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The first studies of nuclear magnetic resonance
(NMR) and nuclear acoustic resonance of 141Pr in
Van Vleck paramagnet PrF3 were performed as early as
in 1979 [1, 2]. More recently, the magnetic coupling of
praseodymium nuclei with nuclei of liquid helium�3
was studied in fine�dispersed praseodymium trifluo�
ride [3, 4]. The NMR spectra of 141Pr in PrF3 at low
temperatures are characterized by the strong anisot�
ropy of the effective nuclear magnetic moment of
praseodymium and by the presence of quadrupole and
pseudoquadrupole interactions. Analyzing the NMR
spectra, Bol’shakov and Teplov [1] found the parame�
ters of the spin Hamiltonian of 141Pr in PrF3, which are
determined by the crystal electric field. They also
showed that pseudoquadrupole interactions are much
stronger than quadrupole interactions in this system.
Pseudoquadrupole resonance has not been observed
directly, i.e., in the absence of the applied static mag�
netic field. This is likely explained by very fast spin–
spin relaxation (one line was observed in another crys�
tal, praseodymium sulfate [5]). The NMR spectra of
praseodymium in systems of disordered crystallites
(powders) can be observed in almost any magnetic
field due to the anisotropy of the efficient (enhanced)
nuclear magnetism of praseodymium and pseudoqua�
drupole interaction. However, comparing this spec�
trum with that simulated using the known parameters,
we doubt that the crystal electric fields in nanocrystals
and macrocrystals are identical [6]. An analysis of
nuclear pseudoquadrupole resonance of 141Pr in a sin�
gle crystal and powders with various degrees of disper�
sion makes it possible to directly measure the parame�
ters of pseudoquadrupole Hamiltonian and to correct
the parameters of the Zeeman Hamiltonian. The
study of spin–spin interaction enables the estimation
of the spin diffusion within the nanocrystal. In addi�
tion, we present the data on the width and lineshape of

the nuclear pseudoquadrupole resonance of 141Pr in
PrF3.

In the general case, the Hamiltonian of the rare
earth ion can be represented in the form

(1)

where the first term describes the interaction with the
crystal electric field; the second and fourth terms cor�
respond to the electron and nuclear Zeeman interac�
tion, respectively; the third term describes the hyper�
fine interaction; and the last term is the nuclear qua�
drupole interaction. When the ground electronic state
is a singlet (Van Vleck ion), only the ground state is
occupied at temperatures that satisfy the condition
kT � Δ, where Δ is the energy of the nearest excited
state. In this case, the electron nuclear levels can be
calculated in the second order of perturbation theory
(see, e.g., [6]). The second and third terms of Hamil�
tonian (1) constitute perturbation. As a result, the
effective Hamiltonian that includes only nuclear spin
operators can be represented in the form

(2)

where γ
α
 are the components of the effective gyromag�

netic ratio. The second and third terms are similar to
the Hamiltonian of the nuclear quadrupole interac�
tion. However, they are completely due to the hyper�
fine interaction and are independent of the quadru�
pole moment of the nucleus; for this reason, they are
called pseudoquadrupole interaction. In the absence
of magnetic field, resonance transitions are naturally
called pseudoquadrupole resonance.
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According to various data, the local symmetry of
the Pr3+ ion in PrF3 is Cs or C2. In the crystal field of
low symmetry, the main multiplet 3H4 of the Pr3+ ion
splits into nine singlets. According to the inelastic
neutron scattering data, the singlet nearest to the
ground singlet is separated from the latter by 59.5 cm–1

[7]. According to the 141Pr NMR data, the crystal con�
tains three types of magnetically equivalent Pr3+ cen�
ters. The 141Pr NMR spectra are described by Hamil�
tonian (2) with the parameters D/h = 4.31(1) MHz,
E/h = 0.30(1) MHz, γx/2π = 3.32(2) kHz/Oe, γy/2π =
3.24(2) kHz/Oe, and γz/2π = 10.03(5) kHz/Oe [1, 2].

In those works, it was found that the quadrupole
interaction can be neglected and, in the absence of
magnetic field, the energy levels are only determined
by the second and third terms in Hamiltonian (2). The
141Pr isotope has 100% natural abundance, I = 5/2,
and γ1/2π = 1.26 kHz/Oe. In the case of the symmetric
Hamiltonian (E = 0), the energy levels are three dou�
blets with the wavefunctions , , and

. The frequencies of the allowed transitions
between them are related as 1 : 2. If E ≠ 0, the wave�
functions are mixed and the ratio of the frequencies
changes. In the following the nuclear pseudoquadru�
pole resonance lines with lower and higher frequencies
are denoted as LF and HF, respectively.

The parameters of the nuclear pseudoquadrupole
resonance of 141Pr were measured in three PrF3 sam�
ples. Sample A is a single crystal grown by the Bridge�
man–Stockbarger method. Sample B is a powder
obtained by cleaving the single crystal in a sapphire
mortar and subsequent riddling through sieves (parti�
cle size of 10–45 μm). Sample C consists of nanocrys�
tals with a total mass of 1 g, which were synthesized by
precipitation from colloidal solutions and were hydro�
thermally treated [8, 9]. The mean size of crystallites
was 30 nm. The measurements were performed at a
temperature of 4.2 K using NMR/NQR homebuilt
spectrometer. The spectra are the frequency depen�
dences of the spin echo intensity. When determining
the transverse and longitudinal relaxation rates, the
commonly known pulse sequences were used. Since

1/2±| 〉 3/2±| 〉

5/2±| 〉

the transverse relaxation rate is very high, the probe of
the spectrometer was shunted so that its Q factor was
not higher than 5. The minimum time interval
between probe pulses at which the spin echo signal was
detected was 6 μs.

Figure 1 shows the nuclear pseudoquadrupole res�
onance spectrum of 141Pr in the PrF3 single crystal
(sample A). The shapes of the both lines are close to
Gaussian. For this reason, the positions ν0 and widths
Δν of the lines were determined through the Gaussian
approximation. The square root of the second
moment of the line is used as the width. The parame�
ters D and E, which can be calculated knowing the
transition frequencies (see table), coincide with the
values obtained from the NMR spectra [1]. The lines
have the same width, which indicates the dipolar
broadening character. The nearest environment of
Pr3+ consists of 11 fluorine ions. The 19F nuclei have a
large magnetic moment (19γ/2π = 4.007 kHz/Oe, I =
1/2). In addition to the dipolar interaction between
unlike spins, the interaction between the like spins of
the praseodymium nuclei contributes to the width.
This contribution can only be estimated from the spin
echo envelope. The observed dependences have a

Fig. 1. Nuclear pseudoquadrupole resonance spectrum of
141Pr in the PrF3 single crystal (sample A). The solid lines
are Gaussians.

Positions ν0 and width Δν of nuclear pseudoquadrupole resonances; spin–lattice, T1, and spin–spin, T2, relaxation times;
and parameters D and E of spin Hamiltonian (2)

Sample Line ν0, MHz Δν, MHz T1, ms T2, μs D/h, MHz E/h, MHz

A
LF 9.063(3) 0.134(3) 2.3(4) 7.3(2)

4.311(3) 0.314(6)
HF 17.083(1) 0.128(1) 10.5(8) 10.5(2)

B
LF 9.036(5) 0.135(5) 2.9(4) 6.9(2)

4.307(5) 0.31(1)
HF 17.072(3) 0.132(3) 10.2(3) 9.2(2)

C
LF 9.9(1) 2.2(2) 2.2(9) 10.5(2)

4.18(4) 0.60(4)
HF 16.15(3) 1.60(3) 7.3(5) 12.7(3)
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shape close to Gaussian. The data were processed with

the function exp[–(2τ)2/2 ], where τ is the interval

between the probe pulses,  = , and M2 is the
second moment of the line broadened by the dipole–
dipole interaction between the like spins. The line
position, width T2, and the parameters of the spin
Hamiltonian in the micropowder (sample B) are in
agreement within the accuracy with the respective
parameters of the single crystal (see table). Note that
the high�frequency line in both samples is narrower
than the low�frequency line, but this difference is close
to the measurement error. This can be explained by
different transverse relaxation times (different contri�
butions to the width from the dipole–dipole interac�

tion between the like spins ). Figure 2 shows the
nuclear pseudoquadrupole resonance spectra of sam�
ples B and C (nanocrystals). The 141Pr spectra of the
latter sample are strongly broadened and the lines are
noticeably shifted. Since the shifts of the lines are large
and we have no model that describes the shape of lines
broadened due to the nonuniformity of the crystal
electric field, the spectra were fitted by Gaussians. All
of the parameters are summarized in the table. The
mechanism of the spin–lattice relaxation has not yet
been determined. However, for two reasons, it can be
assumed that this relaxation occurs through the
dipole–dipole reservoir of impurity paramagnetic
ions. First, the spin–lattice relaxation time T1 that is
measured for high�frequency lines is several times
longer than that for low�frequency lines. Second, the

T2
2

T2
1– M2

T2
1–

magnetization recovers as exp[–(t/T1)
1/2] (stretched

exponential). It often happens in the case of relaxation
through paramagnetic impurities.

It has been found that the main cause of the broad�
ening of the nuclear pseudoquadrupole resonance
lines in samples A and B is the dipole–dipole interac�
tion with the nuclear moments of 19F. The lines in
sample C are broadened by a factor of more than 10,
which can be explained only by the spread of the
parameters of the crystal electric field. The parameters
of the Hamiltonian of nuclear pseudoquadrupole
interaction in sample C are noticeably different from
the respective parameters for samples A and B. This
can only be explained by a change in the crystal field.
The transverse relaxation of 141Pr in nanocrystals is
insignificantly slower (see table). This indicates that
the nearest spins of praseodymium remain the same
and the crystal electric field varies monotonically
within a nanocrystallite. The change of the mean crys�
tal electric field parameters can occur either at a cer�
tain critical size of crystallites or gradually. To deter�
mine the real scenario, additional experiments are
required.
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Fig. 2. Nuclear pseudoquadrupole resonance spectra of
141Pr in PrF3 (closed circles, sample B) micro� and (open
circles, sample C) nanopowders. The solid lines are Gaus�
sian approximations.


