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of combining in a single material the logic 
functionalities of semiconductors with the 
information storage capabilities of mag-
netic elements. 

 Still, even after more than ten years of 
intense research, the origin of ferromag-
netism in these systems remains a contro-
versial issue from both theoretical [  7  ]  and 
experimental points of view. [  1,5,8,9  ]  Most 
reported evidences of room-temperature 
ferromagnetism are based on macro-
scopic magnetometry results. Unfor-
tunately, in many cases, no exhaustive 
characterization of the materials has been 
made at the microscopic level so that the 
ferromagnetism might be likely due to 
extrinsic effects as magnetic contamina-

tion or magnetic secondary-phase formation. [  1,5,9,10  ]  It has been 
also pointed out that this new class of magnetism depends on 
the structural details of the sample, specially at the near-sur-
face regions (surface, grain boundaries, or interfaces). [  11–13  ]  
This points the need of using more sophisticated characteri-
zation tools able to provide atom-specifi c magnetic properties 
and a detailed view of the local structure of the systems under 
study. The accumulated experience so far dictates the need of 
using atom-specifi c structural and magnetic probes as X-ray 
magnetic circular dichroism (XMCD) and X-ray absorption 
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  1   .  Introduction 

 In the past thirteen years, a great deal of effort has been put 
into the investigation of the mechanisms behind the ferro-
magnetism in dilute magnetic semiconductors (DMSs), dilute 
magnetic oxides (DMOs) and even for materials containing no 
transition-metal impurities, for which a ferromagnetic response 
persisting up to above room temperature (RTFM) has been 
reported even when no ferromagnetism was expected at any 
temperature. [  1–6  ]  This interest was triggered by the possibility 
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room temperature ferromagnetism in macroscopic magneti-
zation measurements, [  20–24  ]  in agreement with the magnetic 
behavior of the Zn conduction band revealed by XMCD meas-
urements at the Zn K-edge. In contrast, no dichroic signal con-
sistent with ferromagnetism originating from the Zn 3d states 
was previously found. The XANES spectra recorded at both O 
and S edges reveal the formation of a neat interface. In addi-
tion, the O K-edge XMCD evidences the saturation of the ele-
ment specifi c magnetic hysteresis measurement (ESMH) mag-
netization curves while no detectable magnetic signal is found 
at both the S K-, and L-edges ones. All in all these results dem-
onstrate the intrinsic occurrence of RTFM in these systems and 
point out that it is not related to the metallic cation but it relays 
on the conduction band of the semiconductor.  

  2   .  Results and Discussion 

 The O K-edge XAS spectra recorded at room temperature on 
both AMINE and (ZnO 4 nm /ZnS 4 nm ) 10  samples is shown in 
 Figure    1  . In the case of the AMINE sample, the absorption 
spectrum is characterized by a broad, asymmetric spectral fea-
ture whose maximum lies at ≈ 536.8 eV. This spectral shape 
is similar to that of bulk ZnO reported in literature although, 
interestingly, the main absorption peak (peak D in Figure  1 ) 
is sharper than in the ZnO case. [  15,27  ]  The broad spectral fea-
tures between 530 and 537 eV are assigned to the transition of 
O(1s) electrons to the hybridized orbitals of O(2p) and Zn(4s, 
4p) states, while the sharp peak at around 537 eV is due to the 
transition of O(1s) electrons to more localized O 2p z  and 2p x+y  
states. [  28  ]  The O K-edge XAS does not show any feature related 
to the O(2p) and Zn(3d) hybridized orbitals as expected for 
the Zn d 10  confi guration in ZnO. These structures appear in 
3d-oxides as sharp peaks in the low energy region (labelled A 

spectroscopy (XAS) to elucidate the intrinsic nature of the 
RTFM behavior. [  11,14–16  ]  

 Application of these advanced tools to the study of Co:ZnO 
DMOs reveals that the RTFM found in bulk magnetization 
measurements was not due to Co, whose 3d states show para-
magnetic behavior according to XMCD. [  14  ]  Similar results were 
found in the case of Cu-doped ZnO thin fi lms, which display 
robust room-temperature ferromagnetic signatures using bulk 
magnetization probes. Keavney and coworkers probed the 
XMCD at the Cu(3d), O(2p), and Zn(3d) states. They found 
no dichroic signal consistent with ferromagnetism originating 
from any of these states: only a paramagnetic component 
was detected at the Cu(3d), and no magnetic signal in the O 
or Zn. [  17  ]  The experimental fi ndings demonstrate that the 3d 
electronic shells of the cations in these DMOs do not carry 
any measurable ferromagnetic moment. This and the observa-
tion of ferromagnetism in semiconductor and insulating oxide 
nanostructures without any doping despite the diamagnetic 
character of the material in bulk led to a renewed interest in 
the fi eld. [  6,18–20  ]  

 Recently, it has been reported that ZnO nanoparticles (NPs) 
capped with different molecules and showing RTFM behavior, 
exhibit zero XMCD at the Zn L 2,3 -edges, that is, no magnetic 
signal stems from the 3d states, whereas Zn K-edge XMCD 
demonstrated the polarization of the Zn conduction band. [  21  ]  
The combined analysis of the Zn K-edge XMCD and X-ray 
absorption near edge structure (XANES) spectra demonstrated 
the formation of an interface between the ZnO core of the 
nanoparticle and the organic molecule where this RTFM likely 
resides. [  22  ]  Zn K-edge XMCD measurements reveal the coex-
istence of two different magnetic contributions: a paramag-
netic response from the core of the NP, and a ferromagnetic-
like contribution stemming from this interface. [  23  ]  The extent 
and conformation of this interface depends on the capping 
molecule and, as demonstrated in ZnO/ZnS 
heterostructures, the FML behavior is rein-
forced when neat interfaces are formed. [  24  ]  
These experimental fi ndings are in agree-
ment with the conclusion derived from most 
theoretical works performed to date, sug-
gesting that magnetism does not result from 
Zn(3d) orbitals but from the O(2p) orbitals. 
Indeed, a robust oxygen ferromagnetic state 
has been predicted even in the absence of 
magnetic atoms, [  25,26  ]  which suggests that 
the oxygen ions might be responsible for the 
ferromagnetic moment observed in different 
ZnO-based compounds. Consequently, the 
question remaining is to obtain a clear exper-
imental evidence of this RTFM behavior at 
the anion sublattice. 

 Here we present the results of X-ray mag-
netic circular dichroism (XMCD) measure-
ments performed at the O K-edge and at the S 
K- and L-edges in ZnO nanoparticles capped 
with organic molecules (dodecylamine and 
dodecanethiol) and in a (ZnO 4 nm /ZnS 4 nm ) 10  
heterostructure grown onto Si(100). These 
systems have already been proved to show 

      Figure 1.  a) Comparison of the room temperature O K-edge XAS spectra of AMINE and 
(ZnO 4 nm /ZnS 4 nm ) 10 . The inset shows the changes of the XAS spectra of the heterostructure as 
a function of the beam exposure. 
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oxygen atom. As shown in Figure  2  this calculation repro-
duces the ZnO O K-edge spectrum. Then, we have proceeded 
in a second step to evaluate the effect of the proposed Zn–O 
bond lengthening occurring at the ZnS/ZnO interface to 
account for the O K-edge XANES measured for the (ZnO 4 nm /
ZnS 4 nm ) 10  at low temperature. The O–Zn bond length in 
w-ZnO is 1.98 Å, while the S–Zn one in wurtzite ZnS (w-ZnS) 
is 2.34 Å. Then, we have considered that upon formation of 
the aforesaid ZnS/ZnO interface both O and S atoms adapt 
their interatomic distance to Zn and, as a consequence, the O–
Zn bond should be enlarged at this interface. Accordingly, we 
have performed computations for a ZnO cluster in which the 
Zn–O bond has been increased to resemble the S–Zn one in 
ZnS (denoted hereafter as ZnO–S d ZnS ). In addition we have 
also considered the substitution of oxygen atoms in the second 
coordination shell by sulphur ones in two different arrange-
ments, that is, by maintaining fi xed the interatomic distances 
as for bulk w-ZnO and also by increasing the O–Zn–S intera-
tomic distances as in the case of w-ZnS. The results show that 
in the later case the peak C, observed for (ZnO 4 nm /ZnS 4 nm ) 10  

in the fi gure) at  ∼  530 eV, as illustrated in the case of Co-doped 
ZnO materials. [  29  ]   

 The room temperature XAS spectrum of (ZnO 4 nm /
ZnS 4 nm ) 10  is similar to that of AMINE, although several dif-
ferences are found. First, there is an overall reduction of the 
intensity in the region extending from 530 to 540 eV. In addi-
tion, a new peak is observed at ≈532.2 eV (B). This peak is only 
detected in the fi rst scans being disappeared after two hours of 
exposition to the incoming beam, so that its origin remains con-
troversial. Similar feature has been reported in Cu-doped ZnO 
thin fi lms, being assigned to the hybridization of O(2p) orbitals 
with Cu(3d) states, [  27  ]  while no peak was observed by Keavney et 
al. in similar systems. [  17  ]  It has been also found in several Co-
doped ZnO fi lms and accounted for in terms of oxygen defect 
states [  30  ]  or 3d-O(2p) hybridization. [  15,31  ]  However the fact that 
in some cases this peak is also present in bulk ZnO, [  15  ]  and its 
dependence with the detection method, that is, this peak is only 
observed for TEY (total electron yield) detection mode and not 
for TFY (total fl uorescence yield), or beam exposure time, casts 
doubts over these assignments suggesting, on the contrary, that 
it is due to surface effects. 

 The most intriguing modifi cation of the XAS spectra occurs, 
however, when the (ZnO 4 nm /ZnS 4 nm ) 10  heterostructure is 
measured at low temperature ( T  = 10 K). As shown in  Figure    2   
the spectral profi le has completely changed with respect to that 
recorded at room temperature. The characteristic sharp peak of 
ZnO has been nearly suppressed and, in addition, a new promi-
nent peak (C) arises at ≈533.3 eV. Contrary to the modifi cation 
of peak B, observed at room temperature, no change of this 
spectral profi le takes place upon long beam exposure time. The 
energy position of this additional C peak cannot be addressed 
to contamination by sulfates [  32,33  ]  either to the formation of 
ice. [  34,35  ]  Similarly, we ruled out the possibility of the new peaks 
being caused by preferential orientation effects. [  36,37  ]  On the 
contrary it renders intrinsic to the sample and most likely due 
to the variation of the electron escape depth in the TEY detec-
tion mode. [  38  ]  Indeed, the region of the sample probed with 
this detection method is limited to a depth of a few nm from 
the surface (≈4 nm) due to inelastic scattering of the secondary 
electrons. [  39  ]  This escape depth is similar to the nominal thick-
ness of the outermost ZnO layer in the heterostructure and, 
consequently, a small variation can imply that also the ZnO/
ZnS interface is being probed. The existence of such a ZnO/
ZnS has been previously evidenced by studying the Zn K-edge 
XANES spectra in these and related systems. [  22–24  ]  At this inter-
face, the Zn–O and Zn–S bonding lengths depart from those 
of the ZnO and ZnS bulk materials. Consequently, if the TEY 
probes oxygen atoms from both the 4 nm (bulk-like) ZnO layer 
and from the ZnO/ZnS interface two different O–Zn distances 
should involved leading to the modifi cation of the O K-edge 
spectral shape.  

 Aiming to verify this assignment we have performed a 
detailed ab-initio calculation of the O K-edge XANES spectra 
by using the multiple-scattering program CONTINUUM, [  40  ]  
included in the MXAN program package. [  41  ]  A complete dis-
cussion of the procedure can be found elsewhere. [  22,42  ]  The 
computation has been performed for a wurtzite-like ZnO 
(w-ZnO) cluster including the contributions from neighboring 
atoms located within the fi rst 8 Å around the photoabsorbing 

      Figure 2.  Top: Comparison of the experimental spectra of AMINE and 
(ZnO 4 nm /ZnS 4 nm ) 10  samples recorded at  T  = 10 K and the computa-
tion performed by using a 1% overlapping factor among the muffi n-tin 
spheres and the Dirac-Hara exchange and correlation potential (dashes). 
The dotted line corresponds to the computation performed by substi-
tuting the oxygen atoms of the second coordination shell by sulphur ones 
and increasing the interatomic O–Zn–S distance as for the ZnS case (see 
text for details). Bottom: Same comparison as above but weighting both 
theoretical signals. 
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of this investigation concern the XMCD 
measurements. Clear XMCD signals are 
found at the O K-edge in the case both 
AMINE and the (ZnO 4nm /ZnS 4nm ) 10  hetero-
structure (see  Figure    3  ). The spectral shape 
showing two positive peaks at ≈ 533.4 and 
537 eV and negative one at ≈ 535.8 eV is 
similar in both cases. The existence of 
XMCD at the O K-edge demonstrates the 
magnetic polarization of the O(2p) orbitals 
in these ZnO-based systems in the absence 
of any magnetic (3d) atom. Indeed, the 
observed O K-edge XMCD clearly dif-
fers from that reported by Thakur et al. in 
MoO 2  thin fi lms. [  43  ]  In this case the main 
XMCD features appears at lower energies, 
between 530 and 533 eV, as corresponding 
to the hybridization of the O(2p) and the 
partially fi lled 4d orbitals of Mo. The exist-
ence of this p-d hybridization in MoO 2  
is clearly refl ected in the XAS spectral 
shape contrary to our case where, as dis-
cussed above, no signature of O(2p)-Zn(3d) 
hybridization is found in the O K-edge XAS 

spectra (see Figure  1 ). Hence these results give full support 
to the theoretical predictions of Sanchez et al. on the occur-
rence of oxygen ferromagnetism in the absence of magnetic 
atoms. [  25  ]  For the sake of completeness we have also recorded 
the XMCD at the S K-edge in THIOL sample. As shown in 
 Figure    4   no XMCD signal could be observed in the measured 
energy region, down to the noise level. Same results have 
been found at the S L-edges (see  Figure S2  in the Supporting 
Information).   

 The existence of XMCD at the O K-edge as well as its 
absence at the S K-edge indicates the magnetic polarization of 
the O(2p) states, while those of sulphur remain unpolarized. 

at low temperatures, is reproduced. This validates our inter-
pretation of the origin of this peak in terms of the contribution 
from the ZnO/ZnS interface. Indeed, the weighted addition of 
the computations performed for the starting ZnO cluster plus 
the modifi ed one (recalling that XANES spectrum arises from 
the averaged contribution of all oxygen atoms of the sample, 
that is, at the w-ZnO like region and at the interface) in the 
form (1 –  x )ZnO +  x  (ZnO–S d ZnS ) shows a remarkably agree-
ment with the experimental spectrum, the best being obtained 
for  x  ≈ 50%. 

 The formation of such interface in the case of AMINE, 
involving N and O atoms, may be also inferred from the 
differences in the XAS profi le of both AMINE 
and bulk ZnO. However, the expected differ-
ences in the Zn-O and Zn-N bond lengths are 
signifi cantly smaller than in the case of the 
Zn–S one, which leads to subtle variations 
in the spectra. In particular, the main dif-
ference among the spectra of bulk-ZnO and 
AMINE resides in the intensity of the white 
line (peak D), which is appreciably sharper 
than in the former compound. Thus we have 
performed similar ab-initio calculation of the 
O K-edge XANES spectra as detailed above 
for the heterostructure. The results indicate 
that the presence of N atoms in the second 
coordination of the absorbing O atom, that is, 
the existence of O–Zn–N bonds in the inter-
face between the ZnO core and the capping 
molecule, enhances the intensity of the main 
absorption peak (D), in agreement with the 
experimental observation (see Figure S1 of 
the Supporting Information). 

 Beyond the above fi ndings, the most 
appealing results found in the course 

      Figure 4.  Sulphur K-edge XAS and XMCD spectra recorded at  T  = 10 K and with an applied 
magnetic fi eld of 5 T in the case of ZnO nanoparticles capped with dodecanethiol (THIOL-3). 
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      Figure 3.  Comparison of the O K-edge XAS and XMCD recorded on AMINE and the (ZnO 4 nm /
ZnS 4 nm ) 10  samples at  T  = 10 K and  H  = 10 T. The arrows in the XMCD spectrum of AMINE 
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(see text). 
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  3   .  Conclusion 

 In summary, the magnetic properties of ZnO nanoparticles 
capped with dodecylamine and dodecanethiol, and a (ZnO 4 nm /
ZnS 4 nm ) 10  heterostructure have been investigated by per-
forming XAS and XMCD measurements at the O K-edge and 
at the S K- and L-edges. While no appreciable XMCD were 
observed at the S absorption edges, the O K-edge XMCD 
shows strong structures and ESMH curves indicative of a 
ferromagnetic-like magnetic polarization of the O(2p) states. 
These results demonstrate the intrinsic occurrence of RTFM 
in these systems and point out that it is not related to the 
metallic cation (Zn) but it relays on the conduction band of 
the semiconductor. These results support both theoretical 
predictions on the occurrence of oxygen ferromagnetic state 
in the absence of magnetic atoms and the defect-mediated 
nature of the observed ferromagnetism in these semicon-
ducting oxides.  

  4   .  Experimental Section 
 For these measurements we have used ZnO nanoparticles capped with 
dodecylamine (hereafter, AMINE), dodecanethiol (hereafter, THIOL) as 
well as a (ZnO 4 nm /ZnS 4 nm ) 10  multilayer fi lm grown onto Si(100). Details 
of sample preparation and of the structural, optical, and magnetic 
characterization can be found elsewhere. [  20,21,23,24  ]  All the samples show 
ferromagnetic-like behavior up to room temperature (the magnetization 
curves show remanence, coercivity ( H  C  ≈200 Oe), and saturation) 
whose intrinsic origin has been demonstrated by XMCD experiments 
performed at the Zn K-edge. [  21,23,24  ]  

 Both XANES and XMCD spectra were recorded at the oxygen K-edge 
at the BL23SU beamline of the Japan Atomic Energy Agency (JAEA) 
in the SPring-8 facility. [  46  ]  Left- and right-handed circularly polarized 

radiation was obtained along the same optical axis 
by using twin helical undulators. Total electron 
yield (TEY) measurements were performed at 
room temperature and at  T  = 10 K, and the 
applied magnetic fi eld was varied between 0 and 
10 T. Helicity switching using the twin helical 
undulators has greatly improved the measurement 
accuracy of XMCD and ESMH. In this way, 
O K-edge ESMH measurements were performed 
by fi xing the energy of the incoming photons to 
those energies at which the main features of the 
XMCD spectra occur. In addition XAS and XMCD 
were recorded at the S L 2,3 -edges at the BL25SU of 
the SPring-8 facility. [  47,48  ]  Also in this case helicity 
switching using the twin helical undulators was 
used to record the XMCD spectra. Measurements 
were performed at room temperature in ultra high 
vacuum conditions down to 10 −8  Pa by the total 
electron yield (TEY) method. Each XMCD spectrum 
was taken by reversing the helicity of the incident 
x-rays while keeping the direction of the magnetic 
fi eld  H  = 1.9 T. Finally, Sulphur K-edge XAS and 
XMCD signals were recorded by using TEY at the 
4-ID-C beamline of the APS Facility. [  49  ]   

  Supporting Information 
 Supporting Information is available from the Wiley 
Online Library or from the author.  

These results are in agreement with previous observations 
on thiol-capped (butanethiol, octanethiol and dodecanethiol) 
ZnO NPs and ZnS/ZnO heterostructures indicating that fer-
romagnetism originates at the interface formed between the 
ZnS shell and the ZnO core, being ferromagnetism favored 
at those regions of the interface where the local order is 
closer to w-ZnO than to w-ZnS. [  23,24  ]  However, further proof 
studies are necessary to prove the ferromagnetic character of 
the magnetic polarization observed at the O K-edge. To this 
end we have performed element specifi c magnetic hysteresis 
(ESMH) measurements. In this experiment, the energy of 
the photon incoming beam is fi xed and the applied magnetic 
fi eld is varied, which allows monitoring the dependence of 
the XMCD intensity with the fi eld,  I  XMCD (H). In contrast to a 
standard M(H) hysteresis measurement in which the magnetic 
response is averaged to all the components in the material, the 
element-specifi city of XMCD makes possible to disentangle 
the magnetic contribution coming from the O(2p) states. [  44,45  ]  
Then, we have recorded ESMH curves in the case of AMINE 
fi xing the energy at the point in which the XMCD intensity is 
maximum: 535.8 eV. In addition, we have also recorded the 
ESMH curves at different points of the spectrum showing no 
XMCD: 525, 530, and 550 eV, to be used as a reference. The 
subtraction of the ESMH signals recorded at  E  = 535.8 eV and 
at any of these reference points cancels, if present, any spu-
rious signal. The results of these measurements are reported 
in  Figure    5  . For the sake of completeness we have also applied 
the same procedure to the ESMH curves measured at different 
energy reference points (also shown). This comparison yields 
a clear S-shape dependence of the ESMH curve, in agreement 
with the occurrence of ferromagnetism arising from the O(2p) 
states.   

      Figure 5.  Comparison of the signals obtained from the subtraction of the O K-edge ESMH 
curves recorded at  E  = 535.8 eV (highest XMCD intensity) and different reference (zero XMCD) 
points. The result of applying the same procedure to the curves measured at different energy 
reference points is also shown. (The signals have been vertically shifted for the sake of clarity, 
and multiplied by –1 to allow a direct visual comparison with a macroscopic M(H) cycle). 
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