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NMR features of a decagonal A}, Ni;q=C0;69 quasicrystal
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The nuclear magnetic resonan@®MR) spectra of a decagonal AlgNi;g£C0;¢ 9 Single-grain quasicrystal
(QC) were investigated by field- and frequency-sweep techniques in two magnetic fields aridlthelax-
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-indepéhtisotropic
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’Tbeesonance 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 6f&heentral line, obtained with
the Fourier-transform technique, exhibits a tiny, but significant orientation dependence of the line shape and its
center of gravityM; with the quasiperiodic symmetry/5. The orientation dependence is stronger for rotation
about the twofold axis, where the rotation pattern exhibits a periodic symmettye introduce a model that
we name as “stacked planar,” which reproduces the orientation-dependent shape of the NMR spectra of the
decagonal AINiCo 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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[. INTRODUCTION tensor orientations in a single grain is not much different
from spherically isotropic, as found in a crystalline powder
Among the currently available thermodynamically stableof a periodic material. However, a weak orientation depen-
quasicrystalgQCs, decagonald) quasicrystals are of high dence of the spectrum in a magnetic field was detetted,
interest because they exhibit quasiperiodicity in a plane an#dicating that out of the broad, isotropic-like distribution of
periodicity in the orthogonal direction, thus representingth® EFG tensor orientations, some solid-angle directions are

two-dimensional2D) QCs. This feature makesQCs espe- COmMmMon to larger fraction of Al sites than others. In addition
cially attractive to study the effects of quasiperiodicity versusl® e brgad gng_ula_rbdlstrlbuftlor? O:;;[:hg EFG tensor orlelnta-
periodicity on the physical properties of solids, as the experi-t'onsaat rto‘?j . |bstr| ution of the tensor eigen values
ments can be performed on the same sample along differeif{aS detected, too.

- N S Whereas the NMR investigations BfQCs are numerous,
(periodic and quasiperiodiccrystallographic directions. A the NMR studies of-QCs are still scarcé19As d-QCs are

conven]ent experlmentall technique that propes the p.hys'cﬂuasiperiodic in 2D, one expects a similar broad distribution
properties of the material on a local atomic level is theq e 1oca| atomic environments and the associated distribu-
nuclear magnetic resonan@@MR) spectroscopy. NMR pro-  yiong of the EFG tensor orientations and magnitudes to apply
vides information about(i) local atomic environments 4 the quasiperiodic plane. Similarly to theCs, this should
through the nuclear electric quadrupole interaction with th§esyit in a broad NMR spectrum that exhibits weak no
surrounding electric chargeéij) local electronic and mag- orientation dependence, when the external magnetic field is
netic structure through the magnetic hyperfine electronrotated within the quasiperiodic plarfer equivalently, the
nucleus interactions; andii) excitations, fluctuations and crystal is rotated about the quasiperiodic fxXE&he situation
diffusion of the atoms and electrons in the system througlis different for rotation about an axis lying within the quasi-
the nuclear spin-lattice and spin-spin relaxations. At preserperiodic plane(the periodic twofold axis where the orien-
there exist many NMR studies of icosahedialQCs1’that  tation of the quasiperiodic axis changes with respect to the
are quasiperiodic in all three dimensions. The important remagnetic field. Quite generally, in periodic crystals there ex-
sults, relating to the quasiperiodicity, a® the presence of ist usually a small number of different atomic environments,
a wide distribution of electric-field-gradientEFG9 consis-  relating to the small number of physically nonequivalent lat-
tent with a broad distribution of local atomic environmentstice sites within the unit cell. Consequently, there exist a
and (2) vanishing small Knight shifts and long spin-lattice small number of different EFG tensors and the NMR spec-
relaxation, both compatible with an anomalously low densitytrum of a periodic system consists of one or several narrow
of states(DOS) of conduction electrons at the Fermi level lines that exhibit orientation dependence.

Er. Regarding the distribution of local atomic environments, It is the purpose of this paper to investigate the effect of
2’Al NMR line shape studiés'® of i-AIPdMn single-grain  quasiperiodicity versus periodicity on the NMR spectra of
samples have demonstrated that the distribution of the EF@ecagonal QCs by studying orientation dependence of the
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2TAl NMR spectrum of ad-AINiCo single-grain QC around y
the quasiperiodic and periodic directions. We give first a the- Ymagi = o

K-
Ki + %(3 cog 0, — 1+ € sir? 0, cos 2¢|) Ho.
oretical consideration of the NMR spectrum and then ana-

T

lyze the experimental spectra by resolving the electric and (5
magnetic contributions to the line shape and width. Tiae . . . . . )
spin-lattice relaxation rate is presented also. HereKi is the isotropic Knight shift due to the contact inter-
action between the nucleus and thelectrons, whereas the
Il. THEORETICAL NMR LINE SHAPE parameter&z; ande=(Ky;~Ky;)/Kz; are the largest eigen-

value and the asymmetry parameter of the traceless aniso-
We derive a theoreticdl’Al NMR line shape of a non-  tropic Knight shift tensor that includes the dipolar interaction
magnetic QC(like the d-AINiCo) by discussing first the petween the nucleus and the conduction electrons. Since the
electric and magnetic interactions of tA@l nucleus(spin  PASs of both tensors, the anisotropic Knight shift and the
I=5/2) with the surrounding ions and electrons in the qua-EFG, are determined by the local site symmetry of the
siperiodic lattice. The NMR resonance frequency_correnyclear site, we assume that they have the same orientation.

sponding to them—m-1 spin transition of theith *’Al The lack of translational periodicity in the QC lattice in-
nucleus can be written as a st troduces wide distribution of different local chemical envi-

_ (1 2 ronments, so that each nuclear site has in principle its own

(M) = = Vg (M) + Voagi(1/2) + Vimagi, @ set of theed”, 7, Ki, Kz;, &, 6, and ¢; pargmeteprs. The

where vo=7,B,/ 27 is the Zeeman frequency ang), is the  distribution of these parameters causes an inhomogeneous
nuclear gyromagnetic ratio. The ter u)adi(m) is the first- brc_)aQening of the NMR spectrum,_whereas their mean values
order quadrupole shift that affects any spin transition ~ shift its center of gravity. To obtain the spectrufw) of a
—m-1, except the centrdll/2—-1/2) one single-grain sample, we first integrate the frequency of each

m— m-1 transition over the distribution functianof these

; 1
Vit (M) = = %(m— 5)(3 02 6 — 1+ Sin? 6 cos 2).  Parameters. We get

) F(m):J v(m)g(eq 7,K,Kz, €, 6, $)dQ, (6)
The quadrupole coupling constamy;=3€?g'Q/20h is de-
termined by the largest principal value of the EFG tensor

the lattice sitei, which can be written 28 yhered( is a differential of the phase space spanned by all

the parameters in the distribution. For polygrain and powder
ed’ = Vg)z: Vizogi(l _ ),g)) + V?Zi' 3) samples one has to perform also the powder average over the
' ’ random orientation of the grains. The spectrum is finally ob-
The first term on the right of Eq(3) originates from the tained by summing up alF(m) contributions, weighted by
neighboring ionic charges, enhanced by the Sternheimer afheijr respective amplitudes of the nuclear spin transitions
tishielding factor 1" due to the ionic electric field polar- Brn=I(1+1)-m(m-1):
ization of the core electrons, whereas the second term origi-

nates from the charges of the conduction electrons. The -3/2
anglesd, and ¢; in Eq. (2) describe the orientation of the ()= >, BnF(m). (7)
applied magnetic field with respect to the principal-axes sys- m=5/2

tem (PAS) of the EFG tensor, ane}i:(vg&—v(Y'L)/vg)z is the
quadrupole asymmetry parameter. The first-order quadrupoi€he shape of the NMR spectrum, given by Ef), depends
shift is independent of the external magnetic field. crucially on the shape of the multiparameter distribution
The second-order quadrupolar shift is important only forfunction g that contains parameters pertinent to both, the
the central transition, which is not affected by the quadrupo€lectric quadrupole and the magnetic hyperfine interactions.
lar interaction in first order. It is inversely proportional to the In view of the very largé’Al quadrupole coupling constants
external magnetic field and is written as vo=~2 MHz and anomalously small isotropic Knight shifts
of 100—200 ppm found in Al-basa@eéQCs! we can make the
following simplification. We assume that the magnetic shift
of the spectrum can be described by a small uniform #hift
. (describing the isotropic Knight shijft The anisotropic
= 42, COS 2 Sir? 6,(9 cos 6 +1) Knight shift, which produces inhomogeneous broadening, is
+ ,7i2(— 16/3 + 8 co$ 6, + 6 cog 24 sin' 6,)]. of the same order as the isotropic shift and can therefore be
4) to a first approximation neglectédyhen compared to the
quadrupolar broadenindor our d-AINiCo sample, this will
The termuy,g in Eq. (1) represents the frequency shift due be proven also from the field dependence of the line broad-
to the magnetic hyperfine coupling between the nuclear spingning. Within this approximation, the number of parameters
and thes, p, andd conduction electrons. This shift is the in the distribution functiong is reduced to 4, so that
same for all nuclear spin transitions and is linearly propor-g(eq, », 6, ¢) depends only on the parameters characterizing
tional to the external field the EFG tensor magnitude and orientation.

2
Vo .
V(112 = ﬁ;‘o[e sir? 6,(1 -9 co$ 6
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In the experimental section we shall show that th&l
NMR spectra of thed-AINiCo exhibit orientation depen-
dence in the magnetic field. In an attempt to reproduce theo-
retically the orientation-dependeffil line shapes using Eq.
(7), we introduce a numerical model of the EFG distribution
function g(eq, 7, 8, ¢), 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 nonequivalent®’Al sites. For a single-grain
sample, the sum over th ¢ 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 FIG. 1. Atomlc structure used in the stacked-planar model for
with equal probability. In the case of no preferential solid M€ calculation of the NMR spectrum of 2D QCs. The layers are
angle, the spectrum is orientation independent. The EFG dié)_grlc_)dlcally stacke_d along one direction, whereas the atomic order
tribution in nonmagnetic aperiodic solids, such as glassed//tin the layers is amorphous. The sphere denotes the volume
nanostructured materials, and icosahedral QCs, has been i\ﬁl_thln wh_|ch charges are taken into account for the calculation of
vestigated by Czjzekt al?! using a spherical shell model of the EFG in the sphere center.
dense random packing of hard spheres and a point-charge , o
calculation. Le Caér and Brafidlater introduced a model The calculation of the EFG distribution proceeds as fol-
directly related to the model of Czjzedt al, which they Iows_. A basic atomic layer is constructed by a random gen-
called the Gaussian isotropic mod&@IM) and showed that €ration procedure, where hard spheres of ra&ysand of
GIM represents the limiting case for many different modelsfandom charge g-are placed at random in ttig,y) plane of
with a large number of independent contributions to the EFGhe crystal-fixed coordinate system, so that a densely packed
tensor, which is not restricted to a point-charge model. TheZD amorphous structur¢ghe spheres may tougks obtained.
GIM was successfully applied to extract the EFG tensor! hesamelayer is then equidistantly stacked along thexis
distribution from M('jssbauer Spectra of Fe_dopedof the'CI’ySta| frame, pI’OVIdIng translatl0n3:| Symmetry N that
i-Al-Si-Mn(Cr) QCs2® Our model is directly related to the direction. The c_hstancé) between planes is a variation pa-
GIM, but with an important difference. While in the GIMm, fameter, which is always very close@o=2R;, (when layers
the atoms are randomly packed in spherical shells, henc@®€ touching In the next step, a sphere of radiuBf is
yielding a structure that is amorphous and spherically isotrodrawn(Fig. 1) and the EFG tensor elements are calculated in
pic on the average in three-dimensiorf@D) (yielding no the sphere. centdwhich cqlnudes with the ce'nter of one of
orientation dependence of the NMR spejtrae assume in  the atomgin the crystal-fixed frame by a point charge cal-
our model that atoms are randomly packed in equidistan@l%lat'on from the charges within the sp_here. Becaus_e of the
parallel planes, thus representing layered structure, which @irror symmetry of the modefithe atomic(x,y) plane is a
amorphous in a plane, but represents a one-dimensipbal ~ Mirror pland, only four EFG elements are different from
periodic crystal in the orthogonal direction. These ideas folZero in the crystal framghe three diagonal ones plus tig,
low the structural model of thel-AINiCo by Burkov?  term), with only three being independent. The EFG tensor is
which describes its structure as a stack of tugy) plane then transformed into the laboratory frarbe,y’,z’), cho-
fivefold symmetry, but the layer a=c/2 is rotated by 36° B. Where itis diagonalized into its PASlenoted a¢X, Y, Z)]
with respect to the layer at=0, revealing overall decagonal and the eigenvalues are labeled in the usual wajVag
symmetry. In our case, the atomic order within each layer is< |Vyv|=<|Vzzl. The eigenvalue parameters,=eqand» are
amorphous, so that the tenfold symmetry is not present andle€n put into histograms. The same procedure in now re-
the model cannot give orientation-dependent NMR spectrR€ated 2< 10° times, each time with a new randomly gener-
for the crystal rotation around the axis perpendicular to theited basic atomic layer, so that complete histograms for the
The model, however, yields orientation dependence for th&/zz and# are in fact distributed by a single joint distribution
rotation about an axis lying within the plarithe twofold ~ F(Vzz,7), so that f(Vo)=[3F(Vzz, mdn and r(n)
axis). From this point of view, the model is not restricted to =/ -.F(Vzz, 7)dV;; represent two marginal distributiohsf
decagonal QCs only, but should be applicable also to othef(Vzz, 7). In order to calculate a twofold rotation pattern of
2D QCs like those of pentagonal, octagonal, and dodecagdhe orientation-dependent NMR spectra in a magnetic field,
nal symmetry. we choose initially the crystdl,y,z) and the laboratory
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(x',y’,z') frames to coincide and then rotate the crystal T
frame about the<’ axis (that coincides withx), with B de- * 634T
noting the rotation angle. Finally, we mention that in the case ° 235T
where the atoms are placed into spherical shells instead into
2D planes, our calculation recovers fully the results of
Czjzeket al?! (see their Fig. Pand the GIM mode(see Fig.

1 of Le Caér and Brarfd), for which the two marginal dis-
tributions f(Vz,) andr(#) are analytically knowrgiven by,

e.g., Egs(15 and (16) of Ref. 22. 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.
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IIl. EXPERIMENT M e L B Ea

The experiment was performed on a decagonal o 235T o
Al75 Nijg C0y6 g Single-grain QC(in the following referred
to asd-AINiCo59, 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-cob@tCo) decagonal IR %,
modification, showing no inclusions and precipitations of N .®
secondary phases. The details of its preparation and charac- ° o e 50 oot
terization were published elsewhéfeHere we mention that e e — T T
the same sample was used before irf5 NMR study of 04 -03 02 01 00 01 02 03 04
atomic motiont8 v-v, ., [MHz]

Due to strong inhomogeneous broadening, NMR absorp- ’
tion spectra of QCs extend over a frequency interval of many FIG. 2. (a) The NMR spectra of the-AINiCo ¢ gat T=50 K for
megahertz, which is much too broad to be detected by &e crystal orientation ten-axis perpendicular to the fi§&P ori-
standard NMR spectrometdpf typical bandwidth about entation. Solid circles represent the frequency-swept spectrum in a
300 kH2. Therefore, special techniques of magnetic fieldfield 6.34 T (the high-field spectruin whereas open circles repre-
sweep and frequency sweep have to be applied to recordssnt the field-swept spectrum for the center field 2.3GhE low-
quasicrystalline spectrum. In order to resolve the spectrurfield spectrum The origin of the frequency scale is taken at the
on its electric quadrupole and magnetic contributions, oné’Al resonance frequency of the AlChqueous solution. ThE¥Cu
has to perform experiments in different magnetic fields. Foresonance originates from the copper in the probe head. The dashed
that purpose we used two experimental setups. In the firgertical line marks thé°Co Larmor frequency in the field 6.34 T.
one, we used a custom two-coil superconducting magnet Oxb) “'Al central lines in the two magnetic fields on an expanded
ford, where the center field,=2.35 T is provided by the freauency scale.
main coil and the secondary coil is used for the field-sweep
purpose in the range +10% around the central value. Tha single run. A two-pulse Hahn-echo sequence was used with
field was changed in stefigypically 5-10 Q and the spin- a /2 pulse length of 2us.
echo intensity was recorded as a function of the field strength
by irradiating at a constant frequendy,=26.134 MH2, IV. RESULTS AND DISCUSSION
chosen to coincide with th&Al central transition. One half
of the echo was Fourier transform¢dT) and the spectral
intensity was integrated in a narrow frequency interval of The NMR spectra of the-AINiCo g ¢ for the crystal ori-
10 kHz (less than one field st¢pround the center irradiation entation ten-axis perpendicular to the fi¢id the following
frequency. The sweep coil was put into the persistent modeeferred to as the “perpendicular” or PRP orientatitaken
after each step, assuring high stability of the field during theat two magnetic fields are displayed in FigaR Solid circles
measurements. In the second setup, the spectra were mepresent the frequency-swept spectrum in a field 6.3 T
corded by a frequency-sweep technique in a constant fielthe following referred to as the “high-field” spectrym
B,=6.34 T (corresponding to th&’Al Larmor frequency of ~whereas open circles represent the field-swept spectrum for
70.35 MH2, with the total sweep range of 11 MHz. A typi- the center field 2.35 Tthe “low-field” spectrum. In both
cal frequency step was 10—50 kHz and the half-echo FTases the origin of the frequency scale is taken at’fAe
spectra were again integrated in an interval of 10 kHz. Theesonance frequency of the AlCaqueous solution. Three
NMR probe head was tuned automatically via a stepperresonances are observed in the spectréfl, *°Co, and
motor system. In both experimental setuffield- and ®3Cu, where the last resonance originates from the copper in
frequency-sweep experimejitthe sweep range was large the probe head. The high-field spectrum can be recognized
enough to record both, tiféAl and the®®Co NMR spectrain by having larger separation between tal and *°Co reso-

Intensity

A. The NMR spectrum
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nances. Thé’Al (1=5/2) spectrum exhibits a structure of a 1538 et e e e 1
broad “background” line, corresponding to the first-order ove ""E' 0070 *e%e%% 0000,
quadrupole-perturbed +5/2 +3/2 and +3/2- +1/2 satel- 1 1
lite transitions and the narrow, high-intensity line in the T 10 ® 634T ]
middle is the central ling1/2<-1/2), quadrupole per- T 0 235T 1
turbed in second order. A related structure applies also to the g ]
%%Co (1=7/2) spectrum(note that the available frequency f

sweep width was not large enough to record the full satellite >
intensity on the negative side of th&Co central ling. The

o o 00°
'%OOOOOO 09000009000%,," ;90 ]

fact that the®Co central line is shifted only by +200 kHz 0+
from its Larmor frequency(®*°Co)=63.76 MHz[shown by 0 50 100 150 200 250 300
a dashed line in Fig. (2] demonstrates that cobalt is in a TK]

nonmagnetic state. The electric-quadrupole origin of the .

large inhomogeneous broadening of the satellites is evident FIG. 3. Temperature-dependence of the shift oftt central
from its field independence. This is best seen on the positivi"€ Peak positior(PRP orientationrelative to the AIC} resonance
frequency side of thé’Al central line, where the satellite PeWeen 300 and 4 K in two magnetic fields.

intensities of Fhe h_igh- a_nc! Iow—field.spectra perfectly match 4, integrated intensity in a window of 10 kHz. This repre-
On the negative side this is less evident, as’fi@d and the  sents a rather coarse sampling of the central line and the peak
Al spectra partially overlap and their satellite intensitiesposition was consequently determined by fitting the top of
between both central lines are superimpogs is more the central line by a bell function. The obtained shift values
pronounced in the low field, where the two resonances arghould be considered to have precision +1 kHz. The tem-
closer together The 2’Al spectrum extends in total over the perature dependence of the shift in both fields is displayed in
frequency interval of about 8 MHz. Since this corresponds td-ig. 3, where no temperature dependence is noticed between
4y, this gives an estimate of the quadrupole coupling con300 and 4 K. Normalizing the magnetic shift to the reso-
stant vo=2 MHz. This large v value indicates that the nance frequencywac, the relative shift amountsk
quadrupole broadening may be dominant also on the centralbB/ vac;,=(2.1+0.2 X 104, which we associate with the
line, which is quadrupole perturbed in second order only?’Al isotropic Knight shiftK of the d-AINiCo,4 ¢ This value
The field dependence of tHéAl central line displayed in is of the same order as th¢ values found in icosahedral
Fig. 2(b) shows that this is indeed the case. The low-fieldAl-based QCs like the AICuRRuU) and AlPdMn (where K
central line extends over the frequency interval 450 kHz an¢/alues between 1610™* and 2.6< 10 were reportet) and
is roughly 2.5 times broader than the high-field one that exis a factor 8 smaller than in the fcc Afree-electronlike
tends over 200 kHz. This is in agreement with the secondmetal, whereK =1.6x 10°%. Since the Knight shift is pro-
order quadrupolar broadening that is inversely proportionaPortional to the electronic DOS at the Fermi legeE), we
to the external magnetic fielgecall that magnetic broaden- find that the DOS in the-AINiCo,¢ 9is reduced with respect

ing increases linearly with the fieldThe factor of 2.5 is 0 the Al metal also byg,/g~Kx/K=8, thus by a very
consistent with the ratio 2.7 of the magnetic fields. similar factor as in the icosahedral Al-based QCs. Regarding
the anisotropic Knight shift, which produces inhomogeneous

. ) _ magnetic broadening that increases linearly with the field
B. The “’Al Knight shift contrast to the isotropic Knight shift, which just shifts the
The magnetidKnight) shift of the spectrum may be de- resonance, but does not produce inhomogeneous broaden-
termined on the central line, where it is not masked by thdng), the inverse-field dependence of the central lines ob-

enormously large first-order quadrupole effect. Closer inServed in Fig. ) with the proper scalingthe estimated
spection of the spectra in Fig(l) reveals that the peak of Spectrum width decrease for a factor 2.5 matches well to the
the 2’Al low-field central line is shifted byAv=v- Vaicl, ratio of the fields 2.ydemonstrates that the magnetic broad-
=4 kHz relative to the AIGJ resonance, whereas the shift €Ning is minute as compared to the quadrupolar broadening
increases to 14 kHz in the high field. The frequency shift oféven on the central line. Therefore, the magnetic broadening
the peak is thus very small as compared to the total width oflue to anisotropic Knight shift can be, to a good approxima-
the inhomogeneously broadened central line. This shift is 40N, neglected. This is in agreement with the results of the
sum of the quadrupolar and the magnetic contributions anénight shift study in icosahedral Al-based QEsihere the
scales with the magnetic field &s=a/B+bB. SinceAv is  anisotropic Knight §h|ft was also f02u7nd ne_gI|g|ny_ small.
known at two fields, we can calculate the coefficiemtsnd The DOS reductiom, /g and the™’Al Knight shift K of

b, describing the second-order quadrupolar and the magnetiB€ d-AINiC0;64 can be estimated also from thEAI spin-
contributions, respectively. We get=—3.3 kHz-T andb lattice relaxation _raté'I . TheK and theT;" values are re-
=2.3 kHz/T, which yields, forB=2.35 T, a second-order lated by the Korringa relatidf
quadrupolar shifta/B=-1.4 kHz and a magnetic shifiB ) A e |2
=5.4 kHz. In the high fieldB=6.34 T, the shifts become :WF(_) : (8)
a/B=-0.5 kHz andbB=14.5 kHz. Here we emphasize that mel1l A h

the shiftAv was determined from the field- and frequency-wherey, is the electronic gyromagnetic ratio, so that ).
swept spectra, where each point in the spectrum represerits very useful for calculating an estimate for the relaxation
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FIG. 4. Temperature-dependeffAl spin-lattice relaxation rate

of the d-AINiCo 6 ¢ in the field 6.34 T displayed in thel;T)~2 vs. YAl
T plot. T=10K T=10K

rate knowing the value of the Knight shift and vice versa.
The temperature-dependeffAl 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 frequency(*’Al) *Co Sy
=70.35 MHz. The saturation-recovery pulse sequence was Z L“\.,
employed with a saturation train of sixty/2 pulses of 2us _—
duration. The spin-lattice relaxation rafg* was extracted LB B s s LSRR BN N S
from the magnetization-recovery curves by the long- 64 66 68 70 72 74 64 66 68 70 72 74
saturation magnetic relaxation modell of qu?x’th. ' v [MHz] v[MHz]

The temperature-dependeffAl spin-lattice relaxation
rate Of_t?ed'AlN'COlG.S?_'S displayed in Fig. 4 in the form of FIG. 5. The frequency-swepthigh-field NMR spectra of the
a(T,T)" vs T plot, which yields for regular metals a hori- 4 ANiCo,, 4 at 200 and 10 K taken at two orientatior(s) PRP
zontal (T,T)™*=const. line (the Korringa law. For the  orientation(ten-axis perpendicular to the figland (b) PLL orien-
d-AINiCoy6, we observe &T;T)™'=const. plateau at tem- tation (ten-axis parallel to the fie)d
peratures below 150 K, whereas above that temperature
(T,T)™* starts to increase slightly. The plateau below 150 Kmonocrystal, i.e., where the magnetic field lies within the
demonstrates that the dominant spin-lattice relaxatiorienfold-symmetric quasiperiodic plane. Therefore, rotating
mechanism there is via the conduction electrons, as in regdbe crystal for 2r/10 about the tenfold axis should lead to a

lar metals. The increase of tIi&T)™! at higher temperatures repetition of the situation and the NMR spectrum should
was observed quite commonly in theQC$89.121416 exhibit no(or at most a wegkorientation dependence. The

but the origin of this enhanced relaxation is Situation is different for the rotation of the crystal about an
st ambiguous. Here we shall analyze only theaxis lying within the quasiperiodic plan@orresponding to
(T,T)*=const. part of the relaxation rate below 150 K, the twofold axis of thed-AINiCo structurg, where the ten-
whose interpretation is clear. The quadratic dependence ¢f!d axis changes its orientation relative to the field. In Fig. 5
the relaxation rate on the DOS,(T,T)l«g?Er), We display the frequency-swefftigh-field NMR spectra at
allows estimating the reduction ofg(Ep) in the 20_0 and 10 K at two onenltatlonsa) PRP onentatlor(ten.—
d-AINiCo 15 ¢ relative to the Al metal. From Fig. 4 we find XIS perpendicular to the figidand (b) parallel or PLL ori-
(T, Danico=135 K s below 150 K, whereas for the fcc Al entation(ten-axis parallel to the fie)d The 27Al line shapes
metal this product amourfs(T,T),=1.88 K s. From these &t the two orientations exhibit pronounced differences. While
values we estimate the DOS reduction to lgg/g the satellite part of the PRP spectrum shows a more or less
~ (T Danico/ (TiTa =8.5, in good agreement with the featureless shape, the satellite part of the PLL spectrum ex-
value obtained from the Knight shift analygishereg, /g  Nibits clearly developed sharp features. Regarding the tem-
=8). perature dependence of the spectra, no noticeable
From the known Knight shift(K=2.1x10% and the temperature-dependent changexcept for the trivial de-
productT; T=135 K s we can test how these values fulfill the Crease in noise at low temperaturés the line shape, peak
Korringa relation[Eq. (8)]. We obtaink2=4.4x 108 and  Position and line width were observed between room tem-
ﬁyi/(47rkBT1Tyﬁ)=2.9>< 1078, which may be considered as a perature and 10 K at any of the two orientations. Here it is
very reasonable matching and gives confidence in the exper@lso worth noting that the temperature-independent position

mental values of th& and T,T parameters. of the ®Co central line in Fig. 5 is another indication of the
. _ 07 nonmagnetic character of cobalt atofirs the case of para-
C. Orientation-dependent“’Al NMR spectra magnetism the shift should go as/e1/T).

The earlier results and conclusions are based on the ex- The orientation-dependemt’Al NMR spectra of the
perimental spectra taken at the PRP orientation of thel-AINiCo.g 4 Single grain for rotations about the quasiperi-
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FIG. 6. Orientation-dependeRfAl high-field NMR spectra at 80 K of the-AINiCo44 ¢ Single-grain sample for rotation about the
twofold axis. In(a), 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 scalébJnthe corresponding theoretical rotation pattern, obtained by the stacked-planar
model, is displayed. The two sharp dips, located on both sides of the centriahlimked by arrows on th8=0 spectrum ofa)] 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 technigisee text are displayed ir(c), whereas the theoretical lines are showridh =0 corresponds
to the PLL orientation angg=90° to the PRP orientation.

odic and periodic directions were studied by the frequencyfrequency-sweep technique is too coarse to give details of its
sweep technique in the high fie{@.34 T) atT=80 K. Inthe  fine structure. For that reason we repeated the experiment,
rotation about the quasiperiodic tenfold axis, the shape of thasing this time a simpler method of FT of one half of the
spectrum was found equal to that of the PRP spectrum showecho by irradiating at a fixed frequency corresponding to the
in Fig. 5@ in the whole rotation pattern 0°-180°, with no peak position of the central line. The so-obtained FT-central
noticeable orientation dependence within the accuracy of thiines were less than 10% narrower than the ones obtained
frequency-sweep experiment. As discussed earlier, this is netith the frequency-sweep technique, showing that, in the
surprising due to high(tenfold symmetry of the crystal high field, the FT spectra can be used quite reliably to study
structure. The situation is different for the rotation about thethe central line shape. The advantage of the FT technique is
periodic twofold axis. The twofold rotation pattern is shown a better digital resolution of the spectrufimer sampling of
in Figs. a)—6(d), where the orientatio=0 corresponds to the ling), so that sharp details in the spectrum remain visible.
the PLL orientation ang=90° to the PRP orientation. Since The twofold rotation pattern from Fig.(€) again exhibits
the spectra were found mirror symmetric arougd90°,  quite pronounced angle-dependent changes in the shape,
only half of the rotation patterf0°-909 is displayed. In Fig. width and fine structure of the central line.
6(a) the experimental spectra are shown on an expanded ver- The theoretical line shapes, calculated from the stacked-
tical scale, so that the orientation-dependent structure of thelanar model, are displayed in Figstbp and Gd) side by
satellite intensity is clearly visible, whereas the central line isside to the experimental spectra. In Figb)the theoretical
clipped on this scale and will be discussed separately. Thepectra may be compared to the experimental satellite lines
rotation pattern exhibits quite strong orientation dependencdfom Fig. 6a). At practically all orientations the agreement is
while the satellite intensity is in all cases continuous, it ex-satisfactory, reproducing well both the overall shape and the
hibits angular-dependent shape and fine structure. Here wime structure of the satellite line. The discrepancy is in most
mention that the two sharp dips, located on both sides of theases related to the relative intensities of the fine details in
central line[marked by arrows on th8=0 spectrum of Fig. the spectrum. The stacked-planar model correctly reproduces
6(a)] are artifacts of the frequency-sweep technique, occurthe broad featureless shape at the RBP90°) orientation
ring at the transition from the narrow central line to the broadthat transforms upon rotation into a narrower spectrurg at
satellite intensity. =45° and finally to a broader spectrum with fine structure at
In Fig. 6(c), the twofold rotation pattern of the central line the PLL (8=0) orientation. Here we emphasize that, in the
is displayed. As this line is narrow, the sampling by thecalculation of the rotation pattern, we changed only the di-
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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 re&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. &d) together with the experimental lines in
Fig. 6(c). Also there the agreement between the theoretical
and experimental lines is in most cases good, except for the n
mismatch of the relative intensities of the fine details in the
spectra. For example, the theoretical and experimental lines
at 8=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 8=90°, to a featureless single line g=45°, and
finally to a two-peak structure g@=0. In the following we
will show that the theoretical model reproduces satisfactorily
also the orientation-dependent first momieht(the center of
gravity) 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 FigbR(at the V., [arb. units]

PRP orientatio)) exhibiting an asymmetric structure of a z

narrow peak and a broad shoulder on the low-frequency side, FiG. 7. Marginal distributionsa r(z) and (b) (V) (solid
matches well to the corresponding theoretical specfiii® |ineg) used in the stacked-planar model to calculate the theoretical
PRP line in Fig. €d)]. Regarding the asymmetric shape of NMR spectra shown in Figs.(6) and &d). The corresponding the-
the high-field central line in Fig. (B), its fine details are oretical distributions of the spherically isotropic modske text
smeared due to the frequency-sweep scanning mode, so that shown for comparison as dashed lines. fivg,) distributions

the asymmetry is better observed on the correspondinbave their integrals normalized to 1.

(PRB FT line in Fig. Gc).

The theoretical spectra were calculated using the fit pa- The origin of the orientation dependence of the NMR
rameterD/2R;,= 1.1 (the ratio of the distance between two spectra can be understood from specific features of the
atomic planes and the atomic diametefhis parameter in-  stacked-planar model. Recall that this model is constructed
fluences the shape of the NMR spectra quite significantlypy stacking the same randomly generated atomic layer along
The resulting two marginal distributiorf§V;7) andr(z) are  the periodic directioncorresponding to the ten-axis of the
displayed by solid lines in Fig. 7. The corresponding theo-AINiCo structure, so that all atoms lie on a mirror plane.
retical distributions of the spherically isotropic mod[Elqs. Because of the mirror symmetry, the EFG PAS at every
(15) and (16) of Ref. 22 are shown for comparison as nuclear site has one of its axes directed along the periodic
dashed lines. Regarding the distribution of the asymmetryjirection. Therefore, the nuclear sites can be divided into
parameter () [Fig. 7(a)], the difference between the two three groups(a) those that have the EFG PASaxis along
models appears mainly at smajl While in the spherically the periodic direction of the crystalreferred to as the
isotropic model, the probability of finding an EFG with  G,-group site} (b) those with theY axis along the periodic
=0 is zero; it becomes nonzero in the stacked-planar modetiirection (Gy-group sitey and (c) those with theX axis
The average asymmetry parametey)~0.6, is practically along the periodic directionfGy-group sites From the
the same in both models. The distributif{iV;,) is displayed  C-infinity rotational symmetry of the atomic planes in the
in Fig. 7(b). The horizontaV, scale is taken dimensionless, stacked-planar modétiue to amorphous disorder within the
so that it should be multiplied by a proper scaling factor inplane$ it follows that, for theG, group, the distribution of
order to obtain matching between the widths of the theoretthe X andY principal axes is isotropic in the plane. The same
ical and experimental NMR spectra. The distributions of theisotropic distribution applies to th# and X axes of theGy
two models have their integrals normalized to 1 and are disgroup and to the¥ andZ axes of theGy group. At the PLL
played so that the positions of their maxima coincide. Bothorientation of the crystal with respect to the magnetic field
models give qualitatively similar distributions, exhibiting (8=0), all G,-group sites have theil axes parallel to the
two peaks at ¥,,. The peaks of the stacked-planar modelmagnetic field, whereas th&axes of theGy- and Gy-group
are somewhat narrower than those of the spherically isotrosites are distributed isotropically within the planes, all mak-
pic model. ing an angle 90° with respect to the magnetic field. This

S (V) [arb. units]
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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

@

a)
5 g
rotation pattern. __// ﬁ7=58 A, 4///&
The above analysis in terms of the three groups of sites, AN 150 “‘/\“ﬂ‘
Gy, Gy, andG,, is based on two specific symmetries of the __/ 22.5° “"""‘:///\_h
stacked-planar mode(i) the mirror plane that coincides with J/ 30° 7 f\‘v
the atomic planes an(i) the C-infinity rotation axis perpen- -__j“ \ 37.5° J/L\
dicular to the atomic planes. It is interesting to consider how —/ \ ‘5‘;550 ~/ \
these symmetries relate to the actual symmetry of the 60° _/ \
d-AINiCo QC. According to Burko#* the space group of 67.5° / I\
d-AINiCo is P10s/mmc(centrosymmetrig which contains a __’//\ 750 J \
10s-screw axis perpendicular to the atomic layers and a mir- __// \ 82-2" /V\\
ror plane coinciding with the layers. While the mirror plane -/ \ 9?7050 ..../‘/ \
is present in both thel-AINiCo and the stacked-planar —/ \ ivd J \
model, the 1@-axis of the d-AINiCo is replaced by the _—/ 112.59 JK
C-infinity axis in the stacked-planar model. The success of ___/ \ 120° __v/ \
the stacked-planar model in reproducing the NMR spectra of / 127.5° X
the d-AINiCo,5 ¢ may be due to the existence of chemical _// \\_ 135% : :i V\b‘\
and phason disorders in reddAINiCo samples2®-31 which A\ 1?5262 ___,,.//\_*
locally break the tenfold symmetry, so th@tinfinity sym- _//\/ \ 157.5°r————j/ \
metry can be considered as a far approximation to the / /k 165° /\_
10s-screw axis. __// /\ 17;69 M/N
180° ]
D. Orientation-dependent first momentM, of the 2Tpl 702 703 704 705 702 703 704 705
central line » [MHZ] V [MHZ]

In the measurement of the orientation-depend&t
NMR spectra of thel-AINiCo 4 ¢ for rotation about the qua- FIG. 8. Rotation patterns of tH€Al central line obtained with
siperiodic tenfold axis, coarse sampling of the line inherenthe FT technique in the high field.34 T) at room temperature for
to the frequency-sweep technique and rather coarse angulgie rotation abouta) the tenfold axis andb) the twofold axis. The
resolution performed mostly in steps of 1&fue to time-  position of the referencec, frequency(70.35 MH3 is shown by
consuming experimentglid not reveal any orientation de- a dashed line.
pendence of the satellite spectra within the precision of the . .
frequency-sweep technique. As for this rotation the physicaP! the spectrunithe first momenM,, measured here relative
situation in the crystal repeats every 36°, finer angular anlP VAICIg): which IS d|s_,pla_1yed in Fig. @. Fpr the tenfold
better frequency resolutions of the spectra are needed f@tation. the quasiperiodic symmetry af'S in the angular
check for the possible orientation dependence of the spect pendence oM, is clearly visible, though the total varia-

in the tenfold rotation pattern. Such improved-resolution ex—tlon of M, is very small(about 2 kHz as compared to the

periments could be performed on the central line in the higﬁOtal central Iinewidtk(lSQ KH2. The angular dependence is
field, using the FT spectra. For that reason we have remed) the type M;=a,+a,sin 108 with a,=7.5 kHz anda,
sure’d the rotation patterns. of the central line about the te 07 kHZ[-SOHd Ime In Fig. 4a)]. For the rotation about t.he :
fold and twofold directi t A t ith th FTr}wofoId axis, the orientation dependence pf the centrql line is
old and twotold directions at room temperaturé with theé =1, stronger. The structure and the position of the line both
technique zg\d improved angular resolution of 7.5°. A collec-change significantly with the anglg, which is reflected in
tion of t.he .AI central lines for the tenfold rotation is d|s.— the angular dependence bf; [Fig. 9b)]. This angular de-
played in Fig. 8a), whereas the twofold rotation pattern is pendence is of the typM;=b;+b, cos 28+b; cos 48 with
shown in Fig. 8b) (note that this twofold pattern was ob- the periodic symmetryr, where the cos/ term is charac-
tained at room temperature whereas the one shown in Figeristic of the second-order quadrupolar shift in a
6(c) was collected at 80 K—wherefrom its better signal-to-monocrystaP? M is the largest for the PLL orientation and
noisg. The position of the referencenc, frequency its total variation for the twofold rotation is 40 kHz, which is
(70.35 MH32 is given as a dashed line. In both patterns weagain considerably smaller than the total width of the central
observe orientation dependence of the spectra, which ikne. The fit[solid line in Fig. 9b)] yielded b;=19.9 kHz,
much more pronounced for the rotation about the twofoldb,=20 kHz, ando;=7.2 kHz. The orientation-dependence of
axis. For the tenfold rotation, the shape of the central linghe first moment of the central line for the twofold rotation
shows asymmetry toward the low-frequency side with addiwas reproduced also theoretically by calculatiigfrom the
tional hump that is more pronounced at some orientation;yumerically simulated spectra displayed in Figd)6 It is
whereas the position of the line is mostly unchanged. Closeobserved dashed line in Fig. ®)] that the stacked-planar
inspection of the spectra shows that the repetition of the linenodel gives a qualitative agreement with the experiment.
shape occurs five times between 0° and 180°. This is also The higher-precision rotation patterns of the central line
evident from the angular dependence of the center of gravitdisplayed in Figs. & and 8b) thus show that the spectra

—
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quadrupole broadening is the dominant source of broadening
also on the central line, which is quadrupole perturbed in
second order only. The isotroptéAl 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?fié
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
®9Co resonance is centered almost at its Larmor frequency
and its frequency shift does not change with temperature
A% Al shows that cobalt is in a nonmagnetic state.

Sinced-AINiCo 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.
the fit with My=a; +a, sin 10Q3; (b) rotation about the twofold axis ﬁotatlo_n patt_ern about the ten-axis shows a tiny, but Slgmf'.'
with the fit (solid lin® M;=b,+h,cos 28+bscos 43, whereas cant orlentatlop deper_1dence of th_e cgntral line shape and its
dashed line was obtained by calculatiy from the theoretical center Qf gra\_/ltyMl with the quasiperiodic symmetr_’;t/S., .
lines of the stacked-planar model displayed in Figi)6The non- ~ cOmpatible with the tenfold symmetry of the quasiperiodic

perfect mirror symmetry of the experimental data(in acrossg struc_ture. The orientation dep_endence is much _stronger for
=90° is due to slight misalignmerifew degrees of the starting ~rotation about the twofold axis, where the rotation pattern

(PLL) orientation of the crystal in the magnetic field. exhibits a periodic symmetryr. For both rotations the total
variation ofM; is considerably smaller than the width of the

are orientation dependent for rotation about both the quasidghogogenotlaously tf)rc;]adene?l.central I'?eh Regarding rc])rlenta—
eriodic and the periodic axis. While in the twofold rotation, 10" dependence of the satellite part of the spectra, the two-

the spectrum exhibits strong angular anisotropy, the anisJ—OId rotation pattern exhibits significant variations in the line
tropy is very small—but still significant—for the tenfold ro- shape, width, and fine structure, whereas such changes could
tation. This demonstrates that the stacked-planar model is npt b? detgcted within the reso lution of the frequency-sweep
good starting approximation for the calculation of the NMRt.echnlque in the tenfold rotatlon_ pattern. The twofold _rota-
line shape of 2D QCs, but, as it does not yield orientatio tion pattern could be satisfactorily reproduced theoretically

dependence for rotation about the quasiperiodic axis due t y_f_r;]e sta_lckediplagar m(zjdel. f the NMR d
amorphous order within the 2D planes, it should be further e orientation-dependence of the spectra demon-

improved in future by considering the actual quasiperiodicstrates that, despite the large number of nonequivalent lattice

structure of the atomic plangseplacing amorphous order sites in thed-AINiCo, the distribution of orientations of the
by, e.g., pentagonal Penrose tiling, octagonal Ammann-EFG te.nsors Ina single grain is strongly an'lsotroplc. Future
Beenker tiling, etd. Such models will then be specific to theoretical studies of the NMR spectra with the stacked-

particular quasiperiodic symmetries, while the presente(ﬁ)lanar model, where the amorphous order within the atomic

stacked-planar model can be considered as an approximatidt nes W'" be rgplaced by regular, Ipng-range ordgred_ qua-
to all 2D QCs. 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
The NMR spectra of the-AINiCo,¢ o exhibit very large orientation-dependent NMR spectra of the decagonal

inhomogeneous broadening, extending over frequency inteAINiCo QC for the rotation about the periodic axis. This

val of many megahertz, so that field- and frequency-sweepnodel is not restricted to decagonal QCs, but is applicable

techniques are necessary to record a spectrum. We detect@@re generally to all planar structures, including 2D QCs of

both the spectra of’Al and %°Co, but the analysis was con- Pentagonal, octagonal, decagonal, and dodecagonal symme-

centrated on th&’Al resonance. In order to resolve the elec- try, Which exhibit either quasiperiodicity or large-unit-cell

tric quadrupole and the magnetic contributions to the lingP€riodicity in a plane and periodicity on the scale of few

shape and position of the spectra, the experiments were pdpteratomic distances in the third dimension.

formed in two magnetic fields, differing in strength by a

factor 2.7. The strong inhomogeneous broadening of ke

spectrum is of the electric-quadrupole origin, which is evi- ACKNOWLEDGMENT
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FIG. 9. Angular dependence of the center of gravite first
momentM,) relative tova, of the *’Al central lines from Fig. 8.
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V. CONCLUSIONS
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