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Abstract—Gadolinium stearate is synthesized in the form of a micropowder. Its composition is determined
by elemental and energy dispersive X-ray analyses: [Gd(C;H;5C0O0);]-(H,0), 4,. The splitting parame-
ters in the zero field (D and F) are determined for the EPR spectrum of the gadolinium stearate powder
synthesized at 77 K. The magnetic susceptibility is calculated from the integral intensities of the EPR spec-
tra of the gadolinium stearate powder recorded in a range of 77—293 K. The Curie temperature (0 = 0.16
K) and Weiss constant (C = 7.53 cm?® K mol~!) are determined. The effective magnetic moment is calculated
(Ueer= 7.8 £ 0.14 pg), which is constant in the whole temperature range studied for the synthesized gadolinium

stearate powder.
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INTRODUCTION

It is of interest to study gadolinium(IIl) com-
pounds owing to specific features of the magnetic
properties of Gd(III), which is a high-spin paramag-
netic ion with seven unpaired electrons in the 4f shell
forming the ground multiplet with the common spin
§=7/2 [1]. To describe splittings of the energy levels
obtained from the experimental data of the EPR spec-

tra, the spin-Hamiltonian (1-7 ) is used in which the
spin S is defined in such a way that the number 2.5 + 1
is equal to the number of the observed levels. It is
known [2, 3] that the determination of the parameters
of zero-field splitting (ZFS) for the coordination sites
with unpaired spins is the main area of investigations
for the compounds with the spin .S > 1/2. The Gd(I1I)
ion is characterized by a very weak contribution of the
orbital moment because of the 4f shell filled by 50%
and, hence, the total moment is approximately equal
to the spin moment (/= .5). The ZFS can be described
by two parameters (D and FE). In addition, the mag-
netic properties of gadolinium stearate are of high
practical interest, which is confirmed by their study
using various methods in the multilayer Langmuir—
Blodgett films [4—10] and also by the use of the gado-
linium complexes as components of contrast reagents
for magnetic resonance tomography [11, 12].

Earlier [13] we studied the synthesized polycrystal-
line powder of gadolinium stearate by scanning elec-
tron microscopy, IR spectroscopy, and X-ray powder
diffraction analysis. The dependences of the magnetic
permeability and dielectric permittivity of this powder

were also studied using a vector network analyzer in a
range of 0.03—7.0 GHz.

The results of the studies of the gadolinium stearate
powder by the EPR method are presented in this work.
The temperature dependence of the magnetic suscep-
tibility () was determined from these results. The
ZFS parameters were calculated from the EPR spec-
trum recorded at 77 K.

Note that the EPR method of spin probes was
applied [6] for recording the EPR spectra and measur-
ing the magnetic properties of gadolinium stearate in
the Langmuir—Blodgett films. However, no EPR sig-
nal of Gd** ions was observed in the synthesized films.
The authors [6] used the paramagnetic radical probe
of o,y-bis(diphenylene)-B-phenyl allyl (BDPA),
which was deposited on the surface of the Langmuir—
Blodgett film of gadolinium stearate as a thin micro-
crystalline layer. This radical is a spin probe reflecting
the arrangement of magnetic fields in the studied films
of gadolinium stearate at different orientations of the
sample in the external magnetic field in the resonator
of an EPR spectrometer. The following values were
obtained: my 4= 1.47 X 10~'° T m for the surface mag-
netization of the film and U = 1.2 ug for the magnetic
moment (in the projection onto the perpendicular to
the surface film) of the Gd** ion in the film, which is
poorly consistent with the theoretical value.
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EXPERIMENTAL

The problem of synthesis of stearate salts of rare-
earth elements is far from the unambiguous solution.
The results of syntheses of powders of rare-earth ele-
ment stearates using different methods [14—23] are
presented in Table 1.

According to the data in Table 1, powders of rare-
earth element stearates were earlier synthesized by the
dissolution methods using stearic acid or sodium stea-
rate and lanthanide salts (nitrates or chlorides) pre-
dominantly in water at the temperatures from room to
100°C. The obtained precipitates of lanthanide stea-
rates were washed with water and sometimes addition-
ally by ethanol and acetone to remove unreacted
reagents. Powders of lanthanide stearates were recrys-
tallized only in [14, 15]. Powders of lanthanide stea-
rates were dried using diverse methods: either in air, or
in vacuum at various temperatures from room to
110°C. In the most part of cases, the content of water
of crystallization in the obtained products of lantha-
nide stearates was not determined. We modified the
method of the synthesis described previously [23] and
used it in the work.

The contents of chemical elements in the synthe-
sized powder of gadolinium stearate were determined
by the elemental analysis results.

For [Gd(C;H35C00);]"(H,0)5 4,
Anal. calcd., % C, 61.51
Found, % C, 61.52

H, 10.51
H, 10.50

The composition of the synthesized gadolinium
stearate powder [Gd(C;H;5CO0);]-(H,0),4, was
confirmed by C,H,N analysis using a Vario MICRO
Cube elemental analyzer and by energy dispersive
analysis to gadolinium, carbon, and oxygen atoms on
a JEOL JSM-7500F scanning electron microscope
equipped with an INCA X-sight accessory.

The EPR spectra of the gadolinium stearate pow-
der and a TEMPO powder ((2,2,6,6-tetrameth-
ylpiperidin-1-yl)oxyl, “for ESR spectroscopy” grade,
Sigma-Aldrich) used as a spin standard were recorded
on a JEOL JES FA-300 EPR spectrometer at a fre-
quency of 9.14 GHz with a modulation frequency of
100 kHz. The EPR spectra were recorded on a range of
103—293 K with an increment of 20 K using pumping
liquid nitrogen vapors through the resonator, and the
temperature was monitored using an ES-DVT 4 tem-
perature controller. The EPR spectrum was recorded
at 77 K using a Dewar microflask with liquid nitrogen
in which the quartz tube filled with the studied sample
was placed. The resonance field (H,), absorption line-
width (AH), intensity of the first derivative of the
absorption signal (), and integral intensity of the EPR
spectra were determined from the EPR spectra. The D
and FE parameters were determined for the EPR spec-
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trum recorded at 77 K. The EPR standard MgO:Mn?*
(JEOL) was used as a standard for the g factor.

RESULTS AND DISCUSSION

The EPR spectra were described similarly to [24—
26], where the properties of the gadolinium salts and
contrast reagents for magnetic resonance tomography
based on the gadolinium complexes were studied [27].

When studying the EPR spectra of the gadolinium
stearate powder, we started from the fact that the main
contribution to the spin-Hamiltonian was made by the

Zeeman electron interaction parameters (ﬁ i) (Eq. 1)
and ZFS parameters (ﬁ ) (Eq. 2). Then the general

equation of (ﬁ ) can be written in the form of Eq. (3)
[2,3]

IA{ezi = uB(gBOS): (1)
where |15 is Bohr’s magneton, B, is the static magnetic
field strength, g is the Lande factor of spectroscopic

splitting (presumably isotropic), and S is total spin
operator.

A, =D(S?- %S(S + 1)) +E(S2-8Y), @
where §,, S, and §, are the projections of the total spin
operator on the axes x, y, and z, respectively; S = 3.5 is
the total spin; and D and FE are the splitting parameters
in the zero field.

As known [28], Eq. (2) is applied in two cases: (a)
gugB <<D, FE for a strong crystalline field and (b)
gugB >> D, E for a strong Zeeman interaction and a
weak crystalline field. In this case, the EPR spectrum
consists of only one very broad line with g = 2, which
is observed in our case.

H=H_ +H,. 3)

Figure 1, 7 shows the EPR spectrum recorded at
77 K, and the theoretical EPR spectrum is shown in
Fig. 1, 2. The theoretical spectrum for the studied gad-
olinium stearate was simulated in the MATLAB pro-
gram based on the Easyspin module [29—31]. The spin
system in EasySpin was specified by the following
parameters: spin S = 7/2, isotropic factor g = 2.0, and
selected ZFS parameters D = 1260 MHz and E =
420 MHz. As can be seen from Fig. 1, the theoretical
calculation of the EPR spectrum is consistent with the
experimental measurements for the gadolinium stea-
rate powder.

The EPR spectra of the studied gadolinium stea-
rate powder are shown in Fig. 2a. The first integral of
the EPR spectra (absorption curves) obtained at the
temperatures from 103 to 293 K are shown in Fig. 2b.
At 283 K, the EPR spectrum of the gadolinium stea-
rate powder has three visible local maxima (H = 54,
194, and 279 mT) and three local minima (H = 105,
240, and 418 mT). The resonance is observed at H, =
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Fig. 1. (/) Experimental EPR spectrum of powdered gad-
olinium stearate recorded at 77 K and (2) the simulated
spectrum.

326 mT. The microwave absorption intensity of the
studied sample increases appreciably with the tem-
perature decrease, and the g factor is ~2.0 in the whole
temperature range.

The concentration of paramagnetic centers for the
studied substance was calculated by comparing the
surface area under the absorption curve (Fig. 2b) with
that for the commonly accepted paramagnetic stan-
dard. A powder of the stable TEMPO radical with the
known concentration of electron spins was used as a
paramagnetic EPR standard. The following equation
is used for the calculation of the concentration of
paramagnetic centers in the samples studied by the
EPR method using the paramagnetic standard [32]:

(a)
dl/dB, rel. units

IVANIN et al.

NyaA,(scan,)’ Gy M 4(84) IS(S + Dl
Ay(scangy)’ G, M, (g,)’IS(S + D],

where Ny is the concentration of spins of the stan-
dard, A is the surface area under the absorption curve
(expressed in relative units and the same for the stan-
dard (std) and studied sample (x)), scan is the scan-
ning increment over the field (mT), G is the relative
enhancement of the signal, and M is the modulation
amplitude, gis the g factor, and S'is the spin of the ions
in the ground state. Note that the temperature depen-
dence of the EPR spectra of the standard (TEMPO)
should be taken into account, since in the temperature
range studied the integral dependence of the EPR
spectra of the standard on going from 293 to 77 K
increases by ~2.5 times, as well as that for the studied
gadolinium stearate. The concentration of paramag-
netic centers of studied gadolinium stearate calculated
by Eq. (4) with allowance for the temperature depen-
dence of the integral intensity of the EPR spectra of
the standard on going from 293 to 77 K takes the value
N=(5.6+0.2) x 10" in the whole range studied.

The magnetic susceptibility of the studied gadolin-
ium stearate powder can be calculated from the EPR
data using Eq. (5)

N = C))

. = N’ (J +1)

5
3k, T ©)

where N is the calculated concentration of paramag-
netic centers (number of spins/g); g is the g factor,
whose value was obtained from the EPR experiment;
Wg is Bohr’s magneton; J is the total angular moment
(/=S8 + L, where Sis the spin of the ion in the ground
state, which is equal to 3.5 for the gadolinium(III) ion;
L is the orbital moment, which is equal to zero for the

(b)

1, rel. units

- 103 K
123K
143 K
163 K
183 K
L 243K
283 K

800
B, mT

200 400 600

B, mT

Fig. 2. (a) EPR spectra of the studied powder of gadolinium stearate and (b) the integral intensity of the EPR spectra recorded in

arange of 103—293 K.
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Table 2. Specific () % 103, cm?/g) and molar (UM X 1072,
cm?/mol) magnetic susceptibilities for powdered gadolin-
ium stearate at various temperatures

Absolute x % 1073, xm X 1072,

temperature 7, K cm’/g cm?/mol
77 9.90 10.44
103 7.29 7.69
123 5.66 5.97
143 4.79 5.05
163 4.26 4.49
183 3.84 4.05
203 3.58 3.78
223 3.15 3.33
243 2.99 3.16
263 2.60 2.75
283 2.51 2.65
293 2.50 2.64

gadolinium ion (L = 0)); ky is the Boltzmann con-
stant; and 7'is the absolute temperature (K).

The theoretical magnetic moment (|4 for the
gadolinium(III) ion calculated by the equation [l =

g[S(S + 1)]'/? (where g is the spin value of the g factor
for a free electron, and S is the spin of the gadolin-
ium(III) ion in the ground state) is 7.94 ug. The exper-
imental U of the gadolinium stearate powder can be
calculated by Eq. (6)

Mer = \/XMT’ (6)

1/%m»> mol/cm’ Hefr> HB

45 _'w_
40 + .
35+
30
25+
20 +
15+
10 -

y=0.133x — 0.022
R>=10.994

1 1
S = N W kA AN N

0 L L L L L L L L L
70 95 120 145 170 195 220 245 270 295

T,K

Fig. 3. Dependences of 1/y; and experimentally calcu-
lated [.¢r on the absolute temperature for powdered gado-
linium stearate. Dashed line shows the approximation of
the experimental data by the Curie—Weiss equation for
1/%m in a range of 77—293 K.
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where x\; is the molar magnetic susceptibility. Thus
calculated ¢ for the gadolinium stearate powder is
7.8 £ 0.14 uj in the whole temperature range studied.

The procedure for the calculation of the magnetic
susceptibility from the integral intensities of the EPR
spectra used by us was earlier described in detail [33—
36]. The results of our calculations are presented in
Table 2. When calculating the molar magnetic suscep-
tibility (), one should take into account the molar
weight of the sample, which is 1054 g/mol for the
studied sample of gadolinium stearate.

The dependences of the inverse molar magnetic
susceptibility (1/yy) and u.;on the absolute tempera-
ture are presented in Fig. 3 and show that the gadolin-
ium stearate powder is characterized by a monotonic
decrease in 1/yy with the temperature decrease. The
plots in Fig. 3 demonstrate the following. If a straight
line described by the Curie—Weiss law is superim-
posed on the curve of the inverse paramagnetic sus-
ceptibility in the studied temperature range, its inter-
section with the x axis gives the Curie temperature (6)
for the studied sample. In our case, the straight line is
described well by the equation y = 0.133x — 0.022 (the
quadratic correlation coefficient is R = 0.994), the
solution of which gives 6 = 0.16 K. The obtained value
of the Curie temperature (0 = 0) indicates the absence
of magnetic ordering between the atom-carriers of the
magnetic moment of gadolinium stearate, which is
characteristic of the paramagnetic state of the sub-
stance. Then the Curie constant was calculated by the
Curie law (yy = C/T): C=7.53 cm® K mol™".

Thus, the gadolinium stearate powder was studied
by EPR spectroscopy in a wide temperature range, and
its molar magnetic susceptibility was calculated from
the integral intensities of the EPR spectra. The change
in the inverse molar magnetic susceptibility with the
temperature decrease in the studied gadolinium stea-
rate powder was found to be described well by the
Curie law. According to the data obtained, no mag-
netic ordering is observed between the gadolinium
atoms in the gadolinium stearate powder.
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