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A nuclear-quadrupole-resonance study of trivalent praseodymium in a lanthanum tri-

fluoride single crystal is presented. The magnitudes and orientation of the enhanced nuclear

Zeeman tensor are obtained for the six magnetically inequivalent sites from measurements

in 100-G magnetic fields. By comparing the directions of the site y axis and the crystal a

axis, it is concluded that the Pr + site symmetry is C2 and not C,. From a study of the po-

larization of the optical pump transition for each Pr + site, it is determined that the H4(0

cm ')—'Dq(16872 cm ') optical transition is an electric dipole transition.

INTRODUCTION

In a preliminary study, ' some nuclear-quadru-
pole-resonance (NQR) measurements of the trivalent
praseodymium-ion dilute in lanthanum fluoride sin-

gle crystals were reported. In this paper, we give a
complete study of the hyperfine structure of the
ground H4 state obtained by exhaustive magnetic-
site-selective measurements of resonance frequencies
as a function of the orientation of a 100-G magnetic
field in relation to the crystal axes.

The LaF3.Pr + crystal has become a classic sys-
tem. Many techniques, such as cw rf-optical double
resonance, ' photon echo and free-induction de-

cay, and photon-echo —nuclear double resonance, '

have been used in its study. As a consequence,
much is known about it. Crystal-field electronic
eigenfunctions have been given by Matthies and
Welsch. However, the results of this paper would
suggest that a host crystal having a higher site sym-
metry and fewer magnetic sites should be used so
that rigorous comparisons of the experiments with
theory could be made.

The LaF3 host crystal has been the subject of con-
siderable controversy because different types of ex-
periments lead to different conclusions concerning
its structure. The crystal electric field, which corn-
pletely lifts the otherwise degenerate multiplets,
leads to an anisotropic nuclear Zeeman tensor for
each crystallographic site. The sites are orientation-
ally related by crystal symmetry operations. How
many inequivalent magnetic impurity sites are

there? How are they oriented in relation to the crys-
tal axes? Andersson and Proctor examined the
La + NQR and concluded that there were six Las+

sites. Sharma, ' in an EPR study of Gd + in LaF3,
found three. Baker and Rubins" in a study of
Ce +, Nd +, Dy +, Er +, and Yb + in LaFs found

six sites. Some doubt was raised that crystal twin-

ning was responsible for the six-site conclusions and

that in fact only three magnetically inequivalent

sites existed in the crystal. ' This was encouraged

by the lack of agreement on the crystal space-group

symmetry. ' ' This space-group ambiguity led to
a controversy about the Pr + site symmetry. ' Is it

D3I„C», C2, or C,? In this paper, we address the

questions of the anisotropic Zceman tensor, its
orientation with respect to the crystal axes, number

of Pr + sites, and Pr + site symmetry.

CRYSTAL STRUCTURE

The LaF3 crystal structure has been studied by a
number of investigators. A number of structures
have been proposed, and with each structure a La
site symmetry suggested. Oftedal' concluded that
the LaF3 single crystal fitted the P63lmcm (Ds&)
space group with Cq„site symmetry. Schlyter' pro-
posed a F63/mmc (D6i, )—D3s description.
Mansmann' and Zalkin' decided that the x-ray
data are fitted best by the P3c1 (D3d ) space group
with C2 site symmetry. The neutron diffraction
measurements' yield a P63cm (C6„)—C, structure.
The most relevant experiment to our NQR work is
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that of Andersson and Proctor, and the addendum
by Andersson and Johansson. ' They concluded
that the only La + site symmetry consistent with
the NQR data was Cz. If no distortion of the lattice
takes place when Pr + substitutes for La + then the
Pr + site symmetry must also be Cq.

X-ray observations of our crystal were made using
a single-crystal diffractometer. ' When the x-ray
beam was incident on the center of the face along
the [0001] direction, the x-ray scattering was con-
sistent only with P3c1 symmetry. Near the edges,
some reflections due to the P63/mme structure were
observed. Our NQR experiments were sensitive only
to ions in the center of the crystal. We therefore
should anticipate a C2 site symmetry with three ine-
quivalent magnetic sites per unit cell. These x-ray
data, together with Laue patterns, were used to
orient the crystal for the NQR experiments. The
Laue pattern with the reciprocal-lattice axes for our
crystal is shown in Fig. 1. The crystal axes are ro-
tated by 30' away from the reciprocal-lattice axes.

tional Hamiltonian for such a system is given by

H=AJ J I+P[I, ,—I(—I+1)]

+ , Pr/—(I„Iy—)+gPH J g~—PNH I,

H A(y H I +yrHyIr+y H I )

+D [I, , I(I +—1—)]+E(I„Ir)—
as was given by Teplov' where

y;/2m (in kHzG ')=(g~p~+2gpA;;)/h,

(2)

i =x,y,z (3)

where the first term is the magnetic hyperfine in-
teraction, the second the nuclear quadrupole interac-
tion, and the last two are the electron and nuclear
Zeeman interactions. The nuclear spin I is —,. Be-
cause all electronic levels are singlet, the first term
produces no first-order hyperfine interaction. The
Hamiltonian may be rewritten

ENERGY LEVELS AND HAMILTONIANS

The trivalent praseodymium ion has two
equivalent (4f) electrons in addition to closed shells.
The low-symmetry C2 crystal electric field removes
all degeneracy from the (4f) 2s+'LJ multiplets. In
the absence of a nuclear spin, all levels are singlets.
Time-reversal symmetry requires that (n

~

J
~

n ) =0
for all levels

~
n ) (in the absence of an external mag-

netic field), that is there is no net electronic magneti-
zation. (In doubly degenerate states, this magnetiza-
tion corresponds to a magnetic field at the nucleus
of 1 MG interacting with the nuclear spin producing
a hyperfine interation of order 1 GHz. ) The conven-

n+0

AJ / (0( J~ f
n ) /

&n —&0

X(Jf/a/fJ)( /3J, —J(J+1)
/
),

where e„ is the energy of level n,

D =D, +P4J+P)„,
E =E, +(Pr//3)at+(Pr//3)4f,

D, =A/[ —,(A +A~) —A ],
E, =AJ(A~ —A~)/2,

P4/ — ——(r /4f(1 —R)
3e Q

4I (2I —1)
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FIG. 1. Laue back-reflection pattern for LaF3.pr +.
The reciprocal-lattice axes are shown on the diagram.
The two a axes in real space are oriented n./6 away from
x~ and y* so that the local C2 axes coincide with the in-
tense reflections at "5 o'clock,""9o'clock,"etc.

Here, B2o ——2Aqo(r ); (1—y ), (1—R), and
(1—cr2), respectively, represent the Sternheimer fac-
tors for the lattice electric-field gradient, the mean
inverse r cube, and the mean r square for the 4f
electrons. AJ is the hyperfine constant for the givenJ state.

This assumes that all of the tensor quantities have
the same axis system, which is not a symmetry re-
quirernent for C2 site symmetry. It it necessary to
rotate all tensor quantities into a common axis sys-
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tern. This will be pursued in the discussion section.
The hyperfine levels consist of three doubly degen-
erate levels for each electronic singlet in the absence
of a magnetic field. The spacings are of order 10
MHz. In a magnetic field, the magnetic splitting
factors are anisotropic because the second-order
magnetic hyperfine interaction contributes an
enhancement of the external magnetic field. ' This
Hamiltonian is fitted to NQR frequency versus
magnetic field direction data to obtain all of the
parameters. Note, however, that the separation of
the various contributions to D and E require more
information than is obtained in these experiments.

EXPERIMENTS

The NQR measurements were made using a
rf-optical double resonance technique described pre-
viously. ' A LaF&.Pr +(0.05 at. %) single crystal,
cooled to 5 K, was illuminated by a single-frequency
dye laser beam to excite the H4(0 cm ')-'Dz(16 872
cm ') optical transition. Only one ground-state hy-
perfine level is resonant with the laser for a pumped
ion. The hf state mixing due to the nonaxial sym-
metry of the quadrupole interaction gives a nonzero
transition probability from the upper level back to
both unpumped ground hyperfine levels. Because of
the very slow spin-lattice relaxation (1 s compared to
a fluorescence lifetime of 1 ms), excess population in
the unpumped ground levels builds up after a few
pumping cycles. The total fluorescence output from
the crystal drops from its initial value by a factor of
10 in 100 ms as the population of the pumped hf
level is transferred to other ground-state levels. (The
inhomogeneously broadened optical line ensures all
hyperfine levels are pumped by the laser. ) This
leads to large population redistributions in the
ground state which are interrogated by an rf mag-
netic field. The NQR is detected when the rf mag-
netic field [approximately 0.1 G (rms)], resonant
with a ground-state energy-level separation, induces
magnetic dipole transitions tending to equalize the
population, causing the fluorescence intensity to in-
crease (by as much as a factor of 3).

The rf magnetic field is produced by a current in
a single loop surrounding the sample. The current is
obtained from a 10-W power amplifier driven by a
computer-controlled frequency synthesizer. The
100-G static external magnetic field is obtained
from a computer-controlled three-axis Helmholtz
magnet previously described. The magnetic field
is rotatable in planes and cones through 4m.

geometry to an accuracy of 0.1 6 and 0.3. The
fluorescence from the 'Dq(16872 cm ') level to the
H4(195 cm ') level is monitored with the aid of a

0.2-m spectrometer and C31034 photomultiplier us-

ing photon-counting techniques. Several scans of
fluorescence versus frequency are averaged in a typi-
cal run.

RESULTS

A large number of scans of fluorescence versus

frequency were made. These fell into two group=
those for the I,= —,-—, transitions in the vicinity of

3 5
8.5 MHz, and those for the I,= —,- —, transition near

1 1

16.7 MHz. The I,= —,- —, transition was not ob-
1 1

served presumably because the fast —,-—, relaxation

kept the populations equal in spite of optical pump-
ing. Typical scans are shown in Fig. 2. The mag-
netic field vector is at 45' from the crystal C3 axis in
a plane perpendicular to a crystal a axis. From
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FIG. 2. Optically detected NQR in the ground elec-

tronic state of Pr + in LaF3 host single crystal. (I,=—-—
transition. ) The 100-6 magnetic field is in a plane con-

taining C3 and perpendicular to C~ and is at an angle ~/4
from C3. The lines on the far left and on the far right ori-

ginate from a site whose z axis lies in that plane. (a) The
exciting light is polarized along C~. (b) The exciting light
is polarized perpendicular to C~ and C3. Note the outer
pair of lines is "turned off."
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scans for many different directions of the magnetic
field, it is possible to map the resonance frequencies
versus field angle and determine the direction of the
z axis of the nuclear Zeeman tensor. These maps are
shown in Figs. 3—5 for the I,= —,- —, transitions for
the magnetic field always in a plane. Six z axes are
observed. In Fig. 4 where the field that is always in
a plane containing the C3 axis and perpendicular to
the C2 axis, the two outer solid curves show two
sites with the local z axis at an angle of 81.4' relative
to the C3 axis. The inner curves show four sites
which are degenerate in pairs, with the same angle
of inclination relative to the C3 axis. The six sites
are related to one another by a 2m/3 rotation about
the C3 axis and a reflection in a plane perpendicular
to the C3 axis. The z axes are not symmetry axes of
the crystal.

1 3
The maps of the I,=—,-—, transition are much

more complex because all three magnetic splitting
factors are active. Maps of this transition are shown
in Figs. 6 and 7. The data were fitted by the Hamil-
tonian equation (2) to yield the parameters given in
Table I. ' The solid lines in Figs. 3—7 are the least-
squares best-fit calculation of frequency versus field
angle. These fits were made assuming that the axes
of all tensor quantities were coincident.

The maximum NQR signal for a given magnetic
site occurs when the E vector of the pump laser is
perpendicular to the C3 axis and parallel to the y
axis of the site. The site y axis is parallel to an a
axis of LaF3 crystal. The optical transition is 0 po-
larized (in relation to the crystal C3 axis). It is pos-
sible to selectively "turn off" sites by choosing the
pump light polarization. Such a demonstration is
given in Fig. 2(a) (on) and Fig. 2{b) {off). The identi-
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FIG. 4. NQR frequencies are mapped for the I,= —,- —,
3 5

transition for the 100-6 external magnetic field always in

a plane perpendicular to C2, as a function of field angle.
0' is along C3.

ty of each NQR line was confirmed through com-
paring scans with differing optical polarizations.
This magnetic site selection scheme was first report-
ed by Shelby

The magnetic-site-selection measurement shows
that the optical pump transition is an electric dipole
transition. (I) Figure 2 demonstrates that the max-
imum absorption for a given C2-symmetry site
occurs when the light is polarized with the E vector
parallel to the C2 axis. {2) In a similar measure-
ment, with the light along a C2 axis (axial for that
site), the axial site is not present, while the other two
sites give strong signals.

The measurement of the angular dependence of
the magnetic splitting factors provides sufficient
data for a determination of the site symmetry of the
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FIG. 3. NQR frequencies are mapped for the I,= 2
-

z

3 5

transition for the 100-G external magnetic field always in

a plane containing C~ and C3, as a function of field angle.
0 is along C3.
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FIG. 5. NQR frequencies are mapped for the I,= —,-—,
3 5

transition for the 100-G external magnetic field always in
a plane perpendicular to C3, as a function of field angle.
0 is along Cq.
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FIG. 6. NQR frequencies are mapped for the I,= —-—
z —

2 2
transition for the 100-G external magnetic field always in
a plane containing C3 and C2, as a function of field angle.

Pr + ion. The three Pr + y axes are perpendicular
to the C3 axis. If the site symmetry is C„ the reflec-
tion plane must include the C3 axis and a in order to
transform the other a axes (and ligands) correctly.
The symmetry-required common axis between the
various tensor quantities for this low site symmetry
is perpendicular to the reflection plane. If, however,
the site symmetry is C2 or C2„, then the common
axis is a. This common axis, either a or perpendicu-
lar to it, gives the site symmetry. We have shown
that the common axis (y axis) is a for the magnetic
splitting tensor; therefore the site symmetry is C2 or
C2„. We have further shown that the z axis of the
Pr3+ site does not lie along (or perpendicular to) a
crystal symmetry axis, which is required for C2„site
symmetry. D3~ symmetry is excluded because the
magnetic splitting tensor is not only nonaxial but
also because C3 is not the common axis. Now that

TABLE I. Least-squares best-fit parameters for
LaF3.Pr'+. The upper and lower bounds obtained by
Chen et al. for each y are given in parentheses. A;;, D„
and E, are calculated from the experimental values of y.
The A;; values in parentheses are calculated from
Matthies and Welsch electronic wave functions and exper-
imental energies considering only contributions from the
H4 levels. The experimental errors shown are the stand-

ard deviations of the parameters obtained from the least-
squares fit.

y„/2m=4. 98%0.04 (—1.3;+8.3) kHz/G
yy/2m=2. 53+0.03 (—1.9;+7.7)
y, /2m=10. 16+0.03 (+ 7.1;+ 16.7)
D =4185+0.9 kHz
E =146+0.9 kHz
A = 1.64)( 10 (1.92 y 10 )

A =5.49X10-' (2.01X10- )

A =3.96' 10 (2.56X 10 )

D, =3132 kHz
E, =596 kHz

the site symmetry is determined to be C2, a space
group may be chosen from those proposed on the
basis of the x-ray data. (The space group describes
the positions of all of the ions in the crystal and
gives the site symmetry for every position in the
crystal. ) For the P63cm (Cs„) space group, the
lanthanide ion lies on a reflection plane which con-
tains a and C3. This yields C, symmetry. For the
P3Cl (D3~) space group, the lanthanide ion lies on a
C2 axis which contains a. This gives the observed
C2 symmetry. This space group is consistent with
the x-ray measurements of our crystal. (At the
edges of our crystal, the x-ray reflections gave the
P63/mme space group, that is, a D3I, site symmetry.
The NQR spectrum is not axial as would be re-
quired by such a high site symmetry. )
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FIG. 7. NQR frequencies are mapped for the I, =—-—,
1 3

transition for the 100-G external magnetic field always in
a plane perpendicular to C3, as a function of field angle.

DISCUSSION

Chen et al. published formulas for the range of
y; to be expected in Pr + in a solid. These are given
in Table I. All measured y's fall well within their
predicted range. From the measured y;/2~ we may
calculate A;;, D„and E, with the use of Eq. (4).
The results are shown in Table I. A;; were also cal-
culated from the crystal-field (CF) wave functions
of Matthies and Welsch. These are also included in
Table I. The calculations would predict an almost
isotropic y;/2m. and gives at least one value outside
of Chen's limits.

The principal axis directions for the various ten-
sor quantities are determined by the crystal electric
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field. The quantities D and E are dominated by the
second-order hyperfine interaction, which in turn
are calculated from CF wave functions. All even

B„ terms to order 6 are required. The 4f electrons
are shielded from the full impact of the crystal
field. The nuclear quadrupole moment also in-

teracts with this crystal field, but now an antishield-

ing factor (1—y„) is the multiplier and only B„
terms of order 2 are involved. An estimate of the
gradient may be obtained froin the NQR measure-
ments of La in LaFq (Refs 9.and 26) where no (4f)
electrons are present. (Since the Pri+ ion is substi-
tuted for a La + ion, one would expect this field
gradient at the nucleus to be the same for both ions
with the exception of shielding due to the 4f elec-
trons. ) Finally, the two (4f) electrons produce a
field gradient at the nucleus and give an interaction
shielded by the closed shells by a factor (1—R).
The last two terms are much smaller than the first,
so we shall ignore them.

The crystalline electric-field (CEF) z axis chosen

by Matthies is common with the C2 site axis, and
his x axis is parallel to the C3 axis of the crystal.
From the EPR measurements, "one of the principal
axis directions of the CEF tensor coincides with
Matthies z axis, and the other axes are rotated by an
angle a from C3. The nuclear rotation is about the
C2 site axis. Following Wokaun, the H;(y;/2'')I;
term was transformed into the axis system of the
CEF tensor. The solid lines of Figs. 3—7 were recal-
culated for a range of angles with no discernable im-

provement in the fit.
A rigorous comparison between theory and exper-

iment will not be possible until a set of electronic
eigenstates which give a more reasonable prediction
for y; become available such as for LiYF4.Pr +.

CONCLUSIONS

The nuclear-quadrupole-resonance measurements
of Pr + diluted in a LaF3 single crystal show that
six Pr + magnetically inequivalent sites of symme-

try C2 (and not C, ) are present. Six La + sites were
observed by Andersson and Proctor in NQR mea-

surements of the same crystal. However, the space

group P3c1, which gives the C2 site symmetry and

the observed x-ray reflections, accounts for only
three. Andersson and Proctor suggested that mi-

crotwinning might be responsible for this discrepan-

cy. Alternatively, the F-ion mobility observed by
Lee and Sher may yield several structures which
are frozen at the temperatures of our experiments.
The x-ray observations were at 293 K where mobili-

ty was observed. The measured anisotropic magnet-
ic splitting factors y;/2m. disagree with those calcu-
lated using the crystal-field electronic wave func-
tions of Matthies and Welsch. This discrepancy is
due to wave functions which do not adequately
describe the optical spectra. The optical pump tran-
sition, H4-'D2(16 872 cm '), is shown to be an elec-
tric dipole transition.
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