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Nuclear magnetic resonance of Pr'* in a Prx(SO4)s- 8H:O single crystal is studied experimentally. It is
shown that the NMR spectra can be described by the nuclear spin Hamiltonian (1) with the values of coef-
ficients of Eq. (4). The quadrupole interaction parameters are determined (5). The experimental method

is described and the results are discussed.

1. INTRODUCTION

Inio 56, Zaripov''! proposed to investigate transitions
between nuclear sublevels of singlet electronic levels of
paramagnetic ions and showed that the results of such
investigations can yield information on the magnetic -
dipole and the electric -quadrupole moments of the nu-
cleus, and also on the wave functions of the excited
states. Subsequently Elliott!?! published calculations of
the Zeeman splitting of the energy levels of the Eu®* ion
(ground state "Fo) in the crystal field of ethyl sulfate. It
followed from the calculations that, owing to the contri-
bution from the excited states ('F,), the magnetic mo-
ment of the nucleus decreases strongly, to approxi-
mately 10% of its real value, and therefore the experi-
ment entails considerable difficulties.

The possibility of observing NMR on simple elec-
tronic levels of ions of the 3d and 4f groups was dis-
cussed in subsequent theoretical papers;®™! calcula-
tions performed for a number of concrete cases pointed
to the feasibility of organizing an experiment aimed at
observing this effect. The conclusions of the theory
were experimentally confirmed in investigations of the
ion V** in corundum® ®! and of the ion Pr®** in praseo-
dymium sulfate.®!

In this article we describe procedures for an exper-
imental study of the magnetic-resonance spectra of the
nuclei Pr'* in single-crystal Prz(SO4)s- 8H:0, and dis-
cuss the results.

Already back in the thirties, measurements of the
magnetic susceptibility of crystalline powder Prz(SO4)s
« 8H,0, performed by Gorter and by de Haas, have
shown that the lower electronic level is nondegener -
ate.™® This circumstance, as well as the relative sim-
plicity of obtaining single crystals of praseodymium
sulfate,'*"! induced us to choose this compound for our
study. The symmetry class of this crystal is mono-
clinic-prismatic and the unit cell contains four mole -
cules.™! We observed in the experiment the NMR
spectra of two types of Pr®" ions; the magnetic proper-
ties of the ions of both types are described by the same
spin Hamiltonian, but the principal axes of the y ten-
sors are rotated relative to each other.

The ground multiplet level *Hq of the Pr’* is split by
a crystal field of low symmetry in such a way that the
lower Stark sublevel is singlet. The remaining degen-
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eracy with respect to the nuclear spin (I = % ) is partly
lifted by the hyperfine and quadrupole interactions and
fully lifted by the magnetic field. A study of the transi-
tions between these nuclear sublevels was indeed the
purpose of the present work.

To interpret the results we use the spin-Hamiltonian
method.™ *! We choose as the basis states the eigen-
states of the Hamiltonian of the Pr®* ion in a crystal
field of rhombic symmetry, the perturbation Hamil -
tonian taking the form

V = gBHI + aJ1 4 gnByHI + P12 — /sl (I 4+ 1) +¥Ym(I2 — 1)1,

where a is the hyperfine interaction constant, P the
quadrupole -coupling constant, 7 = (¢xx — @yy)/Pzz is
the asymmetry parameter, and ¢xx, ¢yy, and ¢z are
the components of the tensor of the gradient of the elec-
tric field at the nucleus.

The sought spin Hamiltonian is written in the form

H = VeHule~+ vyl + v, l, + D[12 — 5] (I 4+ 1)] + E(I2 — 1,7).

(1)
The first and second perturbation-theory approxima-
tions lead to the following expressions for the spin-
Hamiltonian parameters:

D=D,+P, E=E,+nP/3,

D, = ( Axx-‘i.—A‘yl_Azz )v Ey = a’ﬂ__ Axxv (2)
\ 2 / 2
Here vi = (gnvBny — 2gBAii) | h.
0 ]1, 2
P AR Lo 3)

En— & 7

n=0
&n and |n) are the energy and wave function of the n-th
level, and (0] is the wave function of the singlet under
consideration. It is easy to note that in the absence of
quadrupole interaction, only three out of the five spin-
Hamiltonian parameters are independent.

2, EXPERIMENT

In view of the fact that the investigated crystal could
not be oriented in the proper manner prior to the ex-
periment, it was convenient to use a device which made
it possible to rotate the sample inside the radio-fre-
quency coil. By rotating the sample about the horizon-
tal axis and rotating the electromagnet in the horizontal
plane, it was possible to make the constant magnetic
field parallel to any direction in the crystal.
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All the measurements were made at a temperature
1.5°K with an autodyne video spectroscope (the Pound-
Knight scheme). The spectra were plotted at frequen-
cies from 4 to 24 MHz in fields up to 8500 Oe. It turned
out that the case of intermediate fields, which is the
most difficult to interpret, is realized under these con-
ditions. The spectra were interpreted by the methods
used in EPR (see, for example, *?!), and the sixth-
order matrices were diagonalized with the aid of an
electronic computer.

For the spin-Hamiltonian constants we obtained the
following numerical values:

| v«| = 4,64 + 0,05 kHz /Oe |y, | = 2,71 + 0,01 kHz /Oe (4)
|v:|= 12,35 + 0,15kHz /Oe|D| = 5865 + 5 kHz |E|= 730 =1 kHz

Figure la shows the nuclear energy levels in the orien-
tation H iz for negative values of D and E, while Fig.
1b shows the corresponding plots of the transition fre-
quency against the magnetic field; the circles denote
the experimental points.’’ The determination of the
crystal axes is made difficult in our case by such spe-
cific peculiarities of the phenomenon in question as the
weak intensity of the absorption line and the large ani-
sotropy of the y factor. We shall describe in this con-
nection the procedure used to find the principal orienta-
tions.

The y orientation can be easily determined, since
the v factor has in this case a smaller absolute value
than for the other two, and the resonant fields for
strong-field transitions assume maximal values in the
vicinity of y.

To determine the x orientation, we used the strong-
field y line; this line has a maximum intensity in the
xy plane, the x orientation corresponding to the mini-
mum of the resonant field of the transition in question
in this plane.

The search for the z orientation was effected in two
stages. We first determined roughly the value of |y 4|
form the form of the spectrum in oblique orientation,
belonging to the yz line. We then established by calcu-
lation the transitions for which the resonant fields are
most sensitive to variations of the angle in the vicinity
of z. It turned out here that, in spite of the expectations,
the resonant field of the transition 1-2 (Fig. 1) can
have here a saddle point, whereas the resonant field of
the 2-3 transition has a minimum for the weak-field
branch and a maximum for the strong-field branch. The
exact position of the z axis was determined with the
aid of the 2-3 transition.
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D)We have omitted experimental points due to the presence of non-
equivalent ions.
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During the course of the study of the spectra we ob-
served the following fact: a certain direction £ in the
crystal, which did not coincide with any of the princi-
pal directions of both complexes, has that property that
when H 1 ¢ the resonant fields of the observed lines
have a clearly pronounced maximum. It turned out sub-
sequently that this direction belongs to the yz plane of
one of the complexes, and that the angle between y and
£ is equal to 12°30'+30'. The form of the spectrum in
the ¢ orientation was used for a preliminary rough de-
termination of |yy|. Figure 2a shows the course of the
energy levels, when a magnetic field was directed along
¢; the calculations were made for |yz|= 12.0 kHz/Oe.
Figure 2b illustrates the dependence of the frequency of
the transitions noted in Fig. 2a by the arrows, on the
magnitude of the magnetic field. We shall return later
to a discussion of some of the peculiarities of these
figures.

We note an interesting detail. The strong-field line
in the y orientation reveals, upon closer examination,
a structure consisting of a central line and two sym-
metrically located satellites of lower intensity, the dis-
tance between satellites being on the order of 30 Oe.
The structure of the line can be observed in the xy
plane, but the least deviation in the z direction (~0.5°)
causes it to disappear immediately. We were unable to
find a satisfactory explanation for the observed split-
ting of the line into three components.

3. DISCUSSION OF RESULTS

1. According to ™! the magnetic moment of the

Pr'* nucleus is up =+ 4.288N; we therefore obtain for
the gyromagnetic ratio

nue = v / I = +1.31 kHz/Oe

Inasmuch as the hyperfine interaction constant is posi-
tive (a = —1093 MHz'*®?), the sums Ajj (3) are also
positive and the values of the y factors in the algebraic
sense should be smaller than the purely nuclear value
¥ nuc- But it follows from the experiment that yj is
larger in absolute magnitude than y,yc; we therefore
conclude that the spin-Hamiltonian constants vy 4, Yy
and y g are negative, i.e.,

yx = —4.64 & 0.05 kHz/Oe y, = —2,71 + 0,01kHz/Oe
¥, = —12.35 + 0.15 kHz/Oe

The pseudoquadrupole-interaction constants are then
found to be (see (2)):

D, = —4230 & 100 kHz, E, = —470 = 20 kHz.
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Comparison of these two quantities with the constants D
and E, which were determined from experiment, shows
an appreciable discrepancy; we ascribe this discrepancy
to the presence of quadrupole interaction. Thus, it be-
comes possible to determine, albeit indirectly, the
quadrupole -interaction constants. However, inasmuch
as the signs of the experimental parameters D and E
are unknown, the next step should be some assumption
concerning the relative magnitudes of the true and pseu-
doquadrupole interactions. Recognizing that the quad-
rupole moment of the nucleus is quite small
(Q = —0.0589b™3?), we propose that the first of the
compared quantities is smaller than the second. This
assumption is confirmed in the case of praseodymium
ethyl sulfate, where the pseudoquadrupole interaction is
several times larger than the true one.!**!

It follows from the foregoing that the signs of the
experimental parameters D and E should coincide
with the signs of Dy and E,, i.e.,

D = —5865 + 5 kHz, E = —730 = 1 kHz.

For the quadrupole-coupling constant P and for the
asymmetry parameter n we then obtain the following
numerical values:

P = —1635+ 100 kHz, n = 0.477 & 0.070. (5)

2. Although it has been experimentally proved that
the assumption that the crystal field of praseodymium
sulfate has cubic symmetry is incorrect, it is neverthe -
less of interest to calculate the y factor with the aid of
the cubic-field potential, since it describes very well
the behavior of the static susceptibility of the Pr,(SO,);
- 8H,0 powder at low temperatures.*®? In accordance
with ™% only operators of the fourth degree are taken
into account in the potential of the crystal field, and the
total Stark splitting of the *H, level is 389 cm ™. Recog-
nizing that the contribution to the y factor of the singlet
ground state is made only by the nearest triplet, we
write out!*®! the wave functions of the states under con-
sideration:

Ty - 0.4564|4) 4 0.7638|0) + 0.4564| —4),
T.— 0.3536| & 3) + 0,9354| F1),
0.7071|4) — 0,7071| —4). ‘ (6)

The level T'y lies higher than I'; by 100 cm ™.

Calculation by means of formulas (2) and (3) with
allowance for (6) yields y cyp = —4.07 kHz/Oe. Com-
paring ycyp with the y factors obtained from experi-
ment, we note that yyp approaches in absolute magni-
tude the mean value of the three values yy, Yy, and
Yz, and agrees with them in sign.

3. We call attention to the following two facts in
Fig. 2b.

a) In the ¢ orientation we do not see the second

branch of the strong-field line (dashed arrow on Fig. 2a).

Computer calculations have shown that the probabilities
of transitions between levels 3 and 4 in the weak-field
branch are smaller by a factor 5—10 than in the strong-
field branch. If we take into consideration the fact that
the line corresponding to the strong-field branch of the
transition 3—4 is observed at a signal/noise ratio on
the order of 5, the absence of a weak-field line can be
attributed simply to its insufficient intensity.
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b) The experimental points denoted in Fig. 2b by
light and filled circles, pertain to two different orien-
tations, £, and £_, which differ from each other in the
fact that one of them is obtained by deflection from the
y axis in the +2z direction and the other in the —z di-
rection. The observed difference in the spectra (AH
~ 150 Oe for H,.ogq = 4500 Oe) certainly is beyond the
limits of possible experimental errors, and cannot be
explained if the allowance for the contribution to the
magnetism of the ground state from the excited elec-
tronic states is confined only to corrections of second
order of perturbation theory.

If fourth-order corrections are taken into account,?
then the observed anomaly can be explained, for exam-
ple, as being due to the presence in the spin Hamilton-
ian of an operator in the form O% with a rather large
coefficient. However, numerical estimates show that a
more probable cause of the difference between the spec-
tra is apparently the appearance in the spin Hamiltonian
of terms of the type aHf HiIj. Suchterms introduce in
the y factors corrections that depend on the orientation

‘of the magnetic field. These corrections are of the or-

der of (gBHJ)*aK/(A&)%, where K is the coefficient that
takes into account the summation of the products of dif-
ferent matrix elements (m|Jy|n); the number of terms
in the sum depend on the concrete form of the wave
functions and may be large, particularly for triclinic
symmetry of the crystal field. Assuming K ~ 10? and
A&~ 100 cm™, we find that the fourth-approximation
corrections to the y factors can amount to %00 of the
main quantity. In addition, the fourth-order approxima-
tion contributes to the energy of the pseudoquadrupole
interaction, and the corrections also depend on the ori-
entation of the magnetic field.

In conclusion we note that the results of the experi-
ment indicate a low symmetry of the crystal field in
single-crystal Pr,(SO4)s * 8H:0, but do not make it pos-
sible to determine whether the symmetry is rhombic
or triclinic.

The author is deeply grateful to S. A. Al’tshuler for
suggesting the topic and for guiding the work, and to
O. I. Mar’yakhina for performing the calculations.
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