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Analysis of low-temperature FMR spectra of Fe3O4
and ZnFe,O4 nanoparticles synthesized using organic
molecules
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The ferromagnetic resonance (FMR) spectra of Fe;O, and ZnFe,O, nanoparticles with organic synthesis
products were studied at T =4.2 K. It was determined that the sintering of nanoparticles induced by post-
synthesis heat treatment forms a mechanically unstable transition layer between them. Changes in the FMR spectra
of Fe30, nanoparticles synthesized by precipitation in microemulsions using octylphenol ethoxylate and by the
cryochemical method are mainly determined by the field of dipole-dipole interaction between nanoparticles.
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Introduction

Magnetic nanoparticles are a promising material for
nanoelectronics and medicine due to the tunable magnetic
and resonance properties in the microwave range [1, 2].
Their properties are mainly determined by the forces of
magnetic surface anisotropy, magnetocrystalline anisotropy
[3-5]. The magnetic dipole-dipole interaction between na-
noparticles and magnetoelastic anisotropy field can play an
important role when nanoparticles are in the form of nano-
powders [6]. Moreover, different methods of their post-
synthesis heat treatment affect their magnetic properties
and the ferromagnetic resonance (FMR) spectrum although
they have the same composition and are prepared by the
same synthesis methods [2, 5, 7, 8]. For instance, in Refs. 5, 8,
employing FMR spectroscopy in the temperature range of
77-300 K, it is shown what magnetic forces are present in
Fe;0, nanoparticles synthesized by different methods using
organic molecules before and after heat treatment.

This work compares three types of Fe;0, nanopowders:
Fe;0, nanoparticles prepared using diethylene glycol with
appropriate metal salts, the same as-prepared nanopowders
subjected to post-synthesis separation using a surfactant,
the same as-prepared Fe;O4 nanopowders after heat treat-
ment in an argon atmosphere. The spectra of the studied

nanoparticles differed significantly. At T <120 K, the char-
acter of changes of the FMR spectrum was specific. It ap-
peared that a deeper analysis of the FMR spectra of Fe;0,
nanoparticles is required at temperatures below 120 K.
This will make it possible to determine the magnetic state
and to specify processes affecting the magnetic properties
and the shape of the FMR spectra of magnetic nanoparticles
in the form of nanopowders at low temperatures. It is im-
portant to compare the FMR spectra of nanopowders with
the replacement of one Fe atom by a nonmagnetic Zn atom.
This will allow to detect the factors determining the value of
the total anisotropy field H, at liquid helium temperature.

In our case, it is necessary to take into account the di-
pole-dipole interaction between nanoparticles, since the
nanoparticles are in the nanopowder form, i.e., nanoparticles
are combined into conglomerates and chaotically located in
the space. Indeed, dipole-dipole interaction is often neglect-
ed, assuming that nanoparticles are located at a considerable
distance from each other [9]. However, the magnetic di-
pole-dipole interaction field Hgj, makes a significant contri-
bution to the total magnetic anisotropy field H, when the
nanoparticles are in the form of a nanopowder [10]. The
results obtained from this research are useful in the design of
magnetically controlled microwave elements, quantum com-
puting elements, and are also important in the development
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of the targeted drug delivery method. Therefore, it is im-
portant to understand how the synthesis method and subse-
quent processing of magnetic nanoparticles affect their
FMR spectra at defferent temperatures; what magnetic
interactions will prevail in the studied nanoparticles.

Thus, the aim of this paper is to solve the abovemen-
tioned problems by studying the FMR spectra at 4.2 K of
Fe;04 and ZnFe,O4 nanopowders synthesized in aqueous
solutions of organic molecules with appropriate metal
salts, depending on the method of their post-synthesis
treatments.

Theoretical data

FMR was investigated in Fe;O, and ZnFe,O, nano-
powders based on the study presented in Ref. 11. To de-
scribe the shape of the FMR lines, we use the known ex-
pression [12]:

X”(H ) —

HyAHy, [(HE +AHZ, ) H? + HE ]

“[(H ~AHy, ) H,2+AH1§2H2}[(H +AHy, ) H3+AH12/2H2}

1)
where H is the magnitude of the applied external magnetic
field; H, is the resonance field, AH;, is the halfwidth of the
resonance peak.

Let us consider H, as a function of the total magnetic
anisotropy field H, which mainly depends on the field of
the dipole-dipole interaction between nanoparticles Hgip,
and, to a lesser extent, on the surface anisotropy field Hs,
the magnetic crystalline anisotropy field Hy, the external
stress field H,, and the magnetoelastic anisotropy field H,.
Let us determine the largest contribution to H, among the-
se fields at 4.2 K. Moreover, we also consider H, as a func-
tion of temperature.

The main contribution to H, is made by the field Hgi,
which is directly proportional to the magnetization M and
inversely proportional to the distance between nanoparti-
cles [3]. The magnetization M for a superparamagnet, in-
cluding isotropic nanoparticles, is described by the Langevin
equation:

_[BH pH_ kT
M_L(k_rj_nu[coth(k_rj HH] 2

where L is the Langevin function [2], n is the concentration
of nanoparticles, k is the Boltzmann constant. The parame-
ter T is chosen as T = 4.2 K. The parameter H is defined as
H = H, we determine M at each point H = H, according to
the formula (2).

The anisotropy constant ke is defined by the volume
anisotropy constants Ky and the surface anisotropy Ks as

ke :6%+ Ky, 3)

where d is the average diameter of the nanoparticle.
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Fig. 1. Size distribution diagrams for Fe;0,4, ZnFe,O4 nanoparti-
cles before (a), (b) and after (c), (d) heat treatment.

To find the average diameter of the nanoparticles de-
scribed in Refs. 11, 13, 14, we used the distribution dia-
grams shown in Fig. 1. The size distribution diagrams were
created based on the analysis of TEM images of the stud-
ied nanoparticles using the software Image Tool 3.0.

Diagrams in Fig. 1 show that after heat treatment the
average diameter of the studied nanoparticles is shifted to
the region of larger values. This indicates a possible fusion
of nanoparticles caused by magnetic and van der Waals
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forces due to the removal of organic synthesis products, as
well as sintering of nanoparticles induced by post-synthesis
annealing.

The FMR line shape, taking into account the size distri-
bution of nanoparticles (Fig. 1), is approximated by the
model similar to the one presented in Ref. 15.

Experiment and discussion

In our work, we studied FesO, and ZnFe,O4 nanoparti-
cles prepared using diethylene glycol with appropriate metal
salts and the same as-prepared nanoparticles subjected to
heat treatment. For an additional comparison of the magnetic
properties and the FMR spectra, and for the clarification of
the role of Hg;p, at low temperatures, we also studied Fe;O,
nanoparticles synthesized by cryochemical method and
Fes0, nanoparticles obtained by microemulsion method us-
ing Triton X-100 surfactant. Descriptions of the samples are
summarized in Table 1.

To control the accuracy of the magnitude of the external
magnetic field, 2.2-diphenyl-1-picrylhydrazyl (DPPH) was
used as a well-known electron spin resonance reference ma-
terial. For this material, g =2.0036. We made all the sam-
ples in a spherical shape using poly(vinyl butyral)-phenolic
(PVB-P) glue for binding.

To study FMR at 4.2 K, we used the experimental re-
search radiospectrometer BURAN (Fig. 2), designed to pro-
vide FMR studies in the frequency range of 70-80 GHz,
using magnetic fields up to 7 T [16].

An open semi-confocal cavity, which includes a set of
the mirrors of different radius of curvature, was used as a
measuring cell of the radiospectrometer (Fig. 3).

We placed the studied samples on one of the cavity mir-
rors. The external magnetic field vector was directed from
mirror to mirror.

Typical FMR curves of Fe;0,4 nanoparticles are shown
in Fig. 4.

Based on the obtained experimental FMR data, micro-
wave field frequency f of Fe;0O, and ZnFe,O, nanoparti-
cles, frequency dependences on the magnitude of the reso-
nance field H, were determined (Fig. 5).

Table 1. Parameters of the studied samples

Fig. 2. Photograph of the experimental research radiospect-
rometer BURAN.

ee

Fig. 3. Set of mirrors with the different radius of curvature for
two-mirror open cavity in the radiospectrometer BURAN.

Sample . . Average nanoparticle
P Chemical formula Synthesis method g. P
number size, nm
#1 Fes04 Precipitation in diethylene glycol at 210 °C [7, 13] 6.9
4 Fe,0, Precipitation in dlfethylene glycol at 210 °C, annealed at 500 °C 20-30
in atmosphere of argon [13]
#3 ZnFe,0, Precipitation in diethylene glycol at 210 °C [13, 14] 3-6
44 ZnFe,0, Precipitation in qiethylene glycol at 210 °C, annealed at 500 °C 20-30
in atmosphere of argon [13, 14]
Precipitation in microemulsion with organic solvent and using
#5 Fe;0, . 6.9
octylphenol ethoxylate (Triton X-100 surfactant) [7]
#6 Fe;0, Cryochemical synthesis [7] 11
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Fig. 4. FMR curves for Fe;O, nanoparticles synthesized by
cryochemical method (for several values of the microwave field
frequency f).

Black lines in Fig. 5 correspond to the calculated ESR
frequency-field dependence for DPPH (calculated ESR line).
This line coincides with the experiment with graphical accu-
racy. As seen in Fig. 5, the experimental points are located
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Fig. 5. Dependence of the microwave field frequency f on the
external magnetic field H = H, of Fe;0, (a) and ZnFe,O, (b) na-
noparticles before and after heat treatment in an atmosphere of

argon at 500 °C.

65

on opposite sides of the calculated ESR line for samples #1
and #2. It is caused by the significant difference in H,. Field
H,=1.5kOe for sample #1 and H,=-0.5kOe for sam-
ple #2. As expected, the field H, increases due to an in-
crease in Hg;p for sample #1. However, the field H, chang-
es sign after heat treatment.

Analysis of the magnetization of samples #1 and #2
[Figs. 6(a), (b)] shows that the value of M increased by 1.8
times after heat treatment in a given range of fields. Re-
moval of organic synthesis products allowed to bind nano-
particles, which significantly increased Hgi,. However,
the difference in the values of the magnetization and, as
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Fig. 6. Magnetic hysteresis loops of Fe;04 and ZnFe,O, nanoparti-

cles before (a), (b) and after (c), (d) heat treatment, received at 10 K.
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a consequence, the magnitude of the dipole-dipole interac- The TEM images in Figs. 7(a), (b) clearly show the
tion does not explain the change in the H, sign. state of nanoparticles, their size and shape, close to spheri-

As for Fe30,4, a similar pattern is observed for ZnFe,O,  cal. There is a significant difference in shape and size be-
nanoparticles (samples #3 and #4): H,= 1.1 kOe for sam-  tween nanoparticles before and after heat treatment. Inho-
ple #3 and H,= 0.4 kOe for sample #4. However, the sign  mogeneous formations of nanoparticle conglomerates are
of the anisotropy field H, for the latter does not change  seen in Figs. 7(c), (d). X-ray structural analysis shows an
[Fig. 5(b)]. Note that the M value in the investigated range  increase in the intensity of the peaks corresponding to the
of FMR fields is lower than for Fe;O4 nanoparticles. FesO,4 crystal lattice. The structure of the nanoparticles

Therefore, H, for ZnFe, 0, is also smaller [Figs. 6(c), (d)]. becomes more like a volumetric material (Fig. 8).
Heat treatment in an atmosphere of argon leads not only
to the removal of synthesis products (i.e., diethylene glycol), 16000
but also leads to the sintering of nanoparticles. This sinter- 2
ing changes the shape of the formed nanoparticles and, as a 5
consequence, increases their size, which can be observed S
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from TEM images in Fig. 7. >
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Fig. 7. TEM images of individual Fe;O, and ZnFe,O, nanoparti- Fig. 8. X-ray diffraction spectra of Fe;0, and ZnFe,O,4 nanoparti-
cles before (a), (b) and after (c), (d) heat treatment. cles before (a), (b) and after (c), (d) heat treatment.
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Fig. 9. Dependences of the microwave field frequency f on the
external magnetic field H = H, of Fe;0, nanoparticles synthesized
by precipitation in microemulsions using Triton X-100 surfactant
(a) and synthesized by cryochemical method (b) at 4.2 K.

Based on the above, it can be considered that sample #2
acquires the properties of the polycrystal with a randomly
developed structure. Sintering of nanoparticles occurs due to
heat treatment. Most likely, the transition layers are formed
as in inhomogeneous ferromagnets (ferrimagnets). However,
in the resulting structure, these layers do not have a rigid
crystal lattice. Most probably, at low temperatures, mechan-
ical stresses in these layers increase. The resulting additional
external stresses field H, along with exchange interaction
forces in the transition layer (we will use the term “domain
wall”) can make a sufficiently large contribution to H,, and
this changes its sign.

We have traced a similar pattern for samples #3 and #4.
The value H, also decreases. However, this change is much
smaller in compared with changes for Fe;O, nanoparticles.
This can be explained by the replacement of one Fe atom
by a nonmagnetic Zn atom, which decreases the magnetic
interactions in the transition layers. Thereby, the energy of
the exchange interaction in the domain wall will be lower
than that of Fe;O,4 nanoparticles [Figs. 6(c), (d)] [17].

To be convinced of the correctness of our assumptions,
we studied FMR in Fe;O,4 nanoparticles synthesized by vari-
ous methods. For this purpose, we chosen samples #5, #6,
synthesized by methods different than samples #1, #2, and
studied their properties for further comparison.

We added organic products to sample #5 instead of re-
moving them. Thus, we prevent the binding of nanoparti-
cles, i.e., the formation of conglomerates.

Sample #6 was chosen as a material is inert to tempera-
ture changes in the low-temperature range. Nanoparticles for
sample #6 were initially synthesized at low temperatures.
Therefore, the H, value will change insignificantly, as
shown in [5].

Figure 9 shows the dependences of the resonance field on
the frequency of the microwave field for samples #5, #6.

Let us analyze the graphs in Fig. 9. From Fig. 9(a), it is
seen that the field H, also increases at 4.2 K, as for sam-
ples #1 and #3. Yet, this increase is not so significant —
only by 0.8 kOe. It is related to the fact that surfactant Tri-
ton X-100 increases the distance between nanoparticles
more than in sample #1. Therefore, the contribution of Hg;,
to H, is small. At 4.2 K, the magnetization M also increas-
es [Fig. 10(a)], which induced a noticeable increase in Hgjp.
At 300 K, the field Hgi, can be neglected (on the order of
several tens of Oe) [5].

Let us analyze the behavior of sample #6. In the studied
temperature range (4.2-300 K), the H, field stayed almost
unchanged (~10 Oe) in comparison with the rest of the sam-
ples. Sample #6 shows thermostable properties [Fig. 9(b)].
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Fig. 10. Magnetic hysteresis loops of Fe;O4 nanoparticles synthe-
sized by precipitation in microemulsions using Triton X-100 sur-
factant (a) and synthesized by cryochemical method (b) at 10 K.
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Nanoparticles in sample #6 combine two main factors:
temperature of synthesis and the presence of a large number
of synthesis products. Due to the first factor, the crystal lat-
tice does not undergo significant changes under the influ-
ence of low temperature. Because of the second factor, the
nanoparticles in sample #6 weakly interact with each other.

Therefore, the temperature dynamics of nanoparticles af-
ter heat treatment is opposite to nanoparticles that were not
subjected to heat treatment. For all the samples at 4.2 K, Hgip
makes the main contribution to the total anisotropy field
H.. It was shown that the field Hgi, changes in direct pro-
portion to the magnetization M, which is basically a func-
tion of temperature [17]. However, at low temperatures in
nanoparticles subjected to heat treatment, the influence of
the external stress field H, arises, the contribution of which
to H, turns out to be competitive with Hgp.

Conclusions

This paper presents the results of a study of the magnetic
properties of Fe;0,4 and ZnFe,O4 nanoparticles synthesized
by different methods from organic molecules and subjected
to heat treatment. It was found that the total magnetic ani-
sotropy field H, for each sample is different at 4.2 K. It
was shown that the field Hgj, prevails in all the samples
and varies in direct proportion to the magnetization M.

The contributions of dipole-dipole interaction field and
magnetic external stress field to the field H, of the samples
before and after heat treatment were analyzed at 4.2 K. It
was determined that the arising magnetic forces of the ex-
ternal stresses in the transition magnetic layer of the sin-
tered nanoparticles have a significant influence on H, and
compete with the field Hgjp,. This significantly affects the
form of the dependences of the microwave field frequency
on the resonance field.

Note that studied nanomaterials are of great importance
based on their application in biology, medicine, and nano-
electronics [1, 2]. First of all, this is due to the fact that it is
possible to achieve significant changes in the magnetic prop-
erties of nanoparticles, depending on the synthesis method.
Thus, the above results will be important for monitoring the
state of complexes of magnetic nanoparticles with chemo-
therapeutic drugs in the form of biologically active magnetic
fluids. This provides the possibility to determine the effici-
ency of drug delivery to organs and tissues by changing the
FMR spectra. Besides, the studied nanoparticles can be use-
ful in the development of the hyperthermia technique, as
nanoparticles administered into tissues must provide the
necessary temperature homogeneity in space and time.
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AHani3 Hu3bKkoTemnepaTypHux cnektpis PMP
HaHo4acTuHok Fe;O, Ta ZnFe,O,4, CMHTE30BAHMX
3 BUKOPUCTaHHAM OPraHiyHUX MOMeKyn

K. Yu. Sova, A. S. Vakula, S. |. Tarapov,
A. G. Belous, S. O. Solopan

IpoBeneno pocmimkeHns GpepomarHitHoro pesonancy (OPMP)
npu T=4,2K B HanouactmHkax Fe3O, ta ZnFe,O, 3 opra-
HIYHUMH TPOAYKTaMu cuHTe3y. 3a criekrpamu ®MP Bu3HaueHo,
IO CHIKAaHHA HAHOYACTHHOK IICIS X TepMooOpoOku Qopmye
MK HUIMH MEXaHIYHO HECTIHKHUI MepexiaHuil map. 3MiHa CIEeKTPiB
®OMP HanouacTuHOK Fe3O,, sIKi CHHTE30BAaHO OCA/PKEHHSIM B
MIKPOEMYJIbCiSIX 3 BUKOPHUCTAHHSAM OKTUI(eHONa eTokciiara Ta
KpIiOXiMIYHUM METOJOM, BH3HAYAIOThCS B OCHOBHOMY IIOJIEM
JIMIIOJIb-IUNONBHOT B3a€MO/Iii MiXK HAHOYACTHHKAMH.

KirouoBi cioBa: HAHOYACTHHKH, HAHOIOPOLIKH, (epoMarHiTHUIA
pe30HaHC, HaJBUCOKI YaCTOTH, HHU3bKi TeMIle-
paTypH, OpraHidHi MOJICKYJIH.
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