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The structure and quasicrystal formation in bulk metallic glass-forming Zr59Cu20Al10Ni8Ti3 are studied by
means of nuclear magnetic resonancesNMRd. The samples are prepared by rapid solidification and annealed to
induce primary quasicrystal formation.27Al and 63Cu NMR spectra and relaxation curves are recorded before
and after the annealing process. Structure estimation is done by simulations of the second moments of various
binary Al and Cu compounds. The Al spin-lattice relaxation timesT1d of the order of 500 ms indicates a
pseudogap in the density of statessDOSd at the Fermi level at Al sites similar as predicted by band structure
calculations for binary AlZr compounds. Simulations of the second moments of various Al and Cu structures
also favor the existence of binary L12 AlZr3 and C11b CuZr2 medium-range ordered regions in the metallic
glass. The crystallization significantly changes the63Cu spectra and leaves the27Al spectra almost unchanged.
The second moment of63Cu is strongly decreased after the crystallization accompanied by a strong increase in
the 63Cu spectral intensity. This indicates the formation of an icosahedral order involving CuX crystalline
approximants.
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I. INTRODUCTION

Zr-based bulk glass-forming alloys are becoming more
and more interesting candidates for industrial applications.
These materials offer high strength-to-weight ratios and
hardness as well as extreme springiness.1,2 The superior
properties of these new metals arise from the lack of a crys-
talline structure usually found in conventional metals and
alloys. Moreover, Zr-based metallic alloys, for example,
have the capability of forming quasicrystals by casting3 or
after heat treatment at approximately 700 K,5,6 which can
further improve the strength of the material.7,8 However,
these alloys are becoming very brittle after forming quasi-
crystals in the first step of crystallization. It is, therefore, of
high importance to control the amount of crystallization
within the metallic glass during the fabrication process. Their
amorphous nature, however, makes their internal structure
inaccessible for investigations by means of X-ray diffraction
and other methods which require distinct long-range order
within the material. Zr59Cu20Al10Ni8Ti3, for example, yields
in the glassy state a structureless X-ray diffraction pattern,
consistent with its glassy nature.8 After heat treatment the
signature of an icosahedral symmetry arises in the diffraction
pattern, indicating icosahedral ordering. The question
whether the quasicrystal is formed during the heat treatment
or is already present in the glassy state as nanocrystallites or
quenched-in icosahedral clusters, which grow upon anneal-
ing, cannot be answered by X-ray diffraction.

Nuclear magnetic resonancesNMRd, however, provides a
local probe and is, therefore, a well-suited investigation
method for obtaining information about crystalline phases or
local atomic arrangements within a glass. Recently Tang
et al.4 have studied the crystallization process in

Zr41.2Ti13.8Cul2.5Ni10.0Be22.5 bulk metallic glass by9Be
NMR and were able to estimate the amount of Be that crys-
tallizes in BeZr2 during the crystallization process by inves-
tigating the9Be spin-lattice relaxation times.

Even though NMR is a local probe it requires a minimum
of medium-range order if it is done on quadrupole nuclei like
27Al and 63/65Cu. Otherwise the resonance frequency of
quadrupole nuclei will be spread over a wide frequency
range of several MHz due to a wide distribution of electrical
field gradientssEFGd within the sample. As demonstrated by
previous NMR measurements on the metallic glass
Zr55Cu30Al10Ni5

9 the required short-range order is present in
this compound and should be present in other metallic
glasses as well.

The information about the local environment is in solid
state NMR mainly obtained through the quadrupole interac-
tions and through the hyperfine interactions, namely the elec-
tronic interaction and the dipole-dipole interaction. Pure met-
als like Al and Cu possess a high DOS leading to short
spin-lattice relaxation timessT1d of the order of ms, large
Knight shift, large dipole-dipole interaction and no quadru-
pole interactions due to their cubic symmetry. For binary Al
and Cu compounds like AlZr3, which we assume to form in
the investigated Zr-glasses, low DOS and, therefore, longT1
are expected from band structure calculations.10 The same
NMR parameters are expected for the quasicrystal from pre-
vious NMR studies on single crystalline quasicrystals.11

Quasicrystals possess a wide distribution of electric-field
gradientssEFGd, vanishingly small Knight shifts, consistent
with large spin-lattice relaxation times and low DOS
(pseudogap) at the Fermi level. In view of this and in order
to obtain information about the crystalline and quasicrystal-
line phases, in this work a detailed investigation of the NMR
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quadrupole and dipole-dipole interactions is done together
with investigating and simulating the dipole-dipole interac-
tion of various Al and Cu compounds before and after an-
nealing the samples to the first crystallization peak.

II. EXPERIMENT

An ingot of nominal composition Zr59Cu20Al10Ni8Ti3 was
prepared by arc melting in a high purity argon atmosphere of
99.9999% purity. From this alloy ingot, ribbons with a cross-
section of about 0.0533 mm2 were prepared by using the
single-roller melt-spinning technique in a purified argon at-
mosphere.

The thermal behavior was measured by differential scan-
ning calorimetrysDSCd using a Perkin-Elmer DSC 7 calo-
rimeter in a flowing argon atmosphere at a heating rate of
40 K/min. For the annealing treatment of the samples,
pieces of the ribbon were constant-rate heated to 742 K in
the DSC. The structure of the as-prepared and annealed
samples was analyzed by x-ray-diffractionsXRDd with Cu
Ka radiation using a Philips PW 1050 diffractometer.

All NMR measurements were performed at 300 K in a
magnetic field ofB<13.83 T with a phase coherent pulse
spectrometer.

The spectra were recorded with a point by point method
by changing the irradiation frequency in 20 kHz steps. A two
pulse Hahn spin echo sequence was used for the detection of
the xy magnetization.27Al and 63/65Cu spin-lattice relaxation
times were measured in the central transition by employing
the method of saturation recovery. A saturating pulse se-
quence of a durationt longer than theT1 time constant was
applied in order to achieve high saturations.

Spin-spin relaxation was measured by enlarging the time
spacing of the pulses of the spin echo sequence.

After completing the NMR measurements the sample was
removed from the spectrometer and heated up to the tem-
peratures of the first crystallization peak. Subsequently, all
measurements were repeated on the heated sample.

III. RESULTS

A. Phase formation and thermal stability

Figure 1 shows the DSC curve of the as-quenched
Zr59Cu20Al10Ni8Ti3 ribbon. The sample exhibits a glass tran-
sition atTg=660 K, followed by three exothermic reactions
with onsetsTX1=736 K, TX2=748 K, andTX3=764 K, indi-
cating a successive partial or complete transformation into
different phases. To check the phase precipitated upon heat-
ing to the first transformation step, the as-quenched ribbon
was heated to the temperature above the respective DSC
peak, cooled to room temperature at a rate of 100 K/min
and, subsequently, characterized by x-ray diffraction at room
temperature.

Figure 2(a) shows the x-ray diffraction pattern of the as-
quenched specimen and(b) displays the XRD pattern after
heating to 742 K, respectively. The XRD for the as-quenched
state ribbon in Fig. 2(a) shows no sharp crystalline peaks
indicating an amorphous state. In contrast, Fig. 2(b) reveals a
diffraction pattern which is typical for icosahedral order and

is indexed in a notation following the indexing scheme of
Bancelet al.12

B. Al and Cu NMR spectra

The 27Al and 63Cu spectra recorded before and after the
annealing process are shown in Fig. 3. The27Al spectrum
shows a central peak with two symmetric wings which are
smeared quadrupole satellite transitions as it will be demon-
strated by the simulation of the27Al spectra and have been
observed by various authors in glassy alloys and single-
phase quasicrystalline compounds.11,13,14

The 63Cu spectrum shows no significant structure and is
relatively low in intensity compared to the27Al spectrum.
The reason for the low Cu spectral intensity is probably
structural disorder within the Cu environment. The resonance
frequencies of nuclei with quadrupole moments are sensitive
to mechanical stress within a structure due to the coupling of
the quadrupole moments to electrical field gradients in the
vicinity of the nuclei. In diluted Cu and Al alloys, for ex-

FIG. 1. DSC curve of the as-quenched ribbon of the
Zr59Cu20Al10Ni8Ti3 alloy. Tg=660 K denotes the glass transition.
The three exothermic reactions are denoted by the onsetsTX1

=736 K, TX2=748 K, andTX3=764 K.

FIG. 2. X-ray diffraction pattern of the as-quenched
Zr59Cu20Al10Ni8Ti3 glassy ribbon(a), and after annealing at the
peak temperature of the first crystallization event(b). The sample
was heated to 742 K.
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ample, an amount of only a few percent dopants is sufficient
to achieve a striking decrease of the signal intensity by al-
most two orders of magnitude.15,16

From the existence of relatively well-structured NMR
spectra one can conclude the existence of structured regions
within a material. This assumption is supported by strongly
different T1 of 63Cu and 27Al indicating strongly different
DOS at Cu and Al sites, which is discussed in Sec. III E 2.
Because the x-ray diffraction pattern does not show sharp
Bragg peaks these regions have to be only a few nm in size.

No significant changes in the27Al spectra are recorded
after heating the sample to the first crystallization peak. In
the 63Cu spectrum, however, two remarkable changes can be
observed. The intensity of the63Cu spectrum strongly in-
creases, due to reordering of the Cu environment and the
center frequency of the spectrum is slightly shifted to lower
frequencies. Thus, annealing the sample mostly affects the
Cu environment indicating that rearrangement of Cu atoms is
directly involved in the quasicrystal formation whereas the
environment of Al atoms remains almost unchanged.

The Al environment, however, is not completely unaf-
fected by the crystallization. It might be slightly compressed
due to the quasicrystal formation as it will be demonstrated
by the simulation of the27Al spectra and by the second mo-
ments which are utilized for the structural estimations of the
27Al and 63/65Cu environments and their changes during the
crystallization process.

C. Simulations of the 27Al NMR spectra

The 27Al line shape is typical for nuclei withI .1/2 in an
environment like metallic glasses or quasicrystals.11,13,14The
central peak of the27Al spectrum arises from theu± 1

2l tran-
sition whereas the broad wings besides the central peak arise
from the quadrupole interaction.

27Al and 63/65Cu nuclei have sizeable quadrupole mo-
ments. In a structure with noncubic symmetry placed in a
magnetic field the total Hamiltonian of a quadrupole nucleus
may be writtenHZ+Hquad+Hmag, whereHZ denotes the Zee-
man energy, arising from the coupling of the nuclei to the
static magnetic field,Hquaddenotes the coupling of the quad-
rupole moment to the electric field gradientsFEGd andHmag

describes the hyperfine interactions of the nuclear moment
with the electronic environment.17,18

In general, the eigenvalues of the quadrupole and hyper-
fine interactions depend on the orientation of the static mag-
netic field with respect to the EFG’s and hyperfine interac-
tion tensors. For the case whereHZ@Hquad,Hmag the parts
HquadandHmag may be treated as perturbations and the tran-
sition frequency may be written in the formv=vZ+vquad
+vmag. The first termvZ=gB0 denotes the Zeeman transition
and the hyperfine interactionvmag may be written in first
order as19,20

vmag= vZSKiso +
Kaniso

2
s3 cos2u − 1d −

«Kaniso

2
sin2u cos 2fD ,

s1d

with Kiso= 1
3sKx+Ky+Kzd, Kaniso=Kz−Kiso andKi as the com-

ponents of the hyperfine interaction tensor in the principal-
axis system and«=sKy−Kxd /Kaniso. The quadrupole shift in
first order may be written19,20

vquad=
vQ

2
Sm−

1

2
Ds3 cos2u − 1 −h cos 2f sin2fd, s2d

with vQ=3e2qQ/2IsI +1dh as the quadrupole frequency,eq
=Vzz asz-component of the EFG tensor,h=sVxx−Vzzd /Vzz as
the asymmetry parameter andu, f as the Euler angles be-
tween the principal axis and the static magnetic fieldB0. The
Larmor frequencyv0=gB is set positive.

In second order the quadrupole interaction affects the cen-
tral transition and the second order shift of theu± 1

2l transition
for the caseh=0 may be written as18

v1/2 =
− vQ

2

16vZ
SIsI + 1d −

3

4
Ds1 − cos2uds9 cos2u − 1d. s3d

In long-range ordered systems the EFG and hyperfine ten-
sors are determined by the crystal symmetry. In glassy al-
loys, however, only short-range order exists and one can
hardly speak about an unified principal axis system for both
tensors. For the simulations, it is therefore assumed that both
tensors are independent from each other.

The width of the wings besides the27Al central transition
is of the order of 1 MHz with respect to the central transition
peak frequency indicating a first order quadrupole splitting.
Because the first order quadrupole splitting affects only the
satellite transitions u± 5

2l→ u± 3
2l and u± 3

2l→ u± 1
2l the

Gaussian-type broadening of the central transition in Fig. 5
arises from a distribution of the hyperfine interaction tensors.
The contribution to the broadening of the central transition
due to the quadrupole interaction can be estimated to of the
order of only 2 kHz. Consequently, a Gaussian-type distribu-
tion of Kiso is assumed for the simulations. In addition, a

FIG. 3. 27Al and 63Cu NMR spectra before(upper picture) and
after (lower picture) heating the sample to the first crystallization
peak. The solid lines are guides to the eyes.
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Gaussian-type distribution of the quadrupole interaction pa-
rametersh ,vQ is assumed, according to NMR spectra simu-
lations for 27Al NMR spectra of quasicrystals by Shastriet
al.11 All simulations were performed with theSIMPSONsolid-
state NMR simulation package, which is described in Ref.
21.

The parameters used in the simulations are denotedvQ for
the quadrupole frequency,v0̄ for the standard deviation of
the frequency distribution,Kiso for the isotropic hyperfine
interaction, Kisō for it’s standard deviation andh for the
EFG’s anisotropy parameter andh̄ for the distribution ofh
values in steps of 0.1.

Because the simulated spectra are less sensitive to the
variation of the asymmetry parameter and in order to save
calculation time theh value was increased in steps of 0.1. In
all calculationsKaniso was set zero and the line broadening
was set to a value according to the measured spin-spin relax-
ation timeT2.

The results of the powder pattern simulations are shown
in Fig. 4 together with the used as parameters listed in the
figure caption of Fig. 4.

1. Quadrupole interaction

A good agreement between the simulations and measure-
ments can be achieved for a distribution of the quadrupole

frequency of 0.52 MHz with a center frequency of
1.68 MHz. After the crystallization an increase of the quad-
rupole frequency of 0.48 MHz can be recorded together with
a slight decrease of its standard deviation accompanied by a
decrease of the asymmetry parameter. It is remarkable that
after the crystallization the quadrupole interaction has sig-
nificantly increased by 30% whereas the width of the27Al
central transition remains constant. It will be shown in sec-
tion (13) that the27Al second moment is also significantly
increased by 50% after the crystallization indicating that the
EFG is dominated by the lattice EFG produced by lattice
charges.

The net EFG is in general the sum of the lattice EFG that
is produced by the lattice ions, enhanced by the Sternheimer
antishieldingg` and a conduction electron contribution:22

eqnet= eqlats1 − g`d − eqce. s4d

In terms of spherical coordinates the EFG inz-direction pro-
duced at the origin by a point charge at a distancer may be
expressed as:

eqzz= e
s3 cos2u − 1d

r3 . s5d

The dipole-dipole interaction exhibits also 1/r3 dependency.
Hence, an increase of the quadrupole interaction accompa-
nied by an increase of the second moment at comparable
rates is a strong hint for a dominant lattice part in Eq.(4),
since a decrease of the average distancer of the nuclei will
influence both quantities at the same rate and has negligible
influence on the width of the central transition. The order of
magnitude of the distribution of lattice positions within the
Al environment can now roughly be estimated by utilizing
Eq. (5). Settinge to one,u to zero and using a Gaussian-type
distribution ofr with mean value one and standard deviation
0.06 yields a Gaussian-type distribution ofeqzz with a stan-
dard deviation of 0.20. This rate is of the order of the stan-
dard deviation of the quadrupole interaction rate used for the
27Al spectra simulation and will be introduced into the simu-
lations of 27Al second moments in Sec. IV B.

2. Knight shift

The Knight shift at the center of the27Al transition is of
the order of 0.03% and is approximately five times smaller
than the Knight shift reported for pure metallic aluminium.23

The measured value is, however, consistent with27Al Knight
shift values reported for trialuminide intermetallics24,25 indi-
cating a low DOS at the Fermi level. The width of the central
transition has to be due to Knight shift distributions attrib-
uted to disorder in the Al environment and size effects.26

D. Cu spectra

The interpretation of the63Cu spectra is more difficult
than the interpretation of the27Al spectra. From the63Cu
spin-lattice relaxation it is clear that a quadrupole interaction
is present(Fig. 6). The signal-to-noise ratiosSNRd at 300 K,
however, is to poor to record the satellite transition in an
appropriate time. Cooling the sample will strongly increase

FIG. 4. Simulation(solid line) of the 27Al NMR spectra before
(upper picture) and after(lower picture) the heating to the first
crystallization peak. The parameters used in the simulation arevQ

=0.68 MHz,vQ̄=0.2 MHz , Kiso=50 kHz,Kiso=30 kHz h=0.6, h̄

=0.3. . .0.9 for the upper picture andvQ=0.868 MHz, v0̄

=0.192 MHz,Kiso=50 kHz, Kisō=30 kHz h=0.4, h̄=0.1. . .0.7 for
the lower picture.
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the SNR and the quadrupole transitions can be recorded. At
30 K the 63Cu spectrum(not shown here) has a structure
similar to the 27Al spectra, but with strongly smeared-out
wings. A reliable estimation of the quadrupole interaction
can hardly be given, because the completely smeared-out
quadrupole transitions vanish smoothly in the noise without
any kink. Very roughly estimated a quadrupole frequency of
the order of 4 MHz is necessary for the recorded negative
shift. Nevertheless, one can estimate the amount of63Cu that
is visible in the spectra by comparing the intensity obtained
from fitting a Gaussian to the63Cu spectrum to the intensity
obtained from a respective fit to the27Al central transition.
Assuming that the63Cu spectrum before the crystallization
can be attributed to a CuZr2 alike structure one obtains a
value of 12% visible63Cu before the crystallization and
nearly 100% after the crystallization, indicating a strong re-
ordering of the Cu environment.

E. Spin-lattice relaxation

1. 27Al spin-lattice relaxation

If quadrupole interaction is involved, the spin-lattice re-
laxation is no longer of a single exponential form, as for the
simple case ofI = 1

2 nuclei. The quadrupole interaction
changes the level spacing resulting in unequally spaced
multi-level systems. In order to predict the correct form of
the relaxation curve one has to know the dominant relaxation
mechanism.27 For metals the dominant relaxation mechanism
is in general magnetic. In that case and forI = 5

2 nuclei the
spin-lattice recovery law for long saturation times may be
written as27–29

Mstd = Ms`dS1 + 0.257 expS− 2t

T1
D + 0.267 expS− 12t

T1
D

+ 0.476 expS− 30t

T1
DD . s6d

For I = 3
2 nuclei the corresponding recovery law may be writ-

ten

Mstd = Ms`dS1 + 0.4 expS− 2t

T1
D + 0.6 expS− 12t

T1
DD .

s7d

Long saturation should be understood as a saturating time
longer than the relaxation timeT1.

Fitting the relaxation curves with Eq.(6) results in rea-
sonable well agreement between the measurements and the
recovery laws(Fig. 5). Note, that although the recovery laws
are composed of three exponential functions, the fits have
only two free parameters.

The spin-lattice relaxation timeT1=590s20d ms is ex-
ceedingly long for metallic compounds, giving a reliable in-
dicator of a gap in the density of statessDOSd at the Fermi
level as predicted for binary metallic compounds like
AlZr3.

10 The significant reduction of the spin-lattice relax-
ation time toT1=362s15d ms after the crystallization may
indicate a change of the Fermi level due to the formation of

the quasicrystal. It does not necessarily indicate a complete
change in the Al environment.

The decrease ofT1 seems to be in contradiction to the
constant Knight shift in the27Al spectra after the crystalliza-
tion. Since T1 is related to the Knight shiftDv via the
Korringa30 relation

T1sDvd2 =
"

4pkBT

ge
2

gn
2 , s8d

an increase of the Knight shift of approximately 13 kHz is
expected from Eq.(8) from the recorded decrease ofT1 after
the crystallization. However, calculating the expected Knight
shift from the ratio ofT1=6.3 ms andKs=0.164% reported
for metallic aluminium23 and the measuredT1 of 590 ms
yields only half of the measured Knight shift, i.e., 28 kHz.

In general, the experimental values forT1 are shorter than
the predicted ones23 and Eq.(8) represents only one contri-
bution to the spin-lattice relaxation time: The coupling of
magnetic moments ofs-state electrons to the nuclei. Thus,
further contributions to the Knight shift have to be present,
larger than the Knight shift contribution froms-like states,
for example a contribution fromd-like states, orbital para-
magnetism and core polarization as widely assumed for
many metallic alloys.24,25,31Hence, the decrease inT1 after

FIG. 5. Semi-logarithmic plot of the normalized nuclear magne-
tization recovery curves of the27Al central transition following a
long saturating pulse sequence. The relaxation times obtained from
the fits(solid lines) are 590s20dms before the crystallization(upper
picture) and 362s15dms after the crystallization(lower picture).
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the crystallization is not necessarily mirrored in the Knight
shift.

2. 63Cu spin-lattice relaxation

The 63Cu spin-lattice relaxation curves and the fits using
Eq. (7) are shown in Fig. 6. From the fits the following
relaxation times are obtained: 28.4s4d ms before the crystal-
lization and 18.2s4d ms after the crystallization. Again, a de-
crease of theT1 after the crystallization as for the27Al spin
lattice relaxation is observed.

In general theT1 process in metals is driven by the cou-
pling of the nuclei magnetic moments to the conduction elec-
trons which leads to the Korringa relation(8). Including the
DOS in an explicit form the Korringa relation(8) may be
written as17

T1sDvd2 = F xe
s

%sEFdG2 1

pkT

1

gn
2ge

2"3 , s9d

with %sEFd the DOS at the Fermi level andxe
s the electronic

susceptibility. Since there is only oneT1 for 27Al one can
conclude that every27Al nuclei has the same DOS.

Band structure calculations for binary amorphous metallic
alloys32 show that the pronounced structure of the electronic
DOS of the crystalline phase is smeared-out in an amorphous
phase. Hence one can conclude that the gap at the Fermi
level as calculated for AlZr3 should be smeared-out and the
27Al T1 should be significantly shorter than the measured
one. Furthermore, according to equation(9) T1s27Al d and
T1s63Cud should differ only by theirg ratio, i.e., by 2%. The
first order quadrupole interaction does not change the situa-
tion in any essential way. However, theT1s27Al d and
T1s63Cud differ by a factor of 20. Such a large ratio can only
be explained by distinct DOS at Al and Cu sites. Hence, Al
and Cu must be incorporated into distinct medium-range or-
dered regions to achieve the required distinct densities of
states.

After the crystallization the63Cu spectrum is shifted sig-
nificantly to lower frequencies in contrast to the27Al spectra.
Because of the decreasedT1 after the crystallization the spec-
tra should be shifted to higher frequencies or remain at least
at the same position in the spectrum. The negative shift can
only be explained by an increased quadrupole interaction
resulting in a second order shift of the central transition.
According to Eq.(3) a second order shift is negative and
may dominate all other contributions to the shift. Together
with the strong increase of the63Cu spectral intensity a re-
markable change in the Cu environment can be concluded.
This conclusion will be verified by corresponding changes in
the 63Cu spin-spin relaxation curve as discussed in Sec.
III G.

F. Spin-spin relaxation

1. 27Al spin-spin relaxation

Spin-spin relaxation describes the loss of phase coherence
of a spin ensemble. In solids such a coherence loss is mainly
driven by dipolar couplings and fluctuating magnetic fields
for example caused by the Fermi contact interaction in con-
ductive solids which is an effective mechanism also for spin-
lattice relaxation.17 The Hahn spin echo sequence cancels out
all static inhomogeneities, which may affect the Larmor fre-
quency of a nucleus yielding a homogeneous line width de-
termined by the lifetime of the exited states. The dipole-
dipole interaction of like spins, however, will not be canceled
out by the spin-echo and contributes to the line width. In the
static limit sT2/T2G!1d the decoherence is described by the
static dipolar interaction yielding a Gaussian line shape,
which is described in the time domain by a Gaussian decay
function33,34

Ms2td = M0expS−
1

2
S 2t

T2G
D2D . s10d

When the case is not static an exponential contribution from
the decoherence process due to field fluctuations has to be
taken into account(see, for example, Refs. 33 and 34), giv-
ing

FIG. 6. Semi-logarithmic plot of the normalized nuclear magne-
tization recovery curves of the63Cu nuclei at the peaks of the spec-
tra following a long saturating pulse sequence. The relaxation times
obtained from the fits(solid lines) are 28.4s4d ms before the crys-
tallization (upper picture) and 18.2s4d ms after the crystallization
(lower picture).
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Ms2td = M0expS−
2t

T2
−

1

2
S 2t

T2G
D2D . s11d

In general, one has to take into account a contribution to the
spin echo decay fromT1.

35 However, the measuredT1 andT2
differ by two orders of magnitude and the contribution from
T1 can be neglected. The spin-spin relaxation curves of27Al
are shown in Fig. 7. The upper figure shows theT2 data
before and the lower figure theT2 data after the crystalliza-
tion. A significant increase ofT2 can be seen. The data in
both figures are fitted by the Eq.(11) with M0,T2, andT2G as
free parameters.

The data in both figures are fitted by the Eq.(11) with M0,
T2, andT2G as free parameters.

Utilizing the method of moments17,18 gives a convenient
representation of the dipole-dipole interaction by expressing
it in terms of the second moment. The second moment rep-
resents the width of a resonance line and is best approxi-
mated by a Gaussian line shape. For the details see Refs. 17
and 18. The relaxation times obtained from the fits in Fig. 7
are listed in the figure caption of Fig. 7. A significant de-
crease ofT2G can be observed after the crystallization. Con-
sequently, the average dipole-dipole distance must be re-

duced. This is consistent with the observed increase of the
quadrupole frequency and may indicate either a structural
change of the Al environment or a compression of the Al
environment due to the quasicrystal formation. We will re-
turn to this point after the simulation of the second moments.

G. 63Cu spin-spin relaxation
63Cu spin-spin relaxation curves and corresponding fits

are shown in Fig. 8.
Before the crystallization(upper picture) the relaxation

curve possesses a Gaussian contribution. A fit with Eq.(11)
yields the relaxation timesT2=0.714s13d ms and T2G

=1.24s4d ms. After the crystallization the Gaussian contribu-
tion has disappeared from the relaxation curve and a single
exponential fit to the data yields the valueT2=0.580s1d ms.
The lack of the Gaussian contribution in the relaxation curve
after the crystallization verifies the conclusion that a com-
plete change of the Cu environment during the crystallization

FIG. 7. Semi-logarithmic plots of the spin echo decays of the
27Al central line. The relaxation times obtained from the fits of Eq.
(11) to the data areT2=1.60s20d ms andT2G=1.50s2d ms before the
crystallization (upper picture) and T2=2.00s20dms and T2G

=1.00s2d ms after the crystallization(lower picture).

FIG. 8. Semi-logarithmic plot of the spin echo decay of the63Cu
nuclei in the center of the spectrum before(upper picture) and after
heat treatment(lower picture). The data in the upper picture are
fitted by Eq.(11). The relaxation times obtained from this fit are
T2=0.714s13d ms andT2G=1.24s4dms. The data in the lower figure
are recorded after the crystallization at 300 K(circles) and 30 K
(squares). The data at 300 K are fitted with a single exponential
function obtaining a relaxation time ofT2=0.580s1d ms. At 30 K
the strongly enlargedT2 of 5.1s1d ms reveals a Gaussian part of
T2G=5.5s2d ms.
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process takes place. If one compares the changes in the63Cu
spectra with the changes in the x-ray diffraction pattern ob-
tained after the crystallization a quasicrystal formation in-
volving CuX compounds can be concluded.

A disappearing of the Gaussian contribution in the spin-
spin relaxation curve, however, does not necessarily mean
complete disappearing of dipole-dipole interactions. Instead
it is more probable that it has reduced during the crystalliza-
tion and is merely covered by theT2 process, the first part of
Eq. (11).

The minimum value ofT2G that can be covered by aT2 of
0.5 ms may be estimated to be of the order of 7 ms. This
estimation is verified by theT2 curve recorded at 30 K. The
strongly enlargedT2 at 30 K revealed aT2G of 5.5s2d ms
which is consistent with the above estimation if one takes
into account the contraction of the lattice constants at 30 K.

IV. SIMULATIONS OF SECOND MOMENTS

In the presence of quadrupole interaction contributions
from u± 3

2l and u± 5
2l states should be treated as contributions

from unlike spins and canceled out by the Hahn echo se-
quence. However, analyzing theT2G results in the case of a
broad central transition and distributed quadrupole interac-
tion is more complicated than in the case of the small and
well separated lines of a single crystal. As mentioned above
T2G is measured with a Hahn spin echo sequence which is
commonly understood as a pulse sequence attributed top /2
andp tip angles. However, since only a small fraction of the
central line is excited by the pulse sequence, thep /2 andp
tip angles are found only around the center frequency of the
excitation bandwidth that is within a small fraction of the
whole excitation bandwidth. Nuclei excited beside the center
frequency experience smaller tip angles. Furthermore, the
central peak of the27Al spectrum contains considerable con-
tributions from theu± 3

2l, u± 5
2l states due to the distributed

quadrupole interaction which are also excited by the spin
echo sequence. For this reasons, the present conditions are
much more complex as the conditions in the case of well
defined single crystals where the central transition is well
separated from the satellite transition and can be completely
excited by ap /2 and p pulse sequence. Therefore, the
present conditions require special theoretical analyzes that
are not within the scope of this work.

In order to overcome this problem we followed a phe-
nomenological way by analyzing the second moments in the
way described by Abragam18 and compared the calculated
63CusT2Gd values with the experimental ones of a CuZr2 ref-
erence sample. To correct deviations from the calculated and
experimental values a phenomenological parameter may be
introduced. However, the calculated63CusT2Gd value shows
good agreement with the experimental value(Sec. IV A ).
The deviations are smaller than 6% within experimental ac-
curacy.

The method of moments utilizes the fact that magnetic
dipoles a distancer apart from each other produce a mag-
netic field of the orderBloc=m / r3. Expressed in terms of the
second moment, the dipole-dipole interaction for like spins
may be written as17

kDv2l =
3

4
g4"2IsI + 1do

k

s1 − 3 cos2u jkd2

r jk
6 , s12d

with the gyromagnetic ratio of the nucleig, the quantum spin
numberI and the dipole-dipole distancer ij . In case of pow-
der samples the angular-dependent parts1−3 cos2u jkd2 may
be replaced by it’s average value 4/5. In general one should
take into account a correction due to the presence of quad-
rupole interaction.18 In the presence of quadrupole interac-
tion the dipolar broadening of the ±1/2 transition can be
divided into different cases: 1. like spins: Spins with the
same gyromagnetic ratio and situated at crystal sites with the
same EFG and 3. semi-like spins: Spins with the same gyro-
magnetic ratios but located at different sites and experiencing
different quadrupole couplings.18 In general, second mo-
ments in imperfect cubic crystals are calculated by the intro-
duction of a coherence radius inside which the spins are
treated as like spins and as semi-like outside.18 The ratiosrL
andrSL of the second moments for like and semi-like spins to
that without quadrupole coupling depend onI and are:
rLs3/2d=9/10, rSLs3/2d=4/5, rLs5/2d=107/105, and
rSLs5/3d=257/315.18 The like spins within the coherence ra-
dius are most effective for the second moments and theT2G
is effected only by the square root ofrL and rSL. Hence, the
correction due to semi-like spins can be estimated to be
smaller than 1% and and are expected to vanish within the
experimental error, remaining only the correction for like
spins which is about 5% for Cu.rL can be neglected for Al.
Therefore, only a small correction is applied to Eq.(12) for
Cu nuclei. The expressions forT2G may be written for alu-
minium:

T2G =Î5.25g4"2o
k

r jk
−6

−1

, s13d

and for the copper nuclei:

T2G =Î2.25 ·rLg4"2o
k

r jk
−6

−1

, s14d

T2G for 63Cu has to be corrected due to the natural abundance
of the 63Cu isotope. Contributions from65Cu will be can-
celled out by the echo-sequence in the static limitsT1/T2

@1d33 and the sum in Eq.(14) will only count contribution
from 63Cu. Provided a stochastic distribution of both isotopes
the 63Cu T2G will be enlarged by 1/Î0.7 with 0.7 as the
natural abundance of63Cu which yields aT2G of 1.54 ms for
63Cu in CuZr2. The validity of the above argumentation is
confirmed by the63Cu second moment in a CuZr2 reference
sample. CuZr2 possess a tetragonal structure, however, the
quadrupole interactions is relatively weaksvQ=120 kHzd
and the63Cu NMR spectrum shows washed out satellite tran-
sitions (Fig. 10) indicating disorder within the CuZr2 struc-
ture. From the NMR point of view the Cu in CuZr2 may
resembles an environment with slowly varying quadrupole
interaction according to an disordered cubic environment.
Hence, the treatment of63Cu second moments in CuZr2 ac-
cording to Eq.(14) is indicated.
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A. CuZr 2 reference sample

The reference sample was prepared by using the single
roller-melt spinning technique. The obtained ribbon was an-
nealed at 673 K for 30 minutes and rapidly cooled down to
room temperature. The existence of the CuZr2 phase within
the sample is clearly proofed by the XRD which is shown in
Fig. 9.

From the tetragonal C11b structure of CuZr2 quadrupole
interaction and anisotropic chemical shift is expected for the
63Cu NMR powder spectrum which is shown in Fig. 10.

Broadened peaks in the XRD pattern(Fig. 9) indicate
imperfections in the crystal lattice that may wash out the
satellite transitions in the NMR powder pattern. The solid
line in Fig. 10 denotes the powder pattern simulation which
was found to be the best approximation for the experimental
spectrum. The satellites are washed out indeed due to slight
disorder in the CuZr2 crystallites.

The spin-lattice relaxation curve is shown in Fig. 11 and
possess the double exponential form according to Eq.(7) as
expected for the relaxation process in the presence of quad-
rupole interaction. A fit with Eq.(7) yields a value ofT1

=16.0s4d ms which indicates the predicted gap at the Fermi
level for binary metallic compounds like AlZr3 and CuZr2.

10

In general, the63Cu T1 in pure CuZr2 and CuZr2 embedded
in an amorphous alloy are not expected to be fully equal.
According to Eq.(9) theT1 depend on the DOS at the Fermi
level which may be shifted due to the contact to the amor-
phous or medium-range ordered environment.

The spin-spin relaxation curve is shown in Fig. 12. A fit
with Eq. (11) obtains the valueT2G=1.44s4dms which is in
excellent agreement with the calculated value ofT2G
<1.54 ms for 63Cu in CuZr2. The small deviation is ex-
pected because the experimentalT2G is in general smaller
than the theoretical one.36 ExperimentalT2G for metallic Al
are about 10% smaller than the calculated value36 and ex-
perimental and calculatedT2G for 63Cu in CuZr2 differ by the
expected amount.

B. 27Al second moments

Second moment calculations are in general only valid for
large crystals because nuclei in outer shells or at the bound-

FIG. 9. XRD pattern of the annealed CuZr2 sample.

FIG. 10. Measured spectrum(open circles) and simulation(solid
line) of the CuZr2 reference sample. The parameters of the simula-
tion are:vQ=120 kHz,Kiso=190 kHz, andKaniso=80 kHz. The sat-
ellite transition are washed out due to crystal imperfections and the
spectrum is slightly broadened.

FIG. 11. Semi-logarithmic plot of the normalized63Cu nuclear
magnetization recovery curves of the CuZr2 reference sample mea-
sured at 150 kHz following a long saturating pulse sequence. The
spin-lattice relaxation time obtained from the fit(solid line) is
16.0s4d ms.

FIG. 12. Semi-logarithmic plot of the63Cu spin echo decays
measured at a shift of 170 kHz(Fig. 10) of the CuZr2 reference
sample spectrum. The relaxation times obtained from the fit of Eq.
(11) to the data are:T2=1.01s2d ms andT2G=1.44s4d ms.
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ary experience smaller numbers of next neighbors and pos-
sess a largerT2G than nuclei located in the middle of the
cluster. In order to identify ordered regions and to estimate
their possible size the calculations were started with rela-
tively large clusters and subsequently the cluster size was
incrementally reduced and the averageT2G from all nuclei
was calculated.

The eligible compounds were preselected from the sto-
ichiometry of the sample and the extraordinary longT1 of the
Al nuclei. The high Al and Zr content favours the formation
of Al xZry compounds and band structure calculations of bi-
nary AlZr compounds predict a gap in the DOS at the Fermi
level10 leading to the observed relatively longT1. The exis-
tence of pure Al metallic regions is excluded from theT2G of
1.50s2d ms that is significantly larger than the experimental
value of T2G=291ms reported for pure Al metal powder.36

Even small clusters of only a few Atoms can be excluded
because theT2G calculated for a cluster of 4 Al Atoms in a
cubic cell with a distance of 2.8 Å yields a value of 630ms,
which is significantly smaller than the measured value. As
shown in Table I the calculated AlT2G for various AlZr alloy
differ significantly from the experimental value outside the
estimated uncertainty of 10%. A good agreement between the
measured and the simulatedT2G in the as-quenched sample
was only achieved for L12 AlZr3 with a lattice constant of
4.374 Å37 yielding a theoretical large cluster value ofT2G of
1.54 ms. Calculating theT2G on AlZr3 clusters with 53 el-
ementary cells yields an averageT2G of 1.74 ms and for 73

elementary cells, equivalent to 30 Å, 1.68 ms.
Treating the contributions toT2G from u±3/2l and

u±5/2l states as static would enlarge the calculatedT2G
value by a factor of 5.8 for Al. For Al2Zr (Table I) this would
lead to 1.45 ms. However, Al2Zr has the hexagonal C14
structure and a considerable shift anisotropy is expected
from this structure. This shift anisotropy should lead to a
pronounced shoulder in the central peak of the Al NMR
spectra, that, however, is not seen. Therefore, the presence of
Al2Zr is not favored. The presence of Al3Zr is also unfavored
because Al NMR spectra of well ordered tetragonal Al3Zr
are known24 and are expected to possess a much broader
central peaks<1 MHzd in case of introducing some disorder
into the crystal lattice.T2G for the cubic Al3Zr structure
yields<2.2 ms if enlarged by the factor of 5.8. This value is
larger than the experimental one and has to be reduced by
30% to meet the experimental value. On the other hand, in
case of the63Cu T2G value only a small deviation of the
calculated one exits from the experimental one, if the calcu-
lation is made according to Eq.(14). Therefore, with the
assumption that this calculation is also suitable in case of Al,
we favor the presence of cubic L12AlZr3.

The L12 structure is a cubic structure which appears at
first to be in contradiction with the observed quadrupole in-

teraction. However, the strongly broadened central transition
(Fig. 4) indicates some disorder in the structure and disor-
dered cubic structures possess quadrupole interactions with a
distribution of the EFG tensors. Furthermore, the structure is
assumed to exist only over a range of a few nm and, there-
fore, a distribution of quadrupole frequencies should arise
due to distortion and shear effects at the boundaries of the
AlZr3 regions. A further argument for a distorted cubic-like
structure is the symmetry of the27Al spectra together with
the relatively low quadrupole frequency of 1.6 MHz. In
amorphous alloys the Al nuclei should experience consider-
able deviations from cubic symmetry, and therefore, large
values of the quadrupole constant especially if the surround-
ing atoms possess much different valences. Gaussian distri-
bution of a relatively low quadrupole frequency dominated
by lattice charges is in contradiction to a supposed amor-
phous Al environment.

In order to investigate the effect of disorder on the second
moment the calculation were repeated by introducing the es-
timated standard deviation of the lattice positions estimated
in Sec. III C into the simulated clusters by randomly displac-
ing the Al nuclei from there average lattice positions. The
T2G was averaged from 100 runs. A Gaussian distribution
with a standard deviation of 6% reduced the averageT2G
value from 1.68 to 1.6 ms which is satisfactory if one takes
into account that experimental values are in general smaller
than theoretical ones. The effects in metallic Al36 and in the
CuZr2 reference sample are about 10%(Sec. IV A). From
this point of view it is reasonable to assume a medium-range
ordered cubic L12 AlZr3-like structure which can be esti-
mated to be of the order of 30 Å. This estimated order should
be understood as an average size, since a distribution of sizes
should be present in glass-forming alloys.

After the crystallization the experimental27Al T2G
changes to 1.00s2d ms, which is in good agreement with val-
ues ofT2G=1.08 ms calculated for the hexagonal D019 AlZr3
phase. However, care has to be taken in the interpretation of
this change. This decreasedT2G might indicate a change
from the cubic L12-like structure into a hexagonal D019-like
order. If this assumption holds true, a drastic change in the
quadrupole interaction should be observed, because such a
transition means a transition from a disordered cubic sym-
metry to a hexagonal symmetry. However, the quadrupole
constant is only increased by 30% and the shape of the whole
27Al spectrum remains nearly unchanged after the crystalli-
zation. Thus, it is more probable that the increase of the27Al
second moment is due to a compression of the L12 AlZr3-like
order, as discussed in section(III C ). A calculation of the
lattice constant required for aT2G=1.0 ms yields 3.850 Å.
One may argue that increasing the second moment may also
occur from a growing of the L12 AlZr3-like regions during
the crystallization. However, increasing the ordered regions
should decrease the disorder within these regions. Hence, an
increased second moment should be accompanied by a de-
creased quadrupole interaction. Assuming a slight compres-
sion of L12 AlZr3-like regions is, therefore, more probable.

C. 63Cu second moments

Calculating the63Cu second moment was done according
to Eq. (14). The measuredT2G of 1.24s4d ms of the as-

TABLE I. Calculated large clusterT2G values for various AlZr
alloys. The values are calculated according to Eq.(13).

Alloy Al 3Zr Al3Zr Al2Zr AlZr2 AlZr3 ALZr3

DO22 L12 C14 C16 L12 D022

T2Gsmsd 0.38 0.39 0.25 2.5 1.5 1.0
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quenched sample is close to the value calculated for C11b
CuZr2 of T2G=1.54 ms and close to the value found in the
CuZr2 reference sample. Assuming CuZr2 ordered regions is
supported by conclusions of Eifertet al.38 The widths of
63/65Cu NMR spectra in ZrxCu1−x amorphous alloys are of the
same order as the widths of the63Cu spectra presented in this
work, which are surprisingly small for a glassy compound. In
glassy alloys one should expect large quadrupole interactions
due to considerable deviations from cubic symmetry.38 Con-
sequently, relatively low quadrupole interactions together
with the second moment calculations can be taken as a
strong hint for CuZr2-like ordered regions.

After the crystallization the second moment has totally
changed and is covered by the spin-spin relaxation timeT2
=0.5 ms. In Sec. III G a value ofT2G of 7 ms was estimated
for the Cu after the crystallization and confirmed by the spin-
spin relaxation curve recorded at 30 K.

A structure calculation can hardly be done without knowl-
edge of the possible quasicrystal structures, i.e., the Cu nu-
clei distances within these structures. However, the strongly
enlargedT2G is a clear proof for a structural change. Estimat-
ing the lattice constants of the C11b structure necessary for a
T2G of 7 ms yields values of a a<5.8 Å and b<20 Å which
means an enlargement of the lattice constants by a factor of
approximately 1.8. Such an enlargement cannot be explained
with the assumption of a preserved C11b CuZr2 structure.

V. SUMMARY

The presence of two medium-range orders is strongly in-
dicated in an as-quenched Zr59Cu20Al10Ni8Ti3 metallic glass
by investigating and simulating the second moments of27Al
and 63Cu. The simulations for27Al second moments show
best agreement with a L12 AlZr3-like structure. The size of

medium-range order can be estimated to be of the order of
30 Å. For Cu best agreement is achieved with a C11b
CuZr2-like structure.

The sample heated up to the first crystallization peak
shows remarkable changes in the intensity of the63Cu NMR
spectrum and the63Cu second moment. An increase of the
amount of63Cu visible in the spectrum from 12% to nearly
100% can be recorded, with respect to the intensity of the
27Al central transition. This intensity increase is accompa-
nied by a strong decrease of the63Cu second moment. All
these changes coincide with the occurrence of icosahedral
order in the x-ray diffraction patterns after the annealing pro-
cedure and are the proof for the involvement of Cu into the
quasicrystal. For the27Al spectra and second moments only
relatively smooth variations are detectable after the crystal-
lization. The second moment is increased by 50% and the
quadrupole constant is also increased by nearly the same
amount. The shape of the27Al NMR spectrum is nearly un-
changed by the crystallization. A transformation from the L12
AlZr3 phase to the D019 phase is improbable because a
change from a disordered cubic structure to a tetragonal
structure should increase the quadrupole constant abundantly
clear by more than 30%. From this point of view it is more
reasonable to assume a reduction of the L12 AlZr3 lattice
constants due to the quasicrystal formation. The quasicrystal
requires more space in the sample than its approximants.
This may explains the quasicrystal formation dependency on
the Ti amount which is a discursive point in crystallography.
Further investigations on samples with various Ti amounts
are under progress.
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