure with

Gd content from 1.0 to 10.0 mol% have been success-

fully synthesized by a polymer precursor method. The

increase of the unit cell volume (V) suggests a substi-

tutional solution of Gd ions in the SnO2 matrix, although

the presence of Gd ions in interstitial sites or the

occurrence of segregation of Gd ions at particle surface

must not be discarded. Magnetic measurements are

consistent with the coexistence of paramagnetic and

ferromagnetic phases for the low Gd content samples (up

to 1.0 mol%) and this ferromagnetic phase can be

attributed to the exchange interaction between Gd3? ions

mediated by the shallow donor electrons which form

bound magnetic polarons. It is likely that above

1.0 mol% Gd content, the donor concentration is below

the polaron percolation threshold and only a paramag-

netic phase is observed. Room-temperature Mössbauer

spectroscopy measurements reveal the occurrence of

strong electric quadrupole interactions and no evidence

of magnetic splitting are determined even for the

1.0 mol% Gd-doped sample. It seems that by controlling

the donor concentration in this rare-earth doped SnO2

compound one can enhance or favor the appearance of a

ferromagnetic order of the magnetic moments.
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