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The nuclear magnetic resonancesNMRd spectra of a decagonal Al72.6Ni10.5Co16.9 single-grain quasicrystal
sQCd were investigated by field- and frequency-sweep techniques in two magnetic fields and the27Al relax-
ation rate was determined. The spectra are strongly inhomogeneously broadened by the electric quadrupole
interaction, as evident from the magnetic-field independence of the width of the satellite part of the spectrum
and the inverse-field dependence of the width of the central line. The temperature-independent27Al isotropic
Knight shift is anomalously low similarly to icosahedral Al-based QCs, whereas the line broadening due to
anisotropic Knight shift is minute as compared to the quadrupolar broadening. The59Co resonance was found
centered at its Larmor frequency and its temperature-independent frequency shift demonstrates that cobalt is in
a nonmagnetic state. The NMR spectra exhibit orientation dependence in a magnetic field. In the twofold
rotation pattern, the satellite intensity shows a pronounced orientation-dependent shape and structure, whereas
this was not detected in the tenfold pattern. The tenfold rotation pattern of the27Al central line, obtained with
the Fourier-transform technique, exhibits a tiny, but significant orientation dependence of the line shape and its
center of gravityM1 with the quasiperiodic symmetryp /5. The orientation dependence is stronger for rotation
about the twofold axis, where the rotation pattern exhibits a periodic symmetryp. We introduce a model that
we name as “stacked planar,” which reproduces the orientation-dependent shape of the NMR spectra of the
decagonal AlNiCo QC for rotation about the periodic axis, whereas—due to assumed amorphous order within
the atomic planes—it does not yield orientation-dependent spectra for rotation about the quasiperiodic axis.
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I. INTRODUCTION

Among the currently available thermodynamically stable
quasicrystalssQCsd, decagonalsdd quasicrystals are of high
interest because they exhibit quasiperiodicity in a plane and
periodicity in the orthogonal direction, thus representing
two-dimensionals2Dd QCs. This feature makesd-QCs espe-
cially attractive to study the effects of quasiperiodicity versus
periodicity on the physical properties of solids, as the experi-
ments can be performed on the same sample along different
speriodic and quasiperiodicd crystallographic directions. A
convenient experimental technique that probes the physical
properties of the material on a local atomic level is the
nuclear magnetic resonancesNMRd spectroscopy. NMR pro-
vides information aboutsid local atomic environments
through the nuclear electric quadrupole interaction with the
surrounding electric charges;sii d local electronic and mag-
netic structure through the magnetic hyperfine electron-
nucleus interactions; andsiii d excitations, fluctuations and
diffusion of the atoms and electrons in the system through
the nuclear spin-lattice and spin-spin relaxations. At present
there exist many NMR studies of icosahedralsid QCs1–17 that
are quasiperiodic in all three dimensions. The important re-
sults, relating to the quasiperiodicity, ares1d the presence of
a wide distribution of electric-field-gradientssEFGsd consis-
tent with a broad distribution of local atomic environments
and s2d vanishing small Knight shifts and long spin-lattice
relaxation, both compatible with an anomalously low density
of statessDOSd of conduction electrons at the Fermi level
EF. Regarding the distribution of local atomic environments,
27Al NMR line shape studies1,13 of i-AlPdMn single-grain
samples have demonstrated that the distribution of the EFG

tensor orientations in a single grain is not much different
from spherically isotropic, as found in a crystalline powder
of a periodic material. However, a weak orientation depen-
dence of the spectrum in a magnetic field was detected,13

indicating that out of the broad, isotropic-like distribution of
the EFG tensor orientations, some solid-angle directions are
common to larger fraction of Al sites than others. In addition
to the broad angular distribution of the EFG tensor orienta-
tions, a broad distribution of the EFG tensor eigen values
was detected, too.1

Whereas the NMR investigations ofi-QCs are numerous,
the NMR studies ofd-QCs are still scarce.18,19As d-QCs are
quasiperiodic in 2D, one expects a similar broad distribution
of the local atomic environments and the associated distribu-
tions of the EFG tensor orientations and magnitudes to apply
to the quasiperiodic plane. Similarly to thei-QCs, this should
result in a broad NMR spectrum that exhibits weaksor nod
orientation dependence, when the external magnetic field is
rotated within the quasiperiodic planesor equivalently, the
crystal is rotated about the quasiperiodic axisd. The situation
is different for rotation about an axis lying within the quasi-
periodic planesthe periodic twofold axisd, where the orien-
tation of the quasiperiodic axis changes with respect to the
magnetic field. Quite generally, in periodic crystals there ex-
ist usually a small number of different atomic environments,
relating to the small number of physically nonequivalent lat-
tice sites within the unit cell. Consequently, there exist a
small number of different EFG tensors and the NMR spec-
trum of a periodic system consists of one or several narrow
lines that exhibit orientation dependence.

It is the purpose of this paper to investigate the effect of
quasiperiodicity versus periodicity on the NMR spectra of
decagonal QCs by studying orientation dependence of the
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27Al NMR spectrum of ad-AlNiCo single-grain QC around
the quasiperiodic and periodic directions. We give first a the-
oretical consideration of the NMR spectrum and then ana-
lyze the experimental spectra by resolving the electric and
magnetic contributions to the line shape and width. The27Al
spin-lattice relaxation rate is presented also.

II. THEORETICAL NMR LINE SHAPE

We derive a theoretical27Al NMR line shape of a non-
magnetic QCslike the d-AlNiCod by discussing first the
electric and magnetic interactions of the27Al nucleus sspin
I =5/2d with the surrounding ions and electrons in the qua-
siperiodic lattice. The NMR resonance frequency corre-
sponding to them→m−1 spin transition of theith 27Al
nucleus can be written as a sum20,1

nismd − n0 = nquad,i
s1d smd + nquad,i

s2d s1/2d + nmag,i , s1d

wheren0=gnB0/2p is the Zeeman frequency andgn is the
nuclear gyromagnetic ratio. The termnquad,i

s1d smd is the first-
order quadrupole shift that affects any spin transitionm
→m−1, except the centrals1/2→−1/2d one

nquad,i
s1d smd = −

nQ,i

2
Sm−

1

2
Ds3 cos2 ui − 1 +hi sin2 ui cos 2fid.

s2d

The quadrupole coupling constantnQ,i =3e2qsidQ/20h is de-
termined by the largest principal value of the EFG tensor at
the lattice sitei, which can be written as20

eqsid = VZZ
sid = VZZ,i

ion s1 − g`
sidd + VZZ,i

el . s3d

The first term on the right of Eq.s3d originates from the
neighboring ionic charges, enhanced by the Sternheimer an-
tishielding factor 1−g`

sid due to the ionic electric field polar-
ization of the core electrons, whereas the second term origi-
nates from the charges of the conduction electrons. The
anglesui and fi in Eq. s2d describe the orientation of the
applied magnetic field with respect to the principal-axes sys-
tem sPASd of the EFG tensor, andhi =sVXX

sid −VYY
sid d /VZZ

sid is the
quadrupole asymmetry parameter. The first-order quadrupole
shift is independent of the external magnetic field.

The second-order quadrupolar shift is important only for
the central transition, which is not affected by the quadrupo-
lar interaction in first order. It is inversely proportional to the
external magnetic field and is written as

nquad,i
s2d s1/2d =

nQ,i
2

12n0
f6 sin2 uis1 − 9 cos2 uid

− 4hi cos 2fi sin2 uis9 cos2 ui + 1d

+ hi
2s− 16/3 + 8 cos2 ui + 6 cos2 2fi sin4 uidg.

s4d

The termnmag,i in Eq. s1d represents the frequency shift due
to the magnetic hyperfine coupling between the nuclear spins
and thes, p, and d conduction electrons. This shift is the
same for all nuclear spin transitions and is linearly propor-
tional to the external field

nmag,i =
g

2p
FKi +

KZ,i

2
s3 cos2 ui − 1 +ei sin2 ui cos 2fidGH0.

s5d

HereKi is the isotropic Knight shift due to the contact inter-
action between the nucleus and thes electrons, whereas the
parametersKZ,i andei =sKX,i −KY,id /KZ,i are the largest eigen-
value and the asymmetry parameter of the traceless aniso-
tropic Knight shift tensor that includes the dipolar interaction
between the nucleus and the conduction electrons. Since the
PASs of both tensors, the anisotropic Knight shift and the
EFG, are determined by the local site symmetry of the
nuclear site, we assume that they have the same orientation.

The lack of translational periodicity in the QC lattice in-
troduces wide distribution of different local chemical envi-
ronments, so that each nuclear site has in principle its own
set of theeqsid, hi, Ki, KZ,i, ei, ui, and fi parameters. The
distribution of these parameters causes an inhomogeneous
broadening of the NMR spectrum, whereas their mean values
shift its center of gravity. To obtain the spectrumIsnd of a
single-grain sample, we first integrate the frequency of each
m→m−1 transition over the distribution functiong of these
parameters. We get

Fsmd =E nsmdgseq,h,K,KZ,e,u,fddV, s6d

wheredV is a differential of the phase space spanned by all
the parameters in the distribution. For polygrain and powder
samples one has to perform also the powder average over the
random orientation of the grains. The spectrum is finally ob-
tained by summing up allFsmd contributions, weighted by
their respective amplitudes of the nuclear spin transitions
bm= IsI +1d−msm−1d:

Isnd = o
m=5/2

−3/2

bmFsmd. s7d

The shape of the NMR spectrum, given by Eq.s7d, depends
crucially on the shape of the multiparameter distribution
function g that contains parameters pertinent to both, the
electric quadrupole and the magnetic hyperfine interactions.
In view of the very large27Al quadrupole coupling constants
nQ<2 MHz and anomalously small isotropic Knight shifts
of 100–200 ppm found in Al-basedi-QCs,1 we can make the
following simplification. We assume that the magnetic shift
of the spectrum can be described by a small uniform shiftK
sdescribing the isotropic Knight shiftd. The anisotropic
Knight shift, which produces inhomogeneous broadening, is
of the same order as the isotropic shift and can therefore be
to a first approximation neglected,1 when compared to the
quadrupolar broadeningsfor our d-AlNiCo sample, this will
be proven also from the field dependence of the line broad-
eningd. Within this approximation, the number of parameters
in the distribution functiong is reduced to 4, so that
gseq,h ,u ,fd depends only on the parameters characterizing
the EFG tensor magnitude and orientation.
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In the experimental section we shall show that the27Al
NMR spectra of thed-AlNiCo exhibit orientation depen-
dence in the magnetic field. In an attempt to reproduce theo-
retically the orientation-dependent27Al line shapes using Eq.
s7d, we introduce a numerical model of the EFG distribution
function gseq,h ,u ,fd, which contains structural features
specific to 2D QCs like the layer structure and the twofold
symmetry in the periodic domain. In the following we de-
scribe this model and show that it reproduces well the NMR
spectra in an orientation-dependent manner.

The orientation dependence of the quadrupole-perturbed
NMR spectra in the magnetic field is related to the distribu-
tion of the EFG tensor PAS orientations and, hence, to the
multiplicity of nonequivalent27Al sites. For a single-grain
sample, the sum over theu, f angles runs over a finite num-
ber of discrete values, corresponding to different orientations
of the EFG PASs at nonequivalent sites. The NMR spectrum
exhibits orientation dependence only if there exists a local
orientation of the PAS common to a large fraction of Al sites
of the single grain, i.e., not all solid-angle directions occur
with equal probability. In the case of no preferential solid
angle, the spectrum is orientation independent. The EFG dis-
tribution in nonmagnetic aperiodic solids, such as glasses,
nanostructured materials, and icosahedral QCs, has been in-
vestigated by Czjzeket al.21 using a spherical shell model of
dense random packing of hard spheres and a point-charge
calculation. Le Caër and Brand22 later introduced a model
directly related to the model of Czjzeket al., which they
called the Gaussian isotropic modelsGIMd and showed that
GIM represents the limiting case for many different models
with a large number of independent contributions to the EFG
tensor, which is not restricted to a point-charge model. The
GIM was successfully applied to extract the EFG tensor
distribution from Mössbauer spectra of Fe-doped
i-Al-Si-MnsCrd QCs.23 Our model is directly related to the
GIM, but with an important difference. While in the GIM,
the atoms are randomly packed in spherical shells, hence
yielding a structure that is amorphous and spherically isotro-
pic on the average in three-dimensionals3Dd syielding no
orientation dependence of the NMR spectrad, we assume in
our model that atoms are randomly packed in equidistant
parallel planes, thus representing layered structure, which is
amorphous in a plane, but represents a one-dimensionals1Dd
periodic crystal in the orthogonal direction. These ideas fol-
low the structural model of thed-AlNiCo by Burkov,24

which describes its structure as a stack of twosx,yd plane
layers per orthogonalszd period. Each layer exhibits only
fivefold symmetry, but the layer atz=c/2 is rotated by 36°
with respect to the layer atz=0, revealing overall decagonal
symmetry. In our case, the atomic order within each layer is
amorphous, so that the tenfold symmetry is not present and
the model cannot give orientation-dependent NMR spectra
for the crystal rotation around the axis perpendicular to the
planesscorresponding to the tenfold axis of thed-AlNiCod.
The model, however, yields orientation dependence for the
rotation about an axis lying within the planesthe twofold
axisd. From this point of view, the model is not restricted to
decagonal QCs only, but should be applicable also to other
2D QCs like those of pentagonal, octagonal, and dodecago-
nal symmetry.

The calculation of the EFG distribution proceeds as fol-
lows. A basic atomic layer is constructed by a random gen-
eration procedure, where hard spheres of radiusRion and of
random charge ±q are placed at random in thesx,yd plane of
the crystal-fixed coordinate system, so that a densely packed
2D amorphous structuresthe spheres may touchd is obtained.
Thesamelayer is then equidistantly stacked along thez axis
of the crystal frame, providing translational symmetry in that
direction. The distanceD between planes is a variation pa-
rameter, which is always very close toD=2Rion swhen layers
are touchingd. In the next step, a sphere of radius 6Rion is
drawnsFig. 1d and the EFG tensor elements are calculated in
the sphere centerswhich coincides with the center of one of
the atomsd in the crystal-fixed frame by a point charge cal-
culation from the charges within the sphere. Because of the
mirror symmetry of the modelfthe atomicsx,yd plane is a
mirror planeg, only four EFG elements are different from
zero in the crystal framesthe three diagonal ones plus theVxy
termd, with only three being independent. The EFG tensor is
then transformed into the laboratory framesx8 ,y8 ,z8d, cho-
sen to have itsz8-axis parallel to the external magnetic field
B, where it is diagonalized into its PASfdenoted assX,Y,Zdg
and the eigenvalues are labeled in the usual way asuVXXu
ø uVYYuø uVZZu. The eigenvalue parametersVZZ=eqandh are
then put into histograms. The same procedure in now re-
peated 23105 times, each time with a new randomly gener-
ated basic atomic layer, so that complete histograms for the
distributions fsVZZd and rshd are obtained. The parameters
VZZ andh are in fact distributed by a single joint distribution
FsVZZ,hd, so that fsVZZd=e0

1FsVZZ,hddh and rshd
=e−`

+`FsVZZ,hddVZZ represent two marginal distributions21 of
FsVZZ,hd. In order to calculate a twofold rotation pattern of
the orientation-dependent NMR spectra in a magnetic field,
we choose initially the crystal-sx,y,zd and the laboratory

FIG. 1. Atomic structure used in the stacked-planar model for
the calculation of the NMR spectrum of 2D QCs. The layers are
periodically stacked along one direction, whereas the atomic order
within the layers is amorphous. The sphere denotes the volume
within which charges are taken into account for the calculation of
the EFG in the sphere center.
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sx8 ,y8 ,z8d frames to coincide and then rotate the crystal
frame about thex8 axis sthat coincides withxd, with b de-
noting the rotation angle. Finally, we mention that in the case
where the atoms are placed into spherical shells instead into
2D planes, our calculation recovers fully the results of
Czjzeket al.21 ssee their Fig. 2d and the GIM modelssee Fig.
1 of Le Caër and Brand22d, for which the two marginal dis-
tributions fsVZZd and rshd are analytically knownfgiven by,
e.g., Eqs.s15d and s16d of Ref. 22d. Our model can, there-
fore, be considered as an extension of the spherically isotro-
pic models to stacked planar structures and for that reason
we refer to it as the stacked-planar model in the following.

III. EXPERIMENT

The experiment was performed on a decagonal
Al72.6Ni10.5Co16.9 single-grain QCsin the following referred
to as d-AlNiCo16.9d, grown by the self-flux technique. The
crystal exhibited decagonal-prismatic growth morphology
with clear facets, arranging perpendicular to the tenfold di-
rection. The material was in a basic-cobaltsb-Cod decagonal
modification, showing no inclusions and precipitations of
secondary phases. The details of its preparation and charac-
terization were published elsewhere.25 Here we mention that
the same sample was used before in an27Al NMR study of
atomic motion.18

Due to strong inhomogeneous broadening, NMR absorp-
tion spectra of QCs extend over a frequency interval of many
megahertz, which is much too broad to be detected by a
standard NMR spectrometersof typical bandwidth about
300 kHzd. Therefore, special techniques of magnetic field
sweep and frequency sweep have to be applied to record a
quasicrystalline spectrum. In order to resolve the spectrum
on its electric quadrupole and magnetic contributions, one
has to perform experiments in different magnetic fields. For
that purpose we used two experimental setups. In the first
one, we used a custom two-coil superconducting magnet Ox-
ford, where the center fieldB0=2.35 T is provided by the
main coil and the secondary coil is used for the field-sweep
purpose in the range ±10% around the central value. The
field was changed in stepsstypically 5–10 Gd and the spin-
echo intensity was recorded as a function of the field strength
by irradiating at a constant frequencysn0=26.134 MHzd,
chosen to coincide with the27Al central transition. One half
of the echo was Fourier transformedsFTd and the spectral
intensity was integrated in a narrow frequency interval of
10 kHzsless than one field stepd around the center irradiation
frequency. The sweep coil was put into the persistent mode
after each step, assuring high stability of the field during the
measurements. In the second setup, the spectra were re-
corded by a frequency-sweep technique in a constant field
B0=6.34 T scorresponding to the27Al Larmor frequency of
70.35 MHzd, with the total sweep range of 11 MHz. A typi-
cal frequency step was 10–50 kHz and the half-echo FT
spectra were again integrated in an interval of 10 kHz. The
NMR probe head was tuned automatically via a stepper-
motor system. In both experimental setupssfield- and
frequency-sweep experimentsd, the sweep range was large
enough to record both, the27Al and the59Co NMR spectra in

a single run. A two-pulse Hahn-echo sequence was used with
a p /2 pulse length of 2ms.

IV. RESULTS AND DISCUSSION

A. The NMR spectrum

The NMR spectra of thed-AlNiCo16.9 for the crystal ori-
entation ten-axis perpendicular to the fieldsin the following
referred to as the “perpendicular” or PRP orientationd taken
at two magnetic fields are displayed in Fig. 2sad. Solid circles
represent the frequency-swept spectrum in a field 6.34 Tsin
the following referred to as the “high-field” spectrumd,
whereas open circles represent the field-swept spectrum for
the center field 2.35 Tsthe “low-field” spectrumd. In both
cases the origin of the frequency scale is taken at the27Al
resonance frequency of the AlCl3 aqueous solution. Three
resonances are observed in the spectrum:27Al, 59Co, and
63Cu, where the last resonance originates from the copper in
the probe head. The high-field spectrum can be recognized
by having larger separation between the27Al and 59Co reso-

FIG. 2. sad The NMR spectra of thed-AlNiCo16.9 at T=50 K for
the crystal orientation ten-axis perpendicular to the fieldsPRP ori-
entationd. Solid circles represent the frequency-swept spectrum in a
field 6.34 T sthe high-field spectrumd, whereas open circles repre-
sent the field-swept spectrum for the center field 2.35 Tsthe low-
field spectrumd. The origin of the frequency scale is taken at the
27Al resonance frequency of the AlCl3 aqueous solution. The63Cu
resonance originates from the copper in the probe head. The dashed
vertical line marks the59Co Larmor frequency in the field 6.34 T.
sbd 27Al central lines in the two magnetic fields on an expanded
frequency scale.
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nances. The27Al sI =5/2d spectrum exhibits a structure of a
broad “background” line, corresponding to the first-order
quadrupole-perturbed ±5/2↔ ±3/2 and ±3/2↔ ±1/2 satel-
lite transitions and the narrow, high-intensity line in the
middle is the central lines1/2↔−1/2d, quadrupole per-
turbed in second order. A related structure applies also to the
59Co sI =7/2d spectrumsnote that the available frequency
sweep width was not large enough to record the full satellite
intensity on the negative side of the59Co central lined. The
fact that the59Co central line is shifted only by +200 kHz
from its Larmor frequencyn0s59Cod=63.76 MHzfshown by
a dashed line in Fig. 2sadg demonstrates that cobalt is in a
nonmagnetic state. The electric-quadrupole origin of the
large inhomogeneous broadening of the satellites is evident
from its field independence. This is best seen on the positive
frequency side of the27Al central line, where the satellite
intensities of the high- and low-field spectra perfectly match.
On the negative side this is less evident, as the59Co and the
27Al spectra partially overlap and their satellite intensities
between both central lines are superimposedsthis is more
pronounced in the low field, where the two resonances are
closer togetherd. The 27Al spectrum extends in total over the
frequency interval of about 8 MHz. Since this corresponds to
4nQ, this gives an estimate of the quadrupole coupling con-
stant nQ<2 MHz. This largenQ value indicates that the
quadrupole broadening may be dominant also on the central
line, which is quadrupole perturbed in second order only.
The field dependence of the27Al central line displayed in
Fig. 2sbd shows that this is indeed the case. The low-field
central line extends over the frequency interval 450 kHz and
is roughly 2.5 times broader than the high-field one that ex-
tends over 200 kHz. This is in agreement with the second-
order quadrupolar broadening that is inversely proportional
to the external magnetic fieldsrecall that magnetic broaden-
ing increases linearly with the fieldd. The factor of 2.5 is
consistent with the ratio 2.7 of the magnetic fields.

B. The 27Al Knight shift

The magneticsKnightd shift of the spectrum may be de-
termined on the central line, where it is not masked by the
enormously large first-order quadrupole effect. Closer in-
spection of the spectra in Fig. 2sbd reveals that the peak of
the 27Al low-field central line is shifted byDn=n−nAlCl3
=4 kHz relative to the AlCl3 resonance, whereas the shift
increases to 14 kHz in the high field. The frequency shift of
the peak is thus very small as compared to the total width of
the inhomogeneously broadened central line. This shift is a
sum of the quadrupolar and the magnetic contributions and
scales with the magnetic field asDn=a/B+bB. SinceDn is
known at two fields, we can calculate the coefficientsa and
b, describing the second-order quadrupolar and the magnetic
contributions, respectively. We geta=−3.3 kHz·T andb
=2.3 kHz/T, which yields, forB=2.35 T, a second-order
quadrupolar shifta/B=−1.4 kHz and a magnetic shiftbB
=5.4 kHz. In the high fieldB=6.34 T, the shifts become
a/B=−0.5 kHz andbB=14.5 kHz. Here we emphasize that
the shift Dn was determined from the field- and frequency-
swept spectra, where each point in the spectrum represents

an integrated intensity in a window of 10 kHz. This repre-
sents a rather coarse sampling of the central line and the peak
position was consequently determined by fitting the top of
the central line by a bell function. The obtained shift values
should be considered to have precision ±1 kHz. The tem-
perature dependence of the shift in both fields is displayed in
Fig. 3, where no temperature dependence is noticed between
300 and 4 K. Normalizing the magnetic shift to the reso-
nance frequencynAlCl3

, the relative shift amountsK
=bB/nAlCl3

=s2.1±0.2d310−4, which we associate with the
27Al isotropic Knight shiftK of thed-AlNiCo16.9. This value
is of the same order as theK values found in icosahedral
Al-based QCs like the AlCuFesRud and AlPdMn swhereK
values between 1.6310−4 and 2.6310−4 were reported1d and
is a factor 8 smaller than in the fcc Alsfree-electronliked
metal, whereKAl =1.6310−3. Since the Knight shift is pro-
portional to the electronic DOS at the Fermi levelgsEFd, we
find that the DOS in thed-AlNiCo16.9 is reduced with respect
to the Al metal also bygAl /g<KAl /K<8, thus by a very
similar factor as in the icosahedral Al-based QCs. Regarding
the anisotropic Knight shift, which produces inhomogeneous
magnetic broadening that increases linearly with the fieldsin
contrast to the isotropic Knight shift, which just shifts the
resonance, but does not produce inhomogeneous broaden-
ingd, the inverse-field dependence of the central lines ob-
served in Fig. 2sbd with the proper scalingsthe estimated
spectrum width decrease for a factor 2.5 matches well to the
ratio of the fields 2.7d demonstrates that the magnetic broad-
ening is minute as compared to the quadrupolar broadening
even on the central line. Therefore, the magnetic broadening
due to anisotropic Knight shift can be, to a good approxima-
tion, neglected. This is in agreement with the results of the
Knight shift study in icosahedral Al-based QCs,1 where the
anisotropic Knight shift was also found negligibly small.

The DOS reductiongAl /g and the27Al Knight shift K of
the d-AlNiCo16.9 can be estimated also from the27Al spin-
lattice relaxation rateT1

−1. The K and theT1
−1 values are re-

lated by the Korringa relation26

K2 =
"

4pkBT1T
Sge

gn
D2

, s8d

wherege is the electronic gyromagnetic ratio, so that Eq.s8d
is very useful for calculating an estimate for the relaxation

FIG. 3. Temperature-dependence of the shift of the27Al central
line peak positionsPRP orientationd relative to the AlCl3 resonance
between 300 and 4 K in two magnetic fields.
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rate knowing the value of the Knight shift and vice versa.
The temperature-dependent27Al spin-lattice relaxation rate
was measured in the interval from 300 to 10 K. The mea-
surements were performed in the high field 6.34 T on the
central line by irradiating at the frequencyns27Al d
=70.35 MHz. The saturation-recovery pulse sequence was
employed with a saturation train of sixtyp /2 pulses of 2ms
duration. The spin-lattice relaxation rateT1

−1 was extracted
from the magnetization-recovery curves by the long-
saturation magnetic relaxation model of Narath.27

The temperature-dependent27Al spin-lattice relaxation
rate of thed-AlNiCo16.9 is displayed in Fig. 4 in the form of
a sT1Td−1 vs T plot, which yields for regular metals a hori-
zontal sT1Td−1=const. line sthe Korringa lawd. For the
d-AlNiCo16.9 we observe asT1Td−1=const. plateau at tem-
peratures below 150 K, whereas above that temperature
sT1Td−1 starts to increase slightly. The plateau below 150 K
demonstrates that the dominant spin-lattice relaxation
mechanism there is via the conduction electrons, as in regu-
lar metals. The increase of thesT1Td−1 at higher temperatures
was observed quite commonly in thei-QCs6,8,9,12,14,16

but the origin of this enhanced relaxation is
still ambiguous. Here we shall analyze only the
sT1Td−1=const. part of the relaxation rate below 150 K,
whose interpretation is clear. The quadratic dependence of
the relaxation rate on the DOS,sT1Td−1~g2sEFd,
allows estimating the reduction ofgsEFd in the
d-AlNiCo16.9 relative to the Al metal. From Fig. 4 we find
sT1TdAlNiCo =135 K s below 150 K, whereas for the fcc Al
metal this product amounts28 sT1TdAl =1.88 K s. From these
values we estimate the DOS reduction to begAl /g
<ÎsT1TdAlNiCo / sT1TdAl =8.5, in good agreement with the
value obtained from the Knight shift analysisswheregAl /g
=8d.

From the known Knight shiftsK=2.1310−4d and the
productT1T=135 K s we can test how these values fulfill the
Korringa relationfEq. s8dg. We obtainK2=4.4310−8 and
"ge

2/ s4pkBT1Tgn
2d=2.9310−8, which may be considered as a

very reasonable matching and gives confidence in the experi-
mental values of theK andT1T parameters.

C. Orientation-dependent 27Al NMR spectra

The earlier results and conclusions are based on the ex-
perimental spectra taken at the PRP orientation of the

monocrystal, i.e., where the magnetic field lies within the
tenfold-symmetric quasiperiodic plane. Therefore, rotating
the crystal for 2p /10 about the tenfold axis should lead to a
repetition of the situation and the NMR spectrum should
exhibit no sor at most a weakd orientation dependence. The
situation is different for the rotation of the crystal about an
axis lying within the quasiperiodic planescorresponding to
the twofold axis of thed-AlNiCo structured, where the ten-
fold axis changes its orientation relative to the field. In Fig. 5
we display the frequency-sweptshigh-fieldd NMR spectra at
200 and 10 K at two orientations:sad PRP orientationsten-
axis perpendicular to the fieldd and sbd parallel or PLL ori-
entationsten-axis parallel to the fieldd. The 27Al line shapes
at the two orientations exhibit pronounced differences. While
the satellite part of the PRP spectrum shows a more or less
featureless shape, the satellite part of the PLL spectrum ex-
hibits clearly developed sharp features. Regarding the tem-
perature dependence of the spectra, no noticeable
temperature-dependent changessexcept for the trivial de-
crease in noise at low temperaturesd in the line shape, peak
position and line width were observed between room tem-
perature and 10 K at any of the two orientations. Here it is
also worth noting that the temperature-independent position
of the 59Co central line in Fig. 5 is another indication of the
nonmagnetic character of cobalt atomssin the case of para-
magnetism the shift should go asDn~1/Td.

The orientation-dependent27Al NMR spectra of the
d-AlNiCo16.9 single grain for rotations about the quasiperi-

FIG. 4. Temperature-dependent27Al spin-lattice relaxation rate
of the d-AlNiCo16.9 in the field 6.34 T displayed in thesT1Td−1 vs.
T plot.

FIG. 5. The frequency-sweptshigh-fieldd NMR spectra of the
d-AlNiCo16.9 at 200 and 10 K taken at two orientations:sad PRP
orientationsten-axis perpendicular to the fieldd and sbd PLL orien-
tation sten-axis parallel to the fieldd.
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odic and periodic directions were studied by the frequency-
sweep technique in the high fields6.34 Td at T=80 K. In the
rotation about the quasiperiodic tenfold axis, the shape of the
spectrum was found equal to that of the PRP spectrum shown
in Fig. 5sad in the whole rotation pattern 0°–180°, with no
noticeable orientation dependence within the accuracy of the
frequency-sweep experiment. As discussed earlier, this is not
surprising due to highstenfoldd symmetry of the crystal
structure. The situation is different for the rotation about the
periodic twofold axis. The twofold rotation pattern is shown
in Figs. 6sad–6sdd, where the orientationb=0 corresponds to
the PLL orientation andb=90° to the PRP orientation. Since
the spectra were found mirror symmetric aroundb=90°,
only half of the rotation patterns0°–90°d is displayed. In Fig.
6sad the experimental spectra are shown on an expanded ver-
tical scale, so that the orientation-dependent structure of the
satellite intensity is clearly visible, whereas the central line is
clipped on this scale and will be discussed separately. The
rotation pattern exhibits quite strong orientation dependence;
while the satellite intensity is in all cases continuous, it ex-
hibits angular-dependent shape and fine structure. Here we
mention that the two sharp dips, located on both sides of the
central linefmarked by arrows on theb=0 spectrum of Fig.
6sadg are artifacts of the frequency-sweep technique, occur-
ring at the transition from the narrow central line to the broad
satellite intensity.

In Fig. 6scd, the twofold rotation pattern of the central line
is displayed. As this line is narrow, the sampling by the

frequency-sweep technique is too coarse to give details of its
fine structure. For that reason we repeated the experiment,
using this time a simpler method of FT of one half of the
echo by irradiating at a fixed frequency corresponding to the
peak position of the central line. The so-obtained FT-central
lines were less than 10% narrower than the ones obtained
with the frequency-sweep technique, showing that, in the
high field, the FT spectra can be used quite reliably to study
the central line shape. The advantage of the FT technique is
a better digital resolution of the spectrumsfiner sampling of
the lined, so that sharp details in the spectrum remain visible.
The twofold rotation pattern from Fig. 6scd again exhibits
quite pronounced angle-dependent changes in the shape,
width and fine structure of the central line.

The theoretical line shapes, calculated from the stacked-
planar model, are displayed in Figs. 6sbd and 6sdd side by
side to the experimental spectra. In Fig. 6sbd the theoretical
spectra may be compared to the experimental satellite lines
from Fig. 6sad. At practically all orientations the agreement is
satisfactory, reproducing well both the overall shape and the
fine structure of the satellite line. The discrepancy is in most
cases related to the relative intensities of the fine details in
the spectrum. The stacked-planar model correctly reproduces
the broad featureless shape at the PRPsb=90°d orientation
that transforms upon rotation into a narrower spectrum atb
=45° and finally to a broader spectrum with fine structure at
the PLL sb=0d orientation. Here we emphasize that, in the
calculation of the rotation pattern, we changed only the di-

FIG. 6. Orientation-dependent27Al high-field NMR spectra at 80 K of thed-AlNiCo16.9 single-grain sample for rotation about the
twofold axis. In sad, the frequency-swept rotation pattern is shown on an expanded vertical scale, so that the satellite intensity is clearly
visible, whereas the central line is clipped on this scale. Insbd, the corresponding theoretical rotation pattern, obtained by the stacked-planar
model, is displayed. The two sharp dips, located on both sides of the central linefmarked by arrows on theb=0 spectrum ofsadg are artifacts
of the frequency-sweep technique, occurring at the transition from the narrow central line to the broad satellite intensity. The experimental
central lines, obtained by the FT techniquessee textd are displayed inscd, whereas the theoretical lines are shown insdd. b=0 corresponds
to the PLL orientation andb=90° to the PRP orientation.
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rection of the magnetic field, with all other parameters being
the same throughout the calculation. It is remarkable that our
structural model, which exhibits translational periodicity in
one dimension, but amorphous disorder instead of quasiperi-
odic order within the atomic planes, reproduces so well the
experimental spectra of a reald-QC single-grain sample. The
reason for this agreement could also be the presence of
chemical and phason disorders on the quasiperiodic lattice.

The theoretical orientation-dependent central lines are dis-
played in Fig. 6sdd together with the experimental lines in
Fig. 6scd. Also there the agreement between the theoretical
and experimental lines is in most cases good, except for the
mismatch of the relative intensities of the fine details in the
spectra. For example, the theoretical and experimental lines
at b=0 both exhibit a two-peak structure, but their theoreti-
cal intensity ratio is considerably different from that found
experimentally. Nevertheless, the theoretical spectra repro-
duce reasonably well the orientation-dependent transforma-
tion of the spectrum from a narrow peak with a broad shoul-
der at b=90°, to a featureless single line atb=45°, and
finally to a two-peak structure atb=0. In the following we
will show that the theoretical model reproduces satisfactorily
also the orientation-dependent first momentM1 sthe center of
gravityd of the central line, hence, the change of its position
with the orientation. Here we also mention that the shape of
the low-field frequency-sweep central line of Fig. 2sbd sat the
PRP orientationd, exhibiting an asymmetric structure of a
narrow peak and a broad shoulder on the low-frequency side,
matches well to the corresponding theoretical spectrumfthe
PRP line in Fig. 6sddg. Regarding the asymmetric shape of
the high-field central line in Fig. 2sbd, its fine details are
smeared due to the frequency-sweep scanning mode, so that
the asymmetry is better observed on the corresponding
sPRPd FT line in Fig. 6scd.

The theoretical spectra were calculated using the fit pa-
rameterD /2Rion=1.1 sthe ratio of the distance between two
atomic planes and the atomic diameterd. This parameter in-
fluences the shape of the NMR spectra quite significantly.
The resulting two marginal distributionsfsVZZd andrshd are
displayed by solid lines in Fig. 7. The corresponding theo-
retical distributions of the spherically isotropic modelfEqs.
s15d and s16d of Ref. 22g are shown for comparison as
dashed lines. Regarding the distribution of the asymmetry
parameterrshd fFig. 7sadg, the difference between the two
models appears mainly at smallh. While in the spherically
isotropic model, the probability of finding an EFG withh
=0 is zero; it becomes nonzero in the stacked-planar model.
The average asymmetry parameter,khl<0.6, is practically
the same in both models. The distributionfsVZZd is displayed
in Fig. 7sbd. The horizontalVZZ scale is taken dimensionless,
so that it should be multiplied by a proper scaling factor in
order to obtain matching between the widths of the theoret-
ical and experimental NMR spectra. The distributions of the
two models have their integrals normalized to 1 and are dis-
played so that the positions of their maxima coincide. Both
models give qualitatively similar distributions, exhibiting
two peaks at ±VZZ. The peaks of the stacked-planar model
are somewhat narrower than those of the spherically isotro-
pic model.

The origin of the orientation dependence of the NMR
spectra can be understood from specific features of the
stacked-planar model. Recall that this model is constructed
by stacking the same randomly generated atomic layer along
the periodic directionscorresponding to the ten-axis of the
d-AlNiCo structured, so that all atoms lie on a mirror plane.
Because of the mirror symmetry, the EFG PAS at every
nuclear site has one of its axes directed along the periodic
direction. Therefore, the nuclear sites can be divided into
three groups:sad those that have the EFG PASZ axis along
the periodic direction of the crystalsreferred to as the
GZ-group sitesd, sbd those with theY axis along the periodic
direction sGY-group sitesd, and scd those with theX axis
along the periodic directionsGX-group sitesd. From the
C-infinity rotational symmetry of the atomic planes in the
stacked-planar modelsdue to amorphous disorder within the
planesd it follows that, for theGZ group, the distribution of
theX andY principal axes is isotropic in the plane. The same
isotropic distribution applies to theZ andX axes of theGY
group and to theY andZ axes of theGX group. At the PLL
orientation of the crystal with respect to the magnetic field
sb=0d, all GZ-group sites have theirZ axes parallel to the
magnetic field, whereas theZ axes of theGX- andGY-group
sites are distributed isotropically within the planes, all mak-
ing an angle 90° with respect to the magnetic field. This

FIG. 7. Marginal distributionssad rshd and sbd fsVZZd ssolid
linesd used in the stacked-planar model to calculate the theoretical
NMR spectra shown in Figs. 6sbd and 6sdd. The corresponding the-
oretical distributions of the spherically isotropic modelssee textd
are shown for comparison as dashed lines. ThefsVZZd distributions
have their integrals normalized to 1.
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anisotropic division of sites into three groups is at the origin
of the orientation-dependence of the spectrum in a twofold
rotation pattern.

The above analysis in terms of the three groups of sites,
GX, GY, andGZ, is based on two specific symmetries of the
stacked-planar model:sid the mirror plane that coincides with
the atomic planes andsii d theC-infinity rotation axis perpen-
dicular to the atomic planes. It is interesting to consider how
these symmetries relate to the actual symmetry of the
d-AlNiCo QC. According to Burkov,24 the space group of
d-AlNiCo is P105/mmcscentrosymmetricd, which contains a
105-screw axis perpendicular to the atomic layers and a mir-
ror plane coinciding with the layers. While the mirror plane
is present in both thed-AlNiCo and the stacked-planar
model, the 105-axis of the d-AlNiCo is replaced by the
C-infinity axis in the stacked-planar model. The success of
the stacked-planar model in reproducing the NMR spectra of
the d-AlNiCo16.9 may be due to the existence of chemical
and phason disorders in reald-AlNiCo samples,29–31 which
locally break the tenfold symmetry, so thatC-infinity sym-
metry can be considered as a far approximation to the
105-screw axis.

D. Orientation-dependent first momentM1 of the 27Al
central line

In the measurement of the orientation-dependent27Al
NMR spectra of thed-AlNiCo16.9 for rotation about the qua-
siperiodic tenfold axis, coarse sampling of the line inherent
to the frequency-sweep technique and rather coarse angular
resolution performed mostly in steps of 15°sdue to time-
consuming experimentsd did not reveal any orientation de-
pendence of the satellite spectra within the precision of the
frequency-sweep technique. As for this rotation the physical
situation in the crystal repeats every 36°, finer angular and
better frequency resolutions of the spectra are needed to
check for the possible orientation dependence of the spectra
in the tenfold rotation pattern. Such improved-resolution ex-
periments could be performed on the central line in the high
field, using the FT spectra. For that reason we have remea-
sured the rotation patterns of the central line about the ten-
fold and twofold directions at room temperature with the FT
technique and improved angular resolution of 7.5°. A collec-
tion of the 27Al central lines for the tenfold rotation is dis-
played in Fig. 8sad, whereas the twofold rotation pattern is
shown in Fig. 8sbd snote that this twofold pattern was ob-
tained at room temperature whereas the one shown in Fig.
6scd was collected at 80 K—wherefrom its better signal-to-
noised. The position of the referencenAlCl3

frequency
s70.35 MHzd is given as a dashed line. In both patterns we
observe orientation dependence of the spectra, which is
much more pronounced for the rotation about the twofold
axis. For the tenfold rotation, the shape of the central line
shows asymmetry toward the low-frequency side with addi-
tional hump that is more pronounced at some orientations,
whereas the position of the line is mostly unchanged. Closer
inspection of the spectra shows that the repetition of the line
shape occurs five times between 0° and 180°. This is also
evident from the angular dependence of the center of gravity

of the spectrumsthe first momentM1, measured here relative
to nAlCl3

d, which is displayed in Fig. 9sad. For the tenfold
rotation, the quasiperiodic symmetry ofp /5 in the angular
dependence ofM1 is clearly visible, though the total varia-
tion of M1 is very smallsabout 2 kHzd as compared to the
total central linewidths150 kHzd. The angular dependence is
of the type M1=a1+a2 sin 10b with a1=7.5 kHz anda2
=0.7 kHz fsolid line in Fig. 9sadg. For the rotation about the
twofold axis, the orientation dependence of the central line is
much stronger. The structure and the position of the line both
change significantly with the angleb, which is reflected in
the angular dependence ofM1 fFig. 9sbdg. This angular de-
pendence is of the typeM1=b1+b2 cos 2b+b3 cos 4b with
the periodic symmetryp, where the cos 4b term is charac-
teristic of the second-order quadrupolar shift in a
monocrystal.32 M1 is the largest for the PLL orientation and
its total variation for the twofold rotation is 40 kHz, which is
again considerably smaller than the total width of the central
line. The fit fsolid line in Fig. 9sbdg yielded b1=19.9 kHz,
b2=20 kHz, andb3=7.2 kHz. The orientation-dependence of
the first moment of the central line for the twofold rotation
was reproduced also theoretically by calculatingM1 from the
numerically simulated spectra displayed in Fig. 6sdd. It is
observedfdashed line in Fig. 9sbdg that the stacked-planar
model gives a qualitative agreement with the experiment.

The higher-precision rotation patterns of the central line
displayed in Figs. 8sad and 8sbd thus show that the spectra

FIG. 8. Rotation patterns of the27Al central line obtained with
the FT technique in the high fields6.34 Td at room temperature for
the rotation aboutsad the tenfold axis andsbd the twofold axis. The
position of the referencenAlCl3

frequencys70.35 MHzd is shown by
a dashed line.
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are orientation dependent for rotation about both the quasip-
eriodic and the periodic axis. While in the twofold rotation,
the spectrum exhibits strong angular anisotropy, the aniso-
tropy is very small—but still significant—for the tenfold ro-
tation. This demonstrates that the stacked-planar model is a
good starting approximation for the calculation of the NMR
line shape of 2D QCs, but, as it does not yield orientation
dependence for rotation about the quasiperiodic axis due to
amorphous order within the 2D planes, it should be further
improved in future by considering the actual quasiperiodic
structure of the atomic planessreplacing amorphous order
by, e.g., pentagonal Penrose tiling, octagonal Ammann-
Beenker tiling, etc.d. Such models will then be specific to
particular quasiperiodic symmetries, while the presented
stacked-planar model can be considered as an approximation
to all 2D QCs.

V. CONCLUSIONS

The NMR spectra of thed-AlNiCo16.9 exhibit very large
inhomogeneous broadening, extending over frequency inter-
val of many megahertz, so that field- and frequency-sweep
techniques are necessary to record a spectrum. We detected
both the spectra of27Al and 59Co, but the analysis was con-
centrated on the27Al resonance. In order to resolve the elec-
tric quadrupole and the magnetic contributions to the line
shape and position of the spectra, the experiments were per-
formed in two magnetic fields, differing in strength by a
factor 2.7. The strong inhomogeneous broadening of the27Al
spectrum is of the electric-quadrupole origin, which is evi-
dent from the magnetic-field independence of the broadening
of the satellite part of the spectrum and the inverse-field de-
pendence of the broadening of the central line. The electric

quadrupole broadening is the dominant source of broadening
also on the central line, which is quadrupole perturbed in
second order only. The isotropic27Al Knight shift was found
to have the same anomalously low value of less than
200 ppm as in the icosahedral Al-based QCs, suggesting a
similar reduction of the electronic DOS at the Fermi level by
a factor about 8 with respect to the free-electron Al metal.
The same reduction factor was obtained also from the27Al
spin-lattice relaxation rate. The Knight shift was found
temperature-independent in the investigated temperature
range 300–4 K, whereas the quadrupolar broadening also
does not exhibit temperature dependence. The fact that the
59Co resonance is centered almost at its Larmor frequency
and its frequency shift does not change with temperature
shows that cobalt is in a nonmagnetic state.

Sinced-AlNiCo is quasicrystalline in 2D and crystalline
periodic in the third dimension, the spectra of a single-grain
sample exhibit orientation dependence in a magnetic field.
Rotation pattern about the ten-axis shows a tiny, but signifi-
cant orientation dependence of the central line shape and its
center of gravityM1 with the quasiperiodic symmetryp /5,
compatible with the tenfold symmetry of the quasiperiodic
structure. The orientation dependence is much stronger for
rotation about the twofold axis, where the rotation pattern
exhibits a periodic symmetryp. For both rotations the total
variation ofM1 is considerably smaller than the width of the
inhomogeneously broadened central line. Regarding orienta-
tion dependence of the satellite part of the spectra, the two-
fold rotation pattern exhibits significant variations in the line
shape, width, and fine structure, whereas such changes could
not be detected within the resolution of the frequency-sweep
technique in the tenfold rotation pattern. The twofold rota-
tion pattern could be satisfactorily reproduced theoretically
by the stacked-planar model.

The orientation-dependence of the NMR spectra demon-
strates that, despite the large number of nonequivalent lattice
sites in thed-AlNiCo, the distribution of orientations of the
EFG tensors in a single grain is strongly anisotropic. Future
theoretical studies of the NMR spectra with the stacked-
planar model, where the amorphous order within the atomic
planes will be replaced by regular, long-range ordered qua-
siperiodic atomic patterns, should give more specific infor-
mation on the details of the local atomic environments cor-
responding to a given EFG PAS. The presented stacked-
planar model has, however, efficiently reproduced the
orientation-dependent NMR spectra of the decagonal
AlNiCo QC for the rotation about the periodic axis. This
model is not restricted to decagonal QCs, but is applicable
more generally to all planar structures, including 2D QCs of
pentagonal, octagonal, decagonal, and dodecagonal symme-
try, which exhibit either quasiperiodicity or large-unit-cell
periodicity in a plane and periodicity on the scale of few
interatomic distances in the third dimension.
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FIG. 9. Angular dependence of the center of gravitysthe first
momentM1d relative tonAlCl3

of the 27Al central lines from Fig. 8.
sad Rotation about the tenfold axis, where the solid line represents
the fit with M1=a1+a2 sin 10b; sbd rotation about the twofold axis
with the fit ssolid lined M1=b1+b2 cos 2b+b3 cos 4b, whereas
dashed line was obtained by calculatingM1 from the theoretical
lines of the stacked-planar model displayed in Fig. 6sdd. The non-
perfect mirror symmetry of the experimental data insbd acrossb
=90° is due to slight misalignmentsfew degreesd of the starting
sPLLd orientation of the crystal in the magnetic field.
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