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Figure 4.9: Temperature dependence of the coercive field measured with Hdc applied

perpendicular to the substrate plane for the samples with tCo = 0.7 nm, N = 25, and

(a) (N) tPt = 1.5 nm, (b) (F) tPt = 4.5 nm and (b)(•) tPt = 6 nm.

first and third quadrants, the magnetization reversal in this sample apparently

proceeds layer by layer. The last layer magnetization reversal involves a vari-

ation of ∆Ms/Ms = 1/12.1, where Ms is the saturation moment. Indeed, if

each layer contributes M1 = Ms/25 to the total magnetization, the reversal

of the magnetization of one layer will imply a moment difference of twice this

quantity.

In the direction parallel to the substrate plane the coercive field is much

lower, being 0.85, 0.46 and 0.15 kOe for samples with tPt = 1.5, 4.5 and 6 nm,

respectively, at 5 K (see Fig. 4.8). Such differences between the magnetization

curves measured in orthogonal directions (with the bias field applied parallel

and perpendicular to the substrate plane) evidence the presence of perpendicu-

lar magnetic anisotropy (PMA) in the Co-Pt samples. The easy magnetization

direction has been identified to be the one perpendicular to the substrate, as

observed in different Co-Pt multilayer systems [148–151], CoxPt1−x alloy films

[139–142] and Co-Pt NPs systems [30, 31].

Above Tf the M(H) curves measured in both configurations have the char-

acteristic superparamagnetic behavior, which can be fitted to a Langevin curve

of the nominal Co-Pt particle average diameter [152], following a procedure

analogous to the one described in section 2.3.1.
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4.3.2 Anomalous Hall Effect magnetometry

The anomalous Hall effect (AHE) measurement technique is a method fre-

quently used to study the magnetic properties of thin films exhibiting PMA.

Measurements of AHE in ferromagnetic granular systems has demonstrated its

sensitivity to the local magnetic moments of individual nano-particles [153],

so that hysteresis is developed in the Hall voltage versus applied field curve

below the blocking temperature of magnetic particles. Thus, by measuring

the variation of the hall voltage VH with the magnetic field applied in the

direction perpendicular to the substrate of our Co-Pt NPs samples, hysteresis

loops comparable with those of SQUID magnetometry can be obtained.

AHE measurements were performed on two of the Co-Pt NPs samples,

those with tCo = 0.7 nm, and tPt = 1.5 and 6.0 nm. These measurements

were carried out by Dr. Jolanta Stankiewicz in an electrical transport setup of
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Figure 4.10: AHE hysteresis loops measured at T = 5 K and Hdc perpendicular to

the substrate for the samples with tCo = 0.7 nm, N = 25, and (a) tPt = 1.5 nm and

(b) tPt = 6 nm. Inset in (b): details of the first quadrant of the hysteresis loop in (b).
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Figure 4.11: Comparison of the HC vs. T obtained by SQUID (•) and AHE (N)

measurements with Hdc applied perpendicular to the substrate plane of the sample

with tCo = 0.7 nm and tPt = 1.5 nm. Dashed line: guide to the eye.

the Departamento de f́ısica de la materia condensada and Instituto de Ciencia

de Materiales de Aragón (ICMA), CSIC - Universidad de Zaragoza, and in a

Quantum Design Physical Property Measurement System (PPMS) of the Ser-

vicio de medidas f́ısicas of the Universidad de Zaragoza.6 The measurement

configuration is that shown in Fig. 1.3 of section 1.3, with the four contacts

placed at the edges of the rectangular samples. The magnetic field was varied

within H = ±20 kOe, and applied in the direction perpendicular the sub-

strate. VH vs. H loops were collected at several temperatures from 2 K to

300 K. In Fig. 4.10 we have plotted those M(H) obtained for the two Co-

Pt samples at T = 5 K. These curves show a remarkable squareness and the

coercive field coincides well with the one obtained by SQUID magnetometry

(see Fig. 4.8). However, the soft component observed in the curves measured

in the SQUID magnetometer is not detected by AHE, which instead seems to

be very sensitive to the hard component. The HC values and their tempera-

ture dependence obtained by this method perfectly match those observed by

SQUID magnetometry in Fig. 4.9, as observed in the direct comparison of HC

vs. T for both techniques depicted in Fig. 4.11.

AHE measurements also allow to examine the magnetization reversal mech-

anisms in our granular films. The inset of Fig. 4.10(b) reveals details of the

switching of magnetization in the sample with tPt = 6.0 nm, which is consis-

tent with the layer by layer reversing described in the previous section for the

same sample.

6http://sai.unizar.es/medidas/index.html

http://sai.unizar.es/medidas/index.html
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4.3.3 X-ray Magnetic Circular Dichroism magnetometry

XANES and XMCD measurements at the Co K (7709 eV), Pt L3 (11564 eV)

and Pt L2 (13273 eV) edges on the Co-Pt NPs sample with tCo = 0.7 nm

and tPt = 1.5 nm were performed at the ESRF ID12 beamline. The APPLE-

II undulator and a double - Si - (111) - crystal monocromator were used to

collect the spectra at the respective energies. XANES spectra were recorded

by a fluorescence detector in backscattering geometry. Polarization of the

circular light was over 90% in these cases.

XANES and XMCD experiments at he Co L3 (778.1 eV) and Co L2 (793.2

eV) edges on the same Co-Pt NPs sample were performed at the ID08 beamline

of the ESRF. An APPLE-II undulator and a spherical grating monochromator

were used in this case. The degree of polarization at these Co L2,3 edges was

∼ 100% and the total electron yield (TEY) detection method was employed.

The XMCD signal at each edge was obtained by applying a magnetic field

of 10 kOe along the X-ray beam direction, at a temperature of 10 K. This field

and temperature were chosen according to the magnetic properties of the Co-

Pt NPs, so that the system was reaching its magnetic saturation under these

conditions (see section 4.3.1). XMCD was obtained by differences of XANES

spectra measured with opposite helicities of the light at a fixed magnetic field

value, orienting the field in two inverse directions.

Co K edge results

XANES and XMCD at the Co K edge probes the 4p empty states of the Co

atom in the sample. Analysis of the XANES spectra recorded at this edge on

these Co-Pt alloy NPs samples was described in section 4.2.2. Evidences of Co

4p− 3d and Co 3d−Pt 5d hybridization in the Co-Pt particles and electronic

transfer from Pt 5d to Co orbitals were then observed. As described for the

XMCD at the Co K edge in the Co-W NPs (section 3.1.1), the detection of

a nonzero XMCD signal at this edge reflects the magnetic polarization of the

Co 4p band caused by the intra-atomic exchange interaction with the 3d band.

The XMCD signal recorded at this edge for the Co-Pt NPs sample is shown

in Fig. 4.12, normalized to the absorption jump obtained in the Co K XAS

spectrum after background removal. It has the same sign as the Co K XMCD

of the Co-W NPs (see section 3.1.1) and as the one reported in Ref. [127],

which results in an antiferromagnetic coupling between 4p and 3d levels in Co.

The shape of XMCD signal in Fig. 4.12 is indeed very similar to the one

reported for ion irradiated Co-Pt films in Ref. [154]. In these Co-Pt films,

changes in the electronic structure of Co atoms related to the formation of
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Figure 4.12: (a) (-) XANES spectra, and (b) (�) XMCD signal at the Co K edge

for the Co-Pt NPs with tCo = 0.7 nm and tPt = 1.5 nm.

CoxPt1−x alloys induced by ion irradiation were observed. Striking similarities

between the XMCD spectra of the Co-Pt films and a reference Co0.5Pt0.5 L10

thin-film reference sample were shown, in terms of characteristic peaks at

selected energies. This allowed to interpreted the XMCD spectrum for the

irradiated Co-Pt film as the superposition of pure Co and L10 Co0.5Pt0.5 alloy

contributions. Similarly, in our Co-Pt NPs we may state that the Co K edge

XMCD signal that we observe is a combination of these two phases, since

we have demonstrated the existence of both by EXAFS analysis (see section

4.2.2).

By comparing the amplitude of the Co K edge XMCD curve for the Co-

Pt NPs with that of Ref. [127], we have estimated the 4p Co moment to

be -0.057(4) µB. This value has been reduced in about 35% with respect to

that found for the Al2O3 capped Co particles (m4p = −0.087 [11]). Such a

reduction may be a consequence of the Co-Pt alloy present in the samples.

Co L2,3 edges results

Figure 4.13 shows the XMCD spectrum measured at the Co L2,3 for normal

incidence of the X-rays. This spectrum has been normalized to the XAS shown

in Fig. 4.13(a) in high energy limit, after background subtraction.

As described in previous chapters, in order to apply the magneto-optical

sum rules [64, 65] (see section 1.4.2) to the XMCD signal in Fig. 4.13(b),
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Figure 4.13: Co−L2,3 edges spectra of the tCo 0.7 nm, tPt = 1.5 nm sample. (a) (-)

Normalized XAS spectra mean curve. (-) The double-step function used is also indi-

cated. (- -) Integrated white line. (b) (-) Normalized XMCD spectra, (- -) integrated

area. The higher limit for the p and q integrals, used for the sum rules analysis, is

given in (b).

the number of unoccupied states in the 3d band for Co nh is required in

the calculations. Values of 3d nh reported in the literature are, for example,

nh = 2.49 holes for metallic Co [108] and nh = 2.628 for Co0.5Pt0.5 L10 alloy

films [141]. Let us recall that the Co atoms in our Co-Pt NPs are found to be

in these two different environments (metallic Co and Co0.5Pt0.5 L10 alloy), but

we are not able to quantify each of them. Therefore, the right number of 3d

holes in Co atoms of our Co-Pt NPs is unknown. Thus, we have expressed the

orbital and spin moments, per 3d hole in the Co atoms, as mS/nh = 0.80(1)

µB, mL/nh = 0.09(1) µB, and mL/mS = 0.11(1). The spin moment mS/nh
has been obtained considering that the dipolar term mD is small with respect

to the total mS (see section 1.4.2).
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XMCD measurements at the Co L2,3 edges on CoxPt1−x particles prepared

by vapor deposition have been recently reported [155, 156]. They find system-

atically larger ratios of mL/mS than those in our Co-Pt NPs, for comparable

particle sizes. In that case, the orbital to spin ratio mL/mS of Co atoms in

our Co-Pt NPs is close to the value found for particles of 2.0 nm with compo-

sition close to Co3Pt [156]. With reference to other XMCD studies in Co-Pt

systems, our mL/mS in Co is always larger, as compared to CoPt3 films de-

posited on a substrate at 800 K (mL/mS = 0.09) [140], Co0.5Pt0.5 L10 alloy

films (mL/mS = 0.063) [141], and for annealed Co0.5Pt0.5 NPs with diameters

of about 2.6 nm deposited on amorphous carbon matrices (mL/mS = 0.094)

[22].

XMCD measurements at the Co L2,3 edges as a function of incident angle

(0o and 60o) were also performed, looking for anisotropy of the orbital mo-

ment. However, the results did not show clear angle dependence, which was

unexpected.

Pt L2,3 edges results

The XMCD spectra measured at the Pt L2,3 edges are shown in Fig. 4.14. The

non-zero values of the XMCD signal reflects the polarization of the Pt by the

magnetic Co. From an XMCD experiment at the Pt L2,3 edges one obtains,

through the sum rules [64, 65], the spin mS and orbital mL moments averaged

over the whole sample, provided one knows by calculation or estimation the

number of holes, nh, existing involved in the 2p → 5d excitations. For Pt

we have derived nh from the white line difference with a Pt foil at the L2,3

edges XANES, similarly to the procedure followed for XANES at the W L2,3

edges in section 3.1.2. We have obtained nh = 1.80(2) holes in the 5d band,

mS = 0.14(1) µB, mL = 0.027(2) µB, and mL/mS = 0.19(1) for Pt atoms in

the Co-Pt NPs.

The induced moment on Pt mtot = 0.16(1) µB is one order of magnitude

larger than the moments induced on the Cu, Ag or Au capping cases [11].

Obviously, the reason for this difference is the proximity of Pt, with the 5d9

band, to fulfill the Stoner criterion for ferromagnetism [157], instead of the

nearly filled noble metal nd10 bands (n = 3, 4 and 5 for Cu, Ag or Au,

respectively).

However, it is important to point out that not all Pt atoms in the Co-Pt

NPs of the measured sample (tCo = 0.7 nm and tPt = 1.5 nm) are alloyed or in

contact with Co atoms, as described in the HRTEM and EXAFS measurements

(see section 4.2) performed in this sample. As a result, it is possible that not

all Pt atoms in the sample are polarized by Co. Only those polarized Pt atoms



4.3. Magnetic study 109

1 1 5 6 0 1 1 6 0 0 1 3 2 8 0 1 3 3 2 0
- 0 . 1 5
- 0 . 1 0
- 0 . 0 5
0 . 0 0
0 . 0 5

q

 

No
rm

aliz
ed

 XM
CD

P h o t o n  e n e r g y  ( e V )

p
L 3

L 2

- 1 . 2
- 0 . 8
- 0 . 4
0 . 0
0 . 4

 XMCD integral

0 . 0

0 . 4

0 . 8

1 . 2

1 . 6

C o - P t  N P s
t C o = 0 . 7 n m
t P t = 1 . 5 n m
T  =  7  K
H  =  1  T

A u  - L 2 , 3

L 3

 

 

L 2

P t  -  L 2 , 3

No
rm

aliz
ed

 XA
S 

( a )

( b )

Figure 4.14: (-) Normalized XANES (a) and (•) XMCD (b) at the Pt L2,3 edges in

the Co-Pd NPs. (-) XMCD integrated area. (- -) The XANES spectrum of Au L2,3

edges is shown in (a) for comparison. The higher limit for the p and q integrals, used

for the sum rules analysis, is given in (b).

contribute to the Pt L2,3 XMCD signal, but all Pt atoms in the sample are

reflected in the Pt L2,3 XAS. Since the XMCD results are scaled to the Pt

L2,3 XAS spectra, the mS and mL results from Pt XMCD may be lower than

the actual ones. The mL/mS ratio depends only on the XMCD integral values

(see section 1.4.2), so it is not affected by the Pt L2,3 XAS scale and we may

rely on that value.

Comparing to XMCD measurements at the Pt L2,3 edges reported in the

literature, the mL/mS ratio in the 5d band of Pt in our Co-Pt NPs is close to

those values obtained for CoPt3 films in Ref. [140] (mL/mS=0.18-0.26), but

lower than those of Co0.5Pt0.5 L10 alloy films (mL/mS = 0.27) [141].
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Element-specific magnetic hysteresis measured by XMCD

One important advantage of the selective magnetometry using the XMCD

technique is the possibility of performing element-specific magnetic hysteresis

measurements. It consists in recording the dichroic signal for a fixed energy

while the applied magnetic field is varied, similarly to the magnetization hys-

teresis measurements with conventional magnetometers. This way it is possible

to evaluate the contribution of each atomic species to the magnetic properties

of the material. We have performed XMCD(H) at the Co K and Pt L3 edges

on the same sample of Co-Pt NPs with tCo = 0.7 nm and tPt = 1.5 nm. Mea-

surements were done at the ESRF ID12 beamline, with the same technical

details than in the conventional XMCD experiments described above.

Figure 4.15 shows the XMCD spectra recorded at 12 K in normal incidence

at the Co K and Pt L2,3 edges, from which XMCD(H) measurements have

been performed. The energies at which XMCD(H) were collected were 7723.9

eV and 11571.5 eV for Co K and Pt L3 edges, respectively (see arrows in Fig.

4.16). The insets in Fig. 4.16 illustrate the curves obtained for each edge.

Notice that both hysteresis loops are squared, with a coercive field around

3.6 kOe in both cases, which are consistent with those curves measured by

SQUID (section 4.3.1) and AHE (section 4.3.2) techniques. The agreement

in the HC values obtained by XMCD(H) is an indicative that Co and Pt

atoms in the Co-Pt NPs are strongly magnetically coupled, as resulting from

the Co-Pt alloy in the sample. Both Co and Pt atoms are responsible of the

magnetic hard component measured in the sample with the magnetic field in

the perpendicular configuration. No clear observation of the soft component

has been detected in these measurements.

The decay of the HC values with increasing temperature has been also
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energy in the Co-Pt NPs with tCo = 0.7 nm and tPt = 1.5 nm: (a) Co K edge and

(b) Pt L2,3 edges.
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Figure 4.16: Magnetic hysteresis loops measured at T = 12 K (�) and 150K (F) at

the selected energy of the XMCD Co K edge in the Co-Pt NPs with tCo = 0.7 nm

and tPt = 1.5 nm.

examined from the XMCD(H), by measuring the hysteresis loop at the Co

K edge at T =150 K. In Fig. 4.16 we have plotted the XMCD(H) curves

at 12 K and 150 K to illustrate the reduction in HC, from 3.6 kOe down to

0.39 kOe. This behavior is consistent with that observed by SQUID and AHE

measurements (see Fig. 4.11).

4.4 Discussion

The formation of a CoxPt1−x alloy in our Co-Pt NPs has been proven by

XANES and EXAFS measurements at the Co K and Pt L3 edges. It results

from the interdiffusion of Co atoms from the previously formed Co clusters

towards the Pt matrix, as observed in other Co-Pt systems produced by sput-

tering [142] and low energy cluster beam deposition [158] at room temperature.

This alloy gives rise to a quite different magnetic behavior than that observed

for the noble metal-capped Co NPs [11] and Co-W NPs (see chapter 2). Co-Pt

NPs form in each layer a bidimensional array of particles with a ferromagnetic

behavior below a characteristic temperature Tf , identified from the peak in

the M(T ) curve measured in the parallel configuration and the shoulder in the

curve measured in the perpendicular one. This result contrasts with the the

blocked superparamagnetic behavior observed in Co-M NPs with M=Cu, Ag,

Au and W. Tf depends on the average particle size, and above Tf the Co-Pt

NPs are superparamagnetic.

The different magnetometry techniques employed to study the Co-Pt NPs

reveal the presence of PMA in all the samples in the series. There is evidence



112 Chapter 4. Structural and magnetic properties of Co-Pt NPs

- 1 5 - 1 0 - 5 0 5 1 0 1 5

C o - P t  N P s
t C o = 0 . 7 n m
t P t = 1 . 5 n m
T = 1 2 K

 

M 
(a.

 u.
)

M a g n e t i c  F i e l d  ( k O e )

 X M C D  a t  P t  L 3

3 . 6  k O e 3 . 6  k O e

 X M C D  a t  C o  K

 S Q U I D
 A H E

Figure 4.17: Comparison of the magnetic hysteresis loops measured at T = 12 K

with different techniques in the Co-Pt NPs with tCo = 0.7 nm and tPt = 1.5 nm: (•)
SQUID magnetometry, (N) AHE, (F) XMCD at the Pt L3 edge, and (�) XMCD at

the Co K edge.

of two different contributions, a soft and a hard magnetic component. For

the latter, the coercive field is found to decrease with increasing temperature,

being zero at a temperature of T1 ≈ 140 K in all samples. This suggests that

the magnetic hard component is the same in all samples in the series.

This magnetic hard component is observed in all magnetometry techniques

employed in the present study. This can be observed in Fig. 4.17, where the

comparison of the hysteresis loops obtained for the Co-Pt NPs sample with

tCo = 0.7 nm and tPt = 1.5 nm in the perpendicular configuration at T = 12 K

is depicted. The y-axis has been scaled for all curves to coincide. The magnetic

hard component is evidenced from the rather squared curves and the high HC

values obtained from all measurements. These curves demonstrate that the

Co-Pt NPs are strongly magnetically coupled, as resulting from the Co-Pt

alloy in the sample.

The composition of the CoxPt1−x alloy present in all Co-Pt NPs samples

seems to be close to Co0.5Pt0.5, according to the EXAFS results. Co-Pt alloys

are known to have a variety of magnetic properties depending on their com-

position and crystallinity [159]. For example, the crystallographically ordered

alloy CoPt3 has a Curie temperature of TC = 290 K. A departure from the

exact composition or lack of perfect crystallinity would reduce it to TC ≈ 200

K, which is the temperature of disappearance of coercivity in our samples.

CoPt alloys with composition close to Co0.5Pt0.5 may have a disordered fcc

structure or a chemically ordered tetragonal structure L10. Both phases are
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ferromagnetic and the C axis of the L10 is an easy direction of magnetization.

CoPt films grown with this L10 phase show PMA [141]. Therefore, one may

identify the PMA appearing on our Co-Pt NPs as due to the formation of

Co0.5Pt0.5 alloy with short range ordering in the L10 structure.

The XMCD data also point towards the same explanation by compari-

son with measurements on different Co-Pt systems in the literature. Thus, a

Co0.5Pt0.5 alloy (hard magnetic component) is probably surrounding the Co

rich core (soft magnetic component), in view of the particulate morphology

of the Co-Pt layers observed by TEM and the structure described by EXAFS

measurements.

Recent calculations of core-shell morphologies in CoPt nanoparticles have

demonstrated that the Co core - Co0.5Pt0.5 alloy shell, with some segregation

of Pt atoms to the particle surface, is one of the most energetically stable

configurations of NPs with diameter close to 3 nm (clusters of ≈ 1000 atoms)

[160, 161]. Those calculations have also allowed to estimate the spin magnetic

moments of Co and Pt in the clusters, resulting in values of mCo
S = 1.85-1.96

µB/Co atom and mPt
S = 0.26-0.42 µB/Pt atom. Since we are not able to

obtain the absolute spin moment in Co in our Co-Pt NPs, the comparison

with those mCo
S values is not possible. In the case of mPt

S , the deviation of

the mPt
S = 0.14(1) µB value for our Co-Pt NPs from that calculated in Refs.

[160, 161] may be related to the difference between the actual amount of Pt

in the samples that is polarized by Co and contributes to the XMCD signal,

as described in section 4.3.3.

4.5 Conclusions

The study that we have described in this chapter allowed to characterize the

system of self-organized Co-Pt NPs. The overall picture describing the collec-

tive behavior of these multilayers is that of a Co-core with a Co-Pt alloy shell

particles, embedded in the non-reacted Pt, strongly coupled via the polarized

Pt or via dipolar or RKKY interaction. The polarization of the Pt atoms

is observed by XMCD measurements and has been demonstrated to have an

important role in the magnetic behavior of the Co-Pt NPs.

The short range order within the grains would create the anisotropy in

the Co0.5Pt0.5 alloy which would give rise to the PMA. Moreover, the sample

preparation may play an important role, as demonstrated from comparison

with results of Co-Pt NPs systems prepared by different chemical and physical

methods [155, 156].





Chapter 5

d-band magnetism of Ag, Au,

Pd and Pt nanostructured

materials

In this chapter we review the interesting magnetic properties of metals (M)

that are not magnetic in bulk form, but when shaped in reduced dimensions. In

particular, we describe the magnetic behavior of Ag, Au, Pd and Pt nanopar-

ticles. They have in common an incompletely filled 4d- (Ag, Pd) or 5d-band

(Au, Pt), that gives rise partially to this type of magnetism. By means of

X-ray magnetic circular dichroism (XMCD) measurements at the Metal-L2,3

edges, the orbital and spin contributions to the magnetic moment stemming

from the d-band are explored.

5.1 Magnetism in bulk metals

The understanding of the magnetism of metals has attracted the attention of

physicists for decades, and, as a result, very successful theories and models

have been proposed to explain it. The magnetic properties of a metal in the

solid state in bulk scale may be rationalized in terms of the spin-split density of

states DOS. The Stoner criterion of stability with respect to ferromagnetism

in metals states that long range ordering is possible only when the Stoner

parameter (repulsion between electrons of opposite spin) I, times the density

of states at the Fermi energy D(εF ) is larger than 1 [157].

As free atoms, the noble metals Ag and Au, and Pd have a full electronic d-

band, Ag:[Kr]4d105s1, Au:[Xe]4f145d106s1 and Pd:[Kr]4d10, respectively, while

Pt has a hole in the 5d orbit; Pt:[Xe]4f145d96s1. In the solid state, though,
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Ag and Au metals have a very shallow D(εF ) and, correspondingly, are non-

magnetic, on one hand; Pd and Pt have a maximum in D(εF ) but do not fulfill

the Stoner criterion and remain paramagnetic, on the other hand. This is due

to the hybridization between the d-band and the sp-bands, which generates a

small, albeit non-negligible number of holes, ndh, in the d-band. This parameter

varies between ndh = 0.349 holes for Ag and ndh = 1.635 holes for Pt, and

increases in the trend Ag<Au<Pd<Pt (see table 5.1). As a result, the four

metals have a partially filled d-band.

In non-magnetic metals the magnetic susceptibility response to an applied

field can be explained as due to several contributions:

χtotal = χdia + χLandau + χsPauli + χSOorb + χKOorb (5.1)

χdia is the diamagnetic susceptibility of the electrons in the core states,

χLandau is the diamagnetic contribution due to the conduction band that splits

into discrete Landau transversal orbits upon application of an external field,

χsPauli is the Pauli paramagnetism due to the spin density near the Fermi

energy, χSOorb is the paramagnetic orbital component due to spin-orbit (SO)

coupling, χKOorb is the Kubo-Obata paramagnetic contribution due to second

order perturbation contribution of the itinerant electrons [162].

Bulk Ag and Au have an overall diamagnetic response to an applied field;

i.e., the diamagnetic terms overpower the paramagnetic ones. In contrast, in

Pd and Pt, which are paramagnetic, the opposite situation occurs.

The approximation of considering the electron band structure as a d-band

combined with a conduction band is quite reasonable in these metals, where

electrons in the d-band play a role of paramount importance. Therefore, the

XMCD spectroscopy at the L2,3 edges, which excites electrons from a p core

level to the empty states of d-band, is the ideal experimental tool to probe the

d-band magnetism, since the spin and orbital contributions are discriminated.

One must be aware, though, that dipole excitation from 2p to (n+ 1)s states

cannot be ruled out and may give a non-negligible contribution. Besides, the

diamagnetic contribution is not observed.

A recent work on Au foil illustrates this approach beautifully [163]. The

XMCD at the Au L2,3 edges were measured as a function of field up to H = 100

kOe, at temperatures ranging between 2.2 and 300 K. The XMCD spectra were

clearly non-zero, indicating that an induced moment appears at the 5d band

and that it aligns parallel to the applied field. Moreover, the magnetic or-

bital and spin moments were found to depend linearly with the applied field.

The orbital to spin moment ratio amounts to mL/mS=0.28, thus indicating

an important orbital contribution to the susceptibility. The spin Pauli para-
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Table 5.1: Collected data for bulk Ag, Au, Pd and Pt metals. ndh, number of

holes at the d-band; mL/mS ratio obtained from the XMCD L2,3 edges analysis;

χtotal total magnetic susceptibility measured with conventional magnetometry; χd,

d-band susceptibility, from XMCD magnetometry; χs
Pauli, Pauli paramagnetic spin

component; χorb orbital component.

Metal Ag (4d) Au (5d)d Pd (4d)e Pt (5d)e

ndh 0.349a 0.617b 1.27c 1.635b

mL/mS 0.28d 0.30e 0.38e

χtotal (emu/mol)f -1.95×10−5 -2.08×10−5 5.56×10−4 1.89×10−4

χd (emu/mol) 7.0×10−6 1.3×10−3 6.1×10−4

χsPauli (emu/mol) 5.4×10−6 9.6×10−4 4.4×10−4

χorb (emu/mol) 1.5×10−6 3.2×10−4 1.7×10−4

aSee Ref. [164]. bPrivate communication. cSee Ref. [165]. dSee Ref. [163].
eSee Ref. [166]. fSee Ref. [167]

magnetism and orbital components to the susceptibility could be deduced,

and the resulting susceptibility due to the 5d band is compared to the total

susceptibility in table 5.1.

The bulk Pd XMCD spectra, at the Pd L2,3 edges, up to H = 70 kOe

and 4 < T < 300 K, were also measured [166]. The field dependence is

linear, and the susceptibility decreases with increasing temperature. The two

components, spin Pauli paramagnetic and orbital susceptibility were deduced

and are compared to the rest in table 5.1. The orbital component could be

segregated into the SO and KO terms by comparing the results with a Fe/Pd

multilayer. The XMCD at the L2,3 edges of bulk Pt were measured likewise

[34] (see table 5.1).

From table 5.1 several conclusions may be drawn. In Au, diamagnetism is

dominant, but the paramagnetic d-band susceptibility is nevertheless observ-

able. In Pd and Pt the d-band paramagnetism is partially compensated by

the diamagnetic terms. Except for Ag where no data exists, the d-band mag-

netism of the bulk metals is paramagnetic and is attributed to the non-zero

number of holes induced by hybridization of this band with the s − p ones.

Moreover, the mL/mS ratio increases with the number of holes in the d-band.

5.2 Induced magnetism in nanoparticle matrix

When any of the four metals is in contact with a strongly magnetic material,

the interfacial atoms of M=Ag, Au, Pd and Pt may also become magnetic in

absence of an external applied field. This phenomenon has been extensively
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studied in T/M thin films, where T is a transition metal as Ni, Fe or Co.

The case between the interfacial T=Ni and M=Pt is described in [137], where

three possible mechanisms for the induction of magnetic moment atoms are

discussed: (a) charge transfer by hybridization between T and M d-bands, (b)

symmetry breaking at the surface atoms, and (c) spin-orbit couplings between

the T and M d-bands

When the metal M forms part of a magnetic nanoparticle covering it,

or intrinsically as an alloy, one or more of the three mechanisms invoked to

explain magnetic induction of magnetism in M is also active and magnetism

in the M atom is encountered. Such a study on Co nanoparticles capped with

M=Ag, Au, Pd and Pt has been performed, as described for the case of Co-Pt

NPs in chapter 4. In the Ag and Au cases the Co nanoparticle remains in its

integrity and M covers, without alloying, the Co nanoparticle. The effect of

the metal capping is, thus, embedding the Co particle in an M matrix. The

net effect is the increase of surface anisotropy at the Co nanoparticle surface

atoms [11, 19]. In contrast, Pt alloys with Co forming particles with high

anisotropy (see chapter 4), and Pd behaves likewise.

In this section, the XMCD results obtained at the L2,3 edges of the corre-

sponding capping layer for particles with the same average diameter of 〈D〉 ≈ 3

nm are compared. The data have been obtained at the ID12 beamline, at the

ESRF, and the detection technique was fluorescence in backscattering geom-

etry. The polarization was over 90 % in the Au and Pt cases, but in the Ag

and Pd it was 36 and 22 % at the L2 edge and 24 and 12.6 %, at the L3 edge,

respectively. The field was applied with an incident angle of 75o with respect

to the normal to the plate. The applied field was H = 10 − 20 kOe and the

temperature T = 5 − 10 K, thus guarantying the magnetic saturation of the

NPs magnetization. The XANES and XMCD results for the four metal-capped

Co-NPs, namely, Co-Ag, Co-Au, Co-Pd and Co-Pt NPs are shown in Fig. 5.1.

Co-Ag and Co-Au figures are taken from Ref. [11]. The XMCD measurements

for Co-Pt NPs are those described in section 4.3.3. Results from the sum rules

analysis applied to the XMCD signals in Fig. 5.1 are collected in table 5.2.

In all cases the non-zero XMCD signal indicates that the ferromagnetic

Co has polarized the M atoms with the total moment parallel to the Co mag-

netization direction. The Pauli paramagnetic contribution, calculated from

table 5.1 data for the applied field, falls within the experimental error bars

in the four cases. The mL/mS ratio has reduced respect to the bulk metal

(compare with table 5.1), with the exception of the bulk Ag, where there is

no data. In the case of Ag and, even more, in Pd, the orbital moment has

been practically quenched, while it is at least one order of magnitude larger in

the Au and Pt cases. This feature is probably related with the fact that the
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Figure 5.1: Normalized XANES and XMCD at the M L2,3 edges in the Co-M NPs.

(a) Co-Ag NPs [11], (b) Co-Au NPs [11], (c) Co-Pd NPs and (d) Co-Pt NPs. The

XANES spectra of Ag and Au L2,3 edges are shown in (c) and (d), respectively, for

comparison. The higher limit for the p and q integrals, used for the sum rules analysis,

is given.
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Table 5.2: Collected data for the M-capped Co NPs with 〈D〉 ≈ 3 nm. ξd, spin-orbit

constant at the nd orbital; ndh, number of holes at the d-band; mL/mS ratio, mL,

orbital moment, mS, spin moment, mtot = mL +mS, obtained from the XMCD L2,3

edges analysis.

Capping metal Agb Aub Pd Pt

ξd(meV)a 272 608 200 600

ndh 0.422 0.688 1.2c 1.80(2)

mL/mS 0.045(5) 0.10(5) -0.006(3) 0.19(1)

mL(µB) 7(1)×10−4 1.5(5)×10−3 -0.003(3) 0.027(1)

mS(µB) 0.014(3) 0.015 0.45(9) 0.14(1)

mtot(µB) 0.015(3) 0.016(1) 0.45(9) 0.16(1)
aSee Ref. [113]. bSee Ref. [11]. cSee Ref. [165].

spin orbit coupling constant ξd is larger in the Au and Pt cases (see table 5.2).

The mtot is one order of magnitude smaller in Ag and Au, with respect to Pd

and Pt, which is related with the much larger ndh in the two latter cases. On

the other hand, mtot is thrice as large in Pd with respect to Pt. This trend

is similar to that found for the Pauli paramagnetism, and cannot be directly

related to the ndh variation, but rather to a larger exchange enhancement of

the paramagnetism in the Pd case.

5.3 Intrinsic magnetic moment in M nanoparticles

Here, the focus is on NPs formed by clusters of M atoms, and show single

particle magnetization. There are two distinct, reported, magnetic behaviors,

Langevin superparamagnetism (SP)

M(H) = mPart

(
coth

(
mPartH

kBT

)
− kBT

mPartH

)
(5.2)

with a single particle moment mPart, and temperature independent mag-

netism up to room temperature (TI), which may appear simultaneously or

independently. Many of the reports deal with conventional magnetometric

data, and doubts are cast on the influence of spurious contributions. Our ap-

proach to this problem has been to restrict ourselves to the XMCD available

data because of its element selectivity that allows to discriminate the magneti-

zation originating from the actual M metal. As in the previous sections, the M

L2,3 edges inform on the contribution of the nd-band to this NPs magnetism.

It has been reported that Ag NPs of 〈D〉 = 2.3 nm, capped with do-

decanelthiol molecules, show a spontaneous, constant moment up to room
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temperature. However, there are no XMCD experiments yet done on these

particles [168, 169].

Although Au NPs have been extensively investigated with conventional

magnetometry (SQUID), relatively few experiments have been done with XMCD.

The first of these experiments detected a Langevin paramagnetism and a

small TI contribution in 〈D〉 = 1.9 nm Au NPs capped with polyallyl amine

hydrochloride (PAAHC). The NP magnetic moment was determined to be

mPart = 0.4 µB. The TI component is quite sizeable and both SQUID and

XMCD data coincide below T = 100 K. The XMCD signal is very small (10−5

XMCD/XAS ratio at the L3 edge) (see table 5.3) [170]. The second report

concerned Au 〈D〉 = 2 nm NPs capped with dodecanethiol, where the XMCD

signal was similar to that of the PAAHC capped Au NP. Again, it yields to

a very minute XMCD signal (10−5 XMCD/XAS ratio) [169]. However, this

small XMCD signal is assigned to the surface atoms only, and the authors

propose mat = 0.33 µB/magnetic Au atom. Finally, Au NPs capped with

thiol and embedded in polyethylene were measured with XMCD [171], finding

also a very small XMCD signal as compared to the TI component.

Our contribution to this subject has been the detection of a 25 times larger

XMCD signal, shown in Fig. 5.2(a), in NPs of similar size deposited on a tem-

plate of the Sulfolobus acidocaldarius S-layer [35]. mPart has been estimated

to be of several Bohr magnetons. As in the previous cases, the presence of

sulfur (S) atoms at the template surface binding the Au particle seems to be

of paramount importance to show this type of magnetism, since it does not

appear on Au particles deposited on Bacilus Sphericus S-layer, where there is

no S present. We demonstrate that on each Au particle the thiols and other

groups present in the S-layer supply holes to the 5d band. Their spins are

ferromagnetically coupled by a spin-spin exchange interactions. In addition,

an appreciable orbital moment is generated by spin-orbit couplings. Hund’s

third rule is complied and the orbital moment is parallel to the spins. The

magnetic behavior of the particle is paramagnetic, with very low anisotropy.

Thus, the external field sets the common alignment direction of the magneti-

zation of all particles. The very large magnetic moment per Au atom observed

in the XMCD measurements originates from the large charge transfer from the

S-layer supporting template to the Au surface atoms, and reshuffling of holes

to the particle core. Finally, we may also remark that the striking magnetic

properties of these Au NPs are due to the special synthesis on a unique bio-

logical matrix containing low number of thiol groups distributed in a highly

ordered way [172].

As in the case of the Ag case, Pd NPs have been reported to show a

magnetic behavior due to size-effect and, or, surface atoms polarization [173],
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(a) 

(b) 

Au-sulfo 

Figure 5.2: Normalized XANES and XMCD at the M L2,3 edges in the (a) Au NPs

[172] and (b) Pt NPs [34]. The higher limit for the p and q integrals, used for the

sum rules analysis, is given.
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however, there is no confirmation by XMCD of this feature.

Finally, Pt13 nanoparticles embedded in a NaY zeolite matrix have also

shown superparamagnetic behavior at low temperature and high field, as ob-

served first with SQUID magnetometry [174]. The Pt13 particle crystallizes

in icosahedral symmetry and have 12 of its atoms at the surface, thus size

and surface effect are maximized. The XMCD measurement performed at the

Pt L2,3 edges at T = 7 K and increasing field up to H = 60 kOe gave an

unambiguous non-zero signal, as shown in Fig. 5.2(b), which proved the ex-

istence of intrinsic magnetization in these particles. The mPart deduced from

the Langevin curve ranges between 3.5 and 4.9 µB, and the moment per Pt

atom deduced from the experiment is too low to account for all existent par-

ticles to be magnetic, actually, only 12% seem to have this property. It may

be due to the different chemical surroundings in the zeolite cavity where the

cluster sits [34].

Comparing the results in table 5.3, the ratio mL/mS of Au NPs varies

strongly depending on the capping material, but in two out of three cases, it

is larger than in the induced magnetic case of Co-Au capping (see tables 5.2

and 5.3). The value in the case of Pt13 is larger than in the Co-Pt alloyed NPs

(see tables 5.2 and 5.3). In both cases, Au and Pt NPs, there is an increase

in the number of holes ndh with respect to the corresponding bulk metal. This

seems to be a necessary condition for d-band magnetism of intrinsic type.

Table 5.3: Collected data for the M NPs studied with XMCD. 〈D〉, particle diameter;

ndh, number of holes at the d-band; mL/mS ratio, mL, orbital moment, mS, spin

moment, mat = mL + mS, obtained from the XMCD L2,3 edges analysis; mPart, the

NP magnetic moment deduced from the Langevin curve.

Au NPs
Pt NPsd

PAAHCa DTb Sulfolobusc

Type SP TI SP SP

〈D〉 (nm) 1.9 2 2.6(1) 0.7

ndh 0.762 1.85

mL/mS 0.145 0.10 0.28(1) 0.32(2)

mL (µB/at) 0.0110(1) 0.0055(1)

mS (µB/at) 0.039(1) 0.0171(6)

mtot (µB/at) 0.001 0.33 0.050(1) 0.0226(9)

mPart (µB) 0.4 2.3 3.5-4.9
aSee Ref. [170]. bSee Ref. [169]. cSee Ref. [35]. dSee Ref. [34].
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5.4 Conclusions

XMCD has been able to establish that there is d-band magnetism in the metal-

lic Ag, Au, Pd and Pt at the nanoscale. Besides, it has shown that about 30%

of this magnetism is orbital in its origin. However, this technique gives, in-

herently, just an average value of the mL, mS components over all M atoms

present in the sample. Therefore, it is unable to discriminate whether the

magnetism originates at the surface (by chemical bonding, symmetry break-

ing, or both), or in the core of the particle. In our opinion, at present this

is the most intriguing question, there being arguments and theories in both

directions [175]. These are, among others, some of the open questions in the

fascinating realm of the magnetism of metals.







Chapter 6

Transverse susceptibility

measurement system for the

PPMS

This chapter is dedicated to describe the magnetic transverse susceptibility

(TS) technique: a measurement method, hardly used, but very effective, to

directly probe the magnetic anisotropy of interesting materials, especially of

nanoparticulate systems. A TS measurement system based on a simple in-

verter CMOS cell oscillator cross-coupled to a LC tank is presented, which

we have implemented to operate at a Quantum Design Physical Properties

Measurement System (PPMS) at the Servicio de Medidas F́ısicas of the Uni-

versidad de Zaragoza.1 This implementation has been performed in collabo-

ration with people from the Servicio de Medidas F́ısicas and from the Servicio

de Instrumentación Electrónica of the Universidad de Zaragoza.2 It has also

been possible thanks to the advise of Dr. Hariharan Srikanth and members

of the Functional Materials Laboratory at the University of South Florida in

Tampa, FL, USA.3

We introduce several improvements with respect to similar currently oper-

ating TS measurement equipments [51]. The electronics have been redesigned

to use CMOS transistors as active devices, which simplifies the circuit design

and enlarge the tuning range, thus making the proposed electronic block more

feasible, predictable, and precise. Additionally, we propose a newly designed

sample holder, which facilitates the procedure to change a sample and improves

reproducibility of the circuit. Our design minimizes the thermal leak of the

1http://sai.unizar.es/medidas/index.html
2http://sai.unizar.es/electronica/index.html
3http://shell.cas.usf.edu/fml/

http://sai.unizar.es/medidas/index.html
http://sai.unizar.es/electronica/index.html
http://shell.cas.usf.edu/fml/
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measuring probe by one order of magnitude, allowing to measure from 1.8 K in

standard PPMS systems, thanks to the use of a low temperature Beryllium -

Copper coax cable instead of the conventional RG402 Cu coax cable employed

in the insert for the PPMS in similar systems. The data acquisition method

is also simplified, so that the measuring sequences are implemented directly in

the PPMS controller computer by programming them in the Quantum Design

MultiVu software that controls the PPMS. We present the test measurements

performed on the system without sample to study the background signal and

stability of the circuit. Measurements on a Gd2O3 calibrating sample yield

to the estimation of the system sensitivity, which is found to be on the order

of 10−6 emu. Finally, measurements on a TmCo2 Laves phase sample with a

ferrimagnetic transition temperature around 4 K are described, demonstrat-

ing that the developed system is well suited to explore interesting magnetic

phenomena at this temperature scale.

6.1 Theoretical model of the magnetic transverse

susceptibility

A transverse susceptibility measurement consists in probing the ac magnetic

susceptibility of a material in one direction while an external bias magnetic

field is applied perpendicular to the measurement direction. Analysis of the

TS in magnetic materials have demonstrated its potential and versatility to

study singular magnetic properties of bulk [36–38], single crystals[39], thin

films [40–43] and nanoparticles (NPs) systems [44–48, 176].

The first coherent theoretical approach for TS was proposed by Aharoni

et al. in 1957 [177], who calculated the reversible susceptibility tensor, χij of

a Stoner-Wohlfarth (SW) particle [4]. The susceptibility tensor is defined as

χij = dMi/dHj and its diagonal components comprise the longitudinal sus-

ceptibility component, χL, measured in the main field bias direction, and the

two transverse susceptibility components χT1 and χT2, measured in directions

perpendicular to the bias field.

Lets analyze the case of a SW particle, i.e., an ellipsoid, uniaxial single

domain, ferromagnetic particle, with volume V , anisotropy constant K1 and

saturation magnetization, MS , as the one shown in Fig. 6.1(a). The bias

field, HDC, is applied along the z axis, and the perturbing radio frequency (rf)

magnetic field, Hrf, along the x axis. In this case, the longitudinal suscepti-

bility is χL = χzz = dMz/dHz, and the transverse susceptibility components

χT1 = χxx = dMx/dHx and χT2 = χyy = dMy/dHy. Mi and Hi are the

projections of the vectors saturation magnetization, ~MS, and total magnetic
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Figure 6.1: (a) Diagram of a TS measurement geometry of a uniaxial magnetic

particle [48]. (b) Typical TS unipolar curve as a function of HDC for a collection of

randomly oriented particles.

field, ~HDC = ~HDC + ~Hrf, respectively.

The energy of the SW particle is given by the sum of the anisotropy energy,

EK , and the Zeeman energy, EH , the latter defining the interaction with the

applied field. Based on the coordinate system given in Fig. 6.1(a), the total

energy may be written as:

E = −K1( ~MS · ~uK)2 − ~MS · ( ~HDC + ~Hrf) (6.1)

The vector ~uK is the unit vector in the easy axis direction. The torques

caused by the anisotropy and HDC will determine the equilibrium position of

the particle magnetic moment (θM ,φM ) while the small alternating field, Hrf,

will produce only small perturbations around this equilibrium position. From

the point view of the energy of the magnetic system, the stable equilibrium

positions of magnetization vector are given by the conditions for minimum of

the total energy, this is

∂E

∂θM
= 0;

∂2E

∂θ2
M

≥ 0 and
∂E

∂φM
= 0;

∂2E

∂φ2
M

≥ 0; (6.2)

Then, taking into account these conditions, and minimizing equation 6.1,

one obtains the following expression for the transverse susceptibility, χT1 as

an example
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χT1 =
3

2
χ0

(
cos2 φK

cos2 θM
h cos θM + cos 2(θM + θK)

+sin2φK
sin(θK − θM )

h sin θK

) (6.3)

where, χ0 = M2
S/3K1, h, the reduced field defined as h = HK/HDC, and

HK = 2K1/MS corresponds to the anisotropy field.

For an array of particles with randomly oriented anisotropy axes, assuming

the particles are identical and that inter-particle interactions are negligible, the

average χT becomes

〈χT 〉 =
1

2π

∫ 2π

0

∫ π/2

0
χT sin θKdθKdφK (6.4)

after integrating over φK and substituting back equation 6.3, we arrive at

the expression

〈χT〉 =
3

2
χ0

∫ π/2

0

[
cos2θM

h cos θM + cos 2(θK − θM )

+
sin(θK − θM )

h sin θ

]
sin θKdθK

(6.5)

The transverse susceptibility curve for this system, as a function of the

bias field, is plotted in Fig. 6.1(b). It shows three cusps: two of them located

at ±HK, and the third one at the switching field HS.

6.2 Description of the TS measurement system

The first experimental confirmation of Aharoni’s theory for TS was performed

in 1987 by Pareti and Turilli [49], who showed the presence of ±HK and HS

peaks on barium ferrite particles. Their TS measurement system was based on

conventional inductance susceptibility techniques, method also used by other

groups [46, 50]. In addition to that system, TS measurement techniques devel-

oped up to date are based on magneto-optical setups [40, 43] and self-resonant

LC tank circuits in the radio frequency range [51]. The latter technique has

demonstrated to be one of the most accurate and versatile developments to

measure TS, since it may be implemented on widely used commercial Quan-

tum Design physical properties measurement systems (PPMS), as illustrated
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Figure 6.2: (a) Picture of the PPMS with the TS setup: (1) Model 6000 PPMS

control, (2) dewar, (3) multi functional probe’s head, (4) frequency counter and (5)

oscilloscope. (b) Diagram of the TS measurement system.

in Fig. 6.2. The tank inductance, L, is provided by a pick-up coil located in a

controlled temperature and magnetic field environment. The capacitor, C, is

usually fixed at room temperature outside the insert. The standard expression

to define the resonance frequency of the tank is

f =
1

2π
√
LC

(6.6)

In these kind of setups, the magnetic sample is inserted into a gel cap that

snugly fits into the inductive coil, and ∆f is measured as an external static

field (HDC) or temperature are varied. Changes in f are direct consequence

of changes in L, described by the expression

∆f

f
≈ −∆L

2L
(6.7)

obtained after differentiating equation 6.6.

The total inductance of the coil with the sample inside, L, is defined in

terms of the empty coil inductance, L0, and the contribution of the sample, LS.

The latter depends on the permeability of the sample, µ = µ0(1 + χ), where

χ is its volume magnetic susceptibility (dimensionless). Then, considering the

geometry of the coil, i.e., its volume, V0, its length, l, and the number of

turns, N , and the volume of the sample inside it, VS, the total inductance L
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is expressed as

L = µ0

(
N

l

)2

(V0 + χVS) (6.8)

The change in inductance ∆L, calculated after differentiating equation 6.8,

is written as

∆L = µ0

(
N

l

)2

∆χVS (6.9)

Since we want to express ∆L/L, we divide equation 6.9 by L obtaining

∆L

L
=

∆χVS

V0 + χVS
(6.10)

Two approximations may be derived from this expression. On one hand,

if χVS � V0, equation 6.10 is reduced to

∆L

L
≈ ∆χ

χ
(6.11)

On the other hand, if χVS � V0, equation 6.10 may be written as

∆L

L
≈ ∆χη (6.12)

where η = Vs/V0 represents the fill factor of the coil core space.

When the geometry of the measurement setup is that illustrated in Fig.

6.2(b), where the perturbing rf magnetic field inside the coil (Hrf ∼ 10 Oe)

is oriented perpendicular to the bias field, HDC, the magnetic susceptibility

of the sample being probed is its transverse component χT [51], as described

in section 6.1. Therefore, combining equations 6.7 and 6.11, we arrive at the

direct relation between ∆f and ∆χT, as

∆f

f
≈ −1

2

∆χT

χT
(6.13)

and from equations 6.7 and 6.12 we get

∆f

f
≈ −1

2
∆χTη (6.14)
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6.3 Design and implementation of the oscillator cir-

cuit

TS magnetometry equipments based on self-resonant systems usually employ

a tunnel diode oscillator (TDO) as their active device in the radio frequency

resonator setup [51]. However, there are several important drawbacks of using

TDOs for this application, which may be summarized as: 1) they are complex

devices with low market availability and 2) the tuning range for accomplishing

the oscillation condition is reduced, thus limiting the nature of the measurable

magnetic samples. Instead, the proposed oscillator uses CMOS transistors as

active devices, implementing a simple inverter cell in cross-coupled topology,

which compensates the energy loss of the LC resonant tank. The choice of

these devices and configuration not only solve the above mentioned TDO draw-

backs, but also involve some other benefits like: 1) minimum parasitics and

noise sources increasing the sensitivity and accuracy of the resonant circuit, 2)

higher circuit robustness and predictability, giving a deep understanding about

the block properties, and 3) much lower cost in the future case of high-volume

manufacturing.

Figure 6.3 shows the electronic schematic of the complete circuit, where

the described oscillator is denoted in the (1) zone. The theoretical basis of

the oscillator design is detailed in Ref. [178]. The main aspects of the cell

modeling are described as follows. The small-signal equivalent model of the

proposed oscillator is illustrated in Fig. 6.4(a). The LC tank is represented

by the impedance ZL. Applying conventional circuit theory, the characteristic

equation of this model is obtained as a function of the ZL transfer function,

(3) 

(1) (2) 

V0 

VDD 
RD 

ZL 

M1 M1 

M2 C2 C1 

R1 

Oscilloscope 
Frequency meter 

(1 MΩ) 

Figure 6.3: Electronic schematic of the CMOS based LC cross-coupled oscillator

circuit used for TS measurements.
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as

A−BZL = 0 (6.15)

where,

A = r01 + r02 + r01r02 (gm1 + gm2) ≈ r01r02 (gm1 + gm2) (6.16)

B = gm1gm2r01r02 − 1 ≈ gm1gm2r01r02 (6.17)

ZL is modeled as a L − R − C circuit given the inherent internal DC

resistance of the inductive coil, as drawn in Fig. 6.4(b). Given this model, the

load transfer function, ZL, is expressed as:

ZL (s) =
sL+R

s2LC + sCR+ 1
(6.18)

Substituting equation 6.18 in 6.15, the final expression of the characteristic

equation results in

ALCs2 + s (ARC −BL) + (A−BR) = 0 (6.19)

Taking into account solutions s = ±jω, and equalling the real and imag-

inary terms to zero, the oscillation frequency and oscillation condition are

functions of L, C, and R, and are expressed as

f2 =
1

(2π)2LC
[1−Rα] (6.20)

1 ≤ Lα

RC
(6.21)

where α = (gm1gm2)/(gm1+gm2), and gm1,2 are the characteristic transcon-

ductances of the M1,2 transistors shown in Fig. 6.3. These transistors are im-

plemented with a commercial device, ALD1105 IC (two NMOS and two PMOS

transistors into a single chip). The use of this standard CMOS chip guarantees

high simplicity in modeling the transistors, validating the first order quadratic

approximation described in Ref. [179]. This fact is quite important because it

minimizes errors when determining the shift in the resonance frequency caused

by the change in inductance for the TS calculation.
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Figure 6.4: (a) Small-signal equivalent model of the proposed oscillator. (b) Realistic

model of the LC resonant tank

In addition to the inverter cell and the LC tank, the circuit includes two

extra stages. One of them is an output driver working as second oscillator

stage. This driver (shown in the (2) marked zone in Fig. 6.3) is made by an

NMOS passively loaded common-source stage and isolates the resonator tank

from the posterior measurement equipment. This alleviates the load effect,

minimizing the electronic impact of the connections to the measurement setup

(the oscilloscope and frequency counter that will be described below). The

second additional stage (denoted in the (3) area in Fig. 6.3) is a supply

isolation block consisting of a voltage amplifier in buffer topology with a RC

filtering network. It is crucial to isolate the LC resonant tank since this noise

could generate phase noise into the oscillation. Different voltage amplifiers

were tested in the design process of this block in order to optimize the stability

and working conditions, obtaining the best trade-off with a LF356 OpAmp.

Since the designed circuit operates at radio frequencies, the filtering network

is based on a R − 2C bypassing filter with values of 3 Ω, 2.2 nF and 220 nF,

respectively (see Fig. 6.3, (3) marked area).

The circuit is integrated into the PPMS, using a model P450A - PPMS

Multi-Function Probe (MFP) insert, shown in Fig. 6.5(a). The components of

the circuit were placed as close as possible (thus minimizing parasitic effects)

and mounted on a copper double layer board with glass fiber as isolation

material, which is located inside the MFP head (see Fig. 6.5(b) for details of

the final board design and Fig. 6.5(c) for the location of the board circuit into

the probe’s head). The capacitor of the LC tank, C = 22 pF, is located on
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(b) (c) 

(a) 

Figure 6.5: (a) MFP used for the TS setup. (b) Details of the circuit board with the

CMOS based circuit. (c) Location of the circuit in the MFP’s head.

the circuit board, while the inductor is placed at the end of the MFP, i.e., it is

inserted into the PPMS dewar since it holds the sample to be measured (see

location of the insert in the PPMS dewar in Fig. 6.2(a)). Discrete devices have

been employed in this prototype in order to check different frequency ranges

and bias conditions. Connections between the circuit board and the coil were

made by a 0.9 m long non-magnetic beryllium copper - 50 Ω semi-rigid coaxial

cable, with a 2.19 mm diameter (Coax co. ref. SC-219/50 B-B). The parasitic

capacitance of the coaxial is about 86 pF, and the self inductance is around

200 mH, according to the manufacturer specifications; these two contributions

must be taken into account when calculating the nominal resonance frequency

of the LC tank.

We have chosen this specific coax to minimize the thermal leak in the probe

inside the PPMS dewar at low temperatures, as we demonstrate as follows.

The thermal leak introduced by the coaxial cable in the low temperature sys-

tem can be estimated by calculating the heat transfer rate by thermal conduc-

tance (Q/t) of the coax, according to the dimensions and thermal conductivity

(κ) of the cable.4 This thermal leak for the Be-Cu coaxial cable (κ = 65.77

W m−1K−1 at 300 K and cross-sectional area = 1.58×10−6 m2) is 0.045 W,

while the one for a conventional RG402 Cu coaxial used in similar TS setups

(κ = 385.95 W m−1K−1 at 300 K and cross-sectional area = 3.07×10−6 m2) is

1.23 W. The reduction of the thermal transfer rate by a factor of 27 by using

4A useful tool to calculate the heat transfer by thermal conductance of several

materials can be found in the Quantum Design website www.qdusa.com/techsupport/

thermalCalculator.html

www.qdusa.com/techsupport/thermalCalculator.html
www.qdusa.com/techsupport/thermalCalculator.html
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Figure 6.6: (a) Diagram of the coil geometry. (b) and (c) views of the coil assembly on

the universal sample board. (d) Close up of the plug-in platform. (e) Final assembly

of the coil at the bottom of the MFP.

a Cu-Be coax in the setup is what allowed us to reach the lowest temperature

possible with a conventional probe insert for the PPMS, i.e., Tbase =1.8 K.

The circuit specifications were optimized to use an inductive air coil, L,

which is a 31 - turn solenoid hand - wound using a 0.3 mm in diameter Cu

wire, with 10.5 mm in length and 5.5 mm in diameter. According to these

dimensions, the calculated inductance of the coil is 2.73 µH. Figure 6.6(a)

shows a diagram of the coil geometry. The inductance and DC resistance of

the coil were measured with a LCR meter, obtaining L = 2.8 µH, which results

in an error of less than 3% in the estimated value, and R = 0.18Ω. The coil

is assembled onto a Quantum Design universal sample board (ref. P103C,

shown in Fig. 6.6(b) and 6.6(c)) that plugs into the platform assembly of

the MFP, which includes a calibrated cernoxTM (a zirconium oxynitride film)

thermometer (see Fig. 6.6(d).). This sample board is easy to plug in and

take out from the probe, so the coil does not need to be unsoldered and

different coils can be used with the same circuit, if needed. A picture of the

complete assembly at the bottom of the MFP is shown in Fig. 6.6(e). The

coil dimensions are designed to hold a conventional gel-cap for PPMS and

Magnetic Properties Measurement System (MPMS) measurements, so that it

snugly fits into the coil core space.

The resulting oscillator waveform is shown in Fig. 6.7, measured with a

Tektronix TDS7104 digital phosphor oscilloscope. The signal is nearly sinu-

soidal with an oscillation frequency around 9.2 MHz. In order to calculate

the frequency and compare both experimental and calculated values, equation
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Figure 6.7: Measured output waveform at VDD = 7 V, C = 22 pF and L = 2.8 µH.

6.20 may be approximated to f ∼ 1/(2π
√
LCtotal) (since α ∼ 0.4 mS for the

input voltage of 7 V in the measurement of Fig. 6.7, and R = 0.18 Ω, so that

Rα� 1). According to the values of L = 2.8 µH, the circuit capacitor, C = 22

pF, the capacitance and inductance contributions of the coax, Ccoax ∼ 86 pF

and Lcoax ∼ 200 mH, the calculated frequency is 9.26 MHz, giving a high

accuracy between the calculated and experimental values, with an error of less

than 1%. Following the oscillation condition defined in equation 6.21 and the

experimental results, the circuit oscillates with an input voltage, VDD, ranging

between 6.2 V and 13 V, provided by a power supply EL302P programmable

PSU.

The oscillation frequency of this designed rf self resonant system may be

varied by correctly choosing those values of L and C, so that equations 6.21

and 6.20 are fulfilled. In any case, the upper frequency is limited by the

unavoidable parasitic capacitance of the coaxial cable (Ccoax ∼ 86 pF for the

one used in our design). For example, for L = 2.8 µH used in this work, the

highest frequency is around 10.2 MHz, and the lowest reachable frequency is

around 5.4 MHz, the latter obtained with a C = 220 pF.

6.4 Data acquisition

The output signal of the circuit is read by an Agilent 53131A frequency counter

and a Tektronix TDS2022B oscilloscope (see Fig. 6.2(a)). Data acquisition is

performed by a connection via the IEEE - 488 General Purpose Interface Bus

(GPIB) between the frequency counter and the Model 6000 PPMS respective

port. Then, the resonating frequency acquired is used in the subsequent scripts

written for measuring the sample TS. Measuring sequences have been imple-
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mented using the Visual Basic interpreter within MultiVu PPMS software.5

The executable programs scripted (.BAS files - called macros in MultiVu) al-

low scanning both HDC field and T (controlled by the PPMS) and measuring

the resonance frequency, f . All measuring sequences are programmed directly

on the PPMS controller computer and Multivu software, so that no additional

equipment is needed for such effect. This fact represents an advantage with

respect to similar TS measurement setups.

6.5 Test Measurements

6.5.1 Test measurements on an empty coil

First tests measurements were performed on the empty coil, so that we could

study and characterize the response of the system resonance frequency to both

HDC and T . Such tests included those of stability of the frequency with time,

temperature and field. Results for these tests are shown in Fig. 6.8.

The test of the resonance frequency with time for the CMOS circuit (Fig.

6.8(a)) reveals the existence of a drift, which is reduced with time from 30

Hz/min to 14 Hz/min in 150 min (see straight lines in Fig. 6.8(a)). This drift

can be attributed to the time the electronics need to reach a thermal stability

after they are turned on. Comparing this result with tests performed on a

TDO based circuit,6 it is found that both circuits have analogous drifts, but

the CMOS based circuit has a smoother and easy to correct curve on each TS

scans. How these corrections are performed is described later in this section.

The variation of the frequency of the empty coil with magnetic field is

shown in Fig. 6.8(b). The total shift in frequency for a complete 9 T unipolar

scan (sweeping HDC from 90 kOe to -90 kOe) is 197 Hz.

Temperature dependence of the tank resonator frequency was probed by

zero field cooling of the empty coil and it is shown in Fig. 6.8(c). This mea-

surement supplies the background signal originated at the empty coil, fbkg(T ).

Frequency monotonically increases as temperature is lowered. The total fre-

quency drift with temperature was found to be around 133 Hz/K, showing

that the system is very sensitive to thermal changes. This is mostly due to

5For further information see the PPMS Application Note 1070-209 of Quantum Design.

www.qdusa.com/techsupport/index.html
6A TDO based resonant circuit, similar to that described in Ref. [51] was also built by

us to contrast the frequency stability results of both TDO and CMOS based resonant TS

systems. The f0 vs. time curve for the TDO configuration had an average drift of 5 Hz/min,

after 120 min. However, the frequency change with time in this case was not monotonic,

showing a step-like curve that is not very simple to correct in subsequent TS scans.

www.qdusa.com/techsupport/index.html
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Figure 6.8: Test measurements of the frequency stability of the empty coil. (a) Drift

with time at 300 K. The straight segments indicate the rate of the frequency variation

with time at different time intervals. (b) Variation with HDC at 300 K. Arrows show

the direction of the field sweeping. (c) Variation with temperature at HDC = 0. (d)

TS scan at T = 10 K and with Hsat = 10 kOe, after corrections from drifts.

the thermal contraction the inductive coil suffers with decreasing temperature;

the estimated rate of the frequency change as consequence of the changes in

the dimension of the coil has been estimated as ∼ 100 Hz/K, calculated with

the linear thermal expansion coefficient of copper (α = 16.6× 10−6 K−1).

A bipolar TS scan of the empty coil at T = 10 K was also performed (see

Fig. 6.8(d)), where the change in resonance frequency was measured as HDC

was ramped from negative to positive saturation of 1 T, and vice versa. We

considered the quantity

∆χT

χT
% =

χSat
T − χT(HDC)

χSat
T

× 100 ∝ ∆f

f0
% (6.22)

where χSat
T is the transverse susceptibility at the saturating field HSat = 10

kOe. This TS scan has been corrected for the previously described time and

field linear drifts, by fitting a straight line between the data at positive and

negative saturation and subtracting it from the whole data set. From Fig.
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6.8(d), the ∆χT/χT% value at HDC = 0 for the empty coil is 0.0036%, which

is very low compared to the ∆χT/χT% we obtain for a magnetic sample, as

we will demonstrate later.

In most cases this technique is applied to obtain intensive parameters, such

as transition temperatures and fields, anisotropy, switching or coercivity fields,

and, consequently, it is not necessary to determine the absolute χT. However,

if desired, χT may be scaled to absolute values by measuring the absolute ac

longitudinal susceptibility, χL in a SQUID magnetometer at HDC = 0, and

compare it with the results obtained in the transverse geometry for HDC = 0.

6.5.2 Calibration of the TS measurement system with Gd2O3

The previously described procedure has been used to measure the χT of a para-

magnetic Gd2O3 sample, which is regularly used to calibrate different kinds

of magnetometers, and allows us to probe and analyze the sensitivity of our

equipment. The ac χL was measured in a conventional SQUID magnetometer.

Even though the frequency of the ac magnetic field in both measurements is

different (1 kHz for χL and 9.2 MHz for the χT), for this paramagnetic system

the results should be identical since in both frequencies the susceptibility of

the Gd2O3 is in its isothermal limit.

Figure 6.9 shows a plot of the relative change in the resonance frequency

of the LC tank in the TS setup with the sample ∆f/f0 vs. ∆χL/χ0, at a

common temperature range (12 − 80 K). The references f0 and χ0 are taken

as those values at T = 80 K. A linear fit of the data yields to a slope of

s = 0.607(1). This value is used to determine the scaling factor to transform

frequency readings into absolute susceptibility units. Let us take the references

f0 and χ0 and define a = s f0χ0
, so that ∆χL = a∆f . We obtain a = 1.82× 108

emu/Hz.

The sensitivity of the instrument can be evaluated according to the mea-

surement signal to noise ratio (SNR)

SNR =
∆f/f0

δ(∆f/f0)
(6.23)

SNR is on the order of 103. Let us consider, as sensitivity test, a mea-

surement of ∆f/f0 = 10 × δ(∆f/f0), so that we ensure that the signal

measured is at least 10 times that of the noise. We obtain a sensitivity of

10× δ(∆f/f0)× f0/s1 ≈ 2× 10−6 emu.
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Figure 6.9: Measurements of the temperature dependence of the magnetic suscep-

tibility of Gd2O3: (solid line) ∆χL/χ0 measured in a SQUID magnetometer, and

(dashed line) relative change in the resonance frequency of the LC tank in the TS

setup with the sample. Inset: ∆f/f0 vs. ∆χL/χ0, both at HDC = 0 for the equivalent

temperatures and fit of two linear regions in the data.

6.5.3 Test measurements on a known and previously charac-
terized sample with a TDO based TS system

Additional tests of the equipment were performed by measuring a previously

studied sample with a similar TDO-based TS system. For this, we have chosen

a system of Fe3O4 NPs, with a mean diameter of 6 nm, in powder form,

synthesized and provided by Dr. Hariharan Srikanth and members of the

Functional Materials Laboratory at the University of South Florida in Tampa,

FL, USA. Magnetic properties of this and similar NPs systems can be found in

Ref. [48]. Tests on this sample included bipolar TS scans at fixed temperatures

with HSat = 1 T performed with the two different TS setups: the TDO based

and our improved CMOS-based circuit. Fig. 6.10(a) shows a 3D plot of scans

measured at different temperatures between 1.8K and 100K with the CMOS-

based system. A detailed bipolar scan for the sample measured at 1.8 K is

shown in Fig. 6.10(b). The respective and previously described corrections

for the time and field linear drifts have been performed on the scans. Two

peaks are identified for each unipolar scan, which correspond to the anisotropy

fields, HK, according to the theoretical model of TS developed by Aharoni et

al. (see section 6.1). A clear evolution of the HK peaks in the sample with

temperature is observed in the 3D plot (Fig. 6.10(a)); i.e., the double peak
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structure becomes a single peak one as the temperature increases. Such an

evolution with temperature is better illustrated in the HK vs. T plot in Fig.

6.10(c). It is observed that the described merging of the double peak structure

occurs at the blocking temperature (∼ 70 K).

The direct comparison of the results obtained with our CMOS-based TS

setup with respect to those with a TDO-based circuit are shown in Fig. 6.11,

where we have plotted bipolar scans for the sample measured at 10 K with

both setups. Our CMOS-based system reproduces the shape and position of

the peaks at HK of the TS scan measured with a TDO-based circuit setup

built by us, and also of those previously reported in Ref. [48] performed

with a similar TDO-based TS equipment. Moreover, the TS amplitude in our

CMOS-based TS setup is enhanced by a factor of almost two at 10 K for the

same sample, which demonstrates the high sensitivity of our equipment. The

latter is also accentuated by the comparison with the practically flat TS signal

for the empty coil, shown in dashes in the same Fig. 6.11 for comparison

(notice that this correspond to the same curve shown in Fig. 6.8(d)), which is

negligible compared to that of the sample.

Report on the CMOS based TS measurement option for the PPMS – SAI, UZ. May 2011       19 
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Figure 6.10: TS test measurements on a Fe3O4 nanoparticles samples. (a) 3D plot

of unipolar scans. (b) Bipolar scan at 1.8 K. Inset: detail of the anisotropy peaks of

this scan. (c) Temperature dependence of HK.
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Figure 6.11: Comparison of bipolar TS scans on a Fe3O4 NPs sample at 10K with

HSat = 10 kOe performed with a TDO based (N), and with a CMOS based (•) TS

setup. The measurement on the empty coil (--) is also shown for comparison.

6.5.4 Low temperature measurements on TmCo2

Finally, in order to probe the functionality of the TS system at low tempera-

tures, we have performed measurements on a sample of bulk TmCo2: a Laves

phase with a ferrimagnetic to paramagnetic transition temperature around 4

K [180]. Previous works have demonstrated that this TS technique is well

suited to track down and probe interesting magnetic features in similar RCo2

Laves phases [37, 38]. For the particular case of TmCo2 we use it to track its

magnetic transition at low temperatures (below 10 K). TS measurements on

this sample have been performed with a saturating field of 10 kOe from 2 K

to 20 K.

Figure 6.12(a) shows selected TS bipolar scans measured for the TmCo2

sample. Each TS profile in the ferrimagnetic regime (below T ∼ 4 K) shows

pronounced peaks at characteristic fields, which we identified as switching

fields, HS. In Fig. 6.12(b) we have plotted the values of such HS as a function

of temperature. Close to Tc ∼ 4 K the peaks are narrower and their values

suffer a slight increase (indicated by arrows in Fig. 6.12(b)), similar to what

has been previously observed for similar RCo2 systems [37, 38]. Above Tc,

HS values rapidly decrease since the sample enters to a magnetic disordered

state, but surprisingly they never reach a zero value in this temperature range.

The existence of finite HS in the paramagnetic state of these Laves phases has

been ascribed to the occurrence of magnetic clusters, a novel and fascinating
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Figure 6.12: (a) TS bipolar scans of TmCo2 for selected temperatures between 2 -

20 K. (b) Switching field values, HS , identified from the TS profiles.

phenomenon coined as parimagnetism [37, 38, 181].

6.6 Conclusions

A complete TS measurement equipment for the PPMS has been implemented,

operating at the MHz frequency range, with a wide temperature and HDC field

range of operation. The efficiency, simplicity and versatility of the proposed

CMOS oscillator based on a LC cross-coupled topology guarantee reliability,

robustness and portability. Measurement tests demonstrate frequency stabil-

ity and high performance of the circuit, as well as high sensitivity to probe

the transverse susceptibility of interesting magnetic systems. Also, we have

demonstrated that our system is well suited to study magnetic phenomena at

low temperatures, down to T = 1.8 K.





Chapter 7

Transverse susceptibility of

iron oxide nanoparticles

systems

In this section we introduce two examples of iron oxide nanoparticles systems

studied via rf transverse susceptibility (TS). We demonstrate possibilities of

the TS technique, extensively described in the previous chapter, to directly

probe the magnetic anisotropy of magnetic systems.

In the first example, we present dc SQUID based magnetometry and ra-

dio frequency transverse susceptibility measurements on oleic acid- and SiO2-

coated magnetite (Fe3-xO4) nanoparticles. The effects of the type of coating

on the magnetic anisotropy are evaluated as a function of the particle size (5

nm and 14 nm of average diameter). Coating the samples with SiO2 reduces

the interparticle interactions compared to those oleic acid coated samples, but

it seems to be more effective for the particles with 5 nm than for those with

14 nm in diameter. SiO2 coating also decreases the magnetic anisotropy field

measured on the particles, with respect to the oleic acid-coated samples. This

is relevant concerning applications in biomedicine, since the SiO2 coating ren-

ders 5 and 14 nm hydrophilic particles with very limited agglomeration, low

anisotropy, and superparamagnetic behavior at room temperature.

The second example consists in maghemite (γ-Fe2O3) nanoparticles of dif-

ferent sizes, on which the effective anisotropy constant, Keff is estimated from

the TS measurements and its variation is examined as a function of the par-

ticle size. The resulting values range from 4 to 8 ×104 erg/cm3, being on

the order of the magnetocrystalline anisotropy in bulk maghemite. Keff val-

ues increase as the particle diameter increases. Evidences of anisotropy field
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distribution given by the size distribution in the samples, and interparticle

interactions that increase as the particle size increases, are also observed in

the TS measurements.

7.1 Magnetite Nanoparticles

Magnetite (Fe3O4) NPs are one of the most commonly studied nanoparticles

systems because of their relatively easy production by chemical routes, low tox-

icity and fascinating magnetic properties [182–184]. It has been demonstrated

that the surrounding environment of the Fe3O4 particles strongly affects their

magnetic properties [185–189], in such a way that, for example, bulk-like struc-

tural, magnetic and electronic behavior may be recovered in 5 nm particles

[182–184]. Such effects are obtained in Fe3O4 NPs with oleic acid used as

surfactant, covalently bonded to the particle surface. Those particles are good

candidates for biomedical applications [190], once the hydrophobic oleic acid-

coating is ligand-exchanged to a hydrophilic one, which makes the particles

dispersible in aqueous media. Within this framework, magnetic NPs of a few

nanometers in size and with the highest possible magnetization are required.

They must also show superparamagnetic behavior at room temperature and

low interparticle interactions, for which low particle agglomeration is desirable.

All these features enable the synthesis of NP dispersions (ferrofluids) which

can be injected into biological systems for in vivo applications [3, 5].

Following this scheme, it is crucial to evaluate the effects of the hydrophilic

particle coating on the magnetic anisotropy of Fe3O4 NPs, in order to get

optimum particles for bio-applications. Particle coating also reduces the in-

terparticle interactions, thus shifting the superparamagnetic transition well

below room temperature. This allows the use of larger particles with larger

magnetic moment, which results in larger signals in the superparamagnetic

regime [191].

Then, we use a hydrophilic coating, namely, SiO2 on 5 nm and 14 nm Fe3O4

NPs, and examine its effects on the magnetic anisotropy of the particles by

RF transverse susceptibility measurements. For completeness, we compare the

results on these SiO2-coated Fe3O4 NPs with those obtained for the starting

oleic acid-coated particles of the same size.

7.1.1 Experimental

The synthesis of the size controlled oleic acid-coated NPs was carried out by

the group of Dr. Amilcar Labarta and Dr. Xavier Batlle from the Depar-
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tament de F́ısica Fonamental and Institut de Nanociencia i Nanotecnologia,

Universitat de Barcelona, in Barcelona, Spain. It was performed following con-

ventional thermal decomposition of an iron precursor in an organic medium in

the presence of an organic acid as a surfactant, as extensively described else-

where [187, 192–194]. Samples with 5 nm and 14 nm particles were prepared.

For SiO2 coating, the hydrolysis of tetra ethoxy silane (TEOS) in water-in-

oil (w/o) micro-emulsions has proven to be a reproducible method for the

subsequent silica coating of the hydrophobic oleic acid-coated magnetite NPs

[195, 196]. The proportion of TEOS and the concentration of magnetite cores

of known diameter in the medium allows controlling the shell thickness as well

as the number of magnetic cores inside a single shell.

The size and shape of the NPs were examined by transmission electron

microscopy (TEM) performed by the group of Dr. Amilcar Labarta and Dr.

Xavier Batlle from the Departament de F́ısica Fonamental and Institut de

Nanociencia i Nanotecnologia, Universitat de Barcelona, in Barcelona, Spain.

TEM measurements were carried out on Hitachi H-7500 (low-resolution) and

JEOL JEM 2010 (high-resolution) transmission electron microscopes of the

Centres Cient́ıfics i Tecnològics of the Universitat de Barcelona. Samples for

the TEM study were prepared on copper grids coated with carbon. A drop of

NP’s solution was carefully placed on the copper grid surface and dried. The

size distributions of the nanocrystals were determined by analysis of the TEM

images.

The bright field (BF) TEM image of each sample is shown in Fig. 7.1

along with the size distributions obtained for each case. The oleic acid-coated

particles are very uniform (Fig. 7.1(a) and 7.1(b)), similarly to those previ-

ously reported for this range of sizes. SiO2-coated particles are shown in Fig.

7.1(c) and 7.1(d). Darker and lighter regions correspond to the Fe3−xO4 core

(5 and 14 nm average diameter) and the SiO2 shell (about 15-20 nm thick in

both cases), respectively, as shown in detail in the inset of Fig. 7.1(d). These

images reveal that the Fe3−xO4 NPs are well single-coated, with absence of ag-

glomeration, though an excess of SiO2 is observed from the presence of several

SiO2 beads without Fe3−xO4 cores. The average diameter and width obtained

from the size distributions for the four samples are listed in table 7.1.

7.1.2 Magnetic Properties

The magnetic properties of the particles have been determined by dc magnetic

susceptibility, χdc(T ), and RF transverse susceptibility, performed in the four

Fe3-xO4 NPs samples. χdc(T ) was measured in a SQUID magnetometer at the

Servicio de Medidas F́ısicas of the Universidad de Zaragoza, after zero-field
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Figure 7.1: BF TEM images of the oleic acid-coated ((a) and (b)) and SiO2-coated

((c) and (d)) Fe3-xO4 NPs. Insets shows the size distributions obtained in each case.

Inset in (d) shows details of a SiO2 coated particle. The SiO2 shell thickness in (c)

and (d) is about 15-20 nm.

cooling (ZFC) and field cooling (FC) the sample. Temperature was varied

between 2 and 300 K, and a 50 Oe field was applied.

The ZFC-FC curves shown in Fig. 7.2 reveal the superparamagnetic be-

havior of the Fe3-xO4 particles. At lower temperatures, FC and ZFC for each

sample separate, and the ZFC curve shows a maximum at a blocking tempera-

ture, TB. The blocking temperature of the particles with average sizes of 5 and

14 nm, is 35 and 300 K, respectively, while the SiO2-coated samples exhibit a

reduced TB (see table 7.1) as compared to the oleic acid-coated samples.

TS measurements were performed using the setup described in chapter 6.

The temperature, T , and static magnetic field, Hdc, are varied using the PPMS

within 2-300 K and ±15 kOe, respectively. Figure 7.3(a) shows the 3D plot

of unipolar TS scans for the 5 nm oleic acid Fe3−xO4 NPs. At low temper-

atures the curves show two peaks located symmetrically about the origin of

the magnetic field axis, characteristic of the blocked regime. According to the

theoretical model of TS developed by Aharoni et al. [177] (see section 6.1), a

unipolar scan should reveal the existence of those two symmetric peaks at the
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Figure 7.2: ZFC-FC curves measured for the oleic acid- and SiO2-coated Fe3-xO4

NPs with average diameters of (a) 5 nm and (b) 10-12 nm.

anisotropy fields, HK, and a third one at the switching field, HS. The absence

of the peak at HS in the TS scans, as well as the rounded characteristic shape

of the peaks observed in our case or in similar NP systems [47], are attributed

to the presence of a distribution of anisotropy fields, which causes the peak

at the switching field to merge indistinguishably with one of the peaks at the

anisotropy field [45]. The distribution of anisotropy fields is an unavoidable

consequence of the dispersion in particle size.

As temperature increases from 2 K, the double-peak structure of the isother-

mal unipolar scans becomes less pronounced and merges into a single central

peak, as depicted in Fig. 7.3(b). This trend is consistent with a gradual tran-

sition from a blocked state towards a superparamagnetic one, which will be

discussed further in section 7.1.3. Analogous results for the TS measurements

have been obtained for the other three samples.

The HK values obtained from the TS profiles for the four samples are

plotted in Fig. 7.4, as a function of temperature. Let us remark that the
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Table 7.1: Summary of parameters of the Fe3−xO4 NPs. Average particle diameter

(〈D〉) and distribution width (σ) as obtained from TEM, blocking temperature (TB)

obtained from χdc, blocking temperature (TM ) deduced from TS, and the intrinsic

anisotropy field obtained at T = 2 K (HK0).

Coating
〈D〉 σ TB from TM from HK0

(nm) (nm) χdc (K) TS (K) (kOe)

oleic 5 3 35(2) 35(2) 0.69(3)

acid 14 9 ∼ 300 215(5) 0.90(4)

SiO2
44 27 16(1) 14(1) 0.65(3)

49 29 170(1) 140(1) 0.89(4)

Figure 7.3: TS results for 5 nm oleic acid-coated Fe3−xO4 NPs. (a) 3D plot of TS

unipolar scans at several temperatures. (b) TS bipolar scans at selected temperatures.

direct determination of HK is one of the main assets of the TS technique. We

define TM as the minimum temperature at which HK = 0, corresponding to

the blocking temperature where the double peak structure in the TS profiles

disappears. TM values obtained for the four samples are listed in table 7.1.

Note that these values are well in agreement with those of TB obtained from

the ZFC curves measured by conventional SQUID magnetometry (also listed

in table 7.1).

HK values are found to be lower than 1 kOe in all cases. For most temper-

atures, HK are higher for the oleic acid- than for the SiO2-coated samples (see

Fig. 7.4), for both particle sizes. This is due to a reduction in the TB value for

the SiO2-coated particles, fact that will be also discussed in section 7.1.3. At

about 2 K, though, HK values are very close for each group of particles (5 nm

with both coatings on one side, and 14 nm with both coatings on the other),
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Figure 7.4: Comparison of the temperature dependence of the values of the anisotropy

field (HK) extracted from the TS scans for the oleic acid- and SiO2-coated Fe3−xO4

NPs with average diameters of (a) 5 nm and (b) 14 nm.

which reveals that at very low temperature the strong magnetic behavior of

the magnetite core overcomes any effect of the coating.

7.1.3 Discussion

In order to provide a deeper understanding of the TS measurements, we per-

form a direct comparison between the ZFC curve as obtained from the χdc

SQUID measurements [185, 187] (top panel,left-hand side y-axis) and the TS

ratio, ∆χT/χT(T ), at Hdc = 0 (top panel, right-hand side y-axis), for the 5 nm

oleic-coated particles, which is shown in Fig. 7.5 as a function of temperature.

As the temperature increases, the TS ratio at Hdc = 0 increases, similarly

to the observed behavior of the ZFC curve, although it has a maximum at

a higher temperature (see Fig. 7.5). This is consistent with the well-known

increase [1] in the temperature of the ac susceptibility maximum as the ex-

citing frequency increases (with respect to the dc measurements), since TS is

measured at a frequency of 12 MHz. Such a feature for TS has been previously

described in reference [176]. Finally, both χdc and TS measurements coincide

in the paramagnetic region, as it has been proven in section 6.5.2.

For completeness, the temperature dependence of the positive HK values

is plotted on the same graph (bottom panel, left-hand side y-axis). Notice

the nice accordance between TM from TS and TB from the maximum of the

ZFC curve (see dashed line in Fig. 7.5), as mentioned in the previous section,

demonstrating that in the blocked state (below TB) the particles have finite

HK values.

The strong temperature dependence of HK, observed in Figs. 7.4 and 7.5,



154 Chapter 7. Transverse susceptibility of iron oxide NPs systems

0 5 0 1 0 0 1 5 0 2 0 0
0 . 0
0 . 3
0 . 6

H K (k
Oe

)

T  ( K )

T M  f r o m  T S  

O l e i c  a c i d  c o a t e d
F e 3 O 4  N P s
〈 D 〉 =  5  n m

 0 . 0 0

0 . 0 5

0 . 1 0
χ dc

 (e
mu

/g 
Fe

3-x
O 4)

0

1

2
 

∆χT /χT  at H
dc = 0 (%)

Figure 7.5: Comparison of the temperature dependence of (i) the ZFC curve (•)
obtained from dc susceptibility measurements (χdc) at 50 Oe; (ii) the curve obtained

from the transverse susceptibility values at Hdc = 0 (�), and (iii) the anisotropy field

(HK), for the oleic acid-coated 5 nm Fe3−xO4 particles. Dashed line marks the TB
from the ZFC curve, which matches the blocking temperature, TM , obtained from

TS.

accounts for both the thermal variation of the magnetocrystalline anisotropy

constant of the material, which is negligible in this case, and for the influence

of the thermal energy that overcomes the anisotropy energy of the particles

[197, 198]. The decrease of HK with increasing T is usually described by the

relation HK = HK0[1− (T/TM )β], where β ∼ 0.5 [199, 200], for an assembly of

aligned particles, and β ∼ 0.77 for an assembly of randomly oriented particles

[201–203], andHK0 corresponds to the intrinsic anisotropy field of the material.

The emerging picture is that, at low temperatures, the magnetite particles

are frozen and HK ∼ HK0. As T increases, some fraction of the particles

become superparamagnetic since the thermal excitations are now capable of

reversing the magnetic moment from one orientation to the opposite, and

the effective HK decreases. Thus, well above the blocking temperature, all

the particles are superparamagnetic, which is characterized by the random

thermal fluctuations of single-domain particle moments, so that the measured

HK of the collection of magnetite particles is zero. However, the curves of

HK(T ) in Fig. 7.4 and 7.5 do not follow the simple HK = HK0[1− (T/TM )β]

relation, since additional effects on the magnetic anisotropy of the particles,

such as interparticle interactions [204] and anisotropy field distribution [199,

200], should be taken into account.

TM values, and, correspondingly, TB, are found to decrease as the particle
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diameter decreases, from 215 K to 35 K for 14 nm and 5 nm oleic acid-coated

NPs, respectively, and from 140 K to 14 K for the equivalent SiO2-coated

particles (see table 7.1 and Fig. 7.4). This coating also reduces the values

of TM , with respect to those found for the oleic acid-coated case with the

same diameter, which is related to the reduction of the dipolar interparticle

interactions [47] as consequence of the increased magnetite interparticle core-

core distance by the thick SiO2 shell.

A stronger reduction in TM by SiO2 coating is observed for the smaller 5

nm particles than for the larger 14 nm NPs, despite the SiO2 shell thickness is

roughly the same in both cases, since their magnetic moment is reduced with

the particle volume, and, correspondingly, their dipole-dipole interactions de-

crease. Consequently, the smaller the particles the more effective the reduction

of the interparticle interactions by SiO2 coating.

According to these analyzes, with the TS measurements we are observ-

ing, on the one hand, a phenomenon related to a dc behavior of the particles,

i.e., their superparamagnetic-blocking transition occurring at a characteristic

temperature, detectable from the HK vs. T plot and the ZFC from χdc mea-

surements; and, on the other hand, a dynamic process evidenced in the shift

of the ac susceptibility maximum to higher temperatures with increasing fre-

quency. This is possible given that in a TS experiment we are applying both

a bias and a dynamic magnetic field at the same time, thus we are able to

observe and disentangle both phenomena in the particles.

Figure 7.6 shows the comparison of the ZFC curves and the TS ratio at

Hdc = 0 as a function of temperature for the samples with 14 nm in diameter

with both coatings. Since these bigger particles have a wider distribution in

size and their interparticle interactions are more evident than the case of the

smaller particles in Fig. 7.5, the peak at the ZFC curve is broader. However,

TM obtained from TS seems to coincide with the inflection point of the ZFC

curve. At any rate, the value of the blocking temperature is sharper from

the TS study (HK vs. T plot) than from these ZFC measurements, the latter

showing a broad maximum.

Finally, an estimation of the effective anisotropy constant, Keff may be

directly deduced from the MS measured from conventional SQUID magne-

tometry and the values of HK0 obtained from the TS measurements at low

temperatures (see table 7.1), as Keff = 1/2 MSHK0 [191]. With MS for all

samples of the sizes studied here being on the order of 80-90 emu/g Fe3−xO4

[185, 187], the resulting Keff values are within 1.6− 1.8× 105 erg/cm3, which

are close to those values reported for both bulk magnetite (∼ 1 − 3 × 105

erg/cm3) [191, 205, 206], and high quality 5 nm particles (∼ 4 − 5 × 105

erg/cm3) [185, 206].
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Figure 7.6: Comparison of the ZFC curve from χdc (•) with the TS at Hdc = 0 (�),

both as a function of T , for the Fe3-xO4 NPs with 10-12 nm in diameter: (a) oleic

acid coated and (b) SiO2 coated. Dashed line marks TM .

7.1.4 Conclusions

We have demonstrated that SiO2 coating of the Fe3−xO4 particles reduces the

interparticle interactions, which is revealed by the reduction of the blocking

temperature of the system. This is observed for both particle sizes but it is

more efficient in the case of the smaller ones. HK values of the oleic acid-coated

NPs are higher than those of the SiO2-coated ones because of their higher TB,

and, consequently, larger interparticle interactions. This suggests that the ef-

fective anisotropy field increases with interparticle dipole-dipole interactions,

which is consistent to what has been described in references [1] and [185].

TS measurements also allow estimating the effective magnetic anisotropy con-

stant, obtaining values in close agreement with others published in literature.

To sum up, let us recall that biomedical applications require hydrophilic

particles with high saturation magnetization to manipulate and detect them

by application of an external magnetic field, low anisotropy field and super-

paramagnetic behavior at room temperature so that particle agglomeration,

as due to attractive magnetic forces, is avoided [3, 5]. The present work indi-

cates that our 5 and 14 nm SiO2-coated hydrophilic magnetite nanoparticles
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fulfill all those requirements (saturation magnetization close to that of the

bulk magnetite, HK below 1 kOe and superparamagnetic behavior at room

temperature), which makes them very attractive for such purposes.

7.2 Maghemite Nanoparticles

The chemical stability of the maghemite phase (γ-Fe2O3) of iron oxide nanopar-

ticles makes this system very attractive for technological and biomedical ap-

plications; this feature is specially important for the latter, since, beside the

requirements described in the previous section, particles with low degradabil-

ity into biological systems for in vivo applications are desired [3, 5]. However,

and despite all the research carried out on maghemite NPs, their magnetic

behavior is not yet well understood.

Bulk maghemite has a inverse-spinel structure with some vacant sites, ex-

hibiting ferrimagnetic ordering below 918 K. Maghemite nanoparticles show

reduced saturation magnetization compared to the bulk, they do not satu-

rate at rather high fields, they show open and shifted hysteresis loops, and

irreversibility in ZFC-FC curves [207]. This magnetic behavior has been at-

tributed to finite size and surface effects at the maghemite particles [208].

Accordingly, some theoretical models have been developed to explain such a

behavior, in particular the decrease in their magnetization with size reduc-

tion; from these models, the most accepted is the one based on a bulk-like

ferrimagnetic core and a shell composed of disordered moments [207]. The

magnetism of the γ-Fe2O3 particles we study here may be understood in the

frame of such a core-shell model, which we summarize as follows [207, 209]:

the particles consist of a core with structural periodicity exhibiting a super-

paramagnetic behavior, and a disordered shell without the periodicity. Most

of the magnetic contribution of the entire particle usually originates from the

bulk-like ferrimagnetic core. The disordered shell at the surface is analyzed

as paramagnetic or antiferromagnetic component in the magnetization data

at high fields. The magnetic interaction between the core and the shell can

appear as an exchange bias effect. The shell has a thickness of about 1 nm,

independently of the size of the particle [207, 209].

A previous study on the effects of pressure on these maghemite nanopar-

ticles allowed to disentangle the contribution of the core (Kcore) and the sur-

face (KS) to the effective magnetic anisotropy of the system, Keff [210]. The

values of Kcore, on the one hand, were found to be between that from the

magnetocrystalline anisotropy for bulk maghemite and that usually found in

maghemite nanoparticles (105 − 106 erg/cm3). On the other hand, KS is sim-

ilar to that previously found for maghemite nanoparticles (10−2 erg/cm2). In
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this section, we study the magnetic anisotropy of maghemite nanoparticles of

different sizes, estimated from the direct measurement of the anisotropy field

HK from rf transverse susceptibility measurements.

The series of maghemite nanoparticles samples studied here were synthe-

sized and previously characterized by the group of Dr. Angel Millán and Dr.

Fernando Palacio of the Instituto de Ciencia de Materiales de Aragón, CSIC-

Universidad de Zaragoza. The particles are dispersed in a polymer matrix

with low size dispersion and regular distribution of particles. A total of four

γ-Fe2O3 NPs samples were studied, with average diameters of 5.2, 6, 7 and

13 nm, labeled S5 to S8 following the nomenclature used in Refs. [207, 209].

The NPs diameter has been determined by transmission electron microscopy

(TEM) and small angle X-ray scattering (SAXS), as described in the same

references [207, 209], measurements carried out by the same group of Dr. Mil-

lán and Dr. Palacio. The average diameter and width obtained from the size

distributions for the four samples are listed in table 7.2.

7.2.1 TS measurements

We have performed TS measurements on the four samples of maghemite

nanoparticles using the setup described in chapter 6. The temperature, T ,

and static magnetic field, Hdc, are varied using the PPMS within 2-300 K and

±10 kOe, respectively. In Fig. 7.7(a) we show the 3D plot of unipolar TS scans

at several temperatures for particles with 〈D〉 = 5.2(9) nm. The TS profiles

are similar to those described in section 7.1.2 for magnetite NPs. The peak

at the switching field merges with one of the anisotropy field peaks due to the

presence of a distribution in anisotropy fields in the maghemite NPs system,

as described above for the Fe3−xO4 NPs. However, in the case of γ-Fe2O3

NPs, the two peaks observed at the anisotropy field have different heights. As

Table 7.2: Summary of the parameters deduced from the TEM and magnetic mea-

surements on γ-Fe2O3 NPs. Average particle diameter (〈D〉) and width (σ) of the

size distribution obtained from TEM, blocking temperature (TM ) obtained from TS,

saturation magnetization (MS), anisotropy field (HK) and anisotropy constant (Keff),

these last three parameters at T = 5 K.

Sample
〈D〉 σ TM MS HK Keff

(nm) (nm) (K) (emu/cm3) (Oe) (erg/cm3)

S5 5.2(9) 0.9 25(5) 217(9) 340(30) 3.7(5)× 104

S6 6(1) 1.1 105(5) 237(9) 460(30) 5.4(8)× 104

S7 7(1) 1.4 140(8) 210(9) 570(40) 6.0(8)× 104

S8 13(3) 3.2 250(10) 356(9) 440(30) 7.8(9)× 104
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Figure 7.7: TS results the sample with 〈D〉 = 5.2(9) nm. (a) 3D plot of TS unipolar

scans at several temperatures. (b) TS bipolar scans at selected temperatures. (c)

Values of HK extracted from the TS scans plotted as a function of T .

temperature increases from 2 K, the peak heights difference is reduced, and

the double-peak structure is less pronounced, evolving into a single central

peak, as depicted in the TS bipolar scans plotted for selected temperatures in

Fig. 7.7(b). This trend, similar to the case of Fe3−xO4 NPs, is consistent with

the gradual transition from a blocked state towards a superparamagnetic one.

A better illustration of this evolution is observed in the plot of the HK values

(obtained directly from the TS scans) as a function of T shown in Fig. 7.7(c).

From these plots, the TM of each sample is directly obtained as the minimum

temperature where HK = 0.

Analogous results for the TS measurements have been obtained for the

other three samples. TM values for the four samples are listed in table 7.2.

They are found to decrease as the NP diameter decreases, from 250 K down

to 25 K for particles of 13 nm and 5.2 nm, respectively. This trend in TM may

be understood as due to the decrease of the particles magnetic moment with

their reduced volume, and, correspondingly, the decrease of their dipole-dipole

interactions, similarly to the case of Fe3−xO4 NPs.
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7.2.2 Discussion

As it has been mentioned above, there is a difference in the peaks height of

the TS profiles, so that for each unipolar scan from positive to negative field

sweep, the peak at the first quadrant is always larger than the peak height in

the second one. This feature is better illustrated in Fig. 7.8 where details of

a TS bipolar scan of sample S5 (Fig. 7.8(a)) and S8 (Fig. 7.8(a)) measured

at T = 5 K are shown. One way to analyze such an asymmetry is to quantify

the peak difference for each unipolar TS scan as

∆height(%) =
[(Peak height)first quadrant − (Peak height)second quadrant]

(Peak height)first quadrant
%

similar to the procedure described in Ref. [47]. In Fig. 7.10(a) we have

plotted ∆height as a function of the reduced temperature T/TM for the four

samples in the series. It is evident that the asymmetry is found to increase as

the particle size increases. This is a fact that has been consistently observed

in several TS studies of NPs systems and has been related to the presence of

anisotropy field dispersion [45], and also as a consequence of increasing inter-

particle interactions with the particle size [47]. Both components might be

present in our maghemite NPs samples since, on one hand, previous studies of

their size have shown a broader size distribution for the sample with larger di-

ameter than those with smaller ones [207, 209], and, on the other hand, effects

of interparticle interactions have been observed in ac susceptibility measure-

ments at different frequencies in these samples (measurements performed by

the group of Dr. Millán and Dr. Palacio). The extrapolated values of the

microscopic characteristic time, τ0, are obtained from a typical Arrhenius plot

of ln(1/ω) vs. 1/TB shown in Fig. 7.9, from frequency dependent ac sus-

ceptibility measurements. For non-interacting superparamagnetic maghemite

nanoparticles τ0 values are usually on the order of 10−10 s, while in the present

case, τ0 obtained from linear fits of data shown in Fig. 7.9 reaches 10−15 s for

the particles with D = 13 nm. Such a strong reduction in τ0 is a signature of

systems where interparticle interactions are important [211].

The thermal evolution of HK for the four samples is shown in Fig. 7.10(b).

HK are also plotted as a function of the reduced temperature T/TM in order to

have better comparison. HK values at low temperatures are of the same order

for all samples, except for those particles of smallest size. As temperature

increases, HK values seem to follow a general trend of increasing as the the

particle diameter increases, which is reflected in the effective anisotropy values

as it is described below.

The effective anisotropy constant, Keff may be estimated from the MS ob-
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tained from conventional SQUID magnetometry [207] and the values of HK

extracted from the TS measurements, as Keff = 1/2 MSHK. The values of

HK and MS for each sample, both at T = 5 K, used to calculate Keff and

the resulting values of the latter are given in table 7.2 and plotted in Fig.

7.11. Keff values are on the same order of those reported for the magnetocrys-

talline anisotropy in bulk maghemite (2.0× 104 erg/cm3) [212]. Keff is found

to increase as the particle diameter increases, which is consistent with the in-

crease in the anisotropy as the core volume (Vcore) in the particles increases,

as reported in Ref. [210]. Comparing to those values obtained for the same

maghemite NPs in Ref. [210] (being of 7.7×105 erg/cm3 for the core contribu-

tion of particles of 6 nm in diameter) our Keff values are found to be lower in

almost one order of magnitude. This difference may stem from the influence

of the interparticle interactions in the position of HK peaks in the TS scans,

as it has been observed in similar NPs systems where the anisotropy field is

found to increase with increasing interactions [47]. Indeed, we have demon-

strated that our TS measurements are strongly influenced by inter-particle

interactions, which may be affecting the correct estimation of Keff.

7.2.3 Conclusions

The increasing asymmetry in the peak heights in the TS scans of γ-Fe2O3

NPs samples is due to a combination of the anisotropy field distribution given

by the size distribution in the samples, and the interparticle interactions that

increase as the particle size increases. Keff values determined from the TS mea-

surements for the particles are found to be close to those of bulk maghemite

and increase as the particle diameter increases. These values, however, are

lower than those previously determined for the same NPs systems in Ref.

[210]. Such a difference may be due to the influence of interparticle interac-

tions and anisotropy field distribution in the determination of HK from TS

measurements.
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In this thesis we have performed an extensive study of different magnetic

nanoparticles systems, elaborated by combination of diverse experimental tech-

niques. We intended to center the attention in the capabilities of two char-

acterization methods: the X-ray absorption spectroscopies (XANES, EXAFS

and XMCD) and the rf transverse susceptibility. By using these techniques

for electronic, structural and magnetic studies of nanoparticles systems, along

with other complementary methods, it is possible to obtain a better under-

standing of the origin of their magnetic anisotropy, and many other interesting

phenomena. The main findings for the magnetic nanoparticles studied here

may be summarized as follows:

- Co-W NPs: we have described a system of self-organized amorphous

Co-W alloy nanoparticles, uniformly dispersed in an alumina matrix.

They show superparamagnetic behavior and are described as an array

of non-interacting particles with random anisotropy axes and an aver-

age moment per particle proportional to the particle volume and to the

average Co moment for each alloy composition. We prove that, despite

their amorphous nature, values of the magnetic anisotropy constant de-

duced for Co-W alloyed NPs are on the order of 106 erg/cm3, which is

higher than that of bulk Co. Thus, we demonstrate that the magnetic

anisotropy of amorphous alloy particles may be originated in mechanisms

other than surface effects, such as structural short range order present

in the Co-W alloy.

Co-W hybridization and short range order identified in these Co-W NPs

give rise to breakdown of Hund’s third rule in the relative orientation of

the induced orbital and spin moments in W atoms. Since such a break-

down is observed both experimentally and theoretically in nanopartic-

ulate and bulk Co-W alloys, as well as in Fe/W films [120], our work

suggests that the breakdown of this rule is a rather general trend in the

case of W systems, taking place not only in metallic thin films, but also

in nano-particulate and bulk materials.
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- Co-Pt NPs: these granular films are composed of particles with a pure

cobalt core surrounded by an alloyed CoPt interface, embedded in a Pt

matrix. Their magnetic properties are those of ferromagnetically cou-

pled particles. We demonstrate that the main source of their magnetic

anisotropy comes from the formation of Co-Pt alloy, which results in the

presence of perpendicular magnetic anisotropy (PMA). The Co and Pt

atoms in these particles are strongly magnetically coupled, as resulting

from the alloy formation.

- Noble metal (Ag, Au, Pd, Pt) NPs: it is important to recall that without

the element selective XMCD technique, this study of the d-band mag-

netism in noble metals particles would not have been possible, since it

rules out any contribution from magnetic impurities other than the met-

als measured. Then, we have proven that the d-band magnetism in these

NPs has an important orbital contribution as resulting of the asymme-

try of the noble metal atoms coordination at the surface. This breaking

of symmetry narrows the d electron “surface band” and increases the

number of d-holes with respect to their bulk counterpart.

- Magnetite (Fe3−xO4) NPs: radio frequency transverse susceptibility mea-

surements in oleic acid- and SiO2-coated Fe3−xO4 nanoparticles allowed

a direct examination of the effects of the type of coating on their mag-

netic anisotropy, as a function of the particle size. On the one hand,

SiO2 coating reduces the interparticle interactions as compared to oleic

acid coating, the reduction being more effective for 5 nm than for 14 nm

particles. On the other hand, SiO2 coating also decreases the magnetic

anisotropy field measured on the particles. This is relevant concerning

applications in biomedicine, since the SiO2 coating renders 5 and 14 nm

hydrophilic particles with very limited agglomeration, low anisotropy,

and superparamagnetic behavior at room temperature.

- Maghemite (γ-Fe2O3) NPs: radio frequency magnetic transverse suscep-

tibility measurements on γ-Fe2O3 nanoparticles allow to estimate their

effective anisotropy constant, Keff. The resulting values range from 4 to 8

×104 erg/cm3, being on the order of the magnetocrystalline anisotropy in

bulk maghemite. Keff values increase as the particle diameter increases.

Evidences of anisotropy field distribution given by the size distribution

in the samples, and interparticle interactions that increase as the particle

size increases, are also observed in the TS measurements.
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Perspectives

We consider important to mention that there are still some open questions

regarding the study of the NPs systems we describe in this dissertation. For

example, in the case of Co-Pt nanoparticles, our investigation has to be con-

tinued by including the samples series with a fixed amount of Pt and variable

Co thickness, in order to analyze their effects in their magnetic properties and

PMA. Angle dependent XMCD measurements both at the Co and Pt L2,3

edges have been also performed on these Co-Pt particles in order to explore

the evolution of the magnetization as a function of the sample and field ori-

entation, with which we expect to obtain a better understanding of the PMA

in these samples. We have also observed that the interactions between Co-Pt

NPs play an important role in their magnetic properties, then it would be

important to quantify and evaluate them.

Another example is the Co-Pd NPs system introduced in Chapter 5, which

shows PMA induced by alloying, just as the Co-Pt NPs case. In this system,

the systematic analysis of the structural and magnetic properties is yet to be

completed.

The study of noble metal NPs described in Chapter 5 might be comple-

mented with results on assemblies of Pd NPs and Pd13 clusters in a zeolite (a

system very similar to the Pt13 described in Chapter 5), which our group are

currently working on. We have some projects and proposals in this direction,

so that the respective XMCD measurements could be performed.

With respect to the transverse susceptibility measurements on NPs sys-

tems, we would like to deepen into the understanding of the anisotropy field

dispersion and interparticle interactions observed in both magnetite and maghe-

mite NPs, and their effects on the TS results. This may be achieved by sim-

ulations of the TS profiles following previous works, for example, the one by

Matarranz et al. in Ref. [45].

Finally, now that we have demonstrated the capabilities of the radio fre-

quency (rf) transverse susceptibility technique (TS) developed for the facilities

of the Universidad de Zaragoza, we shall make the most of it by continuing

studying other interesting systems. Additionally, let us recall that this TS

setup is now part of the Servicio de Medidas F́ısicas in the Universidad de

Zaragoza, which means that many other users may benefit of it for performing

their own research on magnetic anisotropy, spin dynamics, and short range

correlations, to mention some of the possible topics to study with this equip-

ment.
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sendorff, and J. T. Lau, Phys. Rev. Lett. 108, 057201 (2012).

[16] P. Bruno, Phys. Rev. B 39, 865 (1989).

[17] F. Luis, J. M. Torres, L. M. Garćıa, J. Bartolomé, J. Stankiewicz,

F. Petroff, F. Fettar, J. L. Maurice, and A. Vaures, Phys. Rev. B 65,

094409 (2002).

[18] F. Luis, F. Petroff, J. M. Torres, L. M. Garćıa, J. Bartolomé, J. Carrey,
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Guerrero, J. Bartolomé, J. A. Rodriguez-Velamazan, D. Schmitz,

E. Weschke, D. Paudyal, V. K. Pecharsky, K. A. Gschneidner, Jr.,
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Philos. Mag. A 81, 2855 (2001).

[147] J. W. Knepper and F. Y. Yang, Phys. Rev. B 71, 224403 (2005).

[148] P. F. Carcia, J. Appl. Phys. 63, 5066 (1988).

[149] S. Hashimoto, Y. Ochiai, and K. Aso, J. Appl. Phys. 66, 4909 (1989).

[150] C. H. Lee, R. F. C. Farrow, C. J. Lin, E. E. Marinero, and C. J. Chien,

Phys. Rev. B 42, 11384 (1990).

[151] N. Nakajima, T. Koide, T. Shidara, H. Miyauchi, H. Fukutani, A. Fuji-
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