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Abstract. The magnetic properties of the rare earth molecular compounds with hydrazone ligands con-
taining Nd®**, Gd**, and Yb*" have been investigated by electron paramagnetic resonance (EPR) and
magnetization measurements. For the Gd-compound, partially resolved fine structure due to Gd** and
exchange narrowing effects at low temperatures are observed in the EPR spectra, suggesting, consistent
with the EPR and dc magnetic susceptibility, weak antiferromagnetic exchange interactions. Paramagnetic
behavior sustained down to low temperatures is derived for Yb®*" ions, whereas substantial ferromagnetic
exchange coupling is inferred for the lighter Nd3* ions, indicating significant variations of the exchange
integrals along the lanthanide series.

PACS. 76.30.-v Electron paramagnetic resonance and relaxation — 76.30.Kg Rare-earth ions and impurities
— 75.30.Et Exchange and superexchange interactions

1 Introduction

The distinctive magnetic and spectroscopic properties of
trivalent rare earth (R*) ions and their flexible coordina-
tion compounds attract much attention in various research
areas ranging from their biological use as spectroscopic
and magnetic probes [1] to their utilization in molecu-
lar magnetism [2] and the design of device oriented ma-
terials [3]. Electron paramagnetic resonance (EPR) has
provided precise information on the ground state prop-
erties and the strong magnetic anisotropy, which is re-
lated to the inherently large orbital contribution of the
unfilled 4f inner shell of R** ions [4]. A major limitation,
commonly encountered in the EPR study of concentrated
R3* compounds required for many practical applications,
is the presence of spin-spin interactions that broaden the
resonance lines and hinder the resolution of fine struc-
ture details [5,6]. However, complications also arise for
R3* dopants embedded into various crystal hosts with re-
spect to local lattice distortions [7,8] and their inhomo-
geneous distribution that may lead to the formation of
R3*T-R3T pairs or even larger assemblies [8-10]. Studies
of the magnetic properties of concentrated R3T molecular
compounds could accordingly be of value in elucidating
the nature of the intrinsically weak magnetic coupling of
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R3* iomns, provided that sufficient resolution of their reso-
nance spectra is obtained.

In this work, we report on the magnetic prop-
erties of three R3t hydrazone molecular compounds
[R(PBH)Q(NOg)Q]NOg . .Z‘HQO with R:Nd, Gd, Yb and
x = 0.5, 1.0, 2.0 respectively, using X-band EPR and mag-
netization measurements. Partially resolved fine structure
due to Gd3T and exchange narrowing effects at low tem-
peratures, rarely observed in the magnetically dense state
of most concentrated Gd-compounds, is identified in the
EPR spectra, showing, in accord with the EPR and dc
magnetic susceptibility, weak antiferromagnetic exchange
interactions. Paramagnetic behavior is derived from both
EPR and magnetization data for Yb3* ions, whereas fer-
romagnetic exchange coupling is inferred for Nd?* indi-
cating appreciable variations of the overlap between the
localized forbitals along the R3* series.

2 Experimental details

Polycrystalline samples of the [Gd(PBH)2(NO3)s]
[Nd(PBH)2(NO3)2]NO3-0.5H,0 rare earth hydrazone
complexes, where PBH corresponds to the 2-pyridine-
carboxaldehyde benzoylhydrazone ligand crystallizing as
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PBH-H>,O with molecular formula C;3H;3N305-H50,
were prepared, as described elsewhere [11]. Crystal
structure determination of the Er-complex shows that
the compound crystallizes in the monoclinic C2/¢ space
group stabilized through a complicated hydrogen-bond
network, while the members of the homologous series
(R=Y, Nd, Eu, Gd, Th, Dy, Ho, Er, Yb) are also found
to belong in the monoclinic system [11]. Each unit cell
contains eight molecular units including eight monomeric
complex cations, 16 nitrate anions with occupancy of 1/2
and 16 water molecules, eight of which have occupancy
of 1/2. The R*" ions are tenfold coordinated with four
nitrogen atoms and six oxygen atoms from two tridentate
PBH and two bidentate nitrate ligands, respectively. The
corresponding coordination polyhedron is best described
as a distorted bicapped square antiprism with triclinic
local symmetry C1, lacking any specific symmetry element
due to the unequal bond-lengths in the R3>*-coordination
sphere.

EPR measurements were carried out on powder
samples, using a Bruker X-band spectrometer E500
(9.45 GHz) with 100 kHz field modulation and mag-
netic field sweeps in the range of 0-14 kOe. Tempera-
ture dependent EPR measurements were performed us-
ing an Oxford flow cryostat and a standard hot air flow
system. Magnetic measurements were carried out on the
polycrystalline powder samples using a Quantum Design
MPMS SQUID magnetometer in the temperature range
of 2-300 K and magnetic fields up to 50 kOe. The diamag-
netic contribution of the compound was estimated using
Pascal’s coefficients, while the diamagnetic contribution
of the support cell was independently measured and sub-
tracted.

3 Results and discussion

Figure 1 shows representative X-band EPR spectra of
[GA(PBH)2(NO3)2]NO3-HoO at different temperatures.
Despite the magnetically concentrated state of the mate-
rial, extended fine structure due to Gd®* ions is observed,
showing considerable shift of the high-field resonance lines
towards higher fields as temperature decreases from 300 to
50 K. Analysis of the powder EPR spectra was carried out
for GA3* (4f7, 887/2) using the simulation program devel-
oped by Weihe [12] that employs exact diagonalization of
the energy matrices for each orientation of the magnetic
field and takes into account the Boltzmann weighting fac-
tor in the resonance line intensity. The zero-field split-

ting (ZFS) Hamiltonian Hy, = pupSgH + Z fkbqu

was accordingly utilized for S = 7/2, where the first
term describes the Zeeman interaction, O} are the ex-
tended Stevens operators, fi the appropriate scaling fac-
tors (fo = 1/3, fs = 1/60, fo = 1/1260) and b} the ZFS
parameters including both odd and negative-q values per-
tinent for triclinic local symmetry [13]. The expected small
g-anisotropy resulted in negligible effects in the powder
lineshape and thus an isotropic g-value of 1.99 was subse-
quently used.
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Fig. 1. Experimental Gd** EPR powder spectra of

[Gd(PBH)2(NO3)2]NO3-H20 (solid lines) in comparison with
the simulated ones (dashed lines) using the ZFS parameters
(b9, b3) with values (1060, 2) at 200 K, (1120,15) at 100 K,
and (1130,20) at 55 K in 10™* cm™"' (9.45 GHz). The inset
shows the temperature dependence of the axial ZFS parame-
ter fitted to the expression b3(T) = b3(0)[1 — AT™] with best
fit values b3(0) = 0.1143(3) cm™', A = 3(2)107° ecm™' K~!
and n = 1.5(1).

Satisfactory simulations of the EPR powder spectra
as a function of temperature were obtained for an axial
ZFS parameter that is frequently the dominant compo-
nent of H,, with progressively increasing magnitude as
temperature decreases (Fig. 1). Better description of the
temperature evolution of the relative amplitude of the
powder spectrum lines was obtained including a small
contribution of b ranging from 0.0002 to 0.0020 cm~!
as temperature decreases from 200 to 20 K. The magni-
tude of other second order ZFS parameters was inferred
to be an order of magnitude less than b9, within the
resolution of the X-band EPR powder spectra. This ap-
proximation can be also anticipated for small deviations
from the ideal square antiprism local symmetry (Da4q),
all 10 bond lengths around the R3* site being equal,
that leads to the non-vanishing ZFS parameters b3, b3
and b. The temperature variation of the absolute value
of b9 can be empirically described by the nonlinear ex-
pression b3(T) = b3(0)[1 — AT™], with best fit values
b9(0) = 0.1143(3) em~!, A = 3(2)107° em~! K~! and
n = 1.5(1) (see inset in Fig. 1). Similar behavior has been



N. Guskos et al.: Electron paramagnetic resonance and magnetic susceptibility

observed for the ZFS parameters of Gd3T ions in various
hosts [14,15], that is related to the contribution of thermal
contraction and vibronic effects. It is worth noting that the
absolute value of b and the accompanying zero-field split-
ting is relatively high (the total ZFS is 126 = 1.2 cm™!)
making the corresponding molecular compound, which is
not water-soluble, attractive for laser applications [16].

The simulation of the EPR, powder lineshape was per-
formed employing Gaussian lineshape function with a
nearly temperature independent width (half-width at half
height) of 780(20) MHz. To explore the broadening of the
EPR spectrum the dipole-dipole contribution to the reso-
nance width was roughly estimated in the high tempera-
ture limit, using the powder average of the dipolar secular
second moment h?Msq = 2g*u}S(S +1), r;,f, where
rjk is the distance between the kth and jth ion taken as
origin. The implicated lattice sum was numerically calcu-
lated using the crystallographic data [11] over a sphere of
30 A around the R** site (8.1361 A being the shortest
r;1, distance) yielding a value of Moy = 4.1 x 10° (MHz)2.
The dipolar half-width at half height for a Gaussian line
would then be given by AH = v/21n2+v/Msy leading to
the value of AH = 750 MHz in good agreement with
the experimental AH values. The integrated EPR inten-
sity Igpgr, which corresponds to the spin susceptibility,
followed closely the paramagnetic 1/T variation in ac-
cord with the Boltzmann population of the Gd?* en-
ergy levels accounted for by the simulated powder spec-
tra. However, at T < 15 K, Igpp increased at a much
slower rate than the expected paramagnetic one, as can
be inspected in Figure 2. In particular, the temperature
dependence of the product of the EPR intensity with tem-
perature IgprT showed a rapid decrease below 15 K fol-
lowing a Curie-Weiss law with © = —1.1(1) K (see inset in
Fig. 2). Most importantly, as temperature decreases, the
three outer high-field lines decrease gradually in ampli-
tude and eventually disappear below 5 K, while intensity
is transferred to the adjacent resonance line which pro-
gressively becomes narrower (Fig. 2). This temperature
evolution, which can not be explained by the thermal de-
population of the Gd?* energy levels for either sign of
the zero-field splitting parameters, resembles the narrow-
ing effect of the Gd3* fine-structure, thoroughly studied
in metallic hosts [18]. In that case, gradual collapse of
the Gd37 fine structure occurs mostly through the cou-
pling of the temperature dependent Korringa relaxation
rates of adjacent transitions as temperature is raised.
Narrowing of the fine structure may be also caused by
the exchange interaction of Gd** moments [19], where
the coupling between adjacent resonance transitions arises
through an “internal field” term, which shifts the reso-
nance fields while intensity is transferred from one line
to the other [18]. The strength of the “internal field nar-
rowing” process is inversely proportional to temperature
(©/T) and thus for sufficiently low temperatures can pro-
duce the collapse of the high field fine structure lines in
insulating materials as the present one.

The dc magnetic susceptibility x, measured at
H =5 kOe, follows at high temperatures the Curie be-
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Fig. 2. EPR powder spectra of Gd3" at low temperatures.
The inset shows the temperature dependence of the product of
EPR intensity with temperature IgprT and the best fit line
to a Curie-Weiss law with © = —1.1(1) K.
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Fig. 3. Temperature dependence of the product x7T for
[GA(PBH)2(NO3)2]NO3-H20 at H = 5 kOe and the best fit
line to a Curie-Weiss law with © = —0.49(2) K. The inset
shows the field dependence of the magnetization at 2 and 6 K.
Solid lines represent the Brillouin function for S = 7/2 with
g =1.99.

havior of uncorrelated spins with S = 7/2 and effective
magnetic moment of 7.67 up, close to that expected for
free Gd3* ions (7.94 up). At T < 25 K, however, a small
but distinct decrease of the product xT is observed, which
can be fitted to a Curie-Weiss law with © = —0.49(2) K,
as illustrated in Figure 3. The field dependence of the
magnetization M(H) at 2 and 6 K is shown in the in-
set of Figure 4. Both M (H) curves are well reproduced
by the paramagnetic Brillouin function for S = 7/2 with
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Fig. 4. EPR powder spectra of [Yb(PBH)2(NO3)2]NO3-2H20
as a function of temperature. The inset shows the temperature
dependence of the inverse EPR intensity I pp following the
paramagnetic Curie behavior (straight line).

g = 1.99. The saturation magnetization My thus found
is 6.86(1) pp/Gd and 6.89(1) pup/Gd at 2 and 6 K, re-
spectively, indicating also a small decrease as temperature
decreases. Calculation of the paramagnetic susceptibility
of Gd3* ions using the ZFS parameters derived from the
EPR spectra shows negligible effects for randomly oriented
powder samples. Weak antiferromagnetic interactions be-
tween Gd3T moments can be thus inferred, consistent with
the EPR results.

The temperature dependence of the EPR spectrum for
[Yb(PBH)2(NO3)2]NO3-2H50 is shown in Figure 4. The
EPR spectrum consists of an anisotropic powder pattern
due to Yb3t ions, which broadens beyond detection at
T > 40 K due to spin-lattice relaxation. Intense tran-
sitions are partially resolved at low fields (¢ ~ 4.10),
while a parallel-type powder line of weaker intensity is
observed at high fields (g =~ 1.37). The eight-fold degener-
ate 2F7/2 ground term of Yb3+ (4f'3) in a site of triclinic
symmetry is split by the crystal field (CF) interaction
into four Kramers doublets. The temperature variation of
the experimental EPR intensity Igpgr scales consistently
with 1/T, as expected for a paramagnetic spin doublet
at gupH < kT (see inset in Fig. 4). The EPR spec-
trum was consequently described by the spin-Hamiltonian
H, =pupSgH+S AI, where S = 1/2 is the effective spin
describing the two-fold multiplicity of the ground doublet
and I the nuclear spin of the Yb odd isotopes (1"*Yb,
I =1/2,'3Yb, I = 5/2), while g and A represent the
effective-g and hyperfine interaction matrices frequently
assumed to be tensors with coincident principal axes pro-

The European Physical Journal B

—
Sim.

—
L Exp.
[ e evenyp, 1y EVN 5
224K 7]
1 1 1
105K |
1 1 1 ]
3.80K ]
C 1 1 1 1 . 1 . 1 ]

0 1000 2000 3000 4000 5000 6000 7000
H (Gauss)

Fig. 5. Simulation of the Yb*" EPR powder spectra at differ-
ent temperatures. The total simulated EPR spectrum and its
components due to the even and odd Yb isotopes are shown
below the experimental EPR spectra (9.46 GHz).

vided that no admixture from excited states with different
J occurs.

Powder simulation of the EPR spectrum was per-
formed for S = 1/2 using the MONOQF program [20],
taking into account the two naturally abundant odd iso-
topes of Yb*+ (171Yb, 14.31%, 173Yb, 16.13%) whose hy-
perfine splitting accounts well for the satellite structure of
the low-field EPR spectrum, as shown in Figure 5. Line-
shape distortions were progressively observed in the cen-
ter of the low-field part at T < 10 K (Fig. 5), which,
however, may be caused by preferable orientation effects
induced by the static field along the easy axis of mag-
netization of loose powder samples [21]. The principal g-
values determined from the analysis of the EPR powder
spectra as a function of temperature are g, = 4.70(3),
gy = 3.85(4) and g. = 1.40(3), yielding an average g-value,
defined as 9= [(g2 + g2+ g2)/3]*/?, equal to 3.60. The ab-
solute values of the hyperfine principal components were
found to be A, = 1300(50) MHz, A, = 1100(50) MHz,
A, = 350(20) MHz for "'Yb, and A, = 330(30) MHz,
A, = 250(50) MHz, A, = 100(20) MHz for 1™Yb, within
the resolution of the X-band powder spectra. These val-
ues are close to those predicted by j—ii = f‘—f](i =x,y,2),
where gy (1.141) is the Lande g-factor of the 2F7/2
ground term and Aj; the magnetic hyperfine constants
of 1"'Yb(4887.2 MHz) and 173Yb(—243.3 MHz), indicat-
ing relatively small misalignment between g and A [22].
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Fig. 6. Temperature dependence of xT" for [Yb(PBH)2(NO3)2]
NO3-2H20 measured at H = 5 kOe. The inset shows the field
dependence of the magnetization at 6 K in comparison with
the theoretical curve and the individual components (Mo) and
Myv with best fit value of xvv = 0.0253(5) emu/mole.

The resonance width AH; (i = z,y,z) was found to in-
crease from 500-550 MHz at 3.8 K to 1100-1150 MHz at
22.4 K. An estimate of the powder average of the sec-
ular dipolar moment M, using g = 3.60 and the crys-
tallographic distances [11], results in Mg = 2.03 x 105
(MHz)?, which corresponds to the dipolar Gaussian width
of AH ~ 530 MHz. Although this value represents only a
rough estimate of the anisotropic dipolar width, it turns
out to be in good agreement with the low-temperature ex-
perimental AH values reflecting the spin-spin dependent
residual width.

The product of the dc magnetic susceptibility with
temperature xT' of Yb-compound, measured in magnetic
field H = 5 kOe, yields an effective moment of 4.20(1)
up at 300 K approaching the theoretical value of 4.54 pp
for free Yb3t. As temperature decreases, YT' decreases re-
flecting the gradual depopulation of the excited CF states,
as shown in Figure 6. An abrupt reduction of x7 is ob-
served at T' < 10 K, indicating a dominant contribution
of the ground Kramers doublet. The experimental x(T)
in the temperature range of 2-10 K was accordingly fit-
ted to the Curie law, where C is the Curie constant and
Xvv is the temperature independent Van Vleck contribu-
tion arising from the excited CF states. An accurate de-
scription of the experimental data was thus obtained for
C =1.21(1) emu K/mole and xyyv = 0.025(2) emu/mole.
The Curie constant corresponds to an effective moment
of 3.11(3) up and an average g-value for the ground dou-
blet g = 3.60(3), in excellent agreement with the EPR g-
value. The field dependence of the magnetization M (H)
measured at 6 K is shown in the inset of Figure 6. The
M(H) data were subsequently analyzed according to the
expression M(H) = (My) + Myv [23], where (M) is
the angle-averaged magnetization of the ground doublet
and Myy is the Van Vleck contribution approximated by
xvvH. The (Mp) term was numerically calculated from
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Fig. 7. EPR powder spectra of [Nd(PBH)2(NO3)s]

NO3-0.5H20 as a function of temperature (9.46 GHz). The in-
set shows the temperature dependence of the product IgprT
and the best fit line to a Curie-Weiss law with positive & =
1.7(1) K.

the corresponding Brillouin function for S = 1/2 with g =
(g2 sin? 0 cos? ¢+g§ sin? @sin® ¢+ g cos? #)'/? determined
from the principal g-values found from the EPR spectra,
leaving y vy as the only adjustable variable. An accurate
description of M (H) was obtained for yyy = 0.0253(5)
emu/mole (see inset in Fig. 6), that practically coincides
with the value determined from the magnetic susceptibil-
ity. Although the anisotropy of the Van Vleck term im-
posed by the CF energy level scheme is thus neglected, a
plausible assumption for a polycrystalline sample, both
EPR and magnetic measurements suggest predominant
paramagnetic response of Yb3*t. Consequently, suppressed
exchange interactions may be inferred for the heavier R+
ions, whereas enhanced exchange coupling could be antic-
ipated for the light R3>* ions characterized by extended
JForbitals.

To this aim, X-band EPR measurements were
carried out as a function of temperature on the
[Nd(PBH)2(NO3)2]NO3-0.5H,0  compound  containing
the lighter Nd3* ions in the R** hydrazone series [11]. Fig-
ure 7 shows the temperature dependence of the Nd** EPR
spectrum, which broadens excessively at T' > 25 K due to
fast spin-lattice relaxation. The EPR powder spectrum
consists mainly of four intense transitions at g ~ 3.55,
1.86, 1.65 and 1.45, whose relative intensities vary propor-
tionally and gradually broaden as temperature increases.
The ten-fold degenerate *Iy/ ground term of Nd3* (4f%)
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in a site of low symmetry is split by the CF interaction
into five Kramers doublets. Owing to the rapid relaxation
of the excited states, EPR is usually observable only be-
tween the Zeeman components of the ground doublet de-
scribed by an effective spin S = 1/2. Provided that there
is a single crystallographic site as in the present case, the
usual three-line EPR powder pattern [20], corresponding
to the three principal components of the g-tensor of the
Nd?*t ground doublet, is expected in contrast with the
experimental EPR spectrum. Contributions from the hy-
perfine structure of the two odd isotopes of Nd3*+ (143Nd,
I=17/2,12.17%, 1*5Nd, I = 7/2, 8.3%) are minor in the
final EPR powder spectrum due to their low abundance,
accounting solely for the weak satellite lines on both spec-
tral wings. The presence of Nd3T-Nd3* pair interactions
may be thus inferred for the Nd-hydrazone complex, al-
though both Gd®>+ and Yb3* EPR spectra show the fea-
tures expected within a single-ion picture. Simulations of
the EPR spectrum on the basis of dipolar coupled Nd?+-
Nd** dimers at interionic distances of 8.1 A doubles all
resonance lines with a relatively small splitting, indicat-
ing a more complicated interaction scheme between Nd3+
ions involving both exchange and dipole-dipole interac-
tions as well as the relative orientation of the g-tensors of
the magnetically inequivalent Nd3* sites. Evidence for the
existence of exchange coupling between Nd3* ions is di-
rectly provided by the product of the EPR intensity with
temperature IgprT, which increases considerably upon
decreasing temperature following a Curie-Weiss law with
positive @ = 1.7(1) K (see inset in Fig. 7). Substantial
ferromagnetic exchange interactions can be accordingly
deduced for Nd3*, indicating significant changes of the
R3* exchange integrals along the homologous lanthanide
compounds.

4 Conclusions

In summary, the rare earth hydrazone compounds
[R(PBH)Q(NOg)Q]NOg . IHQO with R:Nd, Gd, Yb and
x = 0.5, 1.0, 2.0 respectively, were studied by EPR
and magnetization measurements. Partially resolved
fine structure due to Gd?*, rarely reported for most
magnetically concentrated Gd-compounds, is observed
in the X-band EPR spectra of the Gd-compound, domi-
nated by a large, temperature dependent axial zero-field
splitting. Significant narrowing of the Gd3* fine structure
is observed at low temperatures (7' < 10 K), implying
an internal field narrowing process due to Gd*texchange
coupling. The latter result is further corroborated by the
temperature dependence of both the EPR intensity and
dc susceptibility that indicate weak antiferromagnetic
interactions between Gd3* ions. For the Yb-compound,
the ground Kramers doublet of Yb3* is characterized
by strongly anisotropic ¢ and hyperfine tensors, though
paramagnetic behavior is derived down to low tempera-
tures from both EPR and magnetization measurements,
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implying suppressed exchange interactions for the heavier
R37T ions. On the other hand, appreciable ferromagnetic
coupling is inferred from EPR for the lighter Nd3* ions
indicating significant variations of the R3T exchange in-
tegrals mediated through the hydrogen bond network for
the lanthanide series.
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