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It is argued that the nuclear quadrupole-electric field gradi-
ent (EFG) interaction is, in principle, dependent on the pres-
ence of a magnetic field B. A rough estimate of the size of
this effect yields 10~ in fields up to 10 T. However, if the
site symmetry of the nucleus in question includes time-reversal
symmetry, the linear dependence of the EFG on B vanishes.
In diamagnetic compounds, time-reversal symmetry is violated
only by the presence of nuclear spins. In such compounds, the
dominant dependence of the EFG on B should be quadratic
and should be described by a fourth-rank tensor. In ferro- and
antiferromagnetic compounds time-reversal symmetry is
strongly violated and a linear dependence of the EFG on B,
described by a third-rank tensor, is expected. A search for a
magnetic field dependence of the EFG was carried out by mea-
suring the quadrupole coupling constants (QCCs) of the *’Al
and N nuclei in corundum and sodium nitroprusside (SNP)
by pure NQR, and by NMR in fields of 6.3 and 11 T. These
diamagnetic compounds were selected because previous mea-
surements, done in different fields, yielded differing results for
the QCCs. A new technique for measuring QCCs by NMR is
introduced that circumvents the necessity of precisely orienting
the sample crystals. For the QCCs of both the *’Al and "“N
nuclei in corundum and SNP, respectively, a precision of dis-
tinctly better than 10 * is reached. The results obtained in 0,
6.3, and 11 T fields fully agree with each other which means
that, in fields up to 11 T, any possible field dependence of the
QCCs is smaller than 10 *. These results confirm that in dia-
magnetic compounds a linear dependence of QCCs on B is
largely suppressed. © 1997 Academic Press

INTRODUCTION

Quadrupole coupling, that is, the interaction of the quadru-
pole moment eQ of a nucleus with the electric field gradient
(EFG) at the nuclear site, plays a major role in many areas
of solid-state physics. It is the basis of nuclear quadrupole
resonance spectroscopy, and in solid-state nuclear magnetic
resonance of | > 3 nuclei, it usually plays the dominant role
next to the Zeeman interaction.

The EFG is the second derivative, taken at the nuclear
site, of the electric potentia V (x)
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Vij:W(j)’l'sz’y’z' [1

Since this potential is determined by the surroundings of the
nucleus on a microscopic scae, the EFG provides informa-
tion about the structure of the surroundings, e.g., about the
direction and length of achemical bond. Therefore, the deter-
mination of EFGs is one of the most often undertaken tasks
in NQR and in solid-state NMR.

It is generally assumed that the EFG is independent of
the presence or absence of a magnetic field B. Intuition,
however, tells usthat a dependence of the EFG on amagnetic
field should exist: The presence of a magnetic field modifies
the electronic wavefunction and thus the charge distribution
of amolecule. If it did not, we would not observe chemica
shifts. Because the electronic charge distribution in a mole-
culeor crystal, together with the nuclear point charges, deter-
mines the EFG sensed by a nucleus, a magnetic-field-in-
duced modification of the electronic wavefunction must also
lead to a modified EFG

Vii(B) = Vy(B = 0) + AVy(B). [2]
Henceforth, a nonzero modification AV;;(B) of the EFG will
be called the effect. The search for the effect is the subject
of this paper. We may also argue that there is no genera
law prohibiting a magnetic field dependence of the EFG and
that, therefore, the effect should exist.

The well-known phenomenon of magnetostriction, which
is trivialy accompanied by a field dependence of the EFG
at nuclear sites, is proof that a general law prohibiting the
effect indeed cannot exist. Magnetostriction is observed in
materials with ordered electronic spins, e.g., in crystals of
nickel and iron (1). In what follows, we shall not be con-
cerned with such systems. Instead, we ask whether an effect
may aso be observed in diamagnetic materias.

While the arguments for the existence of the effect are,
we think, convincing, the crucial question is, of course, how
large will it be. Before embarking on experiments, both an

280



INTERACTION OF NUCLEAR QUADRUPOLE WITH ELECTRIC FIELD

estimate of the size of the effect and a literature search for
data which possibly imply an already observed effect are
therefore in order.

First, let us assume that an effect with alinear dependence
of the EFG on B exists. Then, using first-order perturbation
theory, one may arrive at the estimate

AV - |B| * HBohr [3]
Vi Eg '

where Vi := V;;(B = 0) and Eg is a ‘“‘typical’’ electronic
excitation energy. With |[B| = 10 T (atypica field used in
NMR) and Eg = 10 eV, Eq. [3] ‘‘predicts’ an effect on
the order of 10“. An effect of this size would be detectable
with the measurements described in this paper under Experi-
mental. A more careful application of perturbation theory
leads, however, to the conclusion that orbital quenching (2)
suppresses a linear effect to a large extent (3). We shall
demonstrate under Phenomenology that no linear (in general:
no odd-order) effect should exist at al if the sample crystal
obeystime-reversal symmetry. In diamagnetic crystals, time-
reversal symmetry is violated only by the presence of the
nuclear spins, i.e, it is violated only extremely weakly.
Therefore, it does not come as a surprise that at the present
level of precision of our experiments we could not find con-
vincing evidence for an effect in diamagnetic systems.

We now turn to possible hints for the effect in aready
published data. An extensive literature search revealed that
quadrupole coupling constants QCC measured by NOR (i.e.,
in the absence of an applied magnetic field) and by NMR
(i.e., in the presence of alarge magnetic field) often deviate
from each other by a margin which is larger than the com-
bined quoted error limits. Note that the quadrupole coupling
constant, QCC = e’qQ/ h, is proportional to the largest prin-
cipa component, eq, of the EFG tensor. The comparison of
published NQR and NMR data is, however, usualy ham-
pered by the fact that the measurements were carried out
a different temperatures. A notable exception is sodium
nitroprusside (SNP), Nay[ Fe(CN)sNO] - 2H,0. Using NMR
with |[B| = 8.35 T, Gross et al. measured at room tempera-
ture the four distinct **N quadrupole coupling tensorsin SNP
(4). The QCCs derived from these data are listed in the first
column of Table 1. Subsequently, Murgich et al. measured
by NQR the temperature dependence of the *N QCCs in
SNP (5). Their room-temperature results are listed in the
second column of Table 1, and the third column shows the
differences between the NMR and NQR results. These dif-
ferences are definitely larger than the combined error limits
of the two experiments. We discussed the discrepancy with
Murgich, but neither group could locate a flaw in its mea-
surements and the data analysis. What remained as an expla-
nation was the presence or absence of a magnetic field in
the NMR and NQR measurements, and thus a hint of the
effect.
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TABLE 1
Literature Values of the Quadrupole Coupling Constants of the
Four Distinct Nitrogens in SNP, Na,[Fe(CN)sNO] - 2H,0 at Room
Temperature

QCC/kHz QCCl/kHz Difference
Site from NMR (4) from NQR (5) (kHz)
NO 2239 2237 +2
N1 3560 3569 -9
N2 3489 3515 -26
N3 3635 3657 -22

Note. The labeling of the sites follows Fig. 2. The NMR data are from
measurements in a field of 8.35 T. The NQR values were extracted from
Fig. 2 of Ref. (5).

In our search for the effect, we therefore went back to the
N nuclei in SNP, repeating the NQR measurements of the
four distinct QCCs and performing new NMR measurements
at 6.3 and 11.0 T. The latter experiments were designed in
such a way that the QCCs obtained are free from uncertain-
ties of the crystal orientation. As shown below under Experi-
mental, we must state that no effect was found and that
both Gross et al. and Murgich et al. had overestimated the
accuracy of their measurements.

The N atoms in SNP are predominantly bonded cova-
lently (—C=N and —N=0). To extend the search for
the effect to an ionic bonding situation, we also studied the
ZAl nuclei in corundum, a-Al,O5. Since the very early days
of NMR and NQR, corundum has been afavorite compound
for demonstrating new experimental methods applicable to
half-integer quadrupolar nuclei. Values for the QCC of Al
in corundum were reported by Pound (6), Chang et al. (7),
Jakobsen et al. (8), and Gravina et al. (9). In Fig. 1, we
show these data together with their error limits. We present
them on a temperature axis together with our own measure-
ments to stress the importance of temperature in comparisons
of QCCsreported by different authors. The present datawere
collected at |B| = 11 T, whereas the published data were
recorded in different fields that are given in the legend of
Fig. 1. Obvioudly, there are discrepancies outside the quoted
error limits, and obviously the discrepancies cannot be attrib-
uted to different temperatures. Once again, these discrepan-
cies may reflect a magnetic field dependence of the QCC,
and once again, the results of this paper will demonstrate
that within the error limits of our own measurements, which
are much smaller than those of previous workers, there is
no magnetic field dependence of the QCC in corundum.

PHENOMENOLOGY OF THE EFFECT

General

For the phenomenological description of the effect, we
expand the components V; of the EFG with respect to the
components B, of the applied field, that is,
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FIG. 1. Temperature dependence of the quadrupole coupling constant

QCC of Al in corundum, a-Al,O; (A), and literature values (with er-
rorbars). The data from this work were collected in a field of 11 T; the
values from Refs. (6, 8) were obtained in fields of 0.24 and 9.4 T, respec-
tively, whereas those of Refs. (7, 9) were obtained in a zero magnetic field.

. 2 .
ViJ(B):Vﬁ+%Bk+1- O,
OBy 2 0B0B,

BkB| + e, [4]

The usual summation rule is implied for the indicesii, j, Kk,
and |. Restricting ourselves to the first- and second-order
terms of the expansion, we rewrite Eq. [4] as

V'l(B) = Vﬁ + VijkBk + Vijkl BkB|. [5]
The terms VB, and Vs BcB, describe, respectively, the lin-
ear and the quadratic effects, i.e., thelinear and the quadratic
dependences of the EFG on B.

V{ is a second-rank polar tensor, as must be V;;(B).
Therefore, Vi is a pseudo tensor of third rank, and V;y is a
polar tensor of fourth rank. All these tensors are microscopic
tensors, defined and therefore fixed at a particular nuclear
site. They result from a particular nuclear environment and
represent microscopic properties of the crystal. Hence, they
must be invariant under the symmetry operations of this
nuclear site. The important consequences of this invariance
will be discussed in the next two sections.

For the moment, we note the intrinsic symmetry of these
tensors. The interchangeable order of the derivatives in Eq.
[4] alows the positions of the indices i, j of al tensor
componentsin Eq. [ 5] aswell as the positions of the indices
k, | in V4, to be interchanged. This consideration restricts
the tensors V §, Vik, and Vi, to have, respectively, 6, 18,
and 36 independent components.

Spatial Ste Symmetry

All tensors in Eq. [4] must be invariant under the opera-
tions of the elements of the point group of the site symmetry.
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The site symmetry of the Al nuclei in a-Al,O; is 3 (10).
Thisimpliesthat V § isaxially symmetric, i.e., its asymmetry
factor n must be zero, a fact that has been overlooked even
in very recent work (8, 9), and that its symmetry axis coin-
cides with the threefold axis of the crystal. Moreover, it
reduces the number of independent components of V; from
18 to 6 and that of Vj, from 36 to 12 (13). In SNP, the
nitrogens N1 and NO lie in a symmetry plane. As a conse-
quence, the number of independent components of V §j, Vi,
and V is reduced from 6 to 4, 18 to 10, and 36 to 20,
respectively. The nitrogens N2 and N3 occupy general sites
and no simplification of site-attached tensors results. The
labeling of the nitrogens in SNP is defined in Fig. 2.

Ste Symmetry with Respect to Time Reversal

An operation belongs to the group § of symmetry opera-
tions of the site symmetry if it leaves invariant the micro-
scopic environment of the site in the crystal. If this environ-
ment is completely described by the probability density of
al nuclei and electrons, | ¥(x,, X.)|?, then the antiunitary,
antilinear time-reversal operation T leads to

I TU(Xn, Xe) |2 = [((TU)*TE| = [TT*[= [¥(Xn, Xe)|?

[6]

because TV = U*. In thiscase, T is an element of 9. The
situation is different if, for the complete description of the
environment, one must also consider nonvanishing angular
momenta J, because TJ = —J.

If we disregard nuclear spins for the moment, the former
situation is realized in diamagnetic crystals such as corundum
and SNP, while the latter applies to ferro-, antiferro-, and
ferrimagnetic systems (paramagnetic crystals require specia
consideration, as shown below). Now, from TB = —B and
the definition of the tensors in Eq. [5], it follows that

TV =V¢
TVik = —Vii
TVijkI = Vijkl- [7]

Still disregarding nuclear spins, we conclude that the linear
effect, described by Vi, should vanish in diamagnetic
compounds such as corundum and SNP. By contrast, in
ferro-, ferri-, and antiferromagnetic crystals, Vi will not
vanish in general. As already mentioned in the Introduc-
tion, in such crystals the EFG is expected to depend on B,
and we may now add that the dependence will include a
term linear in B.

Let us briefly consider paramagnetic compounds. Macro-
scopicaly, they are invariant under T because the operation
leads from one disordered (spin) state to another, indistin-
guishable from the former on a macroscopic scale. On a
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FIG. 2.

(a) The Fe(CN)sNO complex of SNP. (b) The arrangement of the four Fe(CN)sNO complexes in the unit cell. The ab plane is a mirror

plane of the crystal. The Fe atom and the N, O, and C atoms of the NO and N1 groups al lie in this mirror plane.

microscopic scale, the situation is different. Locally, the in-
version of the spin orientations leads to a different environ-
ment of a site and Vi is, therefore, not necessarily zero. It
will vary from one nuclear site to the next and therefore
lead to an inhomogeneous interaction and eventually to an
inhomogeneous line broadening. This broadening, however,
is subject to motional averaging dueto mutual dipole—dipole
interactions, if the spins are flipping or have short spin—
lattice relaxation times. What we have said in this paragraph
applies primarily to electronic, but in principle aso to nu-
clear spins. However, the violation of time-reversal symme-
try by the presence of the nuclear spinsin diamagnetic com-
pounds may be expected to have such atiny influence upon
the effect, which anyhow is small, that it may be safely
disregarded. Before concluding this discussion, we briefly
mention that the very application of a magnetic field, indis-
pensable in any search for the effect, will also lower the site
symmetry (12) and thus lead to a secondary effect which,
however, will be much weaker than the primary effect (13).

Strategies for Detecting the Effect

We divide the task into two parts. First, we ask what is
the best way to detect the overal effect. Then we discuss
how individual components of Vj; and V;;y can be measured.

The most natural way of searching for the overall effect
is to measure by NMR, at different strengths of the applied
field B, the quadrupole coupling tensor Q; = 3eQV;/2Ih of
the nucleus of interest and to look for differences of its
largest component Qx(B) = 3eQV(B)/2Ih. It is, of
course, advisable to include in this search the largest avail-
able field, and also to measure the quadrupole coupling con-
stant QCC(B = 0) = eQV 3;/h by pure NQR. For distin-
guishing a linear from a quadratic effect, it is obviously

necessary to measure Q,z(B) by NMR for at |east two differ-
ent strengths of the applied field. Naturally, we used fields
of 6.3 and 11 T, available in our laboratory, to search for
the effect in corundum and SNP.

The standard way of measuring a quadrupole coupling
tensor Q; by high-field NMR is to rotate a crystal about two
nonorthogonal (11) or three orthogonal axesin agoniometer
whose axis is perpendicular to the applied field B, and to
record, for each rotation axis R, a rotation pattern of
satellite splittings Av (), where ¢ is the rotation angle.
For the | = 2 nuclei #’Al, we take the splitting of the outer
satellites. From such a set of data, the complete tensor Q;
can be evaluated, including the largest principal component
Q2 and the direction of the associated principal axis, €.

The drawback of this procedure is that it hinges on pre-
cisely orienting acrystal, on precisely setting rotation angles,
and on a perfect alignment of the goniometer axis perpendic-
ular to the applied field. These are actually the problems
which usually limit the accuracy of a quadrupole-coupling-
tensor determination by the standard procedure.

To circumvent these problems in our search for the effect,
we chose a different approach. Both for the Al nuclei in
corundum and for the **N nuclei in SNP, we know the direc-
tion of the principal axis e,, either by crystal symmetry
(corundum) or by previous measurements (4). Since this
direction e, is of central importance to our approach, we
term it the pole of the tensor.

Our procedure of measuring Q is to search on a two-
dimensional grid, with B in the neighborhood of the pole,
for the largest value of Avr. This method relies on the fact
that Av assumes a global maximum when B is exactly at
the pole. To this end, we built an NMR probe that allows
us to tilt the axis of a standard NMR goniometer up to =3°
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in a controlled manner about an axis perpendicular to B.
Using this probe, the splitting Ar becomes a function of
both the rotation angle ¢ and the tilt angle . The task of
orienting crystals is reduced to ensuring that a desired pole
direction e, can be made parallel to B by using both the
rotation and tilt movements. We know we have fulfilled this
task if Av(p, ) goes through a maximum somewhere
within the range —3° < ¢ < 3° for some arbitrary angle ¢.
The maximum value itself gives Qx(B) and, eventualy,
Vz(B). Together with NQR measurements of V 2, this pro-
cedure gives the tensor components Vzzz and V7, provided
that the error limits are small enough. Details are described
under Experimental and Results.

We proceed by commenting briefly on how to access other
components of Vi, and Vjy. Of course, we need additional
measurements. An obvious possibility is to record rotation
patterns Av V(). Let us assume we know how to adjust
the rotation axis of the goniometer exactly perpendicular to
B, atricky task of its own. In the absence of an effect and
relying on first-order perturbation theory, the functional form
of AvW(p) is (14)

AvD(p) =c® + aPcos2p + bVsin2p  [8]
for an arbitrary rotation axis R" where ¢, a®”?, and b
are linear combinations of the componentsof V §j with known
coefficients that depend on R, Now, let us impose the
effect. To ssimplify the notation, we drop the index i from
now on. The functional form of Av(y) becomes

Av(p) =Cc+ a-cos2p + b-sin 2o
+ A.c0os ¢ + BisSin ¢ + Agcos 3p + Bssin 3p
+ C, + A,c0s 29 + B,sin 2¢

+ A4C0S 4 + B,sin 4o, [9]
where A, B;, A;, B; and C,, A,, B,, A,, and B, are linear
combinations of the components of Vi and Vi, respec-
tively. The coefficients (¢ + C,), A, (a + Ax), ..., Bscan
be extracted from the rotation pattern by Fourier analysis.
At least for simple cases like Al in corundum, in which
Vi is axialy symmetric because of crysta symmetry, the
coefficients ¢, a, b (and other onesiif first-order perturbation
theory is insufficient) are available from an NQR measure-
ment. Therefore, we can say that the Fourier analysis of
Av(p) yields A, By, ..., A4, B,. Note that for every rota-
tion axis R there is a separate set of such coefficients,
which can be used to calculate the components of V;; and
Vij . However, not all components of these tensors are acces-
sible in this way. Of the 6 independent components of Vi
and 12 of Vjy in corundum, only 5 and 11, respectively, are
accessible (13). This means that some of the components of
these tensors represent longitudinal, others transver se effects
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(15). The second-rank chemical-shift tensor is an analogous
example: its symmetric part causes longitudinal effectswhile
the antisymmetric part causes transverse effects. Indeed,
only the components of the former lead to line shifts, which
are directly proportional to these components (16).

EXPERIMENTAL AND RESULTS

Samples

For the Al NMR and NQR measurements in corundum,
two oriented cylindrical crystals of synthesized a-Al,Os;
were purchased from Wiede's Carbidwerk in Freyung. The
NMR crystal had a length of 12 mm and a diameter of 5
mm. The corresponding dimensions of the NQR crystal were
50 and 21 mm. For both crystals, we specified that the crys-
tallographic c axis be perpendicular to the cylinder axis and,
according to the manufacturer, it is within =2°. Note, first,
that for the NMR crystal, the pole of the Al EFG tensor
can be rotated with our NMR goniometer into an orientation
paralel to the applied field and that the tilt mechanism of
the probe can take care of the tolerance of +2°. Note, second,
that a powder sample would have been sufficient for the
NQR measurements. It would have meant, however, a sacri-
fice of sensitivity which we wanted to avoid in view of
the anticipated difficulties of observing the Al NQR in
corundum at room temperature, as discussed below. Remem-
ber that the NQR crystal is oriented in such a way that the
exciting RF field B;, which is parallel to the cylinder axis,
is perpendicular to the 2’Al tensor pole, that is, B, is along
the direction which gives the maximum NQR sensitivity.

For the N NMR and NQR measurements in SNP, three
large pieces of oriented single crystals were kindly given us
by S. Haussiihl. Two of them were used to prepare two
cylindrical NMR samples (diameter 11 mm, length 10 mm)
for the EFG tensor pole measurements. To understand the
direction of the respective cylinder axis which we chose for
these samples, it is necessary to look at the structure of SNP,
theimportant aspects of which are shownin Fig. 2. The space
group of SNP is Pnnm with Z = 4 (17). The Fe(CN)sNO
complexeslabeled 1 and 2, and 3 and 4 in Fig. 2b are related
by inversion centers and are thus magnetically equivalent.
The complexes 1 and 3, and 2 and 4 are related by twofold
screw axes and therefore are crystallographically equivaent.
The ab plane of the crystal is a mirror plane, which relates
the nitrogens N2 and N2m, and N3 and N3m. The nitrogens
NO and N1 lie in that plane, as do their bonds. According
to (4), the principal EFG direction e, that is, the EFG pole
of every nitrogen in SNP is very close to the respective
bond direction. Therefore, the first SNP sample crystal was
prepared with its ¢ axis paralel to the cylinder axis. This
ensured that the poles of the NO and N1 EFG tensors could
be rotated with our NMR probe into an orientation parallel
to the applied field. Consequently, the cylinder axis of the
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FIG. 3.
widths are much smaller than the width of the whole spectrum.

second NMR sample crystal was chosen to be perpendicular
to the plane spanned by the C—N bonds of nitrogens N2
and N3. Because the tensor poles of the four inequivalent
nitrogens in SNP do not lie in a plane, there is no crystal
orientation which gives maximum NQR sensitivity for all
nitrogens. For this reason, and for fully exploiting the avail-
able sample volume (38 cm?®) of the NQR spectrometer, we
used a large (65 g) powder sample for the NQR measure-
ments.

NMR

The NMR measurements were done with two Fourier
transform spectrometers built around 6.3 and 11 T cryomag-
nets. In these fields, the Larmor frequencies of ?’Al and **N
nuclei are, respectively, 69.89 and 122.03 MHz, and 19.37
and 33.82 MHz. Free-induction decays were excited with
RF pulses of 1 us duration, causing flips of the nuclear
magnetization of roughly 10°. The spectral width of the exci-
tation, about 1 MHz, is smaller than the full widths of the
N and #’Al spectrain SNP and corundum. The *’Al spectra
of corundum were therefore recorded for each crystal orien-
tation of interest in sections with a width of 500 kHz. Be-
cause of the large splittings of the various N doublets in
SNP, we found it more convenient to screen separately the
‘“northern’’ and ** southern’’ polar regions, corresponding to
the high- and low-frequency lines near the tensor poles, of
these resonances.

Figure 3 shows an 11 T ?’Al spectrum of corundum near
the tensor pole. The shape of the satellites is conspicuously
asymmetric. This results from the #’Al—%'Al dipolar interac-
tions (18) and provides welcome evidence that our spectral
resolution is not limited by crystal imperfection, i.e., by a
spread of EFGs. It isimportant to note that the true satellite
position, i.e., that in the absence of dipolar interactions, is

AV
1500 kHz

!

ZAl NMR spectrum of corundum (B = 11 T) for a crystal orientation near the tensor pole. Only the five Al lines are shown, because their

determined by the center of gravity of the satellite. This can
be shown by calculating the first and second moments of
the satellite lineshape and remembering that it is appropriate
to truncate the dipolar Hamiltonian with respect to both the
Zeeman and the quadrupolar interactions (13).

The dominant uncertainty in determining the center of
gravity of the satellites results from the necessary phase
correction of the FT spectra. Near the tensor pole, the satel-
lites are far away from each other. It is therefore possible
to phase each satellite separately using only a frequency-
independent phase correction. According to tests with syn-
thetic spectra, the usual judge for the correct phase, that is,
the eye of the spectroscopist, leaves an uncertainty of about
+1.5°. We developed an interactive procedure that works
for asymmetric lineshapes and improves the phase correction
by such criteria as equality of steepness of the feet of the
line and minimal dependence of the center of gravity from
the width of the interval used for calculating this center.
According to tests, this procedure allows us to reduce the
uncertainty of the phase correction to +0.5°. This corre-
sponds to an uncertainty of =0.08 kHz in the determination
of the position of a satellite.

The N NMR lines in SNP are symmetric, because their
shape and width are due to **N dipolar coupling to the pro-
tons of the crystal water, i.e., to a heteronuclear coupling.
For phasing the spectra, we could therefore use an algorithm
developed by Heuer for symmetric lines (20). The uncer-
tainty left in determining the line positions was 0.02, 0.01,
0.02, and 0.05 kHz for the NO, N1, N2, and N3 lines, respec-
tively. The differences result from the different widths of
these lines.

The temperature dependence of the quadrupole coupling
constant makes temperature and stability of temperature cru-
cia considerations. We chose to carry out the corundum
measurements at T = 303.2 K (30°C) and could keep this
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FIG. 4. Schematic representation of the nearly parabolic dependence
of Av onthetilt angle ¢ and on the rotation angle ¢ for acrystal orientation
near the tensor pole.

temperature within =0.1 K. We used the same ITC-4 con-
troller from Oxford Instruments and the same sensor, a 100
Q Ptresistor, for both the 6.3 and 11 T measurements. More-
over, we measured, as mentioned in the Introduction, the
temperature dependence of the splitting Av of the outer Z/Al
satellites very close to the tensor pole. The results, expressed
in terms of the QCC, are shown in Fig. 1. In the range 300
< T < 306 K, the temperature dependence of Av can be
expressed by Av(T) = Av(303 K) + (T — 303 K) with
a = 0.03 kHz/K.

For the N measurements in SNP we adjusted the temper-
atureto T = 295 K, with a stability of 0.1 K. In the range
292 < T < 298 K, the temperature coefficients « of the line
splittings close to the tensor poles of the NO, N1, N2, and
N3 nitrogens were measured and were found to be 0.45,
0.40, 0.15, and 0.30 kHz/K, respectively. Asour error analy-
sis will show, the instability of the temperature of +0.1
K is not the limiting uncertainty of both our Al and **N
measurements. In order to determine the QCCs of the Al
site in corundum and of the N sites in SNP we measured,
as explained under Phenomenology, the orientation depen-
dence of the splitting Av of the outer ?’Al satellites and that
of the positions of the high- and low-frequency lines of the
N doublets, on a narrow grid in the (¢, ) plane near the
respective tensor pole. As Fig. 4 shows schematically, Av
near the tensor pole depends parabolically on both the rota-
tion angle ¢ and the tilt angle . The sequence of taking
and processing the data may be followed in Fig. 4. For the
Z’Al nuclei in corundum, the maximum splitting of the outer
satellites was determined by a two-step fitting procedure.
First, for afixed tilt angle i, , spectrawere recorded for seven
rotation angles ¢ with increments Ay of 1°. A parabolawas
fitted to the set of splittings Av (i, ), and the maximum
Avma (1) was computed. This procedure was repeated for
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16 tilt angles ¢, 1 = 1, ..., 16, intherange —3° < ¢ <
+3°. Again, a parabola was fitted to the maxima obtained
AvVmax (i) . The apex Avmamax Of this parabola corresponds
to the absolute maximum of Av. The QCC of the Al nuclei
in corundum is then given by QCCp = 3AVmama- Figure
5 shows the parabolas fitted to the values of Avpa ()
obtained from the 6.3 and 11 T %Al data. The QCCs we
find are

QCC, (B = 6.3 T) = 2403.10 + 0.15 kHz
and
QCC (B = 11 T) = 2403.10 + 0.20 kHz

a T = 30°C. The errors will be discussed below.

For the N sites in SNP, the procedure was the same
except that the positions of the high- and low-frequency lines
were measured and fitted separately, giving the ‘‘north’’ and
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splitting of the Al NMR lines in corundum in fields of 6.3 T (a) and 11
T (b). The parabolas fitted to the experimental values are also shown; their
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“‘south pole”’ frequencies v ma and v min. The QCC of
an N nucleus is
QCC = %Aymax,max = %(Vggxmax - Vglfi)n,min)-

As an example we show in Fig. 6 the parabolas fitted to the
values v () and v &, () of the N1 sitein SNP at B =
6.3 T. The QCCs of al four distinct nitrogens in SNP ob-
tained in thisway for B = 11 and 6.3 T are listed in columns
1 and 2 of Table 2.

The experimental error of Avmame, and that of QCC,
depends on the errors of the measured line positions and of
the orientation of the crystal. The former is dominated, as
mentioned above, by the uncertainty of the phase correction
and includes the error due to the temperature instability. All
systematic errors such as the uncertainty of the synthesizer
frequency and of the digitization rate of the analog-to-digital
converter are negligibly small. The orientation error is mini-
mized by the measurement and fitting procedureitself, which
renders the result independent of any absolute orientation of
the crystal. Nevertheless, an orientation uncertainty remains
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because of the limited precision of setting the increments
Ay and Ay of the rotation and tilt angles.

An estimate of the precision of our Al NMR data is
obtained by considering the root-mean-square deviation

o =

S [AVER (i) — AV ()12 ]2
[ (n—2) } [10]

of the experimental datain Fig. 5 from the respective fitting
curves. The denominator (n — 2) takes into account that
two variables, Av2® () and ¢, itself, are prone to errors.
The values of o obtained in this way for the 6.3 and 11 T
ZAl data, multiplied by 2 for the conversion of Avmamax
into QQC,,, are the error limits quoted above for QCC,, (B
=6.3T)and QQC,(B=11T).

The error limits of the QCCs of the **N sitesNO, ..., N3
in SNP at 6.3 and 11 T were estimated analogously. While
the first fit of the parabola to the **N line positions v (™ (y;
@) and v ©(y;, ¢) indicated only statistical errors with
average standard deviations as small as 0.05 kHz, it is obvi-
ous from Fig. 6 that the values v (¢;) and v () are
not distributed purely statistically around the respective fit-
ting curves. This is indicative of some hysteresis in the tilt
mechanism of our probe which had not come to light during
the less critical 2’Al measurements. In SNP, however, where
the resonances are symmetric, narrower, and more widely
split than in corundum, this hysteresis is the dominating
error source.

NQR

ZTAl in Corundum. Because the Al EFG in corundum
must be axialy symmetric the NQR spectrum consists of
two transitions v.(1/203/2y @Nd v+ (3/25/2) With frequencies v,
and v, = 2v,. For determining QCC,, in corundum in the
absence of a magnetic field, it is thus sufficient to measure
v, which is related to QCC, (B = 0) by

TABLE 2
The Quadrupole Coupling Constants of the Four Distinct Nitro-
gens in SNP, Na,[Fe(CN);NO] - 2H,0, at 298 K, Obtained in Fields
of 11 T and 6.3 T and in the Absence of an Applied Magnetic
Field

QCC (kHz) QCC (kH2) QCC (kHz)
Site B=11T B=63T B=0
NO 2233.99 + 0.17 2233.92 + 0.16 2233.97 + 0.10
N1 3565.53 + 0.30 3565.48 + 0.32 3565.23 + 0.15
N2 3512.87 + 0.18 3512.75 + 0.20 3513.01 + 0.11
N3 3654.64 + 0.24 3654.52 + 0.31 3654.85 + 0.13

Note. The labeling of the sites follows Fig. 2.
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transition frequency.

Vy = %QCCAI(B = O)- [11]
Because any magnetic field dependence of QCC, will be
extremely small, we can predict from our NMR results that
v, Will be very closeto 720.9 kHz. This knowledge is highly
vauable in the search for the Al NQR in corundum.

To date, the best apparatus for detecting such a low-fre-
guency NQR transition is probably the Robinson-oscillator
CW NQR spectrometer of P.J. Bray with the option of
applying Zeeman modulation (19). Professor Bray was kind
enough to make available this spectrometer to us.

The basaline-corrected Al spectrum of the v, transition,

recorded at T = 30°C, is shown in Fig. 7. The g*(v) and
g* (v) linesin this figure are due to the Zeeman modulation
with |Bme| = 2.4 mT, the inverted line g(v) gives the v,
transition directly. The centers of gravity v*, v% and v, of
these lines are

v, = (720.97 + 0.9) kHz
v* = (702.45 + 1.0) kHz
v% = (73859 + 0.7) kHz.

The error limitswere estimated from the dependence of these
numbers on the integration limits used for calculating the
centers of gravity. All systematic errorsrelated to the appara-
tus (e.g., line distortion by the low-pass filter in the lock-in
amplifier, frequency measurement, variation of the fre-
guency sweep rate dv/dt and temperature) were negligibly

small compared with that associated with the determination
of the centers of gravity of the noisy linesin Fig. 7.

According to the first-order perturbation treatment of the
Zeeman modulation, we have

1/2(v* + v%) = v,. [12]

The experimental number for this indirect value of v, is
(720.52 = 0.6) kHz. Combining the direct and indirect val-
ues of v,, we obtain

Vaoops = (720.70 + 0.5) kHz
and
QCCu (B = 0) = (2402.5 + 1.7) kHz

a T = 30°C. We thus find that the quadrupole coupling
constant of the Al nuclei in corundum, measured in the
absence of an applied field, agrees within the error limits
with the corresponding values measured at 6.3 and 11 T.
The NQR measurement of QCC,, is considerably less
precise than the NMR measurements. The reason is twofold:
first, the conversion factor from the directly measured quan-
tities, v, and Avmamex, 10 QCC, is different, 10/3 in the
former, 5/3 in the latter case. Second, the signal-to-noise
ratio is much better in the NMR than in the NQR spectra,
whereasthe NQR and NMR linewidths are roughly the same.
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“Nin S\NP. For each of the four independent **N nuclei
k in SNP, there are three NQR transitions, which occur at
v = 3QCC(B = 0)[1 + n/3] and v§ = 3mQCC(B =
0). Because we had aready measured the quadrupole cou-
pling constants QCCy at B = 6.3 and 11 T, and because we
know the asymmetry parameters n, from (4), we had, prior
to the NQR measurements proper, an excellent starting
knowledge of the frequencies »% and v§”. All the v{ are
lower than 100 kHz, and we made no effort to detect these
transitions. Their knowledge is not necessary for our present
purpose. To detect the v transitions, which occur in the
frequency range of 1.6- - -2.8 MHz, we used a Matec FT
NQR spectrometer. It was driven with the same frequency
synthesizer that was used for the NMR measurements. The
sample temperature was also measured and controlled by
the same sensor and controller. This ensured that there were
no systematic frequency and temperature differences be-
tween the NMR and NQR measurements.

Each of the eight transitions %) was detected separately
with a /22— 7— m— 7—echo sequence. The width of the
/2 pulsewas5 us. The second half of the echo was accumu-
lated between 1000 and 2000 times, using a repetition time
of 1 s and a sampling rate of 50 us™*, and Fourier trans-
formed. The prior knowledge of the frequencies v was
sufficient, on the one hand, to make sure that a selected
transition fell well within the spectral window of 10 kHz
and, on the other hand, to safely assign al the transitions.
In Fig. 8, we reproduce the NQR spectra of the N1 . . .
N3 nitrogens to convey an impression of their quality. To
determine the centers of gravity of the recorded lines, we
fitted gaussians to the experimental data. As stated above,
the necessary phase correction step in the data analysisintro-
duces the dominant uncertainty into the determination of the
centers of gravity of the recorded lines and therefore into
the measurement of the quadrupole coupling constants
QCC«(B = 0). These quadrupole coupling constants are
listed together with the estimated error limits in the third
column of Table 2.

Note that our **N NQR data are more precise than our
“N NMR data, but the opposite is true of our ?’Al data. The
reason for this difference is twofold. First, the *N NQR
frequenciesin SNP are much larger and are therefore detect-
able with a better signal /noise ratio than the Al NQR fre-
guency in corundum. Second, the **N NMR and NQR reso-
nances in SNP are much narrower than their ’Al counter-
parts, as shown in Figs. 3, 7, and 8. The consequence is that
the imperfections of the tilt mechanism of our probe, which
had not limited the precision of our Al NMR results, was
the dominant error source of our **N NMR measurements,
whereas the *N NQR measurements fully profited from the
narrow resonances.

DISCUSSION AND CONCLUSIONS

By applying special NMR procedures in fields of 6.3 and
11 T, we succeeded in determining the quadrupole coupling
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FIG. 8. N NQR spectraof SNP in the region of the C—N resonances.
The spectra were obtained by Fourier transforming the second half of an
echo signal. Each spectrum corresponds to a separate setting of the spec-
trometer frequency indicated by the frequency on the left side of the spec-
trum. The v, and v_ resonances of the N—O nitrogen occur at 1692.28 and
1658.67 kHz.

constant of the >’Al nuclei in corundum with arelative error
5QCC/QCC of only 6 x 10>, and the quadrupole coupling
constants of the four distinct **N nuclei in SNP with an
average relative error of 7 x 107°. Our results from pure
NQR measurements, somewhat less precise for the Al nu-
clei in corundum but more precise for the N nuclei in
SNP, fully agree with our numbers derived from NMR. We
conclude that, to a precision of 6 x 107>, a magnetic field
dependence of quadrupole coupling constants, that is, an
effect in the sense of this work, does not exist in corundum
and in SNP. Our considerations about orbital quenching and
time-reversa symmetry suggest that this statement can
safely be generalized to the nuclear quadrupole moment—
electric-field gradient interaction in al diamagnetic com-
pounds. To be cautious, we should add that this statement
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should be correct, provided that considerations are restricted
to magnetic fields that are currently available for NMR ex-
periments, that is, to fields of up to at least 20 T. We note
that there are places in the universe where very much higher
fields exist, and, even on this planet, theorists are by no
means restricted to thinking only of fields up to 20 T.

Our considerations suggest, on the other hand, that an
effect on the level of precision achieved in this work should
exist in materials with ordered electron spins, that is, in
ferromagnetic and antiferromagnetic compounds. A litera-
ture survey of magnetic resonance in ferromagnetic and anti-
ferromagnetic compounds convinced us, however, that it is
not possible at the present time to measure the field depen-
dence of quadrupole coupling constantsin such systemswith
the same precision as we achieved here in corundum and
SNP. One of the starting points of the experimental part of
this work was the discrepancy between the 8.4 T N NMR
data of SNP reported by Gross et al. (4) and the N NQR
data reported by Murgich et al. (5). The NQR as well as
the NMR data of this work, obtained at T = 298 K, agree
within 3-5 kHz with the NQR data of the NQR frequency-
vstemperature curves in Fig. 2 of Ref. (5). A shift of 9
K in the calibration of our thermometer relative to that of
Murgich’s would reduce al the remaining differences to
below 1 kHz. This stresses again the importance of carefully
measuring (and reporting) the temperature in all work on
guadrupole coupling constants and quadrupole coupling ten-
sors. The absolute uncertainty of our temperature measure-
ments is certainly much smaller than 9 K. Comparing the
results of this work with those of Gross et al. (4) leads to
the conclusion that the analysis of the rotation patterns of
quadrupole splittings in the latter work, when expressed in
terms of QCCs, entailed errors as large as 24 kHz, as indi-
cated by the entries for N2 in Table 2 compared to those in
column 1 of Table 1. Fairness requires, however, to say that
the measurement of the room temperature **N QCCsin SNP
was only a side aspect of the work of Gross. Its primary
concern was the elucidation of the fascinating new metasta-
ble electronic state in SNP with virtually infinite lifetime at
T < 100 K (21).
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