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 Interface couplings in self-assembled nanostructures, espe-
cially in complex oxide composites, have been considered as 
a powerful tool to create and manipulate the lattice, charge, 
orbital, and spin degrees of freedoms. [  1  ,  2  ]  Among various 
nanocomposites, vertical heteroepitaxial nanostructures with a 
high interface-to-volume ratio have become some of the most 
attractive systems because of their superior physical properties 
and designed functionalities through interfacial coupling, for 
example, strong and controllable magnetoelectric coupling in 
combinations of ferroelectric perovskites–ferromagnetic spinels 
(i.e., BaTiO 3  –CoFe 2 O 4 , BiFeO 3  –CoFe 2 O 4 , etc . ), [  3–7  ]  an abnormal 
dielectric response in BiFeO 3  –Sm 2 O 3 , [  8  ]  enhanced ferro-
electricity in BaTiO 3  –Sm 2 O 3 , [  9  ]  and low magnetic-fi eld driven 
colossal magnetoresistance (CMR) in manganite-based nano-
composites. [  10–13  ]  Our previous work had also manifested that a 
photon-driven variation of magnetic pillars can be observed in 
nanostructures composed of photostrictive SrRuO 3  (SRO) and 
magnetostrictive CoFe 2 O 4  (CFO). [  14  ]  This is a very fascinating 
system since besides the presence of a photomagnetic effect, 
the transport behavior is another focal point we have tried to 
© 2013 WILEY-VCH Verlag G
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disclose. In this system, SRO is a well-known “bad metal” oxide 
material, of which the resistivity shows a kink at its Curie tem-
perature ( T  C,SRO ,  ≈ 150 K for thin fi lm and  ≈ 160 K for bulk). [  15  ]  
Unlike the perovskite manganites with CMR effect, [  16  ,  17  ]  SRO 
does not show an impressive magnetoresistance (MR), which 
always requires a large fi eld (above 3 Tesla (T)) and very low 
temperature (below 10 K) to achieve a value less than 10%. [  18–20  ]  
CFO is an insulator [  21  ]  and can present a large strain-induced 
magnetic anisotropy while it forms the nanopillars embedded 
in an SRO matrix. [  14  ]  Therefore, our motivation is to create a 
model system to see how the magnetic nanostructures directly 
affect the macroscopic transport behavior of the metallic matrix. 
The fi ndings here are very attractive since they demonstrate 
that an unanticipated large MR effect ( ≈ 40% at 0.5 T) at around 
the Curie temperature of SRO ( T  C,SRO ) can be achieved in this 
non-manganite-based system. This work delivers a solution to 
trigger new functionalities in the strongly correlated systems 
and therefore opens a new pathway to engineer and design the 
functionalities of heteroepitaxial oxide nanostructures. 

 The self-assembled vertical heteroepitaxial nanostructures 
were synthesized via a dual-target method in a pulsed laser 
deposition process. [  14  ]  A typical depiction of the self-assembled 
nanostructures is illustrated in  Figure    1  a. It shows a clear sig-
nature of phase separation, which presents only a CFO peak 
and SRO peaks in the vicinity of (001) oriented SrTiO 3  (STO) 
peaks (substrate) measured by an X-ray   θ   –2  θ   scan (Figure  1 b). 
According to X-ray diffraction (XRD) analysis, the  c -axis lat-
tice constants of the SRO and CFO are calculated as 3.934 and 
8.29 Å, respectively. Compared with the bulk value of pseudo-
cubic SRO ( a   =  3.927 Å) [  18  ]  and cubic CFO ( a   =  8.39 Å), [  21  ]  the 
SRO is almost relaxed and CFO has a large compressive strain 
along the out-of-plane direction. Our previous work has revealed 
that this large decrease of the CFO  c -axis lattice is caused by 
the interfacial lattice coupling with SRO, and thus leads to a 
large coercivity and strain-induced anisotropy fi eld due to the 
magnetostriction of CFO. [  14  ]  In order to acquire more structural 
information, we then investigated the sample by high-angle 
annular dark-fi eld scanning transmission electron microscopy 
(HAADF-STEM). It is noted that the nanopillars are embedded 
in the matrix with a distinguishable contrast from the low-mag-
nifi cation HAADF image. A typical HAADF image showing the 
nanopillars and nearby matrix is given in the upper panel of 
Figure  1 c. The CFO and SRO can be easily distinguished along 
the [110] zone axis. The enlarged atomic image captured from 
the yellow frame in the nanopillar area exhibits a spinel-based 
structure, consistent with the simulated atomic arrangement 
of CFO along the [110] direction, as shown in the lower-left 
mbH & Co. KGaA, Weinheim 4753wileyonlinelibrary.com
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     Figure  1 .     a) A typical depiction of the vertical heteroepitaxial nanocomposites, in which the CFO nanopillars are embedded in an SRO matrix. b) The 
high resolution   θ  –2  θ   XRD pattern of the CFO–SRO nanocomposites. c) The HADDF-STEM image shows an obvious phase-separation. The magnifi ed 
atomic images obtained from yellow and green squares in the respective regions of the nanopillar and matrix can be identifi ed as CFO and SRO, which 
present the same atomic arrangement as the simulated patterns.  
panel of Figure  1 c. However, the enlarged atomic image from 
the green frame in the matrix area shows different features, 
which matches with the [110] zone axis of perovskite SRO (the 
lower-right panel of Figure  1 c). Furthermore, the orientation 
relationships between the CFO nanopillars and SRO matrix 
are revealed as (001) CFO  � (001) SRO  and [110] CFO  � [110] SRO , con-
sistent with the XRD analyses. These results indicate that the 
self-assembled vertical heteroepitaxial nanostructures of CFO 
nanopillars and SRO matrix are well synthesized as expected 
and show good crystal quality.  

 To probe the transport behaviors of the SRO–CFO system, 
conductive atomic force microscopy (C-AFM) was fi rst per-
formed to investigate the local conduction on the sample. In 
 Figure    2  a, the C-AFM image presents a bright contrast in most 
areas, except for regions where the CFO pillars are located, 
when a small direct current (DC) voltage (1.2 V) is applied. It 
clearly illustrates that the SRO matrix is more conducting than 
the CFO nanopillars. The temperature-dependent resistivity 
  ρ   ( T ) was then measured to characterize the macroscopic trans-
port behavior in this kind of nanostructured fi lm (Figure  2 b). 
The sample B and C were fabricated with the same deposition 
parameters of sample A to check the reproducibility, and all 
samples were cooled in a closed cycle refrigeration Quantum 
Design physical property measurement system (PPMS) from 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
room temperature to 20 K. We found that all the CFO–SRO 
nanostructured thin fi lms give a semiconducting characteristic, 
which is very different from the metallic behavior of pure SRO 
thin fi lms. We then transformed these resistivity curves into 
conductivity curves and analyzed them in more detail. First, the 
Arrhenius plots in Figure  2 c show that the curve of ln(  ρ  ) against 
the inverse of temperature ( T   − 1 ) can be fi tted well by a linear 
function at the high temperature region ( ≈ 90–300 K) using 
the equation: ln(  ρ  )  =  ln(  ρ   a )  +  [– E  A /(k B  T )], where  k  B   =  Boltz-
mann constant. The thermal activation energy ( E  A ) extracted 
from the slope ( s ) of each curve ( s  =  E  A  /k  B ) is around 22 to 
27 meV, which is very close to some doping semiconductor 
systems. [  22  ,  23  ]  When the temperature goes below 90 K, the vari-
ation of conductivity is not suitable for the thermal activation 
model anymore. It then coincides with the Mott variable range 
hopping (Mott VRH) mechanism at the temperature region of 
around 30 to 95 K, which tallies with an approximate equation: 
ln(  ρ  )  ≈  –( T  0 / T )  1/4   as shown in Figure  2 d. It suggests that the 
carriers could not move freely and the conduction is dependent 
on the hopping between localized states near the Fermi level 
( E  F ). These localized carriers, which are possibly a result of the 
chemical interaction with the CFO pillars, could result in the 
depressed itinerant Ru 4d electrons since a similar behavior 
has been discovered in many doped SRO systems. [  24–28  ]   
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 4753–4759
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     Figure  2 .     a) The red circles marked in the C-AFM image and the inset of topography confi rm that both images are in the same area. The C-AFM image 
operated at 1.2 V shows a clear contrast which indicates the SRO matrix is more conducting than the CFO nanopillars. b) Sample A was fabricated in a 
CFO/SRO ratio of 0.33, and B and C are the repeated samples for test of reproducibility. The temperature-dependent transport curves clearly illustrate 
a semiconducting behavior in these samples rather than a metallic behavior in pure SRO. c,d) The curve-fi tting of these samples using the thermal 
activated model and Mott VRH mechanism, respectively.  
 In order to reveal the chemical interaction in this system, 
X-ray energy-dispersive spectroscopy (EDS) analyses were 
performed in a Cs-corrected STEM.  Figure    3   shows typical 
EDS mapping of the sample. The features of the CFO nano-
pillars embedded into the SRO matrix are clearly seen in the 
© 2013 WILEY-VCH Verlag Gm

     Figure  3 .     The EDS mapping reveals the distribution of elemental Co, Fe, S
images also confi rm that the pillars are CFO and matrix is SRO. The EDS spe
reveal that the Co/Fe ratio in the CFO nanopillars is higher than 1/2 (the rat
SRO matrix. This indicates that the Fe atoms from CFO nanopillars have d
Fe ratio in the pillars.  

Adv. Mater. 2013, 25, 4753–4759
distributions of each element. Interestingly, the discernible Fe 
signals appear in the SRO matrix areas as shown in the Fe map, 
in contrast to the Co map, where no Co signals were detected 
in the SRO matrix areas. To confi rm this information, two 
EDS spectra were acquired at the positions of the red dot (CFO 
4755wileyonlinelibrary.combH & Co. KGaA, Weinheim

r, Ru, and Ti. Compared with the low-magnifi cation HADDF image, these 
ctra acquired from the red dot in the nanopillar and blue dot in the matrix 
io of standard CFO) and stronger Fe signals than Co were detected in the 
iffused into the SRO matrix and thus leads to the non-stoichiometric Co/
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     Figure  4 .     The XAS measurements of the Co-L 2,3 , Fe-L 2,3 , and Ru-L 3  edges: a) The Co spectrum in the SRO–CFO nanostructures compared with the 
standard sample of LaCoO 3  and CoO suggests the presence of a mixed valency of Co 2 +  /Co 3 +  . b) The Fe spectrum is very close to the standard sample 
of Fe 2 O 3 , indicating that the valence of Fe ions are all 3 +  in the SRO–CFO nanostructure. c) The Ru spectrum exhibits a splitting peak toward higher 
binding energy with respect to the pure SrRuO 3 , indicating the mixed valency of Ru 4 +  /Ru 5 +   in this system.  
region) and the blue dot (SRO region), respectively, as shown in 
the right side of Figure  3 . The spectrum from the SRO region 
exhibits a strong Fe peak (the lower-right panel of Figure  3 ), 
indicating that Fe diffused into the SRO matrix during the fi lm 
growth. Furthermore, the Co/Fe ratio in the CFO nanopillars 
is about 0.77 quantifi ed from the EDS spectrum (the upper-
right panel of Figure  3 ), which is higher than 1/2 (the ratio 
of standard CFO). Such Co-rich non-stoichiometry of CFO is 
consistent with the diffusion of Fe into the SRO matrix. Based 
on this result, we can also roughly estimate how many Fe ions 
escape from the CoFe 2 O 4  nanopillars into the SRO matrix: The 
EDS shows Co/Fe  =  0.77, or we can rewrite it as Co/Fe  =  1/1.3, 
which means an average of 0.7 Fe ions per one CoFe 2 O 4  dis-
solves into SRO. In this work, the CFO/SRO ratio has been 
designed as 0.33. Therefore, by multiplying these two values 
(0.7  ×  0.33), we can obtain the Fe doping concentration in SRO, 
which is about 23%. The X-ray absorption spectroscopy (XAS) 
measurements at the Co-L 2,3 , Fe-L 2,3 , and Ru-L 3  edges were 
then performed to realize the electronic structural informa-
tion and the valence of the Co, Fe, and Ru ions. As for the Co 
spectrum in the SRO–CFO nanostructures shown in  Figure    4  a, 
the profi le compared with the standard sample of LaCoO 3  and 
CoO strongly suggests the presence of Co 2 +   and low-spin Co 3 +   
ions in this system, where the main peaks of Co 2 +   and Co 3 +   
are assigned at 779 and 780.7 eV, respectively. [  29–31  ]  The Fe-L 2,3  
XAS results (Figure  4 b) also establish that the valence of Fe 
ions are all 3 +  in the SRO–CFO nanostructure. The Ru-L 3  peak 
shown in Figure  4 c depicts that SRO–CFO is shifted toward a 
higher binding energy with respect to the pure SrRuO 3 , indi-
cating the mixed valency of Ru 4 +  /Ru 5 +   in this system. Several 
reports of doped SRO cases have illustrated that the substitu-
tion of a Ru site by 3d transition elements would cause the 
presence of Ru 5 +   and the suppression of itinerant Ru 4d elec-
trons. [  24–28  ]  According to the results of EDS and XAS, the inter-
diffused Fe 3 +   ions should be responsible for this carrier locali-
zation in the SRO matrix and the weakness of the Ru electronic 
mobility. The results of the Fe-doped SRO systems studied by 
56 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
Mamchik et al .  [  24  ]  or Fan et al., [  26  ]  indicated that the doped SRO 
behavior would change from metallic to semiconducting when 
the Fe doping concentration exceeds 15%. Since the Fe doping 
concentration is around 23% in our system, it exhibits a semi-
conducting transport behavior, which is consistent with the 
literature.   

 However, the key difference between doped SRO systems 
and the self-assembled heteroepitaxial nanostructures is the 
physical interactions between the matrix and nanopillars. In 
order to investigate the correlation between these magnetic 
CFO nanopillars and doped SRO matrix, the measurement 
of fi eld-dependent resistivity curves was adopted. As shown 
in  Figure    5  a, we can note an obvious decrease of resistivity 
at around  T  C,SRO  while applying a magnetic fi eld. The fol-
lowing MR curves in Figure  5 b exhibit a large negative MR 
( ≈ 40%) which only requires a magnetic fi eld of 0.5 T. A large 
MR mostly occurs in CMR materials such as doped mangan-
ites [  32  ,  33  ]  or manganite-based nanocomposite systems. [  10–13  ]  
The maximum MR at the transition temperature (i.e., metal-
to-insulator transition temperature ( T  MI ) or Curie temperature 
( T  C )) is usually caused by the suppression of spin-fl ip scattering 
induced by magnetic ordering, which commonly exists in 
most ferromagnetic materials systems. [  18–20  ,  24–28  ]  However, our 
system delivers an even more intriguing result that large MR 
can also be obtained in the composites composed of two mate-
rials without apparent MR behavior in their respective single 
phase states. It is also of interest that the SRO matrix in our 
system has around 23% Fe doping concentration and a semi-
conducting behavior, and according to the reports by  Mamchik  
et al., Fe-doped SRO with this composition should present a 
gradually increasing MR with decreasing temperature instead 
of the presence of a turning point at around  T  C,SRO . [  24  ]  Hence, 
the magnetic CFO nanopillars in this nanostructure system 
must play an important role to drive this phenomenon of the 
observed maximum MR.  

 The fi eld-dependent MR curve operated at 150 K in Figure  5 c 
and the hysteresis loops measured at different temperatures in 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 4753–4759
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     Figure  5 .     a) The temperature-dependent transport measurement performed at 0, 0.5, 1.5, and 3 T. b) The respective magnetoresistance of 0.5, 1.5, 
and 3 T extracted from (a) according to the equation: MR(%)  =  100%  ×  [  ρ  ( H )  –  ρ  ( 0T )]/  ρ  ( 0T ), where   ρ  ( H ) and   ρ  ( 0T ) are the resistivity under magnetic 
fi eld and a zero fi eld, respectively. c) The fi eld-dependent transport measurement operating at around  T  C,SRO  shows a large MR effect in a fi eld and a 
large MR in a higher fi eld. The blue curve indicates that the magnetic fi eld is applied from 4 to –4 T, and the red curve means from –4 to 4 T. d) The 
hysteresis loop measured at different temperatures shows an obviously decoupled feature below  T  C,SRO  .   
Figure  5 d help us to understand this mechanism further. The 
observed MR exhibits an asymmetric behavior that exists in 
either fi eld from positive to negative (the blue curve 1) or vice 
versa (the red curve 2). A sudden drop of resistivity occurs at 
several hundred oersted (Oe) while the magnetic fi eld is just 
changing direction in curve 1 or 2, which is similar to grain 
boundary tunneling MR observed in polycrystalline or obvi-
ously phase-separated single-crystalline manganites. [  32–34  ]  It 
may be caused by the suppression of spin scattering at the het-
ero-interfaces between CFO pillars and the SRO matrix while 
applying a weak magnetic fi eld. Usually this phenomenon is 
highly correlated to the magnetic domain rotation; however, 
recalling the phase diagram proposed by  Mamchik et  al., 23% 
Fe-doped SRO is paramagnetic above  ≈ 50 K, then becomes 
cluster glass (CG) between 25 and 50 K, and spin glass below 
25 K. [  24  ]  This implies that no obvious ferromagnetic SRO 
domains exist at this temperature ( ≈ 150 K). The most possible 
origin of MR is that the spin localized Fe 3 +   in the SRO matrix 
should be responsible for interacting with the magnetic CFO 
pillars, and lead to the spin tunneling between these magnetic 
domains. The hysteresis loops measured at different tempera-
tures in Figure  5 d also support this hypothesis. The loops above 
 T  C,SRO  maintain the feature of a nearly single ferromagnetic 
phase and enhanced magnetization, indicating that the spin 
© 2013 WILEY-VCH Verlag Adv. Mater. 2013, 25, 4753–4759
localized Fe 3 +   in SRO has strong magnetic coupling with the 
CFO nanopillars. Nevertheless, those loops below 150 K clearly 
demonstrate that two decoupled ferromagnetic phases start to 
emerge and become more diffi cult to saturate even at a high 
fi eld such as 4 T. The presence of soft and hard ferromagnetic 
phases is obviously from the doped SRO matrix and CFO nano-
pillars, respectively, and this soft phase should be in the CG 
or SG state, which belongs to the short range ferromagnetic 
ordering. It means that the magnetic state of chaos could be 
procured below  T  C,SRO , which adds the opportunity of spin scat-
tering and makes the resistivity rise to that of a nearly demag-
netized state in the temperature-dependent measurements. 

 After integrating all the above, we propose a model as 
shown in  Figure    6   to describe the mechanism of the observed 
MR. In this system, CFO nanopillars possess a large magnetic 
anisotropy along the out-of-plane direction due to strong lat-
tice coupling between CFO and SRO. On the other hand, the 
interdiffused Fe 3 +   ions from the CFO pillars in the SRO matrix 
would substitute Ru sites due to the close orbital energy level 
of Fe 3 +   and Ru 4 +  . [  24  ,  26  ]  The electrons of the Fe 3 +   ions in SRO 
are usually localized and have a strong resonance with Ru 4 +  , 
leading to the spin polarization of neighboring Ru 4d electrons. 
These spin localized Fe 3 +   in SRO and Fe 3 +   in CFO have strong 
magnetic coupling above  T  C,SRO , which can be evidenced by the 
4757wileyonlinelibrary.comGmbH & Co. KGaA, Weinheim
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     Figure  6 .     The depiction of the cause of large MR in this nanostructure system. The inter-diffused Fe ions and CFO nanopillars play a role to reduce the 
resistivity while they are put in a magnetic fi eld. The aligned spins in Fe ions and magnetic moments in CFO nanopillars correspond to the suppression 
of magnetic scattering from ions and interfaces.  
presence of a single-phase hysteresis loop. With the assistance 
of a magnetic fi eld, polarized spins can pass through the local-
ized Fe 3 +   ions and the interfacial boundaries of the CFO pillars 
more easily when they are aligned in the same direction, which 
results in the decrease of resistivity. In addition, this coupling is 
also competing with thermal energy so that enhanced magneti-
zation can be observed as the temperature decreased. Therefore, 
a larger variation between zero fi eld and fi eld resistivity could 
be obtained expectedly as the temperature decreases. However, 
SRO becomes ferromagnetic CG or SG when the temperature 
decreases below  T  C,SRO , leading to a decoupling effect between 
the SRO matrix and CFO nanopillars. It means that Fe 3 +   ions 
in SRO are only interacting with neighboring Ru ions instead 
of Fe 3 +   ions in CFO, and this magnetic disorder in the system 
below  T  C,SRO  increases the opportunity of electron scattering. 
Hence, the difference between the zero fi eld and fi eld resistivity 
becomes smaller, and fi nally we can observe a maximum MR 
value occurring at around  T  C,SRO . Based on this model, we are 
able to explain why this nanocomposite system consisting of 
two non-CMR materials can also lead to a great MR effect.  

 In summary, we have noticed that the composite CFO–SRO 
nanostructured thin fi lm grown on a STO (100) substrate 
achieved a decrease of resistivity ( ≈ 40%) by only applying a 
fi eld (0.5 T) around the Curie temperature of SRO. Both CFO 
and SRO are not CMR materials; however, their combination 
can exhibit an intriguing MR effect. To achieve this result, the 
crucial point is that we allow a small number of Fe ions from 
the CFO pillars to diffuse into the SRO matrix and substitute 
the Ru sites. The strongly coupled Fe 3 +   ions in the SRO matrix 
and CFO pillars above  T  C,SRO  assist in lowering the resistivity 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
while their magnetic moment are aligned in the same direction 
in a magnetic fi eld due to the suppression of magnetic scat-
tering from ions and interfaces. Below  T  C,SRO , decoupled soft 
ferromagnetic SRO and hard ferromagnetic CFO enhance the 
magnetic scattering, and thus resistivity can not be effectively 
reduced by the magnetic fi eld. Therefore, a maximum of MR 
value can be observed at  ≈  T  C,SRO . This is very interesting since 
we unexpectedly demonstrate that the large MR effect can be 
directly obtained by combining a magnetic material and a con-
ductive material, and it provides potential to design or create a 
new kind of spintronic material system.  

 Experimental Section 
  Sample Fabrication : Dual-target systems of bulk SrRuO 3  (SRO) 

and bulk CoFe 2 O 4  (CFO) discs mounted on a computer-controlled 
exchanging stage were used to fabricate epitaxial CFO–SRO self-
assembled nanostructures on an STO substrate by pulsed laser 
deposition with a KrF (  λ    =  248 nm) excimer laser. The laser beam was 
focused on the target with an energy density of approximately 5 J cm  − 2  
and repetition rate of 10 Hz. Samples were deposited at the substrate 
temperature of 750  ° C and in a dynamic oxygen pressure of 100 mTorr. 
The ratio of CFO to SRO was modulated at about 0.33. After the thin-
fi lm growth, samples were cooled to room temperature at 20  ° C min  − 1  
in oxygen at  ≈ 1 atm. 

  Characterization of Structure and Physical Properties : High-resolution 
XRD techniques were used to confi rm the crystal quality of CFO–
SRO nanostructures at beamline BL17A in the National Synchrotron 
Radiation Research Center (NSRRC), Taiwan. The microstructures of the 
sample were characterized by a Cs-corrected HAADF-STEM equipped 
with an EDS detector for chemical analyses (STEM; JEOL JEM2100F, 
 GmbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 4753–4759
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Cs-corrector; CEOS Gmbh). Analysis of the surface morphology (AFM) 
and the conducting SRO matrix (CAFM)in contact mode were performed 
using a Bruker Multimode VIII. The voltage was set at 1.2 V. The valency 
of Co, Fe, and Ru was studied using soft X-ray absorption spectra. The 
Co- and Fe-L 2,3  XAS spectra were recorded at the Dragon beamline of the 
NSRRC in Taiwan with an energy resolution of 0.25 eV. The Ru-L 3  XAS 
measurements were performed at the Taiwan NSRRC 15B beamline, 
equipped with a double Si(111) crystal monochromator delivering 
photons from 2 keV and up. The photon-energy resolution at the Ru-L 2,3  
edges ( h ν    ≈  2.9 keV) was set at 0.6 eV. The temperature-dependent and 
magneto-transport properties were determined by a quantum design 
physical property measurement system (PPMS) along the fi lm surface 
using a standard four-probe method. The samples were cooled from 
room temperature to 20 K by closed cycle refrigeration. The contacts 
were made by bonding copper wires on the samples.  
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