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The paper investigates the Dynamic Solid Effect (DSE) in Nuclear Quadrupole Double Reso-
nance ( N Q D O R ) on a system (dilute alloys of CuPd with 8, 42, 210, or 1000 at .ppm Pd) chosen for 
its simplicity and the possibility to test the theoretical concepts on which the experimental tech-
niques (in particular the so-called Berthier-Minier technique for exhibiting the DSE) are based. 
N Q D O R allows to observe the transitions between the Cu nuclear energy levels split by the 
quadrupolar interaction with the electric field gradients generated by nearby Pd a toms even in dilute 
alloys, in which the fraction of Cu nuclei experiencing a given field gradient is very small. The DSE 
permits transitions at frequencies corresponding to the sums or differences of quadrupolar level 
splittings at neighbouring nuclei and thus gives access to information on the spatial correlation of 
nuclei accessible to N Q D O R studies. The DSE information is shown to be in full accord with the 
conclusions drawn earlier, on the basis of line-intensity arguments, on the assignment of quadrupo-
lar transitions to the first four shells of Cu nuclei surrounding isolated Pd a toms but, in addition, 
allows to identify the low-frequency N Q D O R lines associated with Cu nuclei in the fifth and sixth 
shells. 
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Solid effect. 

1. Introduction and General Background 

In perfect crystals with cubic point symmetry of the 
lattice sites the electric field gradients (EFG) at these 
sites vanish. The introduction of lattice defects such as 
foreign atoms in substitutional solid solution disturbs 
this symmetry and hence gives rise to non-vanishing 
E F G at the sites of nearby nuclei. The interaction of 
these field gradients with nuclear quadrupole mo-
ments, Q, leads to a splitting of the nuclear energy 
levels in the neighbourhood of the defects that is pro-
portional to the E F G and therefore different at crys-
tallographically non-equivalent sites. Each atomic de-
fect is thus characterized by a set of discrete level 
splittings. However, the nuclei with a given set of split-
tings are a small minority of all nuclei in the sample. 
A powerful tool for measuring the quadrupolar level 
splittings of such minorities is Nuclear Quadrupolar 
Double Resonance (NQDOR). It was first employed 
by Redfield [1] to study substitutional foreign atoms in 
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Cu, and later by the Grenoble group [2-6] and by the 
present writers and their associates [7-9] to investi-
gate intrinsic atomic defects as well as foreign atoms 
in Cu and Al. In copper and aluminium, crystal defects 
even in atomic concentrations as low as a few ppm 
may be detectable by this technique. 

The principal aim of the present study is to investi-
gate the so-called Dynamic Solid Effect (DSE) in 
N Q D O R in a system that is simple enough to permit 
independent control of the underlying concepts. The 
DSE is a well-known phenomenon in magnetic reso-
nance [10, 11]. Its origin lies in the coupling (often but 
not necessarily dipolar) between different spin systems 
with level splittings that are large compared to the 
splitting caused by the coupling interaction. Such a 
weak coupling mixes the eigenfunctions of the two 
spin systems and may lead to dynamic polarization 
phenomena analogous to those well-known in elec-
tron paramagnetic resonance as Overhauser effect [12, 
13]. The name Dynamic Solid Effect takes into ac-
count that an essential feature are dynamic processes, 
e.g. simultaneous spin flips, and that dipolar coupling 
(the main coupling mechanism) is effective only in 
solids, since in fluids it is averaged out by the fast 
motion of the spin carriers. 

0932-0784 / 96 / 0500-518 S 06.00 © - Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen 

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



K. Konzelmann et al. • Solid Effect Between Quadrupola r Transitions in Dilute Cu-Pd Alloys 507 

In N Q D O R , the dynamic solid effect permits addi-
tional transitions (i.e., transitions which do not relate 
to a well-defined electric field gradient) to appear at 
sum and difference frequencies (to be denoted by VpSE) 
of transitions which correspond to an electric field 
gradient. The transitions made possible by DSE will 
be referred to as "DSE transitions" or "DSE lines". 
They can be separated from "normal" transitions 
(sometimes referred to as " E F G transitions" or " E F G 
lines") by special irradiation techniques that allow us 
not only to identify those lines which do not corre-
spond to a definitive E F G but also to deduce their 
frequencies fairly accurately. Since these frequencies 
are sums or differences of E F G transitions of nuclei 
close enough for their spin eigenfunctions to be mixed, 
the DSE lines give information on the spatial correla-
tion of the shells associated with the observed frequen-
cies [14]. In metals such as Cu with several quadru-
pole-moment-carrying isotopes of different but not 
too small abundances (the abundances of the two sta-
ble isotopes of Cu are 69.1% [ 6 3Cu] and 30.9% [65Cu]) 
DSE lines can be distinguished from E F G lines in a 
rather straightforward manner owing to the fact that 
the latter occur always in pairs (or triplets, etc.) with 
a fixed frequency ratio and an intensity ratio corre-
sponding to the abundance ratio, whereas for the DSE 
lines this is not so. 

The frequencies, and to some extent also the inten-
sity ratios of the E F G lines, constitute "fingerprints" 
of the defects giving rise to the E F G that may help us 
to recognize their presence when we do not have a-pri-
ori knowledge of the kind of defects involved. A pre-
requisite for this is, of course, that we have been able 
to find the correct assignment of the observed lines to 
definite defect types. Since the E F G transitions in-
volved in a DSE necessarily belong to the same defect, 
observation of DSE may facilitate the solution of this 
part of the problem substantially. 

The individual E F G lines associated with a given 
defect type are due to transitions at nuclei that experi-
ence EFG tensors with the same principal values. (In 
zero applied magnetic fields, as in N Q D O R , the crys-
tallographic orientation of the axes of the E F G tensor 
is irrelevant for the quadrupolar level splitting.) This 
suggests a classification of these nuclei in terms of 
shells of neighbours surrounding the defects. Nuclei 
belonging to the same shell (or subshell, see below) 
may be transformed into each other by rotations 
around or inversion at a suitably chosen defect centre. 
In many cases (this includes the present case of substi-

tutional foreign atoms as well as vacancies and the 
so-called dumb-bell self-interstitials, cf. [8]), the appro-
priate centres are the lattice points, but in other cases 
(e.g., for divacancies and so-called octahedral self-in-
terstitials [8]) other choices may be appropriate. The 
nuclei belonging to a given shell have necessarily the 
same distance from the defect centre, hence we may 
number the shells according to increasing distances 
from the centre. If we do this using the distances d0 in 
the ideal lattice, i.e. before the introduction of the de-
fects, we must be aware of the fact that this may not 
suffice to characterize the shells uniquely. There are, in 
fact, two different types of complications which must 
be clearly distinguished. 

(i) Not even in the ideal crystal can the a toms at given 
distances d0 from a chosen centre always be trans-
formed into each other by rotations or inversions 
that preserve the crystal structure. An example, 
with the fee lattice sites as centres, is referred to in 
footnote 1; other examples occur when the octahe-
dral interstitial sites of the fee structure are chosen 
as centres (cf. [8]). By definition, in such a case we 
are dealing with several shells, which have to be 
distinguished accordingly. 

(ii) The point symmetry at the centres may be broken 
by the introduction of the defects. An example for 
this are dumb-bell self-interstitials. Then nuclei 
that lay on one shell in the unperturbed crystal will 
experience different electric field gradients, depend-
ing on the crystallographic orientation of their sites 
with respect to the symmetry-breaking defect. In 
such a case we may subdivide the original shells 
into subshells. Nuclei belonging to different sub-
shells of a given shell have the same distance from 
the defect centre in the ideal crystal structure but in 
general not in that perturbed by the defects. The 
field gradients acting on nuclei on different sub-
shells may, in fact, be quite different [15]. 

The number of nuclei belonging to a given shell or 
subshell is called the multiplicity m of that shell or 

1 At the distance (9/2)1/2 a0 from the lattice points of the fee 
structure there lie two shells, with multiplicities 12 and 24 
(position vectors a0 <330>/2 or a 0<411>/2, respectively) 
[3]. They are not subshells of an n = 9 shell, since even 
in the absence of symmetry breaking their sites cannot be 
transformed into one another by one of the symmetry 
operations of the octahedral group. This is obvious from 
the fact that the sum of their multiplicities, 12 + 24 = 36, 
is not a divisor of 48, the number of elements in the point 
symmetry group of the lattice sites in the fee structure. 
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subshell [8]. From the above definition of shells it 
follows (a) that the maximum value of the multiplicity 
is equal to the number of elements in the point group 
of the sites of the defect centres and (b) that m has 
always to be a divisor of that number. 

The shells around defects in the fee structure 
(a0 = edge length of the elementary cube) whose 
centres are lattice points and whose introduction does 
not break the point symmetry at these points are 
characterized uniquely by the assignment of a shell 
number n based on the distance in the ideal lattice 
according to 

d0 = (n/2)1/2a0 (n= 1 , 2 ,3 , . . . ) (1) 

up to and including n = 8 1. The multiplicities of the 
first six shells are given in Table 1, those of shells 7 
(position vectors a0<321>/2) and 8 (position vectors 
a0 <400>/2) are m = 48 and m = 6, respectively. (Since 
the octahedral group has 48 elements, the seventh 
shell thus provides an example of the maximum mul-
tiplicity possible.) 

The assignment of the E F G lines to shells (or sub-
shells), which is necessary, e.g., for critical compari-
sons between computat ions of E F G and experiments, 
is facilitated on the one hand by the trend that (bar-
ring exceptions due to the oscillatory character of the 
Friedel oscillations [16]) the electric field gradients 
decrease with increasing distance from the defects and 
on the other hand by the qualitative (in the DIT 
regime - see Sect. 2 - even quantitative) relationship 
between line intensity and shell multiplicity [8]. (E.g.. 
the nearest-neighbour shell of substitutional atoms in 
a face-centred cubic metal has the multiplicity 12. It 
should therefore give rise to a stronger N Q D O R line 
than the next-nearest-neighbour shell, which has the 
multiplicity 6.) 

The DSE may be used to test the correctness of the 
assignments obtained by the arguments just outlined. 
As already mentioned, DSE transitions must belong 
to the same kind of defect. Therefore, if two different 
DSE have one of the E F G transitions in common, we 
may conclude that the other two E F G transitions 
involved must belong to the same defect, too, even if 
they do not combine to give an observable DSE tran-
sition. - Further, the nuclei participating in a DSE 
transition must be nearest or next-nearest neighbours 
of each other, since otherwise the coupling is too 
weak. This condition can be quite stringent in the case 
of defects with low point symmetry. For defects in fee 
metals that are located at lattice sites and maintain the 

Table 1. Shell numbers, position vectors of the sites on the 
shells in the ideal fee lattice measured from the Pd site (in 
units of aj2), multiplicities m of the shells (in italics if the 
E F G tensor is axially symmetric by symmetry), number and 
measurement regime of the E F G line pairs in Pd-doped Cu 
attributed to the shell, frequencies of the 6 3 Cu lines as mea-
sured on a 300 at.ppm Pd alloy (Minier and Minier [3], fre-
quencies taken from their Fig. 2) and on an 42 at .ppm Pd 
alloy (present work). The frequencies of the 6 5 C u lines are 
smaller by a factor of 1.079. M * denotes the logarithm of 
the intensity of the N Q D O R lines in the 42 at.ppm alloy, 
M */M * (pair II) its normalization to the intensity of the line 
pair II. 

Shell number n 1 2 3 4 5 6 
Position vectors 

K / 2 ] <110) <200) <211) <220) <310) <222) 
Multiplicity m 12 6 24 12 24 8 

Pair number I II IV III V VI 
Measurement regime D I T D I T DIT D I T SIT SIT 

v (300 at .ppm Pd) 
[kHz] 3150 525 240 400 

v (42 at .ppm Pd) 
[kHz] 3145 + 3 534 + 3 241 + 3 404 + 3 6 5 ± 5 55 + 5 

M * [arb. units] 7.9 5.6 21.1 11.0 
M * / M * (pair II) 1.4 1.0 3.8 2.0 

Table 2. Numbers of nearest-neighbour (above diagonal) or 
next-nearest-neighbour (below diagonal) pairs on the shells 
(diagonal fields) or between different shells (off-diagonal 
fields) surrounding an fee lattice site. The shell numbers n are 
shown in italics. 

n 1 2 3 U 5 6 7 8 

1 \ 2 4 
12\ 24 48 12 0 0 0 0 

2 0 \ 0 
o \ 24 0 24 0 0 0 

3 24 0 \ 2 4 
2 4 \ 

48 48 24 48 0 

U 0 24 0 \ o 
o \ 24 0 48 0 

5 24 0 0 0 \24 
12 \ 0 48 24 

6 0 0 0 24 0 X 48 0 

7 0 0 48 0 48 0 \ 4 8 
24 \ 0 

1 5 0 6 0 0 0 0 0 o \ 

cubic point symmetry of these points, the structural 
information on nearest and next-nearest neighbour 
pairs up to the 8th shell is collected in Table 2. Here 
each shell is represented by a column and a line. The 
entries above the diagonal line give the number of the 
nearest-neighbour pairs between the two shells, those 
below the diagonal that of the next-nearest-neighbour 
pairs. The fields on the main diagonal contain the 
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numbers of nearest (above the line) or next-nearest 
(below the line) neighbours within the same shell. -
Finally, identification of an DSE line can assist us in 
getting accurate frequency values for E F G transitions 
in the low-frequency regime, where lines are likely to 
overlap and where the relative accuracy of the fre-
quency determination is not very high. 

In view of the importance the DSE for the correct 
interpretation of N Q D O R measurements on compli-
cated systems, it appeared highly desirable to study 
the effect on a simple system on which a convincing 
shell assignment already exists. Dilute C u P d alloys 
are such a system. In contrast to most experiments on 
intrinsic atomic defects, in this system there is no 
doubt that the E F G acting on the Cu nuclei are due 
to Pd atoms. Furthermore, in sufficiently dilute alloys 
we can be sure that the majority of the solute Pd 
atoms are isolated a toms on lattice sites. The lattice 
sites occupied by such isolated Pd atoms are points of 
octahedral point symmetry, hence the classification of 
the Cu nuclei in the neighbourhood of the Pd atoms 
according to their distance from the Pd atoms as 
belonging to the first ( = nearest neighbour), second 
( = next-nearest neighbour) etc. shells is applicable. 

The quadrupolar splitting of the energy levels of 
the two stable Cu isotopes ( 6 3 Cu and 6 5 Cu, both with 
spin 3/2, with quadrupole-moment ratio Q( 6 3Cu)/ 
Ö( 6 5 Cu) = 1.0790 + 0.0015 [3]) around substitutional 
Pd has been investigated before. The quadrupolar fre-
quencies determined on a C u P d 0 0 0 0 3 powder speci-
men by Minier and Minier [3] by means of N Q D O R 
for the first four shells are included in Table 1 2. The 
transition frequency of the first shell as deduced by 
Nevald and Petersen [17] on C u P d 0 0 1 from the de-
pendence of the N M R satellite lines on the crystallo-
graphic orientation of the external magnetic field, 
vq = (3100 ± 50) kHz, agrees with the Minier-Minier 
value within experimental uncertainty. In addition, 
Nevald and Petersen [17] determined the anisotropy 
parameter of the E F G tensor associated with this 
transition as rj = 0.19 + 0.03. In their Table 2 Minier 
and Minier [3] made a tentative assignment of low-fre-
quency lines to more distant shells on the basis of 
intensity ratios, namely 68 kHz to n = 5, 35 kHz to 
n = 6, 25 kHz to n = 8, and 57 kHz to one of the two 
n = 9 shells. 

The present paper reports on N Q D O R studies of 
Cu samples doped with 8,42, 210 and 1000 at.ppm Pd, 

2 All frequencies are for 6 3 Cu. 

with particular reference to the Dynamic Solid Effect. 
Sect. 2 presents the N Q D O R data on these four 
compositions and compares them with the earlier 
measurements. In Sect. 3 the DSE studies performed 
on the same samples will be reported and discussed 
in some detail. In a final section (Sect. 4) the results of 
the present study will be summarized with special 
emphasis on the conclusions that may be drawn by 
combining the information from the N Q D O R mea-
surements with that obtained by the DSE investiga-
tions. 

2. N Q D O R Measurements 

N Q D O R is based on an idea due to Ramsey [18] 
and was first applied to metals by Anderson [19], who 
mentioned Redfield's suggestion to use it for the direct 
observation of quadrupole lines. In a field-cycling 
N Q D O R experiment the sample is first polarized in a 
static high magnetic field. Then the field is switched off 
adiabatically and a radio frequency (r.f.) is applied in 
zero magnetic field in order to scan the distribution of 
level splittings. At low quadrupolar frequencies the 
cross-relaxation between the quadrupolar reservoir of 
the spins in the vicinity of lattice defects and the dipo-
lar reservoir of the spins at sites far from any lattice 
defect is sufficiently effective to maintain the thermal 
equilibrium. Therefore, the polarization and hence the 
N M R signal is reduced when the r.f. in zero field 
matches a quadrupolar transition. In this regime of 
the so-called Single Irradiation Technique (SIT) r.f. 
irradiation with only one single frequency of low am-
plitude ß t

NQR Bl (Bl : local magnetic field) suffices to 
continually heat all spins of the sample. At higher 
frequencies the cross-relaxation becomes ineffective 
and the quadrupolar reservoir is thermally isolated. 
Hence, simultaneous irradiation with large ampli-
tudes B^QR % Bl at two frequencies vq + <5 v near the 
quadrupolar transition frequency vq is required in or-
der to achieve continual heating of the entire spin 
system. In this so-called Double Irradiation Tech-
nique (DIT) regime a quantitative analysis of the 
N Q D O R line intensities is possible [8]. The work of 
Redfield [1], who was the first to measure E F G in 
dilute copper alloys by means of the two N Q D O R 
techniques, and of Minier [5], who applied the method 
to dilute aluminium alloys, demonstrated that the 
spectra observed by these techniques are indeed char-
acteristic for specific substitutional atoms. 
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Figure 1 shows SIT spectra measured on four Cu 
samples with different Pd content. Owing to the 
strong dipolar background in the low-frequency 
regime, in the frequency range covered by Fig. 1 the 
N Q D O R lines are not well resolved. This dipolar 
background increases with increasing defect concen-
tration. The resolution is clearly not good enough to 
separate the 6 3 Cu and 6 5 Cu lines from each other. The 
N Q D O R frequencies that may be deduced from the 
SIT spectra depend therefore slightly on the concen-
tration of substitutional atoms. In the sample with 
42 ppm Pd N Q D O R lines have been observed at 35, 
55 and 67 kHz with uncertainties of about ± 5 kHz. 

DIT spectra of the four samples are shown in Fig-
ures 2 and 3. For clarity the curves have been shifted 
with increasing Pd concentration by 5% each in Fig. 2 
and by 2% each in Figure 3. The spectra indicate four 
well-resolved pairs of N Q D O R lines, numbered I to 
IV. In each pair the line at the higher frequency is 
about twice as high as that at the lower frequency, 
reflecting the abundance ratio 2.24 of the two isotopes 
6 3 Cu and 6 5 Cu. In addition to these line pairs, the 
spectra show weak lines at about 310 kHz and 
470 kHz. Because of the absence of a pair structure, 
these lines are candidates for DSE lines. They will be 
discussed in Sect. 3. In the frequency range between 
600 kHz and 2.85 M H z no N Q D O R transitions were 
observed. 

The frequencies given in Table 1 have been obtained 
by fitting Lorentzian lines to the spectra. The M ^va l -
ues denote the logarithms of the signal intensities mea-
sured on Cu-42 ppm Pd. Unless the defect concentra-

100 

60 
f r e q u e n c y 

Fig. 1. N Q D O R spectra of dilute copper alloys with 8, 42, 
210 and 1000 a t .ppm Pd, obta ined in the SIT regime using r.f. 
i r radiat ion with ß,NQR = 0.016 mT. 

200 3 0 0 4 0 0 5 0 0 

f r e q u e n c y [ k H z ] 
600 

Fig. 2. N Q D O R spectra of dilute copper alloys with differ-
ent Pd concentra t ions , ob ta ined in the D I T regime using r.f. 
i r radiat ion with BjNQR = 1.6 m T (at two slightly different fre-
quencies). In order to avoid overlap, the spectra have been 
shifted by 5 % each with increasing Pd concentra t ion . 

2900 3 0 0 0 3 1 0 0 3 2 0 0 

f r e q u e n c y [kHz] 
3 3 0 0 

Fig. 3. The upper D I T regime of dilute copper alloys with 
different Pd concentra t ions , obta ined with ßjN Q R = 1.6 mT. 
The spectra have been shifted by 2 % each with increasing Pd 
concentra t ion. 

tion exceeds several 100 ppm, M * is proportional to 
the number of nuclei with the same quadrupolar split-
ting and, assuming random distribution of the two 
isotopes, hence to the number m of nuclei in a shell. 

By ab-initio computat ions of the electric field gra-
dient and the anisotropy parameter >/ at the nearest-
neighbour nuclei of a substitutional Pd atom in 
Cu, employing the Full-Potential Linearized-Aug-
mented-Plane-Wave (FLAPW) method [20] for a 
16-atom supercell, and using the quadrupole moment 
Q = - 220 • 10~3 1 m 2 , Ehmann [15] has recently cal-
culated the corresponding E F G frequency of 6 3Cu, 
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VEFG = 3-3 MHz . Al though the ra ther small supercell 
size limits the accuracy of the result (this applies in 
part icular to the rj value), it allows us, nevertheless, to 
ascribe the line pair with the 6 3 C u line at 3.145 M H z 
(line pair 1, cf. Table 1) unambiguous ly to the first 
shell. This assignment is in agreement with the results 
of Nevald and Peterson [17] that the E F G tensor asso-
ciated with this line is not axially symmetr ic (which 
excludes, e.g., the assignment to the shell of next-
nearest neighbours). 

Since in the D I T regime the signal intensities M * 
normalized to the M *-value of one par t icular pair are 
expected to reflect the rat ios of the n u m b e r of nuclei 
in the different shells, on the basis of the observed 
ratios M * ( 3 ) / M * ( 2 ) = 2 and M * ( 4 ) / M * ( 2 ) % 4 the 
line pairs II, III, and IV may be ascribed to the shells 
2, 4, and 3, respectively (cf. Table 1). The reduced line 
intensity due to the nuclei in the first shell is pre-
sumably due to the smaller r.f. penet ra t ion depth 
ÖT { at high frequency ((5r f % 5 pm at 3 M H z in 
Cu/42 ppm Pd at 2.1 K). 

The line assignments of Minier and Minier [3], also 
arrived at by line-intensity arguments , were the same 
as those of the peceding pa rag raph for shells 1 to 4. As 
pointed out in Sect. 1, in the SIT regime, i.e. for the 
remaining lines, there is no direct re lat ionship between 
intensity and multiplicity. Therefore the assignments 
of Minier and Minier [3] of the SIT lines have to be 
considered with u tmos t caut ion. It is in this regime 
that the DSE is invaluable for line assignment. As we 
shall see, in the present case it does lead to an assign-
ment that differs f rom that of Minier and Minier [3], 

3. Dynamical Solid Effect 

Figure 4 reproduces, as a full line, the D I T measure-
ments on Cu/210 p p m Pd in the frequency interval 
1 5 0 - 6 0 0 kHz, and compares them with those of a 
single-frequency i r radia t ion with an ampl i tude B™QR 

as large as that used in DIT. Whereas the well-re-
solved D I T pairs do not show up in SIT measure-
ments, the weaker absorp t ions at abou t 310 k H z and 
470 kHz appear also in the single-frequency measure-
ments. Together with the fact that these absorp t ion 
lines do not exhibit the typical 6 3 C u / 6 5 C u pair struc-
ture, this demonst ra tes clearly that they are not E F G 
lines and suggests that they might be due to DSE 
transitions. The correctness of this suggestion may be 
tested by the following procedure, first applied by 

f r e q u e n c y [kHz] 

Fig. 4. Two N Q D O R spectra of Cu doped with 210 ppm Pd, 
obtained in the DIT regime using r.f. irradiation with a single 
frequency or with normal DIT with ß1

NQR = 1.6 mT in both 
cases. 

Berthier and Minier [6] in their N Q D O R work on 
dilute Al alloys. 

Perform a low-ampli tude N Q R irradiat ion at the 
higher one of the two E F G frequencies supposed to be 
involved in the DSE simultaneously with i rradiat ing 
with a higher ampli tude at search frequencies sweep-
ing the frequency range under study. If the absorp t ion 
s tructure to be investigated is due to E F G transitions, 
there will be no change compared with single-fre-
quency irradiations, since in the absence of D S E the 
two transit ions do not influence each other. If, how-
ever, the search frequency happens to coincide with a 
DSE transition, enhanced absorpt ion ( = a d r o p in 
magnetization) will be observed since the i rradiat ion 
with the E F G frequency is destroying the polar izat ion 
associated with the E F G transit ion. The result is a 
characteristic "butterfly s t ructure" in the magnetiza-
tion vs. search-frequency spectrum, with resonance 
lines at the sum and difference frequencies (to be de-
noted by VdSE) of the two E F G lines involved in the 
Dynamic Solid Effect. In the following we shall illus-
trate this technique by measurements on the alloy 
containing 210 ppm Pd. 

The specimen was irradiated in zero applied mag-
netic field with one of the 6 3 C u E F G frequencies in the 
D I T regime (in the following to be denoted by vDIT) at 
an ampli tude Bl = 0.28 mT; simultaneously the fre-
quency range of interest was swept with a search fre-
quency vsearch with ampl i tude B r = 1.4 mT. "Butterfly 
pat terns" indicative of DSE as discussed above were 
found for all the 6 3 C u D I T lines of Table 1. Since f rom 
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Fig. 5. Reduction of the magnet izat ion as a function of the 
search frequency to demons t ra te the Dynamic Solid Effect 
on a dilute copper alloy with 210 ppm Pd. VDSE and vöSE are 
the frequencies of DSE transi t ions associated with the D I T 
line at vDIT = 241 kHz. At the low and at the high-frequency 
side, the absorp t ion consists of two overlapping lines, indi-
cating a dipolar coupling with the SIT lines at 55 kHz and at 
65 kHz. 

Fig. 7. DSE absorp t ion of C u / 2 1 0 p p m Pd. The spectrum 
indicates D S E lines at vöSE = (534 — 65) k H z and VpSE = 
(534 + 65) kHz. 

i i i i— 
4 5 0 5 0 0 5 5 0 6 0 0 

s e a r c h f r e q u e n c y [kHz] 
2 0 0 2 5 0 3 0 0 

s e a r c h f r e q u e n c y [kHz] 

Fig. 6. D S E absorp t ion of C u / 2 1 0 p p m Pd. The spectrum 
indicates overlapping DSE lines at VQSE = (241 + 55) kHz 
and VpSE = (241 + 65) kHz, as well as resolved DSE lines at 
v"SE = (404 - 65) kHz and v+SE - (404 + 65) kHz. 

Fig. 8. DSE absorp t ion of C u / 2 1 0 p p m Pd. The spectrum 
indicates DSE lines at vöSE = (3145 — 65) k H z and VpSE = 
(3145 + 65) kHz. 

Figs. 5 to 8 it is apparent that the second transitions 
involved in the DSE lie in the SIT regime, we write the 
frequencies of the DSE transitions as 

VDSE = VDIT I VSIT • (2) 

Table 3 gives the DSE frequencies as obtained by 
Gaussian fits to the experimental data of Figures 5 
to 8. Since the butterfly wings associated with the 

241 kHz DIT line were broader than the others, we 
suspected that here we were dealing with the superpo-
sition of at least two DSE, hence we employed a super-
position of two Gaussians in the fit. The relative un-
certainties in the signal intensities are estimated as 0.1, 
the uncertainties of the vDSE values as ± 4 kHz with 
the exception of the frequency \'pSE associated with 
VDIT = 241 kHz , which is less cer ta in because of the 
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Table 3. Frequencies vDSE and line intensities M D S E of the 
D S E lines identified on a Cu 210 a t . p p m Pd alloy. The 
superscripts 55 of 65 indicate whether the par t ic ipat ing t ran-
sitions in the SIT regime are those at vSIT = 55 k H z or 
65 kHz. The 6 3 C u frequencies vDIT of the par t ic ipat ing D I T 
t ransi t ions are shown in the top line; the signs undernea th 
indicate the sign obtaining on the lef t -hand side of (2). F o r 
the fi t t ing procedures applied to Figs. 5 to 8. For the esti-
mated uncertainties of the DSE frequencies and intensities 
see text. The asterisks indicate frequencies that are less cer-
tain owing to overlap with the low-frequency dipolar back-
g r o u n d . 

" C u vD1T [kHz] 241 404 534 3145 

DSE transition - + - + - + - + 

[kHz] 

M& [%1 

v « E [kHz] 

A/D5SE [%1 

204* 
16.5 

188* 
10.2 

292 
9.4 

306 
9.5 

343 
16.4 

465 
21.8 

469 
21.1 

599 
7.6 

3080 
1.9 

3210 
1.6 

overlap with the low-frequency absorption back-
ground due to dipolar interactions. Its uncertainty in 
estimated to be about ± 15 kHz. 

In order to account for the data of Table 3 we need 
to invoke only two transitions in the SIT regime, with 
frequencies vSIT = 55 kHz and 65 kHz. Accordingly, 
we have labelled the information in Table 3 on the 
DSE lines (frequency and intensity) by superscripts 55 
and 65. As may be seen from Table 2, three of the first 
four shells (viz. shells No. 2, 3, and 4) have nearest 
neighbours in the 5th shell, whereas only the 3rd shell 
has, in addition, nearest neighbours in the 6th shell. 
Shell No. 1 does not have any nearest neighbours out-
side the DIT regime, hence any DSE line involving 
V D I T = 3145 kHz and a SIT transition should be rather 
weak. We see immediately that the assignment of 
vSIT = 65 kHz to the 5th shell and of vSIX = 55 kHz to 
the 6th shell accounts perfectly for the experimental 
data of Table 3, including the weakness of the DSE 
lines associated with v = 3145 kHz. 

4. Discussion and Conclusions 

The main aim of the present work was to study the 
Dynamic Solid Effect (DSE) in Nuclear Quadrupole 
Double Resonance (NQDOR) on a system that was 
simple enough to allow the underlying theoretical 
ideas to be critically tested, and to explore possible 
applications of NQDOR-DSE. Experiments on a se-
ries of dilute CuPd alloys (8, 42, 210, 1000 ppm Pd) 

have demonstrated the power of the Berthier-Minier 
simultaneous-irradiation technique for locating and 
investigating DSE transitions arising from the combi-
nation of an E F G transition in the frequency regime 
accessible to the double-irradiation technique (DIT) 
with one in the SIT (single-irradiation technique) 
regime. It has been shown that if there are several DSE 
lines involving the same D I T transition, the relation-
ship Eq. (2) between the frequencies vDSE, vSIT, and vD1T 

may be used to determine vSIT more reliably than is 
possible by a direct SIT measurement. 

Observation of a DSE frequency vDSE immediately 
provides us with information on the spatial correla-
tion of the nuclei giving rise to the frequencies on the 
right-hand side of Eq. (2). It has been shown that the 
line intensities obtainable by the Berthier-Minier tech-
nique permit next-nearest-neighbour relationships to 
be distinguished from nearest-neighbour relation-
ships. In the particular case of dilute CuPd alloys 
investigated in the present work, the analysis of the 
DSE measurements not only confirmed the conclu-
sions on the assignment of the four DIT transitions 
observed in "ordinary" N Q D O R measurements to the 
first four shells of Cu neighbours surrounding a sub-
stitutional Pd atom but also allowed us to assign reli-
ably two of the quadrupolar frequencies observed in 
the SIT regime, viz. vSIT = 65 kHz to the 5th shell and 
V S I T = 5 5 kHz to the 6th shell. Such an assignment of 
line in the SIT regime does not appear possible in any 
other way since here no simple relationship between 

Table 4. Ass ignment of the N Q D O R frequencies (in kHz) of 
dilute C u P d alloys to shells (italic numbers) a r o u n d isolated 
Pd a toms . T h e 6 3 C u E F G frequencies are given on the main 
diagonal ; the entries in the off -diagonal fields on the upper 
r ight -hand side cor respond to the D S E frequencies resulting 
f rom the -I- sign in Eq. (2), those on the lower lef t -hand side 
pertain to the — sign (cf. Table 3). The asterisks denote 
values with reduced accuracy (see text) .The dashes indicate 
pairs of shells wi thout nearest or next-nearest neighbours . 

n 1 2 3 u 5 6 

1 3 1 4 5 3 2 1 0 -

2 5 3 4 5 9 9 -

3 2 4 1 3 0 6 2 9 2 

U 4 0 4 4 6 5 

5 3 0 8 0 4 6 9 1 8 8 * 3 4 3 6 5 -

6 - - 2 0 4 * - 5 5 
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line intensity and multiplicity exists. Our assignment 
differs indeed from that of Minier and Minier [3], 
which is incompatible with the DSE data. A summary 
of all our line assignments is given in Table 4. 

The third line observed by SIT, with frequency 
Vq = 35 kHz, did not show up in our Berthier-Minier 
tests. This may either mean that it is associated with 
a shell that does not have nearest neighbours on any 
of the first four shells (candidates are thus the 8th shell 
and the 9th shell with m = 24) or that the high ampli-
tude of the search frequency enhances the background 
absorption due to dipolar transitions to such an ex-
tent that DSE due to the 35 kHz line cannot be de-
tected by the Berthier-Minier technique. 

The Berthier-Minier technique as employed in the 
present work, based on simultaneous irradiation with 
two frequencies, cannot reveal DSE involving two 
DIT transitions. The study of the D I T - D I T dynamic 
solid effect would require, in addition to the high-in-
tensity irradiation with the search frequency, simulta-

neous weak irradiation at both DIT frequencies. The 
considerable extension of the experimental arrange-
ment necessary for such investigations was not at-
tempted in the present work. 
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