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a b s t r a c t

In this paper we present a series of high-resolution zero-field NMR spectra of the polycrystalline inter-
metallic compound GdAl2. The spectra were obtained with the sample at 4.2 K in the ordered magnetic
state and in the absence of an external static magnetic field. Using a sequence composed of two RF pulses,
we obtained up to five multi-quantum echoes for the 27Al nuclei, which were used to construct the zero-
field NMR spectra. The spectra obtained from the FID observed after the second pulse and the even echoes
exhibited higher resolution than the odd ones. In order to explain such behavior, we propose a model in
which there are two regions inside the sample with different inhomogeneous spectral-line broadenings.
Moreover, with the enhanced resolution from the FID signal, we were able to determine quadrupolar cou-
plings with great precision directly from the respective spectra. These results were compared with those
obtained from the quadrupolar oscillations of the echo signals, and showed good agreement. Similar data
were also obtained from 155Gd and 157Gd nuclei.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The intermetallic compound GdAl2 has been studied largely by
zero field NMR [1–9]. More recent articles have also discussed the
conditions for the appearance of its spin glass behavior [10–12].
The compound has the cubic Laves phases structure and the unit
cell is formed by sixteen Al atoms forming four tetrahedra with a
three-fold symmetry axis along the principal diagonal of the unit
cell [1], interspaced with eight Gd atoms in a diamond-like struc-
ture. Below 176 K it is in the ferromagnetically ordered state, with
the easy magnetization axis along the h111i direction within do-
mains. In each tetrahedron, there are three symmetrically equiva-
lent atoms with respect to the easy magnetization direction.
Therefore, for the Al atoms there are two magnetically active sites
with a 3:1 ratio, corresponding to the (b,c,d) and a atoms, respec-
tively, in the usual notation [7].

A lot of research has been carried out to determine and explain
the zero-field NMR spectra as well as the quadrupolar couplings in
this compound. Two main peaks have been reported, which we
will label a and b, around 50 MHz and 60 MHz, respectively.
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Federal de Uberlândia, Caixa

rsidade Federal de São Carlos,

60-000, RJ, Brazil.
Moreover, quadrupolar couplings around 270 kHz for the a peak
and 550 kHz for the b peak were also reported. In early reports,
those peaks were attributed to the two magnetic sites within
domains, since the peak intensities are roughly in the ratio 3:1.
However, since in this compound the domain walls are wide and
the wall and domain enhancement factors are similar, some
authors [5,7,9] have argued that the b peak arises from regions in
the domain wall centers on the hard axis of magnetization
h110i. In particular, Bowden et al. [5] calculated the angular
dependencies of the hyperfine field and the quadrupolar couplings
for each site of the 27Al atoms and showed that the a atoms within
domains contribute mainly to the a peak, while the c and d atoms
in domain walls contribute to the b peak. This interpretation was
further reinforced by Dumelow et al. [7] with new NMR measure-
ments, including the application of an external magnetic field to
powdered and single-crystal samples. Bauer and Dormann [9],
based on high-field single-crystal NMR data, extrapolated the
NMR frequencies to the zero-field case and to different radio fre-
quency (RF) amplitudes. Their results, as well spectrum simula-
tions, suggested that only the domain wall centers and edges
contribute to the whole 27Al NMR spectrum.

As an alternative approach to finding the quadrupolar cou-
plings, many authors have utilized the quadrupolar oscillation
method of the echo amplitude, described by Abe et al. [13]. It has
been found that better resolution spectra are obtained from sin-
gle-crystal samples or polycrystalline samples that are not finely
powdered. For example, Dumelow et al. [7] utilized the central line
of the quadrupolar quintuplet to obtain precise values of the
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hyperfine field. In this paper we also present well-resolved spectra
for a powder GdAl2 sample. Besides the enhanced spectral resolu-
tion, we were able to record the FID signal and all five multi-quan-
tum (MQ) echoes expected for the 27Al nuclei (spin 5/2), due to the
quadrupolar interaction, using a two pulse sequence. To our
knowledge, this has never been reported before for this compound.
The access to high-resolution MQ-echo spectra opens up new pos-
sibilities of analysis of the hyperfine field and quadrupolar cou-
pling distributions for magnetic samples.

The paper is organized as follows. Section 2 presents the simpli-
fied Hamiltonian which describes the main features of the NMR
signals in the GdAl2 sample. Section 3 presents a brief review of
the dependence of the MQ-echo spectra line widths on the hyper-
fine field and quadrupolar coupling distributions. Experimental re-
sults are presented in Section 4. At first, we present the 155Gd and
157Gd spectra obtained from the FID and the MQ-echo signals.
Next, we present the 27Al spectrum derived from the FID signal
produced by a single pulse sequence, where the dead time between
excitation and signal acquisition, �2 ls, was shorter than the
transverse relaxation time (T2), �25 ls. Then, using a sequence of
two identical RF pulses, we varied the pulse lengths in order to
maximize the amplitude of the five MQ echoes for the 27Al signal.
From the corresponding spectra, we found that the even echoes
(2,4) presented narrower line widths than the odd ones (1,3,5).
Additionally, the well-resolved quadrupolar couplings obtained
from the spectra were compared with those obtained by the quad-
rupolar oscillation method, showing good agreement. In Section 5,
we discuss the experimental results based on the expected line
widths calculated in Section 3, which lead us to conclude that
the NMR signal from the 27Al nuclei originate from two distinct
hyperfine field distributions. Conclusions are drawn in Section 6.
2. Origin of the NMR signal

The nuclear Hamiltonian for both quadrupolar nuclei at the nth
site in the GdAl2 can be separated into three parts: [9]

Hn ¼ Heff ;n þ Hq;n þ Hrf ;n: ð1Þ

The effective Hamiltonian Heff can be approximated by the Zee-
man interaction with the effective magnetic field:

~Beff ;n ¼~Bhf ;n þ~Bd;n þ
4
3
p~Ms; ð2Þ

where ~Bhf accounts for the interaction with the polarized conduc-
tion electrons, ~Bd is the dipolar field due to the Gd3+ electron mo-
menta, and 4

3 p~Ms is the Lorentz field. Since Heff is the principal
contribution to H, for each site n we define a frame with the z-axis
parallel to~Beff ;n. Assuming cylindrical symmetry for the electric field
gradient (efg) at the nuclei sites, the quadrupolar interaction, to
first-order approximation, is given by:

Hq;n ¼ �h
xq;n

6
3I2

z � IðI þ 1Þ1
h i

; ð3Þ

where Iz is the component of the nuclear angular momentum oper-
ator along the z direction of site n, I is the nuclear spin quantum
number, and xq,n the quadrupolar coupling amplitude.

The RF Hamiltonian Hrf corresponds to the interaction of the nu-
clei with the applied RF field ~Brf . Since it is a perturbative term of
Heff, only the components perpendicular to the z-direction in the
nth frame need be considered:

~Brf ;nðtÞ ¼ Brf ;n½cosðxt þ /nÞx̂þ sinðxt þ /nÞŷ�: ð4Þ

The system dynamics is more easily described in a rotating
frame around the z-direction of each site with the RF field angular
frequency x, giving the transformed Hamiltonian:
eHn ¼ ��hðx0;n �xÞIz þ �h
xq;n

2
I2

z � �hx1;nI/;n: ð5Þ

The new amplitude variables are defined by x0,n = cBeff,n and
x1,n = cBrf,n, where c is the nuclear gyromagnetic ratio. I/,n is the
component of the angular momentum perpendicular to the z-axis
and making an angle /,n with the x axis of the nth frame.

We can see that the dependence on n of all the interactions
above are due to two causes: (i) variation, from site to site, of the
interaction amplitudes and (ii) variation of the relative orientations
of ~Beff ;n with respect to the efg symmetry axis and ~Brf ;n.

In order to describe the density matrix evolution of the system
we can substitute the dependence on the discrete variable n by
that on a continuous distribution:

pðx0;xq;x1Þ ¼ f ðx0ÞgðxqÞhðx1Þ; ð6Þ

where p(x0,xq,x1)dx0dxqdx1 gives the probability of finding a
nucleus with interaction amplitudes between x0 and x0 + dx0,
xq and xq + dxq, and x1 and x1 + dx1. In fact, x1 is a bi-dimen-
sional variable since it also includes the / RF phase dependence.
Here we are not interested in describing the exact form of the p dis-
tribution, but just in relating its dispersion to the spectral line
widths of the NMR echo signals. Therefore, the assumption of
uncorrelated distributions expressed in Eq. (6), though not gener-
ally true, simplifies the treatment and is sufficient for our purposes.
Moreover, if there is no correlation between the amplitude of the
~Beff field and its direction relative to a fixed laboratory frame,
the NMR signal is proportional to the usual projection of q onto
the transverse angular momentum operator:

SðtÞ ¼ TrfIþ
Z

qð~x; tÞpð~xÞd~xg; ð7Þ

where qð~x; tÞ is the solution of the Liouville-von Neumann equation
for the Hamiltonian of Eq. (5) and I+ = Ix + iIy. The symbol ~x is just a
compact notation for (x0,xq,x1). Here we assume that the true
relaxation times are much longer than the inverse of the interaction
amplitudes dispersion.
3. General properties of the MQ echoes

Almost all NMR interactions can give rise to MQ states, includ-
ing the dipole and quadrupolar interactions in solids and the J cou-
pling in liquids. A way to reveal such states is to observe the
formation of multiple echoes for quadrupolar nuclei in the pres-
ence of spatial distributions of the interaction amplitudes through
the sample. Hahn was the first to explore the NMR echo phenom-
enon due to the static magnetic field inhomogeneity [14]. Solomon
described the MQ echoes due to the quadrupolar coupling inhomo-
geneity in solid crystals [15]. Since then, many works have de-
scribed MQ echo formation in a great variety of materials and
interaction strengths and distributions [16–25]. Echo formation is
especially important in the study of magnetic materials, since the
great interaction dispersion can let the FID signal vanish before
the start of acquisition. Moreover, valuable information about the
nature of the MQ states can be extracted from the spectra of the
echoes. We will focus only on the contribution of the quadrupolar
interaction to the MQ states generation. The inhomogeneity of the
quadrupolar and the Zeeman interactions will be responsible for
the spectral line shape structure in the multiple echo signal. Only
the half-integer spin will be treated, since this is the case for
both the Gd and Al nuclei. It is worth mentioning that, besides
the quadrupolar interaction, there are at least two other mecha-
nisms for the formation of multiple echoes: dynamic effects
due to hyperfine magnetic interactions [24] and stimulated
echoes [14] due to short repetition times compared with the
relaxation times. We neglect the former, owing to the absence of



Fig. 1. Pulse sequence for MQ states and echo generation. The two RF pulse widths
are much shorter than s.
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experimental evidence for the compound GdAl2, while the latter
can be suppressed by using sufficiently long repetition times.

Here we consider the two-pulse sequence shown in Fig. 1. To
facilitate the analysis we assume that there are no Zeeman and
quadrupolar interaction dispersions during the application of the
RF pulses, that is, Hamiltonian (5) is independent of the n sites.
This assumption, together with condition (6), enables us to relate
the MQ echo shapes directly to the Fourier transforms (FT) of dis-
tributions f(x0) and g(xq). Moreover, since the pulse widths are
much shorter than the evolution period, s, echoes are predomi-
nantly dictated by the distributions f and g in the intervals where
there are no RF fields.

Starting from the thermal equilibrium state of zero-order coher-
ence, in the presence of the quadrupolar interaction, the first pulse
will create a state of multiple quantum coherences q0. During the
evolution period, s, each matrix element q0

ij will gain a phase pro-
portional to the Bohr frequency mij of Hamiltonian (5) without the
RF term: q0

ijðsÞ ¼ q0
ije

imijs. The second pulse will mix the different
q0

ijðsÞ terms, and the new elements will be related to the old ones
by the transformation qklð0Þ ¼

P
ija

kl
ij q0

ijðsÞ. The transformation ele-
ments are given by akl

ij ¼ UkiU
�1
jl , where U is the propagator for the

second pulse. For t > 0, the coherence phases will evolve again and
the matrix elements will be given by qklðtÞ ¼

P
ija

kl
ij q0

ije
ihkl

ij ðtÞ, where
hkl

ij ðtÞ ¼ mijsþ mklt. Echoes will occur at times when the phases hkl
ij

are independent of the amplitudes x0 or xq. Substituting q(t) in
Eq. (7) we obtain the following expression for the NMR signal:

SðtÞ ¼
X

ijk

ck
ijFðt � nijÞGðvij � aktÞeihmk;k�1it ; ð8Þ

where

nij ¼ sðmi �mjÞ; ð9Þ

vij ¼
s
2

m2
i �m2

j

� �
; ð10Þ

ak ¼ mk þ
1
2
; ð11Þ

and hmk;k�1i ¼ hxqiak � hx0i: ð12Þ

The coefficients are given by:

ck
ij ¼ ak;k�1

ij q0
ije

ihmijis½Iþ�k�1;k: ð13Þ

The summation indexes cover the range �I 6mi, mj 6 I and
�I 6mk < I, where the variables m correspond to magnetic quan-
tum numbers. The functions F and G are the Fourier transforms
of the distributions f(hx0 i + x0) and g(hxqi + xq), where we will
assume that f and g are real functions symmetrical around the
mean values hx0i and hxqi, respectively. Therefore, F(t0) and G(t0)
are real functions, symmetrical around t0 = 0.

We will define the echo order as the time t that corresponds to
the center of the functions F and G in units of s. Thus, F(t � nij) and
G(vij � akt) correspond to echoes of order nij/s and vij/aks, respec-
tively. From the arguments of the functions we see that the in-
stants of the echo centers are related to the quantum numbers
mi and mj for function F and mi, mj, and mk for function G. Eq.
(13) shows that those echoes will exist only if the first pulse
creates the corresponding q0
ij coherences and if the second pulse

connects those coherences with the first order states mk �mk�1

through the transformation elements ak;k�1
ij . These elements are ob-

tained from the propagator for the second pulse, taking h x0i, hxqi,
and hx1i as the interaction amplitudes.

The quantum number mk labels the 2I � 1 spectral components
of frequencies hmk,k�1i, which are symmetrically distributed around
�hx0i and equally spaced by hxqi, as can be shown by Eqs. (11)
and (12). Hereafter we will refer to the transitions mk M mk�1 sim-
ply as mk.

Let Dx0 and Dxq be some measure of the Zeeman and quadru-
polar distribution widths, as for example their half widths at half
maximum. Three interaction inhomogeneity conditions will be
considered separately.

3.1. The Zeeman inhomogeneity case

The Zeeman inhomogeneity case is characterized by the
condition:

Dxq � 1=s� Dx0: ð14Þ

In this case, we can neglect the effect of the function G in each
term of the summation (8), since its temporal width will be much
greater than the separation between its center and that of function
F. Moreover, for fast-decaying functions, the condition 1/s� Dx0

implies that the superposition of functions F with different argu-
ments nij can be neglected. Therefore, the echo centers are deter-
mined by the times that cancel out the argument in F:

t ¼ sðmi �mjÞ: ð15Þ

It follows that an echo of order p will be affected only by the
coherences q0

ij of the same order p created by the first pulse, where
the coherence order of a density matrix element qij is defined as
mi �mj. All the distinct echo centers are equally spaced by s, and
there are at most 2I echo orders, besides the zeroth one (mi = mj)
that corresponds to the FID signal of the second pulse.

All 2I � 1 spectral lines labeled by mk are expected for any echo
and they all have the same line width Dx0. This can be seen from
the argument of the F function, which is independent of mk.

3.2. The quadrupolar inhomogeneity case

The criterion here is precisely the opposite of that for the previ-
ous case:

Dx0 � 1=s� Dxq: ð16Þ

In this case, the function F can be neglected in Eq. (8) and the
superposition of the various functions G is negligible, in view of
the condition 1/s� Dxq. Thus, the quadrupolar echoes are cen-
tered at times that cancel out the argument in G:

t ¼ s
m2

i �m2
j

2mk þ 1
: ð17Þ

Now, there is no simple relation between the coherence orders
of q0 and the echo orders. Many coherences contribute to the same
echo and various echoes share the same coherences. For example,
the coherences (mi = 3/2,mj = 1/2) and (mi = 3/2,mj = �1/2) contrib-
ute to the same spectral component mk = 1/2 of the echo centered
at t = s. Moreover, the echoes are not evenly spaced, occurring at
intervals of some integer and half-integer multiples of s, e.g.,
t = s/2, s, 3s/2, 2s, and 3s, for I = 5/2.

The argument of function G also shows that the time t is scaled
by ak. This implies that the widths of spectral components of a gi-
ven echo are equal to Dxqjmk + 1/2j. Therefore, the line widths of
the satellites will be proportional to their distances from the



Table 1
Properties of the MQ echoes for the three inhomogeneity conditions.

Inhomogeneity case Distributions widths Echo centers (s units) Echo/coherence order relation Spectral widths

Zeeman Dxq� 1/s� Dx0 Integers Biunique Central: Dx0

Satellites: Dx0

Quadrupolar Dx0� 1/s�Dxq Integers and half integers Non-unique Central: Dx0

Satellites: Dxqjmk + 1/2j
Complete Dx0,Dxq� 1/s Odd integers Biunique Central: Dx0

Satellites: Dx0 + Dxqjmk + 1/2j
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spectrum center at �hx0 i. Another consequence of the depen-
dence of G on mk is that not all the 2I � 1 spectral lines will be pres-
ent in a given echo. For example, for the echo centered at 3s/2,
besides the central line, only the extreme satellites mk = �5/2
and mk = 3/2 will contribute to the spectrum of an I = 5/2 nucleus.

The spectral analysis of the central line mk = �1/2 deserves spe-
cial attention, since the denominator of Eq. (17) is zero in this case.
Eq. (8) shows that the G function argument is zero at any time for
mk = �1/2 and mi = ±mj. Therefore, the central line is dictated by
the F functions centered at the corresponding nij times. If the con-
dition Dx0� 1/s is easily satisfied, the FID and all echoes will have
a narrow central line of width Dx0. Otherwise, the farther from
t = nij an echo is formed, the more damped will be its central line
amplitude.

3.3. The complete inhomogeneity case

The complete inhomogeneity case is characterized by the
condition:

Dx0;Dxq � 1=s: ð18Þ

In this case, neither the Zeeman nor the quadrupolar distribu-
tions can be neglected. To each term in the summation (8), the
functions F and G will cancel each other except when their centers
coincide. Therefore, equating the times in Eqs. (15) and (17) and
setting the coherence order p = mi �mj, we find that mk must sat-
isfy the following equations simultaneously:

mk ¼ mi �
p
2
� 1

2
ð19Þ

and mk ¼ mj þ
p
2
� 1

2
: ð20Þ

For a fixed p, Eq. (19) gives the upper bound for mk when mi = I
and Eq. (20) gives the lower bound for mk when mj = �I:

�I þ p
2
6 mk þ

1
2
6 I � p

2
: ð21Þ

It can be seen from Eqs. (19) and (20) that only odd values of p
result in valid mi, mj, and mk values. Moreover, condition (21) guar-
antees that for every odd p there will exist at least one mk that sat-
isfies Eqs. (19) and (20). Therefore, by Eq. (15), the echoes will be
centered at times:

t ¼ ps; 8 odd p: ð22Þ

Condition (21) implies that, for each order p echo, only the first
I � p/2 satellite spectral line pairs will exist. In particular, the spec-
tra of the first order and 2Ith order echoes will feature all the sat-
ellites and no satellites at all, respectively.

The central line mk = �1/2 must again be analyzed with the aid
of Eq. (8), which tells us that the argument of function G is canceled
out for mi = ±mj. The minus and plus signs imply odd p and p = 0,
respectively. Consequently, all echoes and the FID spectra will have
a central line width of Dx0. The satellite widths will be
Dx0 + Dxqjmk + 1/2j, as they contain contributions from both F
and G.
Table 1 contains a resume of the three interaction inhomogene-
ity conditions. Dispersion of either the Zeeman or quadrupolar
interactions can produce MQ echoes. In any case, the existence of
a strong Zeeman dispersion, Dx0� 1/s, will create a one-to-one
relation between the echo and the coherence orders, while only
odd orders will exist if a strong quadrupolar dispersion,
Dxq� 1/s, is also present. There is no simple echo/coherence
order relation if only a strong quadrupolar dispersion,
Dx0� 1/s� Dxq, is present. Finally, only the Zeeman inhomoge-
neity case will produce all 2I spectral lines for all echoes.

4. Experimental results

The GdAl2 compound was prepared by the voltaic arc technique
under an argon atmosphere, followed by thermal treatment [26].
Subsequently, the specimen was milled into a powder. The powder
was analyzed by X-ray diffraction and the XRD pattern compared
to that of GdAl2 in the database at JCPDS-International Centre for
Diffraction Data [Id Number 28-0021, PCPDFWIN Version 2.1,
2000]. For the measurements, the powdered sample (�100 mg)
was mixed with mineral oil. The grain sizes were estimated to be
from 1 to 10 lm by optical microscopy.

The 155Gd, 157Gd, and 27Al zero-field NMR experiments were
carried out at 4.2 K with a Discovery Tecmag Console, operated
in the frequency range of 1 to 600 MHz. For these wide line exper-
iments, no filtering or tuned elements (including quarter wave-
length cables) were used, in order to avoid introducing spectral
artifacts.

Since the effective field distribution in ferromagnetic materials
is usually very wide, generating NMR spectra much broader then
the spectral width of the RF excitation pulse, it is often necessary
to perform a pulse frequency sweep [27]. The signals thus obtained
were processed by two methods. The first consists in taking, for
each frequency step, the modulus of the integral of the real and
imaginary parts of the time signal [28]. The second corresponds
to the summation of the Fourier transform of the time signal for
each frequency step [29].

4.1. Gadolinium spectra

In Fig. 2, we present the NMR time signals and respective spec-
tra for the 155Gd and 157Gd nuclei (14.7% and 15.7% natural abun-
dance, respectively). Both nuclei possess spin 3/2 and thus can
present MQ echoes due to quadrupolar interaction. Although the
field dispersions are usually wide when compared with non-mag-
netic materials, for our sample it was small enough to observe the
Gd nuclei FID signals. To do that, the two-pulse sequence shown in
Fig. 1 was used. The echo time s was 40 ls and the pulse widths
were 1.0 ls for the first and 0.5 ls for the second RF pulse. The
RF pulse phases were equal. The repetition time was 100 ms and
number of scans 30,720. Figs. 2b and c show the Gd spectra ob-
tained from the Fourier transform of the FID and first and third
echoes. It can be seen that only the third echo spectrum does not
exhibit the two satellites expected for a I = 3/2 nucleus. By estimat-
ing the half-line widths at half-maximum of the FID and first echo,



Fig. 2. (a) 155Gd and 157Gd NMR time signal modulus obtained after the two-pulse sequence (Fig. 1). (b) 155Gd and (c) 157Gd spectra obtained from the Fourier transform of the
FID and each individual echo shown in (a). The RF pulses were applied at the single carrier frequencies of 20.6 MHz and 27.1 MHz for the 155Gd and 157Gd nuclei, respectively.

Fig. 3. 27Al NMR spectra of the FID signal generated by the single-pulse sequence.
The spectra were collected by pulse frequency sweep and processed by both
Integral and FT methods.

J.R. Tozoni et al. / Journal of Magnetic Resonance 212 (2011) 265–273 269
we found that the central line is �50 kHz wide, while the satellites
are�200 kHz wide. According to the theory expounded in Section 3
and summarized in Table 1, those widths enable an estimate of the
interaction distributions of Dx0 = 50 kHz and Dxq = 150 kHz to be
made. It follows that the condition Dx0, Dxq� 1/s(in Hz) is satis-
fied, which characterizes the complete inhomogeneity case for
both Gd nuclei. Thus, the complete inhomogeneity condition ex-
plains the absence of satellites in the third echo spectrum, since,
according to the theory presented in Section 3.3, the highest order
echo shows no satellites at all. Fig. 2a shows the Gd nuclei time sig-
nals after the two-pulse RF sequence for the echo time s = 40 ls,
from which the spectra of Fig. 2a were obtained. We can easily rec-
ognize the FID, the first and the third echoes at t = 0 ls, t = 40 ls,
and t = 120 ls, respectively. There is no second order echo at
t = 80 ls, or its amplitude is negligible, which is again in accor-
dance with the complete inhomogeneity condition discussed in
Section 3.3.

The measured quadrupolar couplings from the spectra were
�620 kHz for 155Gd and �680 kHz for 157Gd. These results are
in agreement with the literature for a single-crystalline sample
[6], and indicate that the zero-field NMR spectra are independent
of crystal orientation [7], since our sample was polycrystalline.
We also performed quadrupolar oscillation experiments in order
to compare the quadrupolar couplings. However, the results
showed no oscillations at all, indicating that this method appar-
ently could not be applied to the Gd nuclei in our sample, thus
reinforcing the importance of the high resolution spectra
obtained.

4.2. 27Al single pulse spectrum

The magnetic field dispersion at the 27Al sites was also small en-
ough to observe the FID signal after a single pulse excitation. Fig. 3
presents the 27Al FID signal and the corresponding spectrum for
the single-pulse sequence. The pulse width was 0.5 ls and the fre-
quency sweep was made in 360 frequency steps covering a band-
width of 28 MHz, 1,536 scans being taken for each step. The
repetition time was 100 ms. The measured quadrupolar couplings
were �270 kHz for the 48.9 MHz peak and �550 kHz for the
62.1 MHz peak. It can be observed that the quadrupolar lines are
well resolved and that second order quadrupolar effects are negli-
gible, since the spectral lines are evenly spaced. These results are
consistent with those reported in the literature for the echo signal
[3,7]. By fitting a Lorentzian line shape to the spectrum of Fig. 3, we
found an average line width of Dx � 80 kHz for spectral lines
around the 48.9 MHz peak and Dx � 100 kHz around the
62.1 MHz peak, where Dx is the half-width at half-maximum of
the Lorentzian distribution. According to Table 1, the approxi-
mately equal line widths are indicative of the Zeeman inhomoge-
neity case or the complete inhomogeneity case with Dx0� Dxq.
The line widths were obtained by the Fourier transform method
(red line) since this method resulted in a better resolved spectrum.

It is important to mention that the individual multiplet spectra
centered at 48.9 and 62.1 MHz could be obtained with the single
pulse sequence without a sweeping frequency, provided the pulse
bandwidth is broader than 2 MHz (pulse width 60.5 ls), as is the
case here.
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4.3. 27Al quadrupolar oscillation of multi-quantum echoes

Here we describe the experimental results for the quadrupolar
couplings of the 27Al nucleus, obtained by the quadrupolar oscilla-
tion method. Abe et al. [13] deduced that, for the Zeeman inhomo-
geneity condition, the echo amplitudes oscillate as a function of
the echo time s at frequencies that are multiples of hxqi. More
specifically, the first, second, and third echoes shows harmonic
components, multiples of nhxqi, (2n + 1)hxqi, and 3nhxqi, respec-
tively, where n is a positive integer, including n = 0 just for the
odd echoes. Fig. 4 presents the results for the three first echoes
at the frequencies of 48.9 and 62.1 MHz. The amplitudes were
measured at the corresponding echo centers, as functions of s,
and then Fourier transformed to give the spectral composition.
Odd echoes presented a zero frequency term, as expected, which
was subtracted before the transform. It can be seen clearly that
the echoes exhibit harmonic components at the expected multi-
ples. Those multiples are consistent with the values of 270 and
550 kHz obtained in Sections 4.2 and 4.4 for the quadrupolar
couplings at frequencies 48.9 and 62.1 MHz, respectively. Here,
we observe a splitting in the peak structure of echoes 1 and 2 at
62.1 MHz, which is indicative of the presence of two different
quadrupolar couplings. This effect is also observed in the first echo
spectrum of Section 4.4.
Fig. 4. Raw (top) and baseline-removed (bottom) 27Al quadrupolar oscillation
observed for the first echo at 48.9 MHz. (b) Spectral compositions obtained by
Fourier transform of the 27Al quadrupolar oscillations measured for the first three
echo amplitudes at both 48.9 and 62.1 MHz.
4.4. 27Al FID, multi-quantum echoes and spectra

Here we analyze the FID and all five echoes produced by the
27Al nuclei under the two-pulse sequence. They were obtained at
48.9 MHz, by using first and second pulse widths of 1.2 ls and
0.7 ls separated by a s interval of 40 ls, a repetition time of
100 ms and 102,400 scans. Fig. 5a shows the FID and all five echo
time-domain signals. Fig. 5b–g show the spectra obtained directly
by Fourier transform of the FID and echoes, without frequency
sweep. The FID spectrum was obtained with time window of
20 ls. The echo spectra were obtained with a rectangular time
window of 40 ls, centered at the respective echo centers.

Since the NMR spectrometer was used to detect very wide spec-
tra, special care was taken to avoid spurious artifacts affecting the
wide line spectral shape, arising from transmitter, receiver, cables,
radio frequency (RF) probe, etc. [30]. In order to circumvent such
undesirable contributions, the radio frequency probe coil was de-
signed to avoid self-resonances in the experimental frequency
range (10–100 MHz) and its connections to the spectrometer were
made without using any tuning/matching by capacitors or trans-
mitter/receiver duplexing with quarter-wavelength-cable. Before
the experiments, the following calibration procedures were carried
out: (i) the RF probe was fully characterized by the use of a vector
impedance meter; (ii) the spectrometer frequency response, with-
out probe, was analyzed by connecting the transmitter directly to
the receiver and running the experiment over the full experimental
frequency range; and (iii) the procedure used in (ii) was repeated
with the inclusion of the RF probe (loop-back experiment). After
these procedures, it was possible to observe all the spurious contri-
butions of the spectrometer to the spectra, allowing them to be
eliminated safely from the observed spectra. Fig. 6 shows the
raw spectrum observed for the first echo together with the loop-
back curve and its second derivative, needed to indicate where
one can easily observe the spurious artifacts introduced by all
the components of the spectrometer. The second derivative is
important for this analysis because it indicates that some spurious
oscillations found in the spectra are not associated with quadrupo-
lar multiplets, since they do not show the expected multiplet pat-
terns and the quadrupolar oscillation experiments indicate that the
splittings are different from that observed. In this way, all the oscil-
lations not correctly correlated with the measured quadrupolar
couplings could be removed from the spectra. A splitting of the
quadrupolar multiplet structure is seen around the 62.1 MHz; this
was also observed in the echo oscillation experiments of Sec-
tion 4.3, thus indicating that two quadrupolar couplings are really
present in this portion of the spectrum, and are not due to some
processing artifact.

Fig. 7 shows the spectra obtained from the FID and the first
three echoes, employing the same procedures discussed above,
and processed by the Fourier Transform method, with the same
frequency sweep and average values as in Section 4.2. The pulse
widths were 1.2 ls for both the first and second RF pulses. The
echo time was s = 70 ls, the repetition time 100 ms, and 2048
scans were taken. The three echoes were equally spaced by the
interval s.

We can notice that the FID and the second order echo (t = 2s)
spectra present narrower and more symmetrical lines than the first
(t = s) and third (t = 3s) echoes. It is possible to discern a quintuplet
structure for the FID, the first echo, and the second echo spectra,
while the third echo had a triplet-like structure. The mean line
widths around the 48.9 MHz peak were 100, 250, 60, and 200 kHz,
for the FID, the first, the second, and the third echo spectra, respec-
tively. Owing to the broad lines of the first and the third echoes, their
mean line widths were estimated by dividing the half-width at half-
maximum by the number of lines in the multiplet structure. These
results are summarized in Table 2. The alternating behavior of the



Fig. 5. 27Al NMR time-domain signal (a) and the Fourier transform of each part (b–g), obtained with the two-pulse sequence (Fig. 1) applied at the single carrier frequency of
48.9 MHz. For convenience, the amplitudes of the FID and first echo (normalized to 1) have been reduced in scale, to allow the remaining echoes to be seen.

Fig. 6. Raw 27Al NMR spectrum obtained from the first echo (t = s) together with
the loop-back curve, its second derivative, and the corrected spectrum. The spectra
were obtained by frequency sweep and processed by the FT method.
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line widths shown in Table 2 can be qualitatively appreciated in the
six spectra of Fig. 5b–g, where we can see a clear distinction between
the even and odd echo orders. Odd echoes show line widths substan-
tially broader than the even ones and the FID.
5. Discussion

The characteristics of the Gd spectra are in agreement with the
theory discussed in Section 3 regarding the spectral line widths.
The data obtained show that the Gd nuclei experience the com-
plete inhomogeneity condition. This evidence is drawn from the
spectral widths of the central and satellite transitions (Figs. 2a),
where both interactions, Zeeman and quadrupolar, are much
broader than the inverse of the echo time. The complete inhomo-
geneity assumption is further reinforced by the absence of the sec-
ond-order echo and of the satellites in the third order echo, in
Fig. 2. The absence of harmonic components in the quadrupolar
oscillation experiment is also indicative that the quadrupolar inter-
action dispersion is very large for the Gd nuclei.

The discussion of the Al data is a little more involved. The main
result is the enhanced spectral resolution of the even echoes com-
pared to the odd ones (Figs. 5 and 7, and Table 2), especially over



Fig. 7. 27Al NMR spectra obtained from the FID (a) and the first three echoes, centered at t = s (b), 2s (c), and 3s (d), generated with the two-pulse sequence of Fig. 1. The
spectra were obtained with pulse frequency sweep and processed by the FT method.

Table 2
Estimated half-widths at half-maximum of the 27Al spectral lines of Fig. 3 (single
pulse) and Fig. 7 (two pulses). Peaks a and b correspond to the frequencies of 48.9 and
62.1 MHz, respectively.

Peak Single pulse Two pulses

a (kHz) b (kHz) a (kHz)

FID 80 100 100
Echo 1 250
Echo 2 60
Echo 3 200

Fig. 8. First echo spectrum processed without the ‘‘negative’’ and central parts of
the first echo time signal (removing the first points corresponding to 5.8 ls). The
spectrum was obtained with pulse frequency sweep and processing the signals by
the FT method.
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the first order echo, which is used to study magnetic materials. The
origin of such a distinction between the echoes of different order
parity can also be explained in the light of the inhomogeneity con-
ditions described in Section 3. Moreover, in a magnetic material
like powdered GdAl2, differing magnetic homogeneities are ex-
pected through the sample, arising from factors such as domains,
domain walls, RF enhancement factor, etc. Therefore, let us analyze
which inhomogeneity conditions could explain the differences in
the spectral resolution of the echoes.
Since a complete inhomogeneity produces only odd order ech-
oes, this condition should be the main cause of the large line
widths of the odd echoes. Another indication is the number of
spectral lines, where we can identify one, three, and five spectral
lines for the fifth, third, and first order echoes, respectively, as ex-
pected for the complete inhomogeneity case.

From Table 1, we see that the only inhomogeneity case that pro-
duces all the even order echoes, as well as the odd ones, is the Zee-
man case. As expected for this case, the spectra in Figs. 5 and 7
show that the even echoes show all five spectral lines with roughly
the same line widths. There is not enough resolution to evaluate
the Zeeman inhomogeneity contribution to the odd echoes, since
it is superimposed on the broader signal from the complete inho-
mogeneity region.

There is no evidence for the existence of the quadrupolar inho-
mogeneity case, since there is no observable echo formation at
half-integer intervals of s.

Therefore, Tables 1 and 2 provide an estimate for the inhomoge-
neous broadening due to two regions of the sample: a more homo-
geneous one, with Zeeman dispersion from 60 to 100 kHz, and a
less homogeneous one with Zeeman plus quadrupolar dispersion
from 200 to 250 kHz. Since the echo time s used in the experiment
of Fig. 5 was 40 ls, we can infer that the quadrupolar dispersion in
the Zeeman inhomogeneity region is much less than 1/s � 4 kHz,
while it is much greater than 4 kHz in the complete inhomogeneity
region.

The relatively narrow line widths of the FID in Figs. 4 and 5
must be explained. From the discussion at the end of Section 3.3,
the FID spectrum is expected to present broad line widths,
Dx0 + Dxqjmk + 1/2j, due to the complete inhomogeneity region.
The observed narrow lines can be explained by the dead time
before acquisition (Dt � 2 ls). Therefore, spectral components
broader than 1/2pDt � 80 kHz are filtered out from the FID.

Inspired by the dead-time filtering effect on the FID signal and
aware, from the discussion above, that the first order echo has a
better resolution contribution we filtered the first echo too. This
was done by applying a rectangular time window function to sup-
press the ‘‘negative’’ and central parts of the first order echo
(removing the first points corresponding to 5.8 ls). The result is
shown in Fig. 8. If we compare this spectrum with those shown



Table 3
Comparison between NMR frequencies calculated and measured by Bauer and
Dormann [9], mcalc and m1, respectively, and the frequencies m2 observed directly from
Fig. 8.

[hkl] mcalc (MHz) m1 (MHz) m2 (MHz)

[001]abcd 53.6 53.7 53.8
[111]a 62.3 61.8 62.1
[111]bcd 50.3 50.3 50.8
[110]ab 58.1 58.0 57.6
[110]cd 48.6 48.6 48.9
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in Fig. 6 or Fig. 7b, we note a better resolution and the appearance
of other peaks beyond the 48.9 and 62.1 MHz ones, which could
also be observed with slight difficulty in Fig. 7c. To our knowledge,
those peaks have not yet been reported, although they are ex-
pected from single crystal data [9]. Table 3 compares the expected
Al peaks reported by Bauer et al. [9] and the ones obtained from
the spectrum of Fig. 8 and shows close agreement for all peaks.

6. Conclusions

High-resolution zero-field NMR spectra were obtained for pow-
dered GdAl2 in the ferromagnetically ordered state at 4.2 K. The
magnetization was measured after the application of single and two-
pulse sequences. Both Gd and Al nuclei produced FID signals, showing
that the field distributions in the test specimen were relatively narrow
(transverse relaxation time for the FID greater than 2 ls). Multiple echo
formation was observed for both nuclei when the two-pulse sequence
was used. The origin of such echoes is the creation of multiple quantum
states due to quadrupolar interaction, which evolve under both Zee-
man and quadrupolar interaction dispersions, and are refocused by
the RF pulse. A remarkable result was that the even echoes exhibited
a substantially higher resolution than the odd ones (line widths
�75% narrower for the 27Al nuclei). We propose an explanation for such
an effect as being due to signals originating from two regions in the
sample with different inhomogeneity properties. According to this
hypothesis, a more homogeneous region, with Zeeman dispersion from
60 to 100 kHz, produces all five echoes observed for the 27Al nucleus,
while a less homogeneous one, with Zeeman plus quadrupolar disper-
sion from 200 to 250 kHz, produces only the odd echoes among the
five observed. In order to get information from the more homoge-
neous region contained in the first echo signal, we applied a rectan-
gular time window to the echo center. As a result, we found new
resonances between the 48.9 and 62.1 MHz peaks that had not yet
been reported, but were expected from single crystal data [9]. Addi-
tionally, we applied the quadrupolar oscillation method to obtain
the quadrupolar couplings of the 27Al nucleus for the first three mul-
ti-quantum echoes. All three echoes showed oscillations at the ex-
pected frequencies, given that they are produced by MQ states.
The results reported here indicate that other materials that present
multi-quantum echoes could also benefit from spectral analysis of
the even echoes, since the complexity of the distribution of interac-
tions inside the magnetic material can produce a great variety of
inhomogeneity conditions.
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