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a b s t r a c t

             The effects of acid and heat treatment on the magnetic anisotropy of amorphous Fe67 Co10Cr3 Si5 B 15 rib-

           bons are studied, using the angular-dependent magnetization and ferromagnetic resonance (FMR). The

               change of FMR spectrum after acid treatment indicates that the surface precipitates in raw sample con-

                  tain some magnetic elements. A post annealing under the field of 2000 Oe is applied to modify the mag-

                 netic anisotropy of ribbons, with the annealing temperature varying from 370 to 410 C. At 370 C, a° °

                magnetoelastic anisotropy field of +40 Oe is found in the sample with 60 min acid-treatment, while it

                   is 74 Oe for the sample with 30 min acid-treatment. However, it approaches to zero at 410 C for all °

               samples, indicating the internal stress is fully released. This study demonstrates that FMR is an effective

           technique on investigating the details of magnetic anisotropy configuration against various post-

    treatment conditions for amorphous ribbons.

      Ó 2018 Elsevier B.V. All rights reserved.

 1. Introduction

       The amorphous Iron-based alloys are promising materials due

       to their unique properties , including high mechanical[1,2]

         strength , high permeability and low magnetic loss. These[3] [4]
       properties have advantages for the applications of transformers

        [1,2] [4], sensors and high performance structures. The amorphous
         ribbons were often prepared with the spin melting process with

         fast cooling to form the amorphous structures, and their properties

         can be further improved with post treatments. Various post treat-
          ments such as heat , plastic deformation and surface treat-[5–7] [8]

         ments were applied on raw samples to modify their[9,10]
        properties. Among many, the major mechanisms to improve the

         magnetic properties are identified as 1) the relaxation of internal

        stresses at elevated temperature, 2) the inducing of anisotropy
         by magnetic field or/and mechanical stresses and 3) the destabi-

        lization of domain walls. However, these mechanisms are some-
       times competing with each other and create un-predictable

       properties. Thus, the correlation between the process conditions

         and the magnetic property is important, yet to be established
         due to the very complex configuration of magnetic anisotropy in

          bulk and surface layer. In such case, an effective and non-
          destructive method is highly desirable to identify the effect of post

treatments.

      The field dependent spectrum of ferromagnetic resonance

          (FMR) is very sensitive to the grain boundary, the grain-grain inter-
         action and the magnetic anisotropy of magnetic materials. The pre-

         vious FMR work on determining the magnetic anisotropy and[11]

       the annealing induced crystallization in amorphous ribbons[12]
        have proved that this non-contact and non-destructive probe could

          be potentially applicable for a continuous process such as an on-
          line characterization of materials. In this work, both the FMR and

        the conventional VSM magnetometer are used to investigate the

         effects of acid and annealing treatment on the magnetic anisotropy
  of amorphous Fe 67Co 10 Cr3Si 5 B15     alloy ribbons. The field-swept FMR

           is used to identify the individual component in a system with com-
         plex configuration of magnetic anisotropy, which is not possible to

     achieve by using the traditional DC-magnetization-based

technique.

 2. Experiments

 Amorphous Fe 67Co 10Cr3 Si 5B 15     ribbons are prepared with typical

         melting spin method. For FMR measurement, the ribbons are cut
             into 10 pieces with 30 mm long for each. The size of each sample

              is around 30 0.8 mm with ribbon axis as the long side and a

  thickness of 40 l         m. The nine raw samples are then divided into

           three groups and treated with the acid of 0.20 N (Equivalent con-

             centration) HCl for 30, 40 and 60 min, denoted as N3, N4 and N6
        series respectively. Following, the three samples in each series

        are annealed in vacuum at different annealing temperature (T A )

https://doi.org/10.1016/j.jmmm.2018.04.057
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              of 370, 390 and 410 C for 30 min. The aim of heat-treatment is to°

        remove internal hardening stresses and to induce uniaxial mag-

       netic anisotropy. Therefore, the annealing temperature must be
        below the temperature of crystallization, yet high enough to

       release the inner hardening stresses. The reported temperature
           for the crystallization of FeCoSiB alloy is in the range of 400–500

           °C . An in-plane magnetic field of 2000 Oe is applied during[13]
          the annealing, in the direction transversal to the axis of ribbon.

        The morphologies of samples are investigated with Scanning Elec-

        tron Microscopy (SEM; JEOL 6700). The surface chemical composi-
       tion is determined with Electron Spectroscopy for chemical

        analysis system (ESCA; VG Scientific ESCALAB 250). FMR measure-
     ment is conducted in the TE102       cavity of Bruker EMX system at X-

           band (9.8 GHz) with the applied field along the ribbon axis. Mag-

         netic remanence (R) and hysteresis (M-H) loop are measured with
       Vibrating Sample Magnetometer (VSM; Microsense EZ) and SQUID

      magnetometer (Quantum Design MPMS) respectively. The in-plane

         angular dependent remanence is obtained for N6 series using a
          square shape of sample to suppress the effect of in-plane shape

       anisotropy. Samples for the magnetization measurements are cut
             into the squares with a dimension of 0.8 0.8 mm and with the

     ribbon axis marked in one direction.

   3. FMR data analysis

        FMR spectra could reveal the anisotropy of magnetization based
      on the value of resonance field (H r       ) which is defined as the center

          field of an absorption spectrum. For a thin plate, the out-of-plane

         anisotropy is dominated by the shape anisotropy, while the in-
         plane resonance field along the principal axis is given by

x=c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðH r  þ HrÞðH r  þ N d Ms Þ

p
ð Þ1

where x and c      are angular frequency and gyromagnetic ratio,

 respectively. N d       is the demagnetization factor expressing the shape

  anisotropy and Ms       the saturation magnetization. In this study, Nd is
            a constant for all samples because of a consistent ribbon form for all

 samples. Hr       is the magnetoelastic anisotropy field induced during

        the heat treatment. In this study, a positive Hr   marks a magnetic
          anisotropy along the ribbon long axis. The crystal anisotropy is neg-

        ligible in amorphous ribbons. Therefore, the change of H r  is corre-
     lated to the variation of H r      in an opposite trend, under the

  assumption that Ms         is kept as a constant within a narrow annealing

temperature.

   4. Result and discussion

           Fig. 1(a)–(d) are the SEM images for the three samples with dif-

           ferent time of acid etching. (a) is for the as-prepared (raw)Fig. 1
          sample, showing a high amount of precipitate grains on the sur-

           face. Based on our XRD analysis, there is no crystallization in bulk

         ribbon. The precipitate grains on the surface could be crystalline
             but was not detected by XRD due to the low intensity. (b) isFig. 1

           a magnified view of precipitates. (c) and (d) are the imageFig. 1
           for the samples with 30 min (N3) and 60 min (N6) respectively.

           The flat surfaces in (c) and (d) suggest that the precipitates are
             removed by HCl. plots the result of ESCA for the Co/Fe ratioFig. 2

          against the acid etching time. It shows the Co/Fe ratio increases

          with etching time, revealing that the partial Fe element is removed
             from the surface by acid treatment. Inset of is a typical spec-Fig. 2

           trum of XPS (squares) for Fe element, fitted with a Gaussian curve
 (solid line).

              The M-H loops of raw sample, N3 and N6 are shown in asFig. 3

       open squares, circles and triangles respectively. The difference
         between each sample is not significant, suggesting that the satura-

         tion magnetization is not sensitive to the acid induced surface
          modification. Inset of displays the low field region, showingFig. 3

   a very low coercivity.

                       Fig. 1. The SEM image for (a) as-prepared raw ribbon, (b) the Magnification of the ‘‘rough” region in (a), (c) N3 and (d) N6.
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          Fig. 4 plots the derivative FMR spectra of three samples under
          different etching time of acid treatment, as shown with the solid

         lines. All samples display broad Lorentz-like shapes. Dash lines in

           Fig. 4 are the best fit of Lorentz curves, resembling the ideal
         absorption spectra. In the low-field region, several small but sharp

           peaks are observed in the raw sample as indicated by the arrows,
      suggesting some non-percolated nano-grains . These minor[14]

        peaks are suppressed after acid treatment, indicating the precipi-

         tate grains are removed from the surface. This result demonstrates
         the sensitivity of FMR spectroscopy to the surface magnetic prop-

       erty is higher than that of M-H measurement.
           Fig. 5 shows the FMR spectra for nine samples with various post

           treatments. All spectra are sharper than the raw sample and can be

          fitted well with two or three Lorentz lines. The fitting adjusted
   coefficient of determination (adj-R2       ) for all spectra is higher than

         0.995. The samples are denoted according to the etching time
    and the annealing temperature (T A     ). For example, ‘‘N3-390” marks

          the sample with 30 min of etching time and 390 °C of T A   . The spec-

             tra for N4 and N6 series are fitted with 2 peaks, while N3 series
        requires 3 peaks to get a good fit (R 2     > 0.995). An additional peak

           in N3 series could be related to the complex composition of surface
           due to the insufficient time of acid treatment. N4 and N6 samples

         show a consistent evolution of FMR spectrum with increasing T A .

         According to a literature , the annealing of amorphous ribbon[15]
        could induce internal stress, resulting into an orthogonal configu-

         ration of bulk and surface magnetic anisotropy. Therefore, the peak
          with a higher (lower) intensity is assigned to the bulk (surface)

  mode. As T A         increases, the intensity of surface mode is greatly sup-

         pressed. At 410 C annealing, the surface mode becomes very°

       broad, suggesting the surface magnetic anisotropy reduces and

         becomes non-uniform. The bulk mode of N6-series has a relatively
       narrower linewidth compared with N4-series, indicating a higher

   magnetic uniformity in bulk.

 The H r        of the bulk mode is plotted against T A     in (a) for allFig. 6
      samples, showing a convergent tendency at T A    = 410 C, indicating°

   the vanishing of H r         due to the release of internal stress. With the
   assumption that the T A    -induced variation of M s    is negligible in this

 narrow T A        range, the stress induced anisotropy field is calculated

         and plot in (b) using Eq. with MFig. 6 (1) s     = 1407, 1415 and 1411
emu/cm 3      for N3-, N4- and N6-series, respectively. N d  is calculated

  [16] as 3.3 p        according to the sample geometry. For N6-series, H r

   deceases with increasing T A       , in agreement with the report on

   FeCoB metallic glass [17]. A t TA     = 370 C, the H° r     is 40 Oe, 35 Oe

            and 74 Oe for N6, N4 and N3 respectively. The positive sign indi-

            cates the easy axis of bulk coincides with the ribbon axis, instead of

 the HA            direction. Along with the result in , it implies that theFig. 2
         long acid treatment could modify the surface composition and con-

  sequently the H r          . It is interesting to observe that the direction of

        annealing-induced stress is reversed with changing the acid treat-
 ment time.

              Fig. 2. Co/Fe atomic ratio on the surface with carious acid treatment time with lines

               for eye-guiding. Inset is a typical XPS spectrum of the ribbons near Fe 2p edge with

    a Lorentz fitting (sold line).

            Fig. 3. Hysteresis loop for RAW (squares), N3 (circles), and N6 (triangles) samples.

       Inset is a magnification of low field range.

              Fig. 4. FMR spectra for samples before and after acid treatment. Dash line is the

          Lorentz fitting for each spectrum showing the ideally symmetric lineshape. Arrows

       indicate the sharp peaks observed in RAW sample.
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        To confirm the change of in-plane magnetic anisotropy with

      annealing temperature, the angular dependent remanence R( )h

               for N6 series is plotted in . The angle is defined as the devi-Fig. 7 h

            ation of the direction of applied field from the long axis of ribbon
         on the surface plane. N6 shows a very low ( 10 6  emu) remanence

        in all directions, implying a low magnetic anisotropy before

        annealing. After annealing at 370 C, the remanent magnetizations°

        for all directions are enhanced. With further increasing T A  to 390

          and 410 C, the remanent magnetization as well as the magnetic°

         anisotropy is suppressed due to the relaxation of internal stress.

        The in-plane magnetic anisotropy defined as R(0)-R(90) is 0.204,
         0.054 and 0.030 memu for N6-370, N6-390 and N6-410 respec-

         tively. Furthermore, R(0) is always larger than R(90) for annealed

          samples, suggesting the overall easy axis is along the ribbon axis,
          in agreement with the FMR result. The result of angular dependent

           remanence on the N6 series samples is consistent with that of FMR,

         suggesting 370 C is the optimal annealing temperature to produce°

         a large bulk magnetic anisotropy for the surface clean ribbons.

 5. Conclusion

     The magnetic anisotropy of amorphous Fe67Co 10Cr 3Si 5B15 rib-
          bons with acid and heat treatments are studied with VSM magne-

          tometer and FMR technique. FMR spectra are found to be more

          effective than M-H loops to detect the surface precipitate and it
        could also distinguish the surface magnetic anisotropy from the

          bulk one. The bulk magnetic anisotropy field has a positive value
    of 40 Oe at T A            = 370 C for the long acid treated sample, but it con-°

        verts to near zero for all samples at TA       = 410 C due to the relax-°

          ation of internal stress. For acid-etching effect, it is found that

         the acid treatment does not only remove surface precipitates, but

        also modify the surface composition which affects the annealing-
        induced magnetic anisotropy. This work demonstrates FMR is a

       highly effective technique to correlate the post-treatment condi-
        tions with the configuration of magnetic anisotropy in magnetic

 amorphous ribbons.
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Abstract
A new cost effective scheme of a microwave-assisted sol–gel route followed by a short annealing
time is proposed to synthesize YBCO nanoparticles (NPs) of various sizes. The advanced
techniques of synchrotron radiation x-ray diffraction (SRXRD) and electron spin resonance
(ESR) are used to analyze the size effects on their magnetic/superconducting properties. The
major interesting finding is that the size of YBCO NPs could confine the amount of oxygen
content and consequently change the superconducting transition temperature (TC) of YBCO NPs.
The ESR result demonstrates a sensitive probe to characterize surface defects in the oxygen-
deficient YBCO NPs.

Keywords: YBCO, superconductivity, oxygen occupancy, microwave synthesis, ESR
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1. Introduction

The world’s first high-temperature superconductor
YBa2Cu3O6+δ (YBCO-δ) with a superconducting transition
temperature (TC) of 93 K, which is above the boiling point of
liquid nitrogen (73 K), was discovered in 1987 [1]. The dis-
covery of YBCO made the applications of the superconductor
costless and operationally effective. However, the super-
conducting and electrical properties of YBCO critically
depend on the excess oxygen content (δ), which requires a
considerable effort to detect and control. The excess oxygen
induces a structural transformation from tetragonal
(0�δ�0.35) to orthorhombic (δ>0.35) with a charge re-
distribution along the c-axis [2], leading to the generation of
hole carriers in the a–b plane and the occurrence of super-
conductivity. Numerous studies have been carried out to
understand the effects of δ on the physical properties of bulk
YBCO, but only a few for YBCO nanoparticles (NPs) [3–13].
It is known that the physical properties of YBCO NPs depend
on the particles size and surface defects associated with the
synthesis methods [14]. However, the correlation between
size, δ, and superconducting properties of NPs is rarely stu-
died because of the lack of proper tools. The electron spin
resonance (ESR) spectrometer is one of the sensitive probes
to study the oxygen concentration by detecting the free
electron of the Cu2+ ions of the YBCO system [15]. Fully

oxygenated YBCO bulk is ESR-silent due to the non-magn-
etic ground state or excessive line broadening [16, 17]. On the
contrary, the mechanically grounded powders of YBCO are
ESR-active, which is attributed to either the interaction
between Cu ions in the chain (Cu(2)O5 clusters) and those in
the plane (Cu(1)O5 cluster) [17], or a parasitic phase (e.g.
Y2BaCuO5 and BaCuO2+x) [15].

In the past, various wet chemical methods such as the
soft chemical approach [13], citrate-gel [8], and citrate pyr-
olysis [9, 10, 12] were often used for the synthesis of YBCO
NPs. Alternatively, a physical method such as microwave
heating could be effective, but is less discussed [18]. The
principle of microwave heating is to vibrate the electric
dipoles of molecules with an electric field, resulting in a
uniform heat transfer in the materials. Therefore, within a
short period of time, the CuO molecule could be heated up to
550 °C by absorbing microwave radiation of 2.45 GHz to
provide the energy required to form the phase of YBCO
[19–22]. In this work, we propose a microwave-assisted sol–
gel synthesis, followed by a short annealing time in an
ambient atmosphere, to prepare size-controllable YBCO NPs.
This new experimental route reduces the synthesis steps as
well as the synthesis time. For a critical analysis, we use
advanced probes, synchrotron radiation x-ray diffraction
(SRXRD) and ESR, to obtain detailed structural and oxygen
properties. Our result displays an unusual size dependency of
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TC and the lattice parameter, which is correlated with a
combined effect of hole doping and size confinement.

2. Material synthesis and experimental methods

2.1. Chemicals

Yttrium nitrate hexahydrate (Y(NO3)3·6H2O) (99.9%, Alfa
Asear), barium nitrate (Ba(NO3)2) (99.95%, Alfa Asear),
copper nitrate trihydrate (Cu(NO3)2·3H2O) (99%, Across),
citric acid (C6H8O7) (99.5+%, Alfa Asear), and 25%
NH4OH (Sigma Aldrich) are used. Deionized water (DIW) is
used as a solvent.

2.2. Synthesis of Y1Ba2Cu3O6+δ NPs

A typical sol–gel method for the synthesis of Y1Ba2Cu3O7−δ

NPs is as follows: 1.915 g of Y(NO3)3·6H2O, 2.613 g of
Ba(NO3)2, and 3.624 g of Cu(NO3)2·3H2O are dissolved in
400 ml DIW, and 6.724 g of citric acid in 200 ml DIW water,
separately. To form a uniform solution, continuous magnetic
stirring is employed at room temperature for 30 min. Then,
the citric acid solution is added dropwise at a rate of
2 ml min−1 to the nitrate solution under continuous magnetic
stirring. A pH equal to 3 is set at room temperature by using
25% NH4OH. Then, the solution is exposed to a 2.45 GHz
frequency at 60% power of 800W by using a domestic
microwave oven (SHART R-T20Z) for 25 min, which results
in the formation of a greenish-black colored powder. The
above-formed powders are then dissolved in DIW, sonicated,
and re-exposed to microwave using the same microwave
condition for another 25 min, which results in the formation
of black colored powders. Powders are ground and used as a
precursor for the preparation of different sized NPs. The post
annealing temperature TA is set as 750 °C, 800 °C, 850 °C,
920 °C, 950 °C, and 980 °C, with a duration of 2 h in air. The
annealing of the precursor is carried out in a quartz tube
furnace (Lindberg/Blue M, Model: TF55035A) with a heat-
ing and cooling rate of 5 °Cmin−1.

2.3. Characterization techniques

Morphological analysis of the samples was carried out by
using transmission electron microscopy (TEM) (Hitachi
H-7100 operating at 200 kV). SRXRD measurements were
performed at the National Synchrotron Radiation Research
Center (Hyogo, Japan), Spring-8 contract beamline BL12B2,
using a Rayonix MS225 (CCD) detector. The incident
wavelength is 0.688 98 Å (18 keV), and the sample-to-
detector distance is 149.4 mm. The measurements of temp-
erature-dependent zero-field-cooled (ZFC) and field-cooled
(FC) magnetization were carried out by using a quantum
designed MPMS VSM SQUID magnetometer. The room
temperature ESR spectra were taken using an X-band Bruker
EMX system, and were recorded by placing powders into a
quartz tube and then inserting it into a T102 rectangular cavity.
During ESR measurements, the frequency was kept constant
at 9.44 GHz, while the magnetic field H was varied from 100
to 7000 Oe with a step of 5 Oe.

3. Experimental results

3.1. Morphology and structural analysis

Figures 1(a) and (b) show the typical TEM images for 800 °C
and 850 °C annealed samples, respectively. The particles of
the 800 °C sample are well separated, with the size varying
from ∼50 nm to 200 nm. Annealing at 850 °C results in the
segregation of NPs. Annealing at and above 920 °C leads to a
partial melting of YBCO, and a broad size distribution with
non-uniform morphologies; this is consistent with the findings
of previous reports [23–25]. Figure 2(a) shows the SRXRD
spectra for 800 °C, 850 °C, 920 °C, 950 °C, and 980 °C
annealed samples (bottom to top; spectra are shifted vertically
for clarity). According to the data (symbols) and the fits with
Rietveld refinement (solid lines), the structures of YBCO with
TA>800 °C are all orthorhombic with the space group of
Pmmm; meanwhile, the structure of the 750 °C sample is
tetragonal (not shown here). The minor impurity phases such

Figure 1. (a) and (b) show the TEM images of 800 °C and 850 °C annealed samples, respectively.
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as BaCO3 (orthorhombic, Pmcn) [26] is present for TA=800 °C
and 850 °C; BaCuO2 (cubic, Im-3m) [27] and CuO (monoclinic,
C2/c) [28] are present for TA=800 °C–920 °C. The most
intensive peak located at 2θ∼15.54° is fitted with a Lorentzian
function, and its full-width-at-half-maximum (FWHM) is deter-
mined [29]. The FWHM values decrease from 0.111±0.002°
to 0.084±0.002° as TA increases from 750 °C to 980 °C. The
size of the YBCO NP is calculated using Scherrer’s formula:

l b qá ñ =d k cos , where θ is the diffraction angle, β is the
FWHM, λ an incident wavelength (= 0.068 898 nm), and k is
the Scherrer constant (= 0.94). The á ñd value for TA =750 °C,
800 °C, 850 °C, 920 °C, 950 °C, and 980 °C is 30, 34, 39, 42,
44, and 45 nm respectively. The increase of á ñd with increasing
annealing temperature is consistent with what was observed in
the YBCO NPs synthesized by citrate pyrolysis [10].

The structural parameters, including oxygen site occu-
pancy, are determined by using the Rietveld refinement for
SRXRD patterns with GSAS software package [30, 31]. The
sites of Y, Ba, Cu(1), Cu(2), O(2), O(3), and O(4) in a YBCO
unit cell are demonstrated in figure 2(b) for a phase of full

oxygen stoichiometry (δ=1). To obtain the amount of
oxygen content using the refinement method, the occu-
pancies are constrained at their ideal values except for the
oxygen occupancy at the O(1) site, the atomic positions (x,
y, z) of all elements, and the lattice parameters (a, b, c).
The structural parameters for YBCO NPs are summarized
with a comparison of previous data in table 1, including
δ (the occupancy at the O(1) site), lattice constants, wRp,
Rp, and χ2.

3.2. Superconducting properties

In order to determine TC of NPs, the temperature-dependent
magnetization M(T) is measured from 2 K to 100 K at 10 Oe,
with both ZFC and FC modes. Figures 3(a)–(c) are the M(T)
curves for selected samples 34, 39, and 42 nm in size. The
value of TC is defined as the onset of the superconducting
transition, as indicated with arrows. Compared to bulk
YBCO, a relatively broad transition is observed in all NPs due
to the surface defects [32]. In figure 3(a), the ZFC curves of
the 34 nm sample show a negative M from 100 K to ∼20 K,
which is attributed to the diamagnetic signal of BaCO3 [33].
In particular, the ZFC (FC) curve shows a sharp drop (rise) at
∼14 K, and a rise (drop) at ∼10 K. The first transition
temperature at 14(2) K is assigned to the TC of YBCO, and is
close to the reported value for YBCO-0.35 [2]. With
increasing the size from 34 to 42 nm, TC shifts drastically
from 14(2) to 90(2) K. The observed transition at ∼10 K is
assigned to the Neel transition temperature (TN) of the anti-
ferromagnetic BaCuO2 impurity phase [34], which manifests
as the bump in the FC–M(T) curves of the 39 nm sample. The
strength of magnetic shielding of the superconductor is
quantified by the negative value of magnetization at 2.4 K,
which increases with increasing size, and reaches a maximum
value of 0.45 emu g−1 at 42 nm. The M(H) curves at
T=300 K with H=± 10 kOe are shown in the inset of
figure 3(b) for 34, 39, and 42 nm NPs. A weak hysteresis loop
is observed for all three samples, which is assigned to the
intrinsic defects such as oxygen vacancies residing on the
surface of NPs [7–10, 12].

3.3. ESR analysis

ESR is a powerful tool for investigating unpaired electrons in
transition metal oxides [26]. In principle, a paramagnetic

Figure 2. (a) Room temperature SRXRD spectra for the annealed
samples with TA =800 °C to 980 °C. SRXRD spectra are shifted
vertically for clear visibility. (b) A unit cell of orthorhombic YBCO.

Table 1. Summary of the SRXRD fitting parameters (δ=occupancy at the O(1) site, lattice constants, wRp, Rp, and χ2) for YBCO NPs
along with the reported values of orthorhombic (*) and tetragonal (#) YBCO bulks for comparison [2].

〈d〉 (nm) δ a b c wRp Rp Χ2

30 0 3.8766(9) = a 11.5926(29) 0.1787 0.1174 193.8
34 0.35 3.8567(4) 3.8820(4) 11.6344(15) 0.0611 0.0352 0.6981
39 0.75 3.8246(4) 3.8780(5) 11.6482(18) 0.0680 0.0433 1.089
42 0.71(5) 3.8172(1) 3.8798(2) 11.6711(6) 0.0391 0.0257 0.1940
44 0.73(6) 3.8163(1) 3.8809(1) 11.6812(5) 0.0204 0.0146 0.0179
45 0.64(4) 3.8161(1) 3.8813(1) 11.6809(5) 0.0235 0.0165 0.0277
*Bulk 0.73 3.8275(1) 3.8875(1) 11.7063(2) — — —

#Bulk 0.09 3.8600(1) = a 11.8162(2) — — —
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sample is placed in a uniform magnetic field that splits the
energy levels of the ground state by ΔE. b nD = =E g H hr ,
where ν is the microwave frequency, h is the Planks constant,
β is the Bohr magnetron, Hr is the resonance field, and g is the
gyromagnetic ratio of the free electron and is equal to 2.002.
The spins of unpaired electrons rotate (so called precession)
with the same frequency as the applied microwave when a
resonance condition occurs. The value of Hr is used to cal-
culate the g-factor, and the line-width (ΔH) represents the
relaxation rate of spins. The amplitude (A) of the ESR
spectrum is proportional to the concentration of unpaired
electrons. The room temperature first-derivative ESR spectra
as a function of H for 34, 39, and 42 nm samples are shown in
figure 4 (top to bottom). Three characteristic features are
observed: (i) the intensity of ESR spectra increases with the
increase of particle size, and is ascribed to an increase in the
concentration of paramagnetic complexes; (ii) the ESR peak
at the low absorption field disappears in the 42 nm sample;

and (iii) the peak splitting near the free spin resonance field
(Hr∼3374 Oe) becomes more pronounced in the 42 nm
sample.

Figure 5(a) is the ESR spectrum for the 39 nm NP. The
spectrum is deconvoluted using a sum of two Gaussian and
two Lorentzian differential functions (represented by dashed
and dotted lines, respectively). The deconvolution expression
can be written as follows:
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where (A1, A2), (Hr1, Hr2), and (ΔH1,ΔH2) are the amplitude,
resonance field, and line-width of the two Gaussian resonance
peaks, and (A3, A4), (Hr3, Hr4), and (ΔH3, ΔH4) are those of
the two Lorentzian resonance peaks, respectively. Note that
the best fit for 42 nm particles is obtained by using a sum of
only one Gaussian and two Lorentzian differential functions.
Figure 5(b) depicts the values of effective g-factors ( )gi cal-
culated by n b=h g Hi ri (where ν=9.44 GHz, and i=1, 2,
3, 4) with respect to particle size. The values of g1, g2, and g3
decrease slightly with an increase of particle size from 34 to
39 nm, above which they show a similar value, whereas g4

Figure 3. (a)–(c) Temperature dependent magnetization M(T)
measured using the ZFC–FC process with a 10 Oe field for 34, 39,
and 42 nm NPs. The inset of (b) shows the M(H) loop measured at
300 K for 34, 39, and 42 nm NPs.

Figure 4. Room temperature first-derivative ESR absorption spectra
of 34, 39, and 42 nm NPs (from top to bottom), where the solid line
is the best fit obtained by deconvoluting the ESR spectrum using a
sum of Gaussian and Lorentzian functions.
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shows a slight increment. The values of gi for different
samples remain within a range: g1=2.48∼2.37 (open
squares), g3=2.12∼2.08 (open right-side up triangles),
g2=2.14∼2.20 (solid spheres), and g4=2.00∼2.05
(solid upside down triangles). Figures 5(c) and (d) show the
size dependencies of gi, Ai, and ΔHi. The values of A4 and
ΔH4 decrease dramatically with the increase of particle size,
and show a sharp drop at 42 nm. Conversely, values of Ai and
ΔHi with i=1, 2, 3 do not show a significant size
dependency.

4. Discussion

Recently, a complete diagonalization method and the pertur-
bation theory method were used to calculate the axial g-tensor
values ^( )g g,II for the isolated tetrahedral [CuO5]8− complex
of the tetrahedral YBCO [35]. Figure 6(a) shows Cu(2)O5

complexes present in a tetragonal YBCO structure, where gII
and ĝ are the g-factors along the Cu(2)―O(4) and
Cu(2)―O(2) bonds, respectively. The reported exper-
imental values of gII=2.39 and ĝ =2.07 from YBCO
powder samples are close to the theoretical values summar-
ized in the first and second rows of table 2. Based on the
chain-plane-paramagnetic-center model [17], the breaking of
Cu(2)―O(4) bonds results in an instability of the 3d10 state
of Cu(1) in the Cu(1)―O(4) chain, inducing an electron

transfer to the 3d8 state of Cu(2) in the CuO2 plane, as shown
in figure 6(b). The disturbance of charge equilibrium between
chain and plane could result in the increase of paramagnetic
complex axial g-tensors. For example, gII∼2.22 and
ĝ ∼2.06 for the orthorhombic YBCO with δ=1.0. In
comparison with the overall ESR data for Cu(2)O5 com-
plexes, single crystal, and powder YBCO, the obtained g1 and
g3 are assigned to the signal from the tetragonal YBCO phase,
while g2 and g4 are from orthorhombic YBCO phase. It is an
interesting finding that all measured NPs have coexisting
tetragonal and orthorhombic phases.

However, a question remains unanswered: How does the
size of YBCO NPs control the superconducting property?
Since the surface defects result in broken Cu(1)―O(4)
bonds, the large surface-to-volume ratio in a small NP could
lead to an increase in oxygen vacancies (less oxygen content)
[12], and thus Tc decreases. Figure 7(a) plots the size-
dependent structure parameters, superconducting transition,
and oxygen content. A significant lattice contraction along the
a-axis is observed. The a decreases drastically from 3.8766
(11) Å to 3.8161(1) Å with the particle size increasing from
30 to 45 nm; meanwhile, b (∼3.88 Å) does not show a sig-
nificant size dependency. Contrary to single crystal and bulk
YBCO, in which the lattice parameter c decreases with
increasing oxygen content, c increases from 11.5926(29) Å to
11.6809(5) Å with δ increasing from 0.35 to 0.73. This result

Figure 5. (a) Deconvoluted ESR spectra of 39 nm NPs using a sum of two Gaussian and two Lorentzian functions. Plot of size dependency of
(b) effective g-factor, (c) amplitude, and (d) line-width of 34, 39, and 42 nm NPs.
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suggests that the observed size dependencies of lattice para-
meters are mainly from the finite-size effect and less from the
oxygen content. Figure 7(b) plots the δ (left) and the TC
(right) vs. 〈d〉, indicating a similar trend of TC and δ with
increasing particle size. The above results confirm that the
oxygen content of the NP increases with increasing particle
size, and thus Tc is enhanced.

Another measure for the oxygen vacancies is the ampl-
itude of the ESR. In general, the amount of vacancies is
proportional to the amplitude of the ESR peak due to the
increase of paramagnetic centers. In figure 5(c), the intensity

Figure 6.A schematic diagram for (a) Cu(2)O5 complexes in the tetragonal YBCO structure along the c-axis, and (b) charge transfer between
the 3d10 state of Cu(1) in the chain and the 3d8 state of Cu(2) in the plane of the orthorhombic YBCO structure along the c-axis.

Table 2. Summary of the g-factors for YBCO NPs along with the
values from the literature, including those for the isolated CuO

5

complex (experiment and theory), ceramic, powder samples (PD),
and single crystals (SC).

Composition g1(g||) g3(g⊥) g2(g||) g4(g⊥)

Theory [35] 2.405 2.056 — —

CuO5 complex 2.409 2.054 — —

PD, δ=0.36 (tetra-
gonal) [17]

2.39 2.07 — —

Ceramic (3 mm) — — — —

PD, δ=1 — — 2.21 2.06
PD, δ=1 [36] — — 2.203 2.098
SC, δ=0.9 [37] — — 2.270 2.020
PD, δ=0.95 [38] — — — 2.096(gav)
δ=0.05 — 2.096 2.218 2.040
δ=0.95 — 2.116 2.225 2.045
0.35�δ�0.45 — 2.121 2.229 2.048
SC, δ=0.9 — — 2.270 2.020
This work
NP, δ=0 2.476 2.115 2.137 2.001
NP, δ=0.35 2.483 2.111 2.201 2.016
NP, δ=0.65 2.370 2.077 2.132 2.022
NP, δ=0.71 — 2.083 2.156 2.052

Figure 7. Plot of size dependencies of (a) lattice parameters and
(b) oxygen occupancy at the O(1) site; δ values (left scale) and TC

values (right scale).
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A4 of the ESR peak shows a great reduction upon increasing
the particle size, implying that oxygen vacancies are mainly
on the CuO2 plane. The observed reduction of ΔH4 for the
42 nm sample suggests that the distribution of oxygen
vacancies is more uniform in the large NPs. As a con-
sequence, Tc is enhanced with increasing particle size. This
study shows the advantage of utilizing the ESR technique for
in-depth characterization of paramagnetic centers in oxygen-
deficient complex compounds like YBCO NPs.

5. Conclusions

The crystalline and magnetic properties of microwave-assis-
ted sol–gel-synthesized YBCO NPs (34 to 45 nm) were sys-
tematically investigated using SRXRD and ESR techniques.
The finite-size effect leads to lattice contraction along the c-
axis and expansion along the a-axis. A drastic rise in TC from
14(2) K to 90(2) K is correlated with the increase in oxygen
occupancy at the O(1) site in the a−b plane. At room temp-
erature, ESR spectra reveal four peaks with effective g-factors
of g1=2.48∼2.37, g2=2.14∼2.20, g3=2.12∼2.08,
and g4=2.00∼2.05. The (g1, g3) and (g2, g4) peaks are
assigned to the axial g-tensor ^( )g g,II of isolated Cu(2)O5 and
chain-plane-paramagnetic complex, respectively. The ampl-
itude of the ESR peak with g=2.05 significantly decreases
with increasing particle size, reflecting a reduction of oxygen
vacancies in the CuO2 plane. Our finding shows a correlation
between particle size and oxygen vacancies within the finite
sizes.
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