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Figure 3.8 (a) XMCD spectra of sample NP16, NP17 and NP18 at 300 K (b) XMCD
spectra at 80 K.
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3.3 Sum rules

Spin and orbital moments are very important quantities to understand the electronic and magnetic
properties of materials. There are formulas called ’sum rules’ that allow us to directly extract the
spin and orbital moments from XMCD spectra. In 1992, Thole and coworkers [28] developed the
sum rules. Since then, people commonly use the sum rules when analyzing XMCD signals in the
case of Fe (3d transition metal). The sum rules are:

4, (He —p-)do
3 s, (s + 0 )de

6 Jp,(y —p)do—=4 [, (L —p-)do
- an (H++u-)do

L —

Ny, 3.1

7<T,>
28, >

Ny /(1+ ) (3.2)

S:

in which My, and Mg represent the orbital and spin magnetic moments, in units of Bohr magnetons
(up). uy+ and u_ denote the XAS signal at positive and negative helicities, respectively. py —
is the resulting XMCD signal. @ denotes the photon energy. The integration range is specified
for each integral, whether done on the full spectrum (L3 ») or through the L3 edge only (L3). N}, is
the total number of holes in the Fe(3d) valence band, per FezOy4 unit, here Nj, = 13.7 as reported
else where. [29,30] < T; > is the expectation value of the magnetic dipole operator. We used a
calculated value for < 7, >= 0.09up, as reported elsewhere. [31] S, is the expectation value for
the spin operator, for which we used < S, >= 4up [32].

We can see from Equation 3.1 that My is proportional to the integration of u_ — . (XMCD).
We plot the integral of the XMCD spectrum in Figure 3.9 and found that the result at 735 eV is

very close to zero. This suggests that we got a quenched orbital moment in our sample.

3.4 Results

Table 3.1 displays the values we calculated for the orbital and spin moments, My, and Mg, using

the sum rules, for three of our samples, at 300 K and 80 K. The moments are here calculated for
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Figure 3.9 The integral of XMCD spectrum over the energy range 695 ~ 735 eV. My, is
proportional to this integral.
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Table 3.1 Calculated values for the orbital and spin contributions to the magnetic moment
MFe

Values measured at H=6300 Oe' Extrapolated values?

Orbital My (up) | Spin Ms(up) | Total Mre(Up) Total Mpe(Up)

Sample | Particle 300K | 80K 300K | 80K | 300K | 80K | 300K | 80K

size(nm)

NP16 | 11.3£2.5 | 0.07(5)| 0.06(6)| 2.09 | 2.36 | 2.16 | 2.43 | 233 | 2.57

NP17 | 8.1£1.7 | 0.01(5)| 0.02(7)| 2.26 | 2.59 | 2.27 | 2.62 | 247 | 272

NP18 | 5.6+1.0 | 0.03(8)] 0.03(7)| 1.45 | 1.70 | 1.49 | 1.74 | 191 1.98

the whole unit Fe;O4 in Bohr magnetons (tp). The net magnetic moment of iron per Fe3O,4 unit
has been estimated by adding the orbital and spin components Mg. = My, + Ms. Also, the XMCD
signal was measured at a field of 6.3kOe, which is slightly below saturation point for all samples,
therefore the nanoparticles were not fully saturated during the XMCD measurement. We extrap-
olated MF. to its value at saturation, using the ratio found in the magnetization curve between the
magnetization Mg 3, at 6.3 kOe and magnetization at saturation M, (estimated at 50000 Oe).
The extrapolated values have been obtained by multiplying the measured values by the coefficient
Mot /Mg 316 Given the noisiness of the XAS and XMCD data, we believe the error on our estima-

tion of M is around +0.1up.

IThese values are calculated based on a number of hole N, = 13.7.

2The values for the total magnetic moment Mg, are extrapolated using the ratio Mgy /My 637 given by the VSM
magnetization curves. At 300 K, the ratios are 1.08, 1.09 and 1.28 for NP16, 17 and 18 respectively; at 80 K, the ratios

are 1.06, 1.04 and 1.14, respectively.
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3.5 Discussion

As shown in Table 3.1, we found quenched orbital moments (My) for all the samples at 80 K and
300 K. The values are on the order of 0.01 up. The quenching of the orbital moment is also reported
in a theoretical calculation [29] and experimental observations [31] in Fe304 single crystal. Some
other experimental work [27,33] on Fe304 nanoparticles have also confirmed a quenched orbital
moment. The quenching of the orbital moment appears not affected by the nanostructuration.

We also found a relatively large spin moment (Ms) in our sample as well as the resulting net
magnetic moment Mr.. The magnetic field applied on the sample is 6.3 kG, which is slightly less
than the saturation field. As reported in the last two columns in Table 3.1, we also extrapolated the
total M. at saturation. These extrapolated values (~ 2ug) are larger than the values at 6.3 kG, but
still somehow lower than the values reported in single bulk FesO4 (~ 3up). [29-31] This lowering
effect can be explained by a couple of reasons. First, the photon energy range used in our XMCD
spectra can be broader. It has been verified that extending the energy range above the L, edge yields
a larger Ms value. [31] Second, the number of holes N, = 13.7 based on a LDA calculation we used
is probably underestimated. The ligand shell around the nanoparticle may modify the electronic
structure on the surface, which will increase the number of holes. Third, this lowering effect of
the magnetic moment of nanoparticles compared to bulk Fe304 may also be associated with the
nanostructural effect. Last, the oxidation on the surface of the nanoparticles should also be taken
into account. As we mentioned in the second chapter, it’s very hard to distinguish maghemite
(y-Fe;O3) from magnetite (FezO4). There may be a small portion of maghemite existing in the

sample [34].



Chapter 4

X-ray Resonant Magnetic Scattering

(XRMS)

4.1 Overview of the XRMS Technique

X-ray diffraction (XRD) probes the crystallographic structure of materials. XRD is typically re-
lated to charge scattering, also known as Thomson scattering. X-ray magnetic scattering, a rela-
tively new technique, provides additional information about the magnetic order. The effect was
first established theoretically by Platzman and Tzoar [35] and confirmed experimentally by De
Bergevin and Brunel [36] in 1970s. In comparison to Thomson scattering, the non-resonant x-ray
magnetic scattering amplitude is typically much smaller, down to ~ 2% [37]. Although magnetic
scattering is much weaker than charge scattering, the Resonant X-ray Magnetic Scattering (XRMS)
typically has a strong signal, because of magneto optical resonance. XRMS is an element specific
technique, in which the scattering amplitude can be drastically enhanced. The first resonant mag-
netic scattering experiment was reported by Gibbs ef. al. [37] in 1988. They found a resonant

enhancement of the magnetic signal in holmium in which the resonant enhancement reaches a fac-

32



4.1 Overview of the XRMS Technique 33

tor of 50. In the same year, J. P. Hannon and his coworkers [38] proposed a theoretical description
of x-ray resonance exchange scattering. These large resonant enhancements can be used to study
high-T. superconductors and two-dimmentional magnetic orderings.

Magnetic scattering is a result of the coupling between the photon spins and electron spins
in materials. The resonant enhancement originates from an electric multipole transition. A large
enhancement in 3d transition metals at L 3 edges [39] and rare earth My s edges [40] has been
reported.

Generally, the scattering process can be illustrated as in Figure 4.1, where k and K’ are the
wave vectors of the incident x-rays and the scattered x-rays, respectively. q = K’ —K is the scat-
tering vector. We will let e and €’ represent the polarizations of the incident and scattered x-rays,

respectively. The atomic scattering factor is then defined as [41]:

S =pcfet Pmfm 4.1)
pe= (") 4.2)
pm=—i(e* xe)-m (4.3)

In Equation 4.1, f. and f,, denote the complex charge and magnetic scattering amplitudes. p.
and p,, are defined in Equation 4.2 and Equation 4.3, respectively. m = u/|u| represents the
magnetization direction. In our experiment, we used circular polarization, with small scattering
angle 6 and m is longitudinal, along the Z axis. This yields fi = f. Fif,,. [42] The scattering

intensity from interfering particles in the Born approximation can be written as:

I(q) = ‘Zﬁeiq~ri|2 = fczsc-C(Cl> ‘f’fr%zsm-m(Q) +2fc fnSc-m(q) (4.4)

Where I denotes the scattering intensity of left and right polarized x-rays. i indicates summation
over atom i. S¢-¢, S-m and s.-,, refer to the spatial distribution of charge-charge, magnetic-magnetic
and charge-magnetic correlations, respectively. In this equation, the first part is a pure charge term,

the second one is a pure magnetic term and the last one is a charge magnetic cross term. In our
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y CCD camera

Figure 4.1 Polarized x-ray has a wave vector of k and the polarization plane is defined
by e. The scattered wave vector is K’ and the scattered polarization is €. 7 and ¢ are the
basis vectors in and out of plane for the incident wave. 7’ and ¢’ are the basis vectors in
and out of plane for the scattered wave.
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experiment, we used I, I and [jj,e,r to obtain the charge-magnetic and magnetic-magnetic corre-
lations. These correlations can give information on the magnetic coupling between nanoparticles.

In 2005, Kortright et at [41] have reported the XRMS using dense assemblies of €-Co and
hcp-Co superparamagnetic particles using a 1D detector. In our expriment, we studied superparam-
agnetic nanoparticles self-assemblies via XRMS, and specifically focused on FezO4 nanoparticles

using a 2D detector.

4.2 Experimental setup

The experimental setup we used at SSRL is shown in Figure 4.2. In our case, we want to probe
the magnetism of Fe. We tuned the energy of the x-rays to the Lz (~705 eV) and L, (~719 eV)
resonant edges of Fe, which correspond to the electric dipole transition from the 2p to 3d bands of
Fe. To perform the XRMS experiment, the photodiode on the downstream side was replaced by a
2048 x 2048 pixels CCD camera. This camera can be freely adjusted in the X, Y and Z directions
to obtain the best data image. By using liquid nitrogen and liquid helium, we were able to cool the
scattering chamber down to 20 K. While carrying out the experiment, we set our temperature at
20 K, 80 K, 150 K and 300 K. A picture of the scattering chamber and cooling system is shown in
Figure 4.3

The original electromagnet we used at the beamline only produces a magnetic field ranging
from -1.1 kG to 1.1 kG. But for our sample, 1.1 kG is far below the saturation field. To increase
the magnetic field, we first mounted a permanent magnet onto the magnet poles, which induces a
permanent field of ~ 3kG. This magnetic field is already significantly increased but still slightly
below the saturation field. Then we managed to implement a electromagnetic inside the chamber
by wiring coils around the magnet poles, thus increasing the field further, up to 6.3 kG. Because

the scattering chamber is vacuum and the electromagnet releases heat into the chamber, we could
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Sample
Monochromator

Undulator

CCD Camera

Figure 4.2 Sketch of the XRMS experiment. Coherent x-ray comes from SSRL is polar-
ized by an undulator and tuned to the resonant edges of iron by a monochromater. X-ray
is scattered by Fe30,4 assemblie and detected by a CCD camera.

not apply a very large current in the electromagnet. However, with the new magnetic setup, we

obtained a maximum magnetic field reaching all the way to 6.3 kG in situ, which is very close to

the saturation field of our samples.

4.3 Experimental results

One of our XRMS scattering patterns is shown in Figure 4.4(a), with colors that indicate different

intensities. We identify rings with different intensities by making a set of rings as shown in Figure

4.5. This set of rings share the same center position with the scattering pattern. We can select

one ring with a certian radius in the data image by choosing the ring with the same radius in the

ring set and multiply the data image by it. The dark lollipop-like shape located in the center is a

shadow of a blocker and is used to protect the CCD camera from being hit by direct light. In order
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Figure 4.3 View of the scattering chamber used at BL13-3. The scattering chamber has
a cylindrical shape. A lot of tin foil are covered around the chamber to protect it from
the radiation from outside. The electromagnet is located in the back of the chamber.
Detection stage downstream on the left side.

to optimize the data, we tried different configurations.We used different shapes of blockers. For
example, a lollipop-like one, a cross-like one, or a simple rod, as shown in Figure 4.6. Also, to
access different q regions, we sometimes offset the center of the ring to the right side as displayed
in Figure 4.6(a).

To study the scattering pattern, we will generate an intensity profile. To do this, we first
have to eliminate the effect of the blocker. The intensity of the pixels within the blocker area is
significantly lower than the intensity of the scattering pattern. But when analyzing the data, these
"bad points’ will still be counted and on average will reduce the average intensity we obtained
for each q value. They may also cause very odd kinks in the intensity profile. Therefore, while
analyzing the data, we need to remove the low intensity behind the blocker by multiplying the mask
by the image. We developed an algorithm to simulate the blocker and create a mask. Generally,

the intensity of the blocker is significantly lower than on the rings. Therefore we set a criterion €
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Figure 4.4 (a) Scattering pattern measured by the CCD camera from the XRMS experi-
ments. The blue region in the middle is the shadow of the blocker. Red indicates higher
intensity, while blue indicates lower intensity. (b) Blocker simulation we used to eliminate
the effect of blocker. The blue and red colors have intensity of 1 and 0, respectively

to distinguish the intensity on the blocker from the actual scattering intensity. To do this, we set
€ at a certain value. All the pixels that have an intensity lower than € will be assigned zero and
pixels with higher intensity than € will be assigned 1. The mask corresponding to Figure 4.6(a) is
displayed in Figure 4.6(b). It matches the real blocker in the data image very well.

After the shadow of the blocker is removed, we apply two normalization steps to study the
scattering pattern. First, we preform a spatial normalization: a single pixel in the scattering pattern
does not give us sufficient statistics. Instead, we integrate azimuthally over rings at different q
values to generate a intensity profile as a function of q. Second, time normalization: to get rid of

the fluctuation of the incident x-rays, we also use a time normalization.

Spatial Normalization We analyze the data in order to generate an intensity profile of the scat-

tering pattern with respect to q. The scattering factor q is defined in the first section as q = k/ — Kk,
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Figure 4.5 A set of rings with different radii. Each ring has a width of 5 pixels. A certain
intensity value is assigned to each ring, which is indicated by the colors in the figure.
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Figure 4.6 (a) The scattering pattern with a simple rod shape blocker. The center is on the
right side of the image. We do not have a whole ring here, but we are able to access the
larger q value regions with this setup. (b) The scattering pattern with a cross-like blocker.
The center of the ring is offset to the bottom. We are also able to access the larger q value
regions with this setup.
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the difference between scattered wave vector k’ and incident wave vector k which is also shown
in Figure 4.1. The intensity was calculated by an azimuthal integration and normalized by the
azimuthal angle 0 as illustrated in Figure 4.7(a):

L lraw

A

[ =
AO

4.5)

In this equation, A€ is the azimuthal angle of the ring at a certain q value. It includes all the data
points except the ones on the blocker. We numerically calculated the angle by counting the pixel

numbers on the ring. 7,4, denotes the intensity of each pixel on the ring.

Time Normalization The beamline can be unstable due to changes in room temperature and
small mechanical vibrations of the facility. Normalizing by the incident x-ray flux time scan is also
useful. We call it time normalization I /Iy. The time scan is in Figure 4.7(b). I is the integration of

all the peaks in the figure, which correspond to the periods of time when the CCD shutter is open.

4.4 Magnetic profile

Once the spatial normalization and time normalization are done, we are able to plot the scattering
intensity profile as a function of q (denoted /(g)). We have measured various profiles at different
temperatures, energies, and polarizations. In Figure 4.8, we show intensity profiles of sample NP16
and NP18. The intensity profiles have a dominant charge scattering part and a magnetic scattering
part. In this figure, the peak position is mostly due to the charge scattering. This peak gives the
information about the interparticle distance between two nanoparticles. To determine the distance

d, we use the Bragg diffraction condition:

g="sin6 (4.6)
g 27 (4.7)
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Figure 4.7 (a) [llustration of the spatial normalization. We integrated the intensity of each
pixel azimuthally and divided it by the azimuthal angle 6. The angle 0 is only used
to represent the azimuthal angle. The actual azimuthal angle we use is the angle which
covers the whole ring except the blocker. (b) Time scan of the incident x-ray flux, each
peak indicates the time in between shutter open and shutter close.
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where d is the interparticle distance and A (~1.76 nm) is the wavelength of the x-ray. We use the
first order peak here, son = 1. sinf = %, where D is the distance from the center of the scattering
pattern to each ring and L is the distance between the sample and the CCD camera.

With this equation, we are able to find the interparticle distance of NP16 to be d = 16.35nm.
In Chapter 2, we found the average size of NP16 is around a = 11.3nm. Because nanoparticles are
sparsely distributed, the interparticle distance is necessarily larger than the diameter of nanoparti-
cles. There is an average spacing around 5 nm between two nanoparticles. In NP18, we estimated
an interparticle distance of around 6.23 nm. It is also consistent with the TEM results, which shows
the average size of the nanoparticles to be around a = 5.6nm. NP18 has a spacing about 0.6 nm,
which indicates that NP18 is more closely-packed than NP16.

We also measured the half peak width to calculate the correlation length of each sample. The
correlation lengths are /. = 31.57nm and /. = 27.08nm for NP16 and NP18, respectively. The
correlation length indicates that there is only a short range order in NP16, about 2 particles are
correlated, while there’s a significantly longer range order in NP18, about 4 ~ 5 particles are
correlated.

We also looked at the profile with an energy below the resonant edge. We still choose sample
NP16 at 300 K. In Figure 4.9, showing data for NP16 at 300 K, we found the on-resonance intensity
profile is one order of magnitude larger than the off-resonant profiles. This is because when the
energy is at off-resonance edge, both charge and magnetic scattering are significantly weaker. By
studying the peak heights in both Figure 4.9(a) and (b), we found the enhancement at resonance to
be at least a factor of 30.

Now we compare profiles taken at different helicities. In Figure 4.10, we presented results
of NP16 at 80 K, when a field of 6.3 kG is applied. This figure shows profiles with opposite
polarizations at E5 = 707eV. We can see from the figure that the intensity profile for a positive

helicity is a little lower than for the negative helicity one. We recall Equation 4.4, the charge
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Figure 4.8 (a) Scattering intensity profile respects to q of NP16 (11.3 nm) at 80 K at 6.3
kG. (b) Scattering intensity profile of NP18 (5.6 nm) at 300 K at 2 kG.
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Figure 4.9 (a) Scattering intensity profile of NP16 (11.3 nm) at an below-edge energy
700 eV. (b)Scattering intensity profile of NP16 (11.3 nm) at the resonant edge 706 eV.

scattering term should be independent of the helicity, only the cross term and the pure magnetic
term has a dependence on the helicity. Our results indicate the presence of a magnetic scattering

signal here. To further study the magnetic scattering signal, we will calculate a dichroic ratio, as

shown below.

4.5 Dichroic effect

To extract the charge-magnetic correlation s._,,, we calculated the dichroic term which is defined

as:

Al(q) = 1+(q) —1-(q) (4.8)

Here I, is the scattering intensity profile with positive helicity and 7_ is with negative helicity.

Using Equation 4.4, we find:

Al(q) =1:(q) —1-(q) = 2fcfmSc-m(q) (4.9)
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Figure 4.10 Scattering intensity profiles of sample NP16 (11.3 nm) at different helicities
at 80 K with a field of 6.3 kG. Different polarizations are indicated by different colors.
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Figure 4.11 (a) The dichroic terms Al(q) plot as a function of q of NP16 (11.3 nm) at
80 K with a positive helicity. The peak position is at 0.384 nm~!. When we switch the
magnetic field, the sign of the dichroic profile will reverse.

The equation shows that Al(q) is proportional to s¢-,;(g). Therefore the charge-magnetic correla-
tion s.-,(g) is also a function of q. It is expected that the magnetic moment of the nanoparticles
will change direction when we switch the magnetic field from positive to negative and the term
se-m(q) will change sign accordingly. Now we look at the dichroic terms of sample NP16 at dif-
ferent field values in Figure 4.11. As expected, two dichroic terms at opposite field values have
opposite signs. Also, the dichroic terms both show a peak at the same position as the intensity
profile. The peak indicates the presence of a ferromagnetic order between nanoparticles. However,
we want to point out that this dichroic profile is different from the original scattering profile. There
may be a antiferromagnetic contribution in the dichroic profile too.

We will also look at the dichroic terms at different resonant energies. As we recall the W shape
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Figure 4.12 The dichroic terms Al(qg) of sample NP16 (11.3 nm) at resonant edges 706
eV, 707 eV and 708 eV. The peak position is at 0.384 nm~".

of the XMCD signal, peak B corresponds to spin-down Fe* ions while peak A and C correspond
to spin-up Fe>* and Fe®* ions. In Figure 4.12, we show the dichroic terms at peak Ex = 706eV,
Eg =707eV, and Ec = 708eV of NP16 at 80 K. The field is 6.3 kG. It has been found that the
dichroic term at 707 eV has the opposite sign compared to the dichroic terms at 706 eV and 708
eV. This is because the spin-up and spin-down Fe ions have a different coupling with photon spin,
resulting in different signs of s._,,(¢). The peak height of different dichroic term also varies with
energy. Back in Figure 3.8 of the XMCD chapter, we found the W shape of NP16, with a 706 eV
peak as the maximum and 707 eV as the minimum. This difference in XMCD signal originates
from the different strengths of the photon spin and electron spin couplings. We found that the peak
heights of the dichroic terms at different energies are also consistent with the XMCD results.

We also calculated the dichroic terms when the magnetic field applied on the sample is 0 kG,
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Figure 4.13 The dichroic terms Al(g) of sample NP16 (11.3 nm) at 0 kG, 2 kG and 6.3
kG. The temperature is 300 K. The intensity of the dichroic term at 0 kG is significantly
lower than the other two.

2 kG and 6.3 kG as shown in Figure 4.13. The dichroic term at 6.3 kG has a higher peak than the
dichroic term at 2 kG. This is because the photon spin and electron spin coupling is stronger when
there is a higher field applied to the sample. Thus the magnetic signal is stronger. We can also see
that the dichroic term at O kG has a very low intensity. It has a negative sign because there is a
remnant magnetic moment in the sample when we tuned the magnetic field to 0 kG.

The dichroic term of NP18 shown in Figure 4.14 also shares the same peak as the scattering
intensity profile of NP18. This means that magnetic moments of almost all of the nanoparticles
are aligned with the magnetic field. The curve doesn’t go to zero very steeply at the lower g range.

This indicates that there might be a little antiferromagnetic contribution in the sample.
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Figure 4.14 The dichroic term Al(q) of sample NP18 (5.6 nm) at 2 kG. The temperature
is 300 K. The blue arrows indicate the ferromagnetic and anti-ferromagnetic order peaks
in the curve.
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4.6 Linear intensity profiles at different fields

Besides the dichroic term I, — I, we look at [};,,,, to extract the magnetic-magnetic correlation

Sm—m- linear 18 defined as:

L +1_
Linear = +2 (4.10)

We take the difference of the Ljjpear at 2 kG and at 0 kG. Using the Equation 4.4 and 4.10, we
got:

AI]inear(Q) = Ilin,Hl (Q) - Ilin,Hz (Q) = fr%,ASm—m <Q> 4.11)

As shown in Equation 4.11 that Aljj,eqy(4) 18 proportional to As,-,. In order to study the magnetic-
magnetic correlation s,,-,,(¢g), we evaluated Al(q) as a function of q. In Figure 4.15, we display
Lin 2kG (9) — hin,0kG (¢) and hin —2kG(¢) — hinokG (). Because f2_ s a constant term and s,,-,(q)
is independent of the orientation of magnetization, the Ilin,sz(Cl) — Ihn’OkG(q) should preserve the
same sign as Jin —2kG (¢) — lin,0kG (). This is confirmed in Figure 4.15. We believe the differences
between the two curves are mostly from the mechanical instabilities in the experimental setup.
Some minor reasons can be the normalization process and the magnetic field calibration. Both
curves share the same peak position as the charge scattering has, this also confirms the existence

of ferromagnetic order in the nanparticles.
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Figure 4.15 Calculated Ilin,ZkG (q) _Ilin,OkG(Q) and Ilin,—ZkG (q) _Ilin,OkG(CI) plOt as a func-
tion of q of sample NP16 with positive helicity at 300 K.
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Conclusion

Using thermal decomposition of an iron precursor and the coating of particles with oleic acid, we
have prepared Fe;O4 magnetic nanoparticles varying in size from 5 nm to 11 nm. A cubic Fd3m
structure, consistent with the inverse spinel structure of Fe3O4 magnetite, has been confirmed by
XRD measurements. We have also applied the Scherrer equation to XRD data to estimate the
particle size. A statistical analysis has also been used on the TEM images we took, which confirms
the size of the particles as well. The results from XRD and TEM are in agreement with each other
over a reasonable range. The discrepancy is within 1 nm.

By adjusting the solution concentration, we have also made a self-assembled single layer of
nanoparticles on a SizN4 membrane. We brought these membranes to SSRL to perform our XMCD
and XRMS synchrotron experiments. With the XMCD data, we have been able to identify the L3 »
resonant edges of Fe. We have also separated the spin and orbital magnetic moments by using sum
rules. The quenching orbital moment and large spin moment we got are in agreement with the
results reported from other groups. We have also found the magnetic moment in our nanoparticles
is smaller than in bulk Fe3O4 . Furthermore, we have also found that the spin moment at low
temperature is higher than at high temperature. We have concluded that the reduced magnetic

moments can be attributed to the preparation methods, the electronic properties at the surface and
53
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disorder effects.

We have also performed magnetic resonant scattering by tuning the x-ray energy to the res-
onant edges of FezO4. We have generated the scattering intensity profiles by using a spatial nor-
malization and a time normalization. From the profiles, we estimated the interparticle distance
between nanoparticles and the correlation length. This interparticle distance is consistent with the
TEM analysis. With the study of profiles, we have also found NP18 is more closely-packed than
NP16. We have also found that the scattering intensity on the edge is much stronger than off the
edge. Calculation of the dichroic terms has also been performed to obtain the magnetic signal.
The dichroic terms we obtained have confirmed that we got a true magnetic signal. We have also
used the linear polarized profile Jjine,r to evaluate Lin 11, (¢) — fin1,(g). With this study, we con-
cluded that there is an ferromagnetic magnetic order in the sample and there may also be some

antiferromagnetic contribution in the sample.
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