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ABSTRACT

Based on the Heisenberg model including single-site uniaxial anisotropy and using a
Green’s function technique we studied the influence of size and composition effects on the
Curie temperature 7., saturation magnetization Mg and coercivity Hc of spherical
nanoparticles with a structural formula Me,_, Zn,Fe,O,4, Me = Ni, Cu, Co, Mn. It is shown
that for x = 0.4 — 0.5 and d = 10 — 20 nm these nanoparticles have a 7 = 315 K and are
suitable for a self-controlled magnetic hyperthermia.

1. Introduction

Magnetic hyperthermia (MHT) is the most promising method in cancer treatment
because of its capability to destroy the tumor cells selectively by heating them up to a desired
temperature range (e.g. 42° — 46 °C) at which the healthy tissues can still survive. In
selecting nanoparticle (NPs) for hyperthermia treatment is essential to find those with the
highest specific heat absorption rate value.

The NPs suitable for application in MHT must satisfy the following requirements: (i)
a Curie temperature T around 42° — 46 °C (temperatures above that may cause necrosis); (ii)
a large saturation magnetization Mg, so that to show a large response by applying a magnetic
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field; (iii) a low coercive field Hc; (iv) a limiting size case of the order of 20 — 25 nm for in
vivo applications; and (v) bio-compatibility.

In the last years intensively are investigated experimentally the magnetic properties of
Zn doped CoFe,04[1], NiFe,04[2], CuFe,04[3] NPsand MnFe,O, [4].

The aim of the present paper is to extend our results from [5] and to investigate
different Zn doped ferrite NPs, such as Co, Cu and Ni ferrite, in order to find an appropriate
Tc for application in MHT. For Zn-Ni, Zn-Co and Zn-Cu ferrites we have a mixed
ferrimagnetic spin system. The magnetic ions have different spin values. This requires the
definition of six types exchange interactions (FeA-FeA, Fe®-FeP, Fe*-Me®, FeP-FeP, FeP-MeP
and Me®-Me®) and three magnetic sublattices (Fe”, Fe® and Me®). Numerous experimental
data show that the following exchange interactions Fe*-Fe®, Fe*-Me® and Fe®-Me® are
responsible to the magnetic properties of these compounds.

2. The Model

In Me, «ZnFe,O, systems Zn*" displaces the Fe*" from a tetrahedral to octahedral site
where Fe’" displaces Me®" so that the octahedral sites become poor of Me*" ions with
increasing x. The magnetization of sublattice A is decreased by the presence of Zn whereas
the magnetization of B sublattice is increased because of the Zn** magnetic momentum lack.
This is true for small amount of Zn*" ions. In this case a collinear ferromagnetic phase exists.
However, at higher Zn*' concentration (higher doping levels) the net magnetic moment starts
to decrease which can be explained in terms of the non-collinear spin arrangement, i.e. the
presence of small canting of the B site moment with respect to the direction of the A site
moment. This non-collinearity in the B sublattice is described by the Y-K angles [6] which
are responsible for deviation from the Neel model [7]. In Zn doped ferrites the coercivity H¢
decreases due to the magneto crystalline anisotropy [8]. The total anisotropy consists of the
single ion anisotropies of the Zn and Me ions.

The anisotropy of the Me ion is usually greater compared to that of the Zn ion.
Therefore, with the replacement of Me*" by Zn*' ion the magneto crystalline anisotropy
decreases leading to Hc reduction. This means that by manipulating the composition of these
compounds, doping with Zn ions, we can transform them from hard magnetic to soft
magnetic materials. In mixed ferrites the Curie temperature 7¢ decreases with increase of the
Zn*" concentration which can be qualitatively explained by the decrease of the A-B
interaction with Zn doping.

From a brief overview of the properties of mixed spinels (Me,Zn,Fe,0O4) NPs
suitable for MTH we can conclude that appropriate Me-Zn NPs are such NPs with Zn
concentration in the range of 0 to 50%. For 0 < x < 0.4 — 0.5, My increases, H- and T¢
decrease, and we have a collinear ferromagnetic arrangement. In a more complicated non-
collinear Y-K model [6] the B sublattice is divided into two halves each of them oppositely
canted at the same angle (Y-K angle or oyk). On the basis of the Y-K approach experimental
and numerical results show that for 0 < x < 0.4 — 0.5 the oy angle is zero or close to zero
and when the temperature increases Ok decreases [9]. Therefore, we assume that there is a
collinear arrangement of spins in mixed spinels with 0 < x < 0.4 — 0.5, i.e. the Neel model
could be applied.

The Hamiltonian of the system and the numerical calculations are based on the
following assumptions:

(i) The Me-Zn ferrites possess a collinear arrangement of spins in tetrahedral and
octahedral sites. The existence of a collinear magnetic structure in Zn (0 < x < 0.4 — 0.5)
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doped MeFe,O, compounds is experimentally found in [10]. We take into account the
collinear structure through the two sublattices A and B (shells in our nanoparticle). (ii) Zn*"
displaces iron Fe'" ions only from tetrahedral sites (sublattice A) while Me*" occupies
together with Fe*" only octahedral sites (sublattice B). (iii) The undoped ferrites are
completely inverse spinels. (iv) The mixed Heisenberg ferrimagnetic model with localized
A- and B-site spins is used to describe the magnetic properties. (v) The single-site uniaxial
anisotropy for A- and B-sites is included. (vi) The A-A interaction is neglected because it is
10 times weaker than the A-B and B-B interactions . (vii) For certain x in Me, Zn,Fe,O, the
change of one type of Me*" ion does not change the nature of the interaction between the iron
ions. In the case of non-magnetic Me*"-ions (for example Mg®" or Li'") it is possible to
determine the value of the A-B interaction between the Fe*" ions. (viii) In the B sublattice we
presume that an effective interaction between Fe’*-Me** will occur, characterizing the
ferromagnetic contribution to the B-B interaction

The Hamiltonian which describes the magnetic characteristics of the Me—Zn NPs is:

H=YJ, (Fe' — Fe?)S, (Fe').S ; (F )+ (Fe' —Me®)S, (Fe).S ; (Me®)+
+ 3 (Fe® —Me?)S,(Fe®).S;(MeP) =Y D, (M)} (Me® )T -
ij i

(M
= 2D, (FNS] (FP)F = 3D, (Fe)IS] (Fe )P = gy hiph Y 57 (Me”) -

- gFeuBhZ[sf (Fe®)+S7 (Fe')).

04 _ . _ . . .
Here, S; (X™) (0. = A-,B-sublattice and X = Fe, Me) is the Heisenberg spin operator

s A B A B B B . .
at the site i. Jl.j(Fe —Fe’), Jl.j(Fe —Me”) and Jij(Fe —Me”) are exchange interaction

constants between the A-B and B-B magnetic ions at sites i and j. D; (X %) is the single-site

anisotropy parameter, |D|<J. & is an external magnetic field in z-direction. We assume for
simplicity only nearest neighbor exchange interaction with the notations: index “s” at the
surface and “b” in the bulk of the NP. We consider spherical NPs, i.e. with a cubooctahedral
symmetry. A NP is defined by fixing the origin at a certain spin in the center of the particle
and including all spins within the particle into shells. The shells are numbered by n =1, ...,
N, where n = 1 denotes the central spin and #n = N represents the surface shell of the system.

The Green’s function method still seems probably the most appropriate tool to study
complex systems with low symmetry. In contrast to extended materials the Green’s function
for small particles has to be formulated in real space. The reason is the local environment,
which is the key to understanding the properties of complex systems. Moreover, the real-
space Green’s function leads directly to the local density of states. We define the following
retarded Green’s function:

<S8 (FeA);SjT (Fe) >>p5<< Sl.+(FeA );37(Me3) >>p
<< 8" (M), s (Fe'y>>,;<< 8T (F® %87 (Fe')>>, (2)
<S8 (FeA);SJT (F?) >>p1<< AS'l.J'(MeB);S]T(MeB) >>p

The magnetization of the system is:

325



M= ‘MB —MA‘ 3)
with

ME = z(<sf (Fe®)) +(s7 (M) ) M4 =3 (s7(Fet) )

in in n

3. Numerical Results and Discussion

As we mentioned above it is well known that after the addition of Zn ions (which are
nonmagnetic) to spinel ferrites their magnetization increases with Zn-content, x < 0.4 — 0.5.
We have constructed Table 11 using the experimental data [2 — 4, 6].

The last column of the different compounds is obtained on the basis of the

phenomenological Weiss theory of magnetism. Following this theory the relation is valid:

T (%)
M2 (x)

)

J(x) = const *

From here we can find a connection between the exchange interactions in MeFe,O4

and Me, Zn,Fe,0, ferrites:

Jx) _ T MP(x=0)
J(x=0) T.(x=0) M3(x)

(6)

In order to define the exchange interaction constants we will begin with the MgFe,0,4
compound. It is somewhat simpler than the other spinels since only the Fe***-Fe®** exchange
occurs (Mg”" is non-magnetic). This consideration is valid only for the assumptions, made in
the previous paragraph. The bulk MgFe,0,4 has a Curie temperature 7¢ = 730 K [42]. On the
basis of the molecular field theory it is true the following:

| 1
0 4 B
kgTy =—(ZAZB)2J(Fe —Fe”) @)

N
with zy =12, zg= 6, S = 5/2. Then we find:
J(Fe' —Fe®)=33.78K . (8)
Now we consider CoFe,O4. We will assume that the electron exchange between Co*

and Fe*" ions in the B-sites is so intensive that these sites are effectively occupied by a single

jonic species with spin S and effective A-B exchange constant J . The exchange interaction
constant J between the Fe* and Fe® ions is renormalized through the interaction included in

the Hamiltonian between the Fe" ion with the Co® ion. It is obvious that S and J can be
defined as follows:

S

%[S(FeB) +S(CoPy, )
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Table 1. The Curie temperature 7., magnetization M ¢ and ratio between exchange

4, BX
interaction constants A me”® = JFe_—Me in bulk Me, Zn,Fe,0, ferrites for different Zn-

F eA —MeB
concentrations.
Mg,.Zn,Fe,0, Ni;.«Zn,Fe,O4 Cu,;Zn,Fe, 04
X(le) TC(K) Ms(uB) AMeMg TC(K) Ms(uB) AMeNl TC(K) Ms(uB) AMeCu
0 730 1,00 1,00 850 2,20 1,00 744 1,20 1,00

0,1 715 2,00 0,49 814 2,92 0,72 | 716 2,14 0,54
0,2 670 2,80 0,33 750 3,60 0,54 | 659 3,00 0,35
0,3 630 3,30 0,26 685 4,20 0,42 | 601 3,80 0,26
0,4 610 3,50 0,24 620 4,80 0,33 542 4,25 0,21
0,5 540 3,30 0,22 560 5,00 0,29 | 463 4,00 0,19

CO].XanFezo4 Mnl_XanFe204
X(Zn) | Te(K) | My(ee) | Ave™ | Te(K) | M) | Ape™
0 728 3,29 1,00 573 4,60 1,00

0,1 663 4,00 0,75 544 5,35 0,82
0,2 613 4,40 0,63 525 5,80 0,73
0,3 558 4,65 0,54 500 6,00 0,67
0,4 488 4,85 0,45 463 6,20 0,60
0,5 403 4,66 0,39 413 6,30 0,53

J= %[J(FeA —FBY+ J(Fe' —CoP). (10)

Then from the Curie temperature of CoFe,O4 (7¢ = 728 K) and the molecular field
theory we find: J=23.26 K (11)

In this case j is an effective interaction between the A- and B-sublattices and can be
obtained on the basis of a Mossbauer study. Clave at al. [11] by a fitting procedure from
Mossbauer spectra for CoFe,0,4 determined that J = 22 — 23 K. There is a good quantitative
coincidence with our result (11). Inserting (8) and (11) into (10), finally we have
J(Fe' —CoP) =14.74 K.

In analogy we obtain for the rest MeFe,O4 (Me = Ni, Cu, Co, Mn) compounds the
results given in Table 2 where the anisotropy constants D of the different doping ions are

taken from the experimental data whereas the exchange constants J are calculated in the
present paper
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Table 2. Spin values of Me*"-ions, exchange interaction constants J (FeA —Fe8 ),

J (FeA —MeP ) and magnetic anisotropy constants of bulk MeFe,O,

Me’*-ion D(X*)(K) S MeFe,0, J(Fe*-Fe®)(K) | J(Fe*-Fe®)(K)
Mg -0.12 0 MgFe,0, 33,78 -

Ni* -0.69 1 NiFe,0, 33,78 31,38

Cu” -0.47 12 CuFe,0, 33,78 24,96

Co” 4,68 32 CoFe,0, 33,78 14,74

Mn?" -0.22 5/2 MnFe,O, 33,78 12,18

Fe'* -0.87 52 - - -

We assume that J (FeB - M )=—0.1J(FeA -MP ). Combining Table 1 and 2 we

can determine the values of the exchange interactions for each compound and each
concentration of Zn non-magnetic ions in the bulk system.

900 4,5

4,0
35

3,0

M, ()

0,0 0,1 0,2 0,3 0,4 0,5 0,0

Fig. 1. T¢ as a function of the Zn-concentration x for bulk: 1) NiFe,O4; 2) CuFe,O4;
3) CoFe; 04 and 4) MnFe, O, for J, (X o_ xB ) and Dy (X %) given in TABLES I and II. The

symbols denote the experimental data: @ — MnFe,04; m — CoFe,O, ; * — CuFe204 and o —
NiF6204.
Fig. 2. M; as a function of the Zn-concentration x for bulk: 1) NiFe,Oy; 2) CuFe,Oy;

3) CoFe,0;4 and 4) MnFe,0, for J, (X - x®) and D, (X®) given in TABLES I and 1I for
T=1300 K. The symbols “+” correspond to the experimental data for NiFe,O,.

First, we present numerical calculations for the dependency of the transition
temperature 7¢ and the saturation magnetization My on the doping concentration x (0 <x <
0.4 -0.5) for bulk Me, Zn,Fe,04 (Me = Ni, Co, Mn, Cu) spinels (see Figures 1, 2). This
allows us to test the proposed model and identify samples for mixed ferrite NPs.

With the increase of x the critical temperature 7 decreases for all mixed spinels.
There is a good agreement between our theoretical results and the experimental data [1-4, 7,
8] which is an indirect evidence for the validity of our calculations and approximations.

To summarize: (i) A comparison of the numerical calculations with the experimental
results demonstrates that within the given task, our model choice is suitable. (ii) Increase of
the Zn-ion concentration leads to a simultaneous decrease of T, H- and an increase in Ms.
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In the case of MHT for in vivo applications the critical size of NPs does not exceed 20
— 25 nm. It is well known that the magnetic properties of NPs vary widely compared to bulk
materials. The so called “size and surface effects” (see Fig. 3 and 4) lead to changes of the
magnitude of the exchange interaction, magnetic anisotropy, and lattice constants on the
surface compared to the bulk. The additions of Zn ions can induce compressive stress due to
its larger ionic radius compared to the Me ions. In order to explain the decrease of T with
decreasing particle size we consider the case J < J,; D, <D, .

70 300 4.0
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Fig. 3. Size dependence of the coercivity H, for different NPs: 1) NiysZngsFe,Oq;
2) CUO‘6ZHO.4F6204; 3) C00‘6ZHO.4F3204 and 4) MHO‘SZHO.5F€204 for

JS(XO‘—XB):0.7Jb(X°‘—XB) and DS(X(X):O.SDb(XO‘) given in Table 1 and 2 for
T =0.651 . Vertical arrows “|” indicate the position of the optimal sizes of NPs with

Tc= 315 K which are suitable for MHT.
Fig. 4. Size dependence of the magnetization M, for different NPs:
1) Ni0,5Zn0,5FeZO4; 2) Cu046Zn0,4FezO4; 3) C00.6Zn0‘4F6204 and 4) MHO.5ZHO.5F6204 for

JS(XO‘—XB):0.7Jb(X°‘—XB) and DS(X(X):O.SDb(XO‘) given in Table 1 and 2 for

T=0.65T¢c. Vertical arrows “|” indicate the position of the optimal sizes of NPs with
Tc = 315 K which are suitable for MHT.

4. Conclusions

We have proposed a microscopic model which allows us to identify particles with
structure formulas Cog¢Zng4Fe,0,4, CugeZngFe,04 MngsZngsFe,O, and NigsZngsFe,Oy
appropriated for in vivo MHT application. Using a Green’s function technique, we have
calculated the magnetic properties of these compounds which are given in Table 3.

We obtain a good agreement with the experimental data. For example the maximum
magnetization M and minimum coercive field H, have been observed experimentally by t al.
[4] in CoixZn.Fe,O4 for x = 0.4 and the maximum M by Corral-Flores et al. [8] in
NixZn.Fe,O4 for x = 0.5, in agreement with our results (see Table 3). The concentration
x = 0.5 observed in Mn;Zn.Fe,0, is experimentally also confirmed by many authors [9,
10]. Moreover, the obtained value of H.= 40 Oe for Nig sZn, sFe,O4 NPs (see TABLE 3) is in
a good quantitative coincidence with that of 42.2 Oe reported by Kozlowsky [12].
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Table 3. The calculated magnetic quantities Mg and H. for different NPs with
structure formula Me, Zn,Fe,0, appropriated for in vivo MHT application.

MeyZn,Fe,0, T(K) d(nm) Ms(jtp) Hc(Oe)

Coo.6Zno4Fe,04 315 17.05 3.25 92.86

NigsZno sFe;04 315 11.36 1.50 40.00

Cug¢Zno4Fe,0, 315 13.26 1.67 24.17

Mng sZnosFe,0, 315 20.00 2.11 9.17
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OEPUMATIHUTHU HAHOYACTHUIU 3A CAMOCBIJIACYBAHA
MATHUTHA XUIIEPTEPMUSA (PU3NYHU ACITIEKTHN)

A. T. Anocrosos', U. H. AnocrostoBa’

Kniwouosu oymu: ghepumnu nanovacmuyu, MAZHUMHA XUnePMePMUsl

Hayuna oénacm: ¢usuynu Hayku, Qusuxa Ha mebpoomo msio

PE3IOME

Ha 6a3ara Ha Mojena Ha Xaif3eHOepr, ¢ BKIIFOUCHA B HETO ¢AHOHOHHA aHN30TPOIHUS U
U3II0JI3BaHE Ha MeTO/a Ha GyHKIMNTE Ha ['puH HUE M3ciIeBaMe pa3MEpHUTE M IIPUMECHHUTE
epextn BBpXy Temmeparypata Ha Kropu (7¢), HamMarHuTBaHeTo Ha Hacumane (Ms) u
koepuutuBHOcTTa (HC) 3a cdepuunm HaHOuacTMIM CBbC CTPYKTypHa QopMmyna Me,.
Zn,Fe,04, kbaero Me = Ni, Cu, Co, Mn. Iloka3ano e, ue 3a x = 0,4 - 0,5u d =10 — 20 nm
Te3W HAHOYACTUIIM MMaT Temreparypa Ha ¢aszosus npexon I¢ = 315 K, xoero ru mpasu
HOAXOMAAIIN 32 CAMOKOHTPOJIMPAHA MAarHATHA XUTIEPTEPMHUSI.
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