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11B NMR measurements on a single crystal of YB12 have been performed at room temperature at a fre-

quency of 128.4 MHz. The electric-field-gradient �EFG� tensor components and the principal axes calculated
previously by first-principles methods have been verified experimentally. Three magnetically different boron-
atom groups in the B12 cluster were clearly observed for the crystal orientation used in this work. This
distinction results from different EFG-tensor orientations with respect to magnetic field and not from different
quadrupolar splittings ��Q� or asymmetry-parameter values ���. The magnetically different boron atoms have
been identified through the calculated angle dependence of the satellite transitions �0°–360°�. Very satisfactory
agreement between the calculated and experimental angular dependencies of the EFG tensor has been obtained.
Similarly, the quadrupolar splittings and asymmetry parameters agree very well with those previously deter-
mined from NMR measurements on a powder sample of YB12.
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I. INTRODUCTION

Nuclear magnetic resonance �NMR� is a microscopic tool
well suited to study the electronic structure in metallic
borides. From the measured quantities, the spin-lattice relax-
ation rate and the Knight shift probe the electron density of
states �DOS�, whereas electric-field gradients �EFGs� are
sensitive to electronic charge distributions. Both the DOS
and the EFG can be theoretically calculated and compared
with the experimental values. In particular, using existing
calculation techniques1–4 for the EFG, very good agreement
between theoretical and experimental data is obtained. This
explains the large number of studies by 11B NMR in metal
borides as well as similar investigations in other systems
which already appeared in the literature.5–10

In first-order perturbation and for half-integral spin �11B
case�, the quadrupole interaction of the electric-field gradient
with the nuclear-quadrupole moment leaves the central tran-
sition �+1/2↔−1/2� unchanged and new components of the
spectra termed satellites appear. They are symmetrically dis-
placed about the central transition and their positions depend
on the strength of the quadrupole interaction and the orien-
tation of the EFG with respect to the magnetic field. The
magnitude of the electric-field gradient at the nucleus is de-
scribed by a traceless second-rank tensor. With respect to the
principal-axes system, the tensor has three components.
Their values and the orientation in space of the principal
axes can be calculated and experimentally determined by re-
cording absorption spectra. Because of the skin-effect prob-
lem, most of the NMR measurements on metal borides were
made on powder samples until now.5–7,9,10 Then only the
absolute value of the quadrupole-coupling constant and the
asymmetry parameter of the electric-field gradient tensor can
be determined. The information on orientation of the princi-
pal axes of the tensor with respect to the crystallographic
axes is lost.

Both the limited radio-frequency �rf� field penetration
�skin effects� due to the metallic character of the metal dode-

caborides �to which YB12 belongs� and the difficulties in the
preparation of single crystals are responsible for the limited
number of 11B NMR studies in these materials. Details on
the preparation of boride single crystals can be found in the
literature �see, e.g., Ref. 11�. Earlier single-crystal 11B NMR
experiments in metal dodecaborides12 concern the spin-
lattice relaxation rates, 1 /T1, in YbB12. The measurements of
1 /T1 were performed for three different crystal orientations
versus the magnetic field.

In this paper, we report angle-resolved 11B NMR spectra
in a single crystal of YB12 together with their interpretation
in terms of the EFG tensor at the boron site and its angular
dependence. This allows us to compare EFG-tensor compo-
nents and their orientations, previously calculated10 by first-
principles methods, with corresponding experimental results.
It will be shown that although all boron atoms in the unit cell
are equivalent, their EFG-tensor angular orientation permits
us to distinguish between different boron-atom groups in the
B12 cluster.

II. EXPERIMENT

The crystal structure of YB12 is of NaCl type �space group

Fm3̄m, No. 225�, where the positions of Na and Cl corre-
spond to those of Y and the centers of the B12 cuboctahedra,
respectively. A single crystal was grown by the floating-zone
method. Its real chemical composition has been found to be
Y0.90B12 using an x-ray microanalyzer. The crystal was cut
into a plate �2.3�4�10 mm3� normal to the �410� axis and
placed on a goniometer of the NMR probe. The crystal struc-
ture, the lattice parameters, and the orientation of the crystal
were determined using a single-crystal x-ray four-circle dif-
fractometer. The main directions of the crystal edges were
obtained with an accuracy of ±5°. Our standard procedure
for orienting the crystal in the external magnetic field of the
NMR spectrometer was as follows. A preliminary adjustment
of the crystal was performed by determining the right angle
between a side plane of the crystal and the transverse plane
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of the NMR probe. This was achieved by using a flat rectan-
gular triangle. Then the crystal was centered in the rf coil
using a slide caliper. Finally, the angle positions of the crys-
tal were set by a worm gear which rotates the crystal, while
the rf coil and the external magnetic field remain fixed. The
precision of the angle adjustment, according to the manufac-
turer of the system �Megatron GmbH�, was 1 min per angle
degree. At the start of the experiment, the magnetic field B0
was parallel to the �410� axis before the crystal was rotated
in steps of 10° around the �−3 12 1� axis.

The complete 11B NMR spectrum was registered on a
Bruker Avance DMX 400 spectrometer using a supercon-
ducting magnet of 9.4 T. The collected half of the solid echo
signal following a �� /2�0−�− �� /2�90 pulse sequence was
subjected to Fourier transformation. The observed Larmor
frequency was 128.4 MHz, matching well the � /2 rf pulse
length of 0.9 �s. The distance between the two pulses in the
sequence was 28 �s and the repetition time of the sequence
was 2 s. In order to increase the signal-to-noise ratio, the
echo signals were summed 2048 times. All RLC elements in
the electronic systems of the probe head together with the
solenoid coil and the crystal were kept at constant tempera-
ture �25 °C, 298 K�. In this way, the thermal surface effects
caused by the eddy currents—due to very short rf pulses—
have been eliminated.

III. RESULTS AND DISCUSSION

The angular dependence of the spectra is shown in Fig. 1.
Each spectrum consists of a central line transition accompa-
nied by pairs of symmetrically distributed satellite transi-
tions. The positions and number of satellite pairs depend on
the rotation angle �Fig. 2�. The separation between the satel-
lite lines in the pairs is due to first-order quadrupolar inter-
action. For spin with I=3/2, an electric quadrupole moment
Q, and for an EFG tensor with a component of maximum
absolute value, VZZ, this separation is

�� = �Q��3 cos2 � − 1 + � sin2 � cos 2	�� , �1�

where �Q=eQVZZ /2h, �= ��VXX−VYY�� / �VZZ�, and �, 	 are
the polar angles which are defined by the orientation of the
external magnetic field with respect to the principal-axes sys-
tem of the EFG.

The number of the satellite pairs depends on the number
of magnetically nonequivalent boron sites and/or the number
of different EFG tensors in the unit cell. According to the
crystal structure of YB12, there is only one �48i� position for
boron13 and, disregarding orientation, only one EFG tensor.10

It is, therefore, the orientation of the EFG tensor with respect
to the magnetic field that makes the spectrum complex, i.e.,
there is more than just one satellite pair. We will analyze this
aspect closely below.

The crystal structure of YB12 is shown in Fig. 3. It illus-
trates the arrangement of the yttrium atoms and the B12 clus-
ters as well as the different inter- and intracuboctahedral B-B
bond distances. As mentioned in Ref. 10, the most negative
EFG component is related to a principal axis in the direction
of the strongest �shortest� bond between neighboring B at-
oms. For YB12, this is the intercuboctahedral B-B bond. The

positions of the particular boron atoms in the cluster are
shown in more detail in Fig. 4. The orientation of the EFG
tensor for B�1� was calculated earlier10 by first-principles
methods. Now, taking into account symmetry arguments,
Table I was created. From the known principal axes for one
boron atom, the orientations of the axes for the other atoms
are obtained by applying symmetry operations. Although six

FIG. 1. 11B NMR spectra obtained for different rotation angles
for a single crystal of YB12.

FIG. 2. �Color online� The separation between satellite lines in
YB12 as a function of the rotation angle. The solid lines are only
guides for the eyes. The filled circles, squares, and triangles corre-
spond to the pairs of satellites arising from the B atoms denoted
�1,2,3,4�, �5,6,7,8�, and �9,10,11,12�, respectively, in Fig. 4.

FOJUD et al. PHYSICAL REVIEW B 75, 184102 �2007�

184102-2



satellite pairs are anticipated from Table I, in the NMR ex-
periment this number is reduced for particular values of the
polar angles � and 	.

The rotation pattern for each pair can be calculated using
Eq. �1� when �Q, �, and the orientation of the principal axes
are known. In what follows, we used �Q and � as free pa-
rameters and the polar angles � and 	 have been calculated
using the procedure described below. These angles depend
on the orientation of the principal axes through a unit vector
b, which defines the direction of the magnetic field with re-
spect to the principal axes. Let p1 ,p2 ,p3 �Fig. 5� be the or-
thogonal unit vectors in the direction of the principal axes
p1 , p2 , p3. A rotation of the crystal is equivalent to a rotation
of the principal axes for the electric-field gradient. When the
crystal is rotated by an angle 
, the vectors pi are trans-
formed into pi,
 �i=1,2 ,3�, which are given by

pi,
 = cos 
pi + sin 
�r � pi� + �1 − cos 
��r · pi�r . �2�

This formula14 describes the rotation of a vector pi about the
axis of a unit vector r by an angle 
. This transformation is
called a conical transformation.14 The angles � and 	, which
depend on the orientation of the principal axes relative to the
vector b, can be expressed in terms of the angle 
:

cos � = p3,
 · b, tan 	 = �p2,
 · b�/�p1,
 · b� . �3�

Now, the calculation of the quadrupole splittings can be
made using the p1 ,p2 ,p3 vectors given in Table I and choos-
ing appropriate values for �Q and �. The results of these
calculations together with experimental data are shown in
Figs. 6–8. The values �Q=540 kHz and �=0.94 were used in
our calculations. These values are very close to those
�532 kHz and 0.93� previously obtained10 from the measure-
ments of the quadrupole splittings in a powder sample. The
asymmetry parameter �=0.93 and the �Q values of 593 and
526 kHz were calculated from first principles using Q�11B�
=0.04 and 0.0355 b, respectively. Both values for Q�11B�
can be found in the literature.15,16

FIG. 3. �Color online� The crystal structure of YB12. B-B dis-
tances �in Å� for the inter- and intra-B12-cluster bonds in YB12.
These distances correspond to a lattice parameter of 7.500 Å for the
cubic unit cell.

FIG. 4. �Color online� The B12 cluster in YB12. The numbers are
the site numbers �see Table I�; those in round brackets refer to the
corresponding sites to which they are related by the inversion of
space through the center of the cuboctahedron. The B atoms repre-
sented by the same shade lead to satellite separation curves which
are identical �inversion symmetry� or cannot be completely resolved
due to limitations in the experimental resolution.

TABLE I. The principal axes for the EFG at the different B sites
in YB12.
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FIG. 5. �Color online� The angles � and 	 as defined by the
orientation of the vector b with respect to the principal axes.
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It is worth noting the very good agreement between ex-
perimental and calculated values. The results indicate that
the rotation patterns for certain crystallographic positions are
very close. This can be seen particularly well for the B sites
5–8 �Figs. 4 and 7�. Consequently, we observe only three
pairs of satellites instead of six as one would expect from
inspection of Table I. For four angles �
=160°, 170°, 200°,
and 350°� as shown in Fig. 6 and one angle �
=290° � in Fig.
8, however, the resolution is good enough to identify further
pairs of satellites. An even better resolution would require a
better quality of the crystal. Imperfections of the crystal cre-
ated by disorder, dislocations, strains, vacancies, interstitials,
and foreign atoms at the positions of some of the nuclei
create additional electric-field gradients, which vary not only

with orientation but also in magnitude from site to site and
have a considerable influence on the linewidths and intensi-
ties of the satellites even in first-order perturbation theory.
The existence of such effects is noticeable in our crystal if
one compares the intensity of the central transition
�−1/2↔1/2� with the intensities of the satellites. The rela-
tive intensities of the satellites are remarkably lower than
those predicted by theory.17

IV. CONCLUSIONS

The 11B NMR experiments on a single crystal of yttrium
dodecaboride have demonstrated the possibility to observe
and distinguish the satellites coming from the different boron
sites, which are crystallographically equivalent but magneti-
cally nonequivalent. The distinction can be made because of
the site dependence of the EFG-tensor orientation in space
with respect to the magnetic field. The resolution among six
anticipated pairs depends on the EFG-tensor orientation. For
the crystal orientation used in the reported measurements,
three pairs of satellites can easily be distinguished. From the
angular dependence of the quadrupole splittings, which are
in agreement with experimental observations, the boron
groups to which they correspond can be identified. The �Q
and � values reported here agree very well with those previ-
ously determined from 11B NMR experiments on powder
samples of YB12, and the EFG-tensor orientations calculated
by first-principles methods have been confirmed experimen-
tally by the 11B NMR measurements reported here.
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FIG. 6. �Color online� Satellite separations for the 11B atoms in
YB12 at sites 1,4 and 2,3 �see Fig. 4 and Table I�. Circles and
squares designate experimental results; the curves are obtained from
calculations �using �Q=540 kHz and �=0.94�. Vertical lines for the
160°, 170°, 200°, and 350° angles indicate experimentally observed
differences between the B atoms at the 1,4 and 2,3 sites.

FIG. 7. �Color online� Satellite separations for the 11B atoms in
YB12 at sites 5,8 and 6,7 �see Fig. 4 and Table I�. Circles designate
experimental results; the curves are obtained from calculations �us-
ing �Q=540 kHz and �=0.94�.

FIG. 8. �Color online� Satellite separations for the 11B atoms in
YB12 at sites 9,12 and 10,11 �see Fig. 4 and Table I�. Circles des-
ignate experimental results; the curves are obtained from calcula-
tions �using �Q=540 kHz and �=0.94�. The vertical line at 290°
indicates the experimentally observed difference between the B at-
oms at the 10,11 and 9,12 sites.
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