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The structure and quasicrystal formation in bulk metallic glass-formirgCZpAloNigTiz are studied by
means of nuclear magnetic resonafi®&R). The samples are prepared by rapid solidification and annealed to
induce primary quasicrystal formatioffAl and 3Cu 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 tifiig¢) of the order of 500 ms indicates a
pseudogap in the density of stat&09) 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;4 AlZr; and C1} CuZr, medium-range ordered regions in the metallic
glass. The crystallization significantly changes $@u spectra and leaves tRBAl spectra almost unchanged.

The second moment 8fCu is strongly decreased after the crystallization accompanied by a strong increase in
the 53Cu spectral intensity. This indicates the formation of an icosahedral order involving CuX crystalline
approximants.
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l. INTRODUCTION Zry oTiq3 CuUl2.5Ni10.0Be22.5 bulk metallic glass ByBe

NMR and were able to estimate the amount of Be that crys-

Zr-baseq bulk glass—forr_ning aIons_, are pecomin.g MOr&allizes in BeZy during the crystallization process by inves-
and more interesting candidates for industrial apphcatlonstigatmg the®Be spin-lattice relaxation times.

These materials offer high strength-to-weight ratios and ™ gyen though NMR is a local probe it requires a minimum
hardness as well as extreme springinesShe superior  of medium-range order if it is done on quadrupole nuclei like
properties of these new metals arise from the lack of a crys27a| gnd 6365Cu. Otherwise the resonance frequency of
talline structure usually found in conventional metals andguadrupole nuclei will be spread over a wide frequency
alloys. Moreover, Zr-based metallic alloys, for example,range of several MHz due to a wide distribution of electrical
have the capability of forming quasicrystals by casting  field gradientd EFG) within the sample. As demonstrated by
after heat treatment at approximately 703 which can previous NMR measurements on the metallic glass
further improve the strength of the materidl.However,  Zr.sCuyAl(Nis® the required short-range order is present in
these alloys are becoming very brittle after forming quasithis compound and should be present in other metallic
crystals in the first step of crystallization. It is, therefore, of glasses as well.
high importance to control the amount of crystallization The information about the local environment is in solid
within the metallic glass during the fabrication process. Theirstate NMR mainly obtained through the quadrupole interac-
amorphous nature, however, makes their internal structurgons and through the hyperfine interactions, namely the elec-
inaccessible for investigations by means of X-ray diffractiontronic interaction and the dipole-dipole interaction. Pure met-
and other methods which require distinct long-range ordeals like Al and Cu possess a high DOS leading to short
within the material. ZggCu,0Al1NigTis, for example, yields spin-lattice relaxation time§T;) of the order of ms, large
in the glassy state a structureless X-ray diffraction patternknight shift, large dipole-dipole interaction and no quadru-
consistent with its glassy natufeAfter heat treatment the pole interactions due to their cubic symmetry. For binary Al
signature of an icosahedral symmetry arises in the diffractiomnd Cu compounds like AlZr which we assume to form in
pattern, indicating icosahedral ordering. The questiorthe investigated Zr-glasses, low DOS and, therefore, Tong
whether the quasicrystal is formed during the heat treatmendre expected from band structure calculatith$he same
or is already present in the glassy state as nanocrystallites 8iMR parameters are expected for the quasicrystal from pre-
qguenched-in icosahedral clusters, which grow upon annealious NMR studies on single crystalline quasicrystals.
ing, cannot be answered by X-ray diffraction. Quasicrystals possess a wide distribution of electric-field
Nuclear magnetic resonan@dMR), however, provides a gradients(EFG), vanishingly small Knight shifts, consistent
local probe and is, therefore, a well-suited investigationwith large spin-lattice relaxation times and low DOS
method for obtaining information about crystalline phases o{pseudogapat the Fermi level. In view of this and in order
local atomic arrangements within a glass. Recently Tango obtain information about the crystalline and quasicrystal-
et al* have studied the crystallization process inline phases, in this work a detailed investigation of the NMR

0163-1829/2004/70)/01420112)/$22.50 70014201-1 ©2004 The American Physical Society



BREITZKE et al. PHYSICAL REVIEW B 70, 014201(2004)

quadrupole and dipole-dipole interactions is done together @ T
with investigating and simulating the dipole-dipole interac- § X’[
tion of various Al and Cu compounds before and after an- g 4/j T
nealing the samples to the first crystallization peak. s \ l“’
Il. EXPERIMENT § 1

An ingot of nominal composition ZgCu,pAl 1oNigTi; was S |
prepared by arc melting in a high purity argon atmosphere of g
99.9999% purity. From this alloy ingot, ribbons with a cross- _ac"a -
section of about 0.08 3 mn? were prepared by using the 3 osling ——
single-roller melt-spinning technique in a purified argon at- i L L L - i L L
mosphere. 400 450 500 550 600 650 700 750 800 850

The thermal behavior was measured by differential scan- Temperature (K)
ning calorimetry(DSC) using a Perkin-Elmer DSC 7 calo-
rimeter in a flowing argon atmosphere at a heating rate of FIG. 1. DSC curve of the as-quenched ribbon of the
40 K/min. For the annealing treatment of the samplesZrsdCleoAl1oNigTis alloy. T;=660 K denotes the glass transition.
pieces of the ribbon were constant-rate heated to 742 K iffhe three exothermic reactions are denoted by the onbgts
the DSC. The structure of the as-prepared and annealed’36 K, Txz=748 K, andTx;=764 K.
samples was analyzed by x-ray-diffractiodRD) with Cu
K« radiation using a Philips PW 1050 diffractometer. is indexed in a notation following the indexing scheme of
All NMR measurements were performed at 300 K in aBancelet al!?
magnetic field ofB~13.83 T with a phase coherent pulse
spectrometer.
The spectra were recorded with a point by point method B. Aland Cu NMR spectra
by changing the irradiation frequency in 20 kHz steps. Atwo  The ?’Al and ®*Cu spectra recorded before and after the
pulse Hahn spin echo sequence was used for the detection &nealing process are shown in Fig. 3. THal spectrum
the xy magnetizatior?’Al and 53¥6%Cu spin-lattice relaxation Shows a central peak with two symmetric wings which are
times were measured in the central transition by emp|oyin§meared qU&drUpOIe satellite transitions as it will be demon-
the method of saturation recovery. A saturating pulse sestrated by the simulation of th€Al spectra and have been
quence of a duration longer than théT; time constant was Observed by various authors in glassy alloys and single-

applied in order to achieve high saturations. phase (éuasicrystalline compourtds®** _
Spin-spin relaxation was measured by enlarging the time The ®*Cu spectrum shows no significant structure and is
Spacing of the pu|ses of the spin echo sequence. relathEly low in Intensity Compared to th&Al spectrum.

After completing the NMR measurements the sample wad he reason for the low Cu spectral intensity is probably
removed from the Spectrometer and heated up to the tem;lructural disorder within the Cu environment. The resonance
peratures of the first crystallization peak. Subsequently, affrequencies of nuclei with quadrupole moments are sensitive

measurements were repeated on the heated sample. 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-

IIl. RESULTS
A. Phase formation and thermal stability - 7 = 7 T
o
Figure 1 shows the DSC curve of the as-quenched -2 =
ZrsgCU0Al 1oNigTis ribbon. The sample exhibits a glass tran- g g >
sition at T4=660 K, followed by three exothermic reactions . Y -
with onsetsTy; =736 K, Ty,=748 K, andTy;=764 K, indi- o _ S _
cating a successive partial or complete transformation into S o3 sa 2 gg
different phases. To check the phase precipitated upon heat- - 8 32 ¢ 23
ing to the first transformation step, the as-quenched ribbon & |(b) ] o
was heated to the temperature above the respective DSC 2 o
peak, cooled to room temperature at a rate of 100 K/min @ m I
and, subsequently, characterized by x-ray diffraction at room £ ; . . sl
temperature. 20 30 40 50 60 70 80
Figure 2a) shows the x-ray diffraction pattern of the as- 20 (degree)

quenched specimen argd) displays the XRD pattern after

heating to 742 K, respectively. The XRD for the as-quenched FiG. 2. X-ray diffraction pattern of the as-quenched
state ribbon in Fig. @) shows no sharp crystalline peaks zr.Cu, Al (NigTis glassy ribbon(a), and after annealing at the
indicating an amorphous state. In contrast, Filp) 2eveals a peak temperature of the first crystallization evént The sample
diffraction pattern which is typical for icosahedral order andwas heated to 742 K.
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T ] 27Al and 8%6%Cu 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+Hgyaqt Hmag WhereH; denotes the Zee-
12 % 1 man energy, arising from the coupling of the nuclei to the
] static magnetic fieldH,,,gdenotes the coupling of the quad-
h rupole moment to the electric field gradigfEG) andHp,g
] describes the hyperfine interactions of the nuclear moment
with the electronic environment:*®
In general, the eigenvalues of the quadrupole and hyper-
1 100 %: 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 Whelg > Hgyaq Hmag the parts
H
i \

Hquag@ndHy,agmay be treated as perturbations and the tran-
sition frequency may be written in the form=w;+ wqyaq
+wmag The first termw, = yB, denotes the Zeeman transition
and the hyperfine interactiody,,g may be written in first
order a§®?°

Echo Magnitude (arb. units)

152 153 154 155 156

Frequency (MHZz)

Kani Koo
®mag= wz( Kiso+ 32”'5"(3 cogg- 1) - Tm2S%j2g cos 2¢) :

FIG. 3. 27Al and %3Cu NMR spectra beforéupper picturg and 2

after (lower picturg heating the sample to the first crystallization
peak. The solid lines are guides to the eyes. (1)

with KiSO:%(KX+ Ky+Ky), Kanise= K, ~Kiso andK; as the com-

ample, an amount of only a few percent dopants is sufficienponents of the hyperfine interaction tensor in the principal-
to achieve a striking decrease of the signal intensity by alaxis system and =(K,~K,)/Kanso The quadrupole shift in
most two orders of magnitudé: first order may be writteh§-20

From the existence of relatively well-structured NMR L
spectra one can conclude the existence of structured regions _Wof 4 4 ;
within a material. This assumption is supported by strongly ~ “avad~ 5 (m 2)(3 cos6—1-17 cos 2 site), (2)
different T, of 83Cu and?’Al indicating strongly different
DOS at Cu and Al sites, which is discussed in Sec. Il E 2 With wo=3qQ/21(1+1)h as the quadrupole frequenay
Because the x-ray diffraction pattern does not show sharp Vzz@Sz-component of the EFG tensay=(V,,—Vz)/Vz,as
Bragg peaks these regions have to be only a few nm in sizéh® asymmetry parameter argl ¢ as the Euler angles be-

No significant changes in th#’Al spectra are recorded tween the principal axis and the static magnetic figydThe
after heating the sample to the first crystallization peak. In-armor frequencyw,=vB is set positive.
the 83Cu spectrum, however, two remarkable changes can be In second order the quadrupole interaction affects the cen-
observed. The intensity of th@Cu spectrum Strong|y in- tral transition and the second order shift of thé> transition
creases, due to reordering of the Cu environment and th#r the casen=0 may be written &8
center frequency of the spectrum is slightly shifted to lower — W2 3
frequencies. Thus, annealing the sample mostly affects the ,,= —Q<|(| +1)- —)(1 - co6)(9 cogh-1). (3)
Cu environment indicating that rearrangement of Cu atoms is 16w, 4
direptly involved in the quasicrystal formation whereas the |, long-range ordered systems the EFG and hyperfine ten-
environment of Al atoms remains almost unchanged. sors are determined by the crystal symmetry. In glassy al-

The Al environment, however, is not completely unaf-|ys however, only short-range order exists and one can
fected by the crystallization. It might be slightly compressedham“y speak about an unified principal axis system for both

due to the quasicrystal ;‘ormation as it will be demonstrateqensors. For the simulations, it is therefore assumed that both
by the simulation of thé’Al spectra and by the second mo- tensors are independent from each other.

ments which are utilized for the structural estimations of the T width of the wings besides tR&Al central transition
#’Al and 63{65(:‘1 environments and their changes during thejg of the order of 1 MHz with respect to the central transition
crystallization process. peak frequency indicating a first order quadrupole splitting.
Because the first order quadrupole splitting affects only the
satellite transitions |[£2)—[+3) and |+2)—|+1) the
Gaussian-type broadening of the central transition in Fig. 5
The?’Al line shape is typical for nuclei with>1/2 inan  arises from a distribution of the hyperfine interaction tensors.
environment like metallic glasses or quasicrystaf$!4The  The contribution to the broadening of the central transition
central peak of thé Al spectrum arises from thb:%) tran-  due to the quadrupole interaction can be estimated to of the
sition whereas the broad wings besides the central peak ariseder of only 2 kHz. Consequently, a Gaussian-type distribu-
from the quadrupole interaction. tion of Kis, is assumed for the simulations. In addition, a

C. Simulations of the 2’Al NMR spectra
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0 101 ' ' ' ' ' ' T frequency of 0.52 MHz with a center frequency of
€ 1.68 MHz. After the crystallization an increase of the quad-
5 0.8 i rupole frequency of 0.48 MHz can be recorded together with
s a slight decrease of its standard deviation accompanied by a
o 0.61 . decrease of the asymmetry parameter. It is remarkable that
E after the crystallization the quadrupole interaction has sig-
g o4 ] nificantly increased by 30% whereas the width of #al

S 021 i central transition remains constant. It will be shown in sec-
° tion (13) that the?’Al second moment is also significantly

S 0.0 . increased by 50% after the crystallization indicating that the
w - T EFG is dominated by the lattice EFG produced by lattice

-15 10 -05 00 05 1.0 1.5

. charges.
Shift (MHz) The net EFG is in general the sum of the lattice EFG that
i i . i . i i is produced by the lattice ions, enhanced by the Sternheimer
1.01 . antishieldingy.. and a conduction electron contributiéh:
0.8 1 €Chet= €0al(1 — ¥..) — €Ce. (4)
0.6 _ In terms of spherical coordinates the EFGzidirection pro-

duced at the origin by a point charge at a distanceay be
1 expressed as:

] oq e(3 coia— 1) _ 5)

0.41

0.21

0.01

Echo Magnitude (arb. units)

15 10 05 00 05 10 15 The dipole-dipole interaction exhibits alsor dependency.
’ ' e 7 ' ' ' Hence, an increase of the quadrupole interaction accompa-
Shift (MHz) nied by an increase of the second moment at comparable
rates is a strong hint for a dominant lattice part in E4),
since a decrease of the average distanoéthe 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
C Al environment can now roughly be estimated by utilizing
=0.192 MHz, Kiso=50 kHz, Kiso=30 kHz #=0.4, »=0.1...0.7 for  gq (5) Settinge to one,d to zero and using a Gaussian-type
the lower picture. distribution ofr with mean value one and standard deviation

Gaussian-type distribution of the quadrupole interaction pa0-06 Yields a Gaussian-type distributionex,, with a stan-

lations for 27Al NMR spectra of quasicrystals by Shaseti ~ dard deviation of the quadrupole interaction rate used for the
al. 1L All simulations were performed with thampsonsolid-  2’Al spectra simulation and will be introduced into the simu-
state NMR simulation package, which is described in Reflations of>’Al second moments in Sec. IV B.
21.

The parameters used in the simulations are denoggior 2. Knight shift

the quadrupole frequencyy, for the standard deviation of The Knight shift at the center of th¥Al transition is of
the frequency distributionK;s, for the isotropic hyperfine o order of 0.03% and is approximately five times smaller
interaction, Kig, for it's standard deviation andy for the  than the Knight shift reported for pure metallic aluminié.
EFG's anisotropy parameter angfor the distribution of7  The measured value is, however, consistent &g Knight
values in steps of 0.1. o shift values reported for trialuminide intermetalfi¢4° indi-
Because the simulated spectra are less sensitive 0 Rging 4 jow DOS at the Fermi level. The width of the central

variation of the asymmetry parameter and in order t0 savggnqition has to be due to Knight shift distributions attrib-
calculation time they value was increased in steps of 0.1. In uted to disorder in the Al environment and size eff@bts
all calculationsK,,;sc Wwas set zero and the line broadening '

was set to a value according to the measured spin-spin relax-

ation timeT,. D. Cu spectra
The results of the powder pattern simulations are shown

in Fig. 4 together with the used as parameters listed in th?h

figure caption of Fig. 4.

FIG. 4. Simulation(solid line) of the 2’Al NMR spectra before
(upper picturg and after(lower picturg the heating to the first
crystallization peak. The parameters used in the simulationogre
=0.68 MHZ, wq=0.2 MHz , Ki,=50 kHz, Ki,=30 kHz 7=0.6, 7
=0.3...0.9 for the upper picture aney=0.868 MHz, aTO

The interpretation of thé3Cu spectra is more difficult
an the interpretation of thé&’Al spectra. From théCu
spin-lattice relaxation it is clear that a quadrupole interaction
1. Quadrupole interaction is presentFig. 6). The signal-to-noise ratitSNR) at 300 K,
A good agreement between the simulations and measuréowever, is to poor to record the satellite transition in an
ments can be achieved for a distribution of the quadrupol@ppropriate time. Cooling the sample will strongly increase
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the SNR and the quadrupole transitions can be recorded. At & T T

30 K the 3Cu spectrum(not shown herghas a structure z 107 1
similar to the ?’Al spectra, but with strongly smeared-out >

wings. A reliable estimation of the quadrupole interaction £ 98] 1
can hardly be given, because the completely smeared-out o

quadrupole transitions vanish smoothly in the noise without @ 061 T
any kink. Very roughly estimated a quadrupole frequency of =

the order of 4 MHz is necessary for the recorded negative 2 0.41 T
shift. Nevertheless, one can estimate the amouft@i that =

is visible in the spectra by comparing the intensity obtained o 0.2 T
from fitting a Gaussian to th#Cu spectrum to the intensity S

i i i iti 0.0 —rrrrm——rrr—— T —r— T rr——rr
obtained from a respective fit to tiféAl central transition. o ; o o0 1000

Assuming that thé’3Cu spectrum before the crystallization
can be attributed to a Cugmlike structure one obtains a T (ms)
value of 12% visible®*Cu before the crystallization and _ . . . . .
nearly 100% after the crystallization, indicating a strong re- & 107 T
ordering of the Cu environment. 5
g 081 -
&
E. Spin-lattice relaxation 3 0.61 .
1. 27Al spin-lattice relaxation ‘E 0.4 i
If quadrupole interaction is involved, the spin-lattice re- §
laxation is no longer of a single exponential form, as for the o 0.2- -
simple case ofI:% nuclei. The quadrupole interaction 5
changes the level spacing resulting in unequally spaced Y 4, . . . . .
multi-level systems. In order to predict the correct form of 0.1 1 10 100 1000
the relaxation curve one has to know the dominant relaxation T (ms)
mechanisnt/ For metals the dominant relaxation mechanism
is in general magnetic. In that case and fer2 nuclei the ~ FIG. 5. Semi-logarithmic plot of the normalized nuclear magne-
spin-lattice recovery law for long saturation times may betization recovery curves of th&/Al central transition following a
written ag7-29 long saturating pulse sequence. The relaxation times obtained from

the fits(solid lines are 59020)ms before the crystallizatiofupper

-2t -1 icture) and 36215)ms after the crystallizatiofiower picture.
M(t) = M(oo)(l +0.257 exé_l_—> +0.267 exé_l_—> picture 9 Y dower picturg
1 1
_ )) the quasicrystal. It does not necessarily indicate a complete

(6) change in the Al environment.

The decrease of; seems to be in contradiction to the
constant Knight shift in thé”Al spectra after the crystalliza-
tion. Since T, is related to the Knight shifAw via the
Korringa® relation

+0.476 ex;é
1

Forl :g nuclei the corresponding recovery law may be writ-
ten

-2t 2
M(t):M(so)<1+0.4 ex;{_l_—>+0.6 exp(_l_—)). (A= hoY% ®

! ! AmkgT 52’
() an increase of the Knight shift of approximately 13 kHz is

Long saturation should be understood as a saturating timgxpected from Eq(8) from the recorded decrease Bf after
longer than the relaxation time,. the crystallization. However, calculating the expected Knight

Fitting the relaxation curves with Eq6) results in rea-  shift from the ratio ofT;=6.3 ms andK;=0.164% reported
sonable well agreement between the measurements and thf metallic aluminiund® and the measured; of 590 ms
recovery lawgFig. 5. Note, that although the recovery laws yields only half of the measured Knight shift, i.e., 28 kHz.
are Composed of three exponential functions, the fits have In generaL the experimenta| values Tﬁrare shorter than
only two free parameters. the predicted onéd and Eq.(8) represents only one contri-

The spin-lattice relaxation timd;=59020) ms is ex-  pution to the spin-lattice relaxation time: The coupling of
ceedingly long for metallic compounds, giving a reliable in- magnetic moments of-state electrons to the nuclei. Thus,
dicator of a gap in the density of statd30S) at the Fermi  further contributions to the Knight shift have to be present,
level as predicted for binary metallic compounds like larger than the Knight shift contribution fromlike states,
AlZr3.1° The significant reduction of the spin-lattice relax- for example a contribution frond-like states, orbital para-
ation time toT,;=36215 ms after the crystallization may magnetism and core polarization as widely assumed for
indicate a change of the Fermi level due to the formation ofnany metallic alloy$*?>31Hence, the decrease T after
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LR I LA Band structure calculations for binary amorphous metallic
1.0 - alloys®? 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
0.8 . level as calculated for AlZrshould be smeared-out and the

1 2TAl T, should be significantly shorter than the measured

0.9 b

Echo Magnitude {arb. units)

0.7 ] one. Furthermore, according to equatit® T,(%’Al) and
0.6 . T,(®3Cu) should differ only by theiry ratio, i.e., by 2%. The
0.5 ] first order quadrupole interaction does not change the situa-
tion in any essential way. However, th&(?’Al) and
0.4 ] T,(%3Cu) differ by a factor of 20. Such a large ratio can only
0.3 T r T T T be explained by distinct DOS at Al and Cu sites. Hence, Al
0.01 0.1 1 10 100 1000 and Cu must be incorporated into distinct medium-range or-
T (ms) dered regions to achieve the required distinct densities of
states.
g L I A A After the crystallization thé3Cu spectrum is shifted sig-
S 1.01 nificantly to lower frequencies in contrast to thél spectra.
& 00 Because of the decreaségafter the crystallization the spec-
© 1 tra should be shifted to higher frequencies or remain at least
o 0.81 at the same position in the spectrum. The negative shift can
B 0.7 only be explained by an increased quadrupole interaction
= 0.6 resulting in a second order shift of the central transition.
= ; According to Eq.(3) a second order shift is negative and
= 057 may dominate all other contributions to the shift. Together
2 0.4 with the strong increase of tf&Cu spectral intensity a re-
9 O markable change in the Cu environment can be concluded.
"0.01 0.1 1 10 100 1000 This conclusion will be verified by corresponding changes in
1 (ms) meG“Cu spin-spin relaxation curve as discussed in Sec.

FIG. 6. Semi-logarithmic plot of the normalized nuclear magne-
tization recovery curves of tH&Cu nuclei at the peaks of the spec-
tra following a long saturating pulse sequence. The relaxation times F. Spin-spin relaxation
obtained from the fitgsolid lineg are 28.44) ms before the crys-
tallization (upper picturg and 18.24) ms after the crystallization
(lower picturs. Spin-spin relaxation describes the loss of phase coherence
of a spin ensemble. In solids such a coherence loss is mainly
the crystallization is not necessarily mirrored in the Knightdriven by dipolar couplings and fluctuating magnetic fields
shift. for example caused by the Fermi contact interaction in con-
ductive solids which is an effective mechanism also for spin-
2. 83Cu spin-lattice relaxation lattice relaxatiort” 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-

laxation i btained: 284 before th al termined by the lifetime of the exited states. The dipole-
relaxation imes are obtained: ms belore the crystal- dipole interaction of like spins, however, will not be canceled

lization and 18.24) ms after the crystallization. f\gain, ade- ot by the spin-echo and contributes to the line width. In the
crease of thd, after the crystallization as for th€Al spin - giatic |imit (T,/T,e < 1) the decoherence is described by the

lattice relaxation is observed. static dipolar interaction yielding a Gaussian line shape,

In general theTl process in metals is driven by the COU~ \vhich is described in the time domain by a Gaussian decay
pling of the nuclei magnetic moments to the conduction elecfunctior?3'34

trons which leads to the Korringa relati@8). Including the
DOS in an explicit form the Korringa relatio(8) may be

written ag’ 1/ 27 \2
, M(2T)=M06X[<— E<T_2G) ) (10
S 1 1
Tl(Aw)Z:{ Xe }

0(Ep) | 7KT y2y2h3 ®)

When the case is not static an exponential contribution from
with o(Er) the DOS at the Fermi level ang the electronic  the decoherence process due to field fluctuations has to be
susceptibility. Since there is only orlg for 2’Al one can taken into accountsee, for example, Refs. 33 and)34iv-
conclude that every’Al nuclei has the same DOS. ing

1. 27Al spin-spin relaxation

The %Cu spin-lattice relaxation curves and the fits using
Eq. (7) are shown in Fig. 6. From the fits the following
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FIG. 8. Semi-logarithmic plot of the spin echo decay of $f@u

FIG. 7. Semi-logarithmic plots of the spin echo decays of thenuclei in the center of the spectrum befgupper picturg¢ and after
27Al central line. The relaxation times obtained from the fits of Eq. heat treatmentlower picture. The data in the upper picture are
(11) to the data ar&,=1.6020) ms andT,c=1.502) ms before the fitted by Eq.(11). The relaxation times obtained from this fit are
crystallization (upper picturg¢ and T,=2.00200ms and T,g T,=0.71413) ms andT,g=1.244)ms. The data in the lower figure

=1.002) ms after the crystallizatioflower picture. are recorded after the crystallization at 300(¢&ircley and 30 K
(squares The data at 300 K are fitted with a single exponential
27 1/ 27\2 function obtaining a relaxation time &f,=0.5801) ms. At 30 K
M(27) = Moexp<— - —<—> ) (11 the strongly enlarged, of 5.1(1) ms reveals a Gaussian part of
T, 2\Ty Trc=5.52) ms.

In general, one has to take into account a contribution to the
spin echo decay frorifi;.35 However, the measuret} and T, duced. This is consistent with the observed increase of the
differ by two orders of magnitude and the contribution from duadrupole frequency and may indicate either a structural
T, can be neglected. The spin-spin relaxation curve¥Af change of the Al environment or a compression of the Al
are shown in Fig. 7. The upper figure shows fhedata environment due to the quasicrystal formation. We will re-
before and the lower figure tHE, data after the crystalliza- turnto this point after the simulation of the second moments.
tion. A significant increase of, can be seen. The data in
both figures are fitted by the E(L1) with My, T,, andT,g as
free parameters.

The data in both figures are fitted by the Et) with My, 63Cu spin-spin relaxation curves and corresponding fits
T,, andT,g as free parameters. are shown in Fig. 8.

Utilizing the method of moment4!8 gives a convenient Before the crystallizatior(upper picturg the relaxation
representation of the dipole-dipole interaction by expressingurve possesses a Gaussian contribution. A fit with (&g).
it in terms of the second moment. The second moment reptields the relaxation timesT,=0.71413) ms and Ty
resents the width of a resonance line and is best approxi1.244) ms. After the crystallization the Gaussian contribu-
mated by a Gaussian line shape. For the details see Refs. 1ign has disappeared from the relaxation curve and a single
and 18. The relaxation times obtained from the fits in Fig. 7exponential fit to the data yields the vallig=0.5801) ms.
are listed in the figure caption of Fig. 7. A significant de- The lack of the Gaussian contribution in the relaxation curve
crease ofT,g can be observed after the crystallization. Con-after the crystallization verifies the conclusion that a com-
sequently, the average dipole-dipole distance must be rgslete change of the Cu environment during the crystallization

G. %3Cu spin-spin relaxation
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process takes place. If one compares the changes fiGhe 3 (1 -3 cog6,)?
. i . . =2 Rallihbtdd .
spectra with the changes in the x-ray diffraction pattern ob- (Aw?) = 2 A+ 1) r: . (12
tained after the crystallization a quasicrystal formation in- K Ik
volving CuX compounds can be concluded. . , . . .
: . . T . with the gyromagnetic ratio of the nuclgj the quantum spin
.A dlsappearlng of the Gaussian contribution in the SPIN Y umberl and the dipole-dipole distaneg. In case of pow-
spin relaxation curve, however, does not necessarily mean 5
) : ; . . . er samples the angular-dependent part3 cog6,)? may
complete disappearing of dipole-dipole interactions. Instea e replaced by it's average value 4/5. In eneraJlI one should
it is more probable that it has reduced during the crystalliza; P y 9 -ng

tion and is merely covered by tfig process, the first part of take Into aCCO‘.’”rjrga correction due to the presence of quad-
Eq. (11). rupole interactiort® In the presence of quadrupole interac-

. tion the dipolar broadening of the +1/2 transition can be
0 5Tr?]i rﬂgl;ng;n g’;‘iﬂ.,eagjﬁéhﬁécgf tl;g cc%?;regfb%/%g f Thigivided into different cases: 1. like spins: Spins with the
eétimation is verified by th@, curve recorded at 30 K. 'I.'he Ssame gyromagnetic ratio and situated at crystal sites with the

strongly enlargedr, at 30 K revealed a,g of 5.52) ms same EFG and 3. semi-like spins: Spins with the same gyro-

which is consistent with the above estimation if one takesmagnetlc ratios but located at different sites and experiencing

. . . different quadrupole coupling$. In general, second mo-
into account the contraction of the lattice constants at 30 Kments in imperfect cubic crystals are calculated by the intro-

duction of a coherence radius inside which the spins are
IV. SIMULATIONS OF SECOND MOMENTS treated as like spins and as semi-like outsfti€he ratiosr,

In the presence of quadrupole interaction contribution andrg, of the second moments for like and semi-like spins to

from |+3) and|+2) states should be treated as contributionztha;/;vﬁhg;)/ultoquadrw;o'e_ c/ouplmg (jepfznd c/bnand are(.j
. . r.(3/2)= , rs(3/2=4/5, r (5/2=107/105, an

from unlike spins and canceled out by the Hahn echo se- /3)= 13158 The lik . ithin th h

quence. However, analyzing tAgg results in the case of a rs(5/8)=257/315:" The like spins within the coherence ra-
. y G

broad central transition and distributed quadrupole interac.c—jlus are most effective for the second moments andriae
effected only by the square root f andrg,. Hence, the

tion is more complicated than in the case of the small and® : S . :
well separated lines of a single crystal. As mentioned abov&orrection dueo to semi-ike spins can be estl_mateq to he
T,¢ is measured with a Hahn spin echo sequence which igmallgr than 1% and and. are expected to vam;h W'th'n. the
commonly understood as a pulse sequence attributed 20 ex'perlmﬁn';]al_ error, regnafmmg only the corrlecnon ffor I:ke
andr tip angles. However, since only a small fraction of thespr)]ms]\c/v Ic ISI about 5"/° or CmL can be lr}eg ected ofr Al.
central line is excited by the pulse sequence,#ti2 and There ore, only a small correction is app |ed_to E42) for

tip angles are found only around the center frequency of th(g:L.j _nuc!el. The expressions fdl,; may be written for alu-
excitation bandwidth that is within a small fraction of the MMNUM:

whole excitation bandwidth. Nuclei excited beside the center .

frequency experience smaller tip angles. Furthermore, the To= 4 [5.25/'%°2 17, (13
central peak of thé’Al spectrum contains considerable con- k

tributions from the|+3), |+2) states due to the distributed ,

quadrupole interaction which are also excited by the spirind for the copper nuclei:

echo sequence. For this reasons, the present conditions are .
muph more complex as the conditions in the case pf well Tog= \/2_25 %> rj—ke , (14)
defined single crystals where the central transition is well k

separated from the satellite transition and can be completely

excited by aw/2 and 7 pulse sequence. Therefore, the T, for 3Cu has to be corrected due to the natural abundance
present conditions require special theoretical analyzes thaf the ®3Cu isotope. Contributions frori®Cu will be can-

are not within the scope of this work. celled out by the echo-sequence in the static lifiit/T,

In order to overcome this problem we followed a phe->1)3 and the sum in Eq14) will only count contribution
nomenological way by analyzing the second moments in thérom %3Cu. Provided a stochastic distribution of both isotopes
way described by Abragathand compared the calculated the %3Cu T,g will be enlarged by 1/0.7 with 0.7 as the
83Cu(T,g) values with the experimental ones of a CuZsf-  natural abundance 8fCu which yields aT,g of 1.54 ms for
erence sample. To correct deviations from the calculated an®Cu in CuZg. The validity of the above argumentation is
experimental values a phenomenological parameter may benfirmed by thé®3Cu second moment in a CugZreference
introduced. However, the calculaté¥Cu(T,g) value shows sample. CuZr possess a tetragonal structure, however, the
good agreement with the experimental val@ec. IVA).  quadrupole interactions is relatively wedko=120 kH2
The deviations are smaller than 6% within experimental acand the®*Cu NMR spectrum shows washed out satellite tran-
curacy. sitions (Fig. 10) indicating disorder within the CuZrstruc-

The method of moments utilizes the fact that magnetidure. From the NMR point of view the Cu in CuZmay
dipoles a distance apart from each other produce a mag-resembles an environment with slowly varying quadrupole
netic field of the ordeB,,.=u/r3. Expressed in terms of the interaction according to an disordered cubic environment.
second moment, the dipole-dipole interaction for like spinsHence, the treatment GfCu second moments in CuZac-
may be written a¥ cording to Eq.(14) is indicated.
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FIG. 9. XRD pattern of the annealed CyZ&ample. ) o )
FIG. 11. Semi-logarithmic plot of the normaliz&Cu nuclear

magnetization recovery curves of the CyZeference sample mea-
sured at 150 kHz following a long saturating pulse sequence. The
The reference sample was prepared by using the singlpin-lattice relaxation time obtained from the fitolid line) is
roller-melt spinning technique. The obtained ribbon was an16.04) ms.
nealed at 673 K for 30 minutes and rapidly cooled down to C : .
. o =16.04) ms which indicates the predicted gap at the Fermi
room temperature. The existence of the Gu@hase within a4) P gap

. o ._level for binary metallic compounds like Algand CuZg.1°
chig sgmple is clearly proofed by the XRD which is shown N, general, thé®Cu T, in pure CuZs and CuZs embedded

in an amorphous alloy are not expected to be fully equal.
. From the tetragonal C}Istructure of Cuzy quadrupole  according tg Eq(9) thng depend 0?1 the DOS at theyFe?mi
interaction and anisotropic chemical shift is expected for thggye| which may be shifted due to the contact to the amor-
®3Cu NMR powder spectrum which is shown in Fig. 10.  phous or medium-range ordered environment.

Broadened peaks in the XRD patte(Rig. 9 indicate The spin-spin relaxation curve is shown in Fig. 12. A fit
imperfections in the crystal lattice that may wash out thewith Eq. (11) obtains the valud,s=1.444)ms which is in
satellite transitions in the NMR powder pattern. The solidexcellent agreement with the calculated value Bfs
line in Fig. 10 denotes the powder pattern simulation which~1.54 ms for®Cu in CuZzk. The small deviation is ex-
was found to be the best approximation for the experimentapected because the experimentaf is in general smaller
spectrum. The satellites are washed out indeed due to sligkttan the theoretical or.ExperimentalT,g for metallic Al
disorder in the Cuzrcrystallites. are about 10% smaller than the calculated v&wand ex-

The spin-lattice relaxation curve is shown in Fig. 11 andperimental and calculatelhg for 3Cu in CuZzy, differ by the
possess the double exponential form according to(Bogas ~ expected amount.
expected for the relaxation process in the presence of quad-
rupole interaction. A fit with Eq(7) yields a value ofT;

A. CuZr , reference sample

B. 27Al second moments

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

Metallic Cu
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FIG. 10. Measured spectrufapen circlesand simulatior(solid
line) of the CuZp reference sample. The parameters of the simula- FIG. 12. Semi-logarithmic plot of th&%Cu spin echo decays
tion are:wg=120 KHz,Kis,=190 kHz, ancK,,is=80 kHz. The sat-  measured at a shift of 170 kHFig. 10 of the CuZp reference
ellite transition are washed out due to crystal imperfections and theample spectrum. The relaxation times obtained from the fit of Eq.
spectrum is slightly broadened. (1) to the data areT,=1.042) ms andT,g=1.444) ms.
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TABLE I. Calculated large clusteT,g values for various AlZr  teraction. However, the strongly broadened central transition

alloys. The values are calculated according to @§). (Fig. 4 indicates some disorder in the structure and disor-
dered cubic structures possess quadrupole interactions with a

Alloy AlZr  AlgZr  AlZr  AlZr, AlZry  AlZrs distribution of the EFG tensors. Furthermore, the structure is
DO,, Ly Cua Cis Ly DO,, assumed to exist only over a range of a few nm and, there-

fore, a distribution of quadrupole frequencies should arise

Tog(ms) 038 039 025 2.5 15 1.0 due to distortion and shear effects at the boundaries of the

AlZr 5 regions. A further argument for a distorted cubic-like

ary experience smaller numbers of next neighbors and po tructure s the symmetry of theAl spectra together with

sess a largefl,g than nuclei located in the middle of the e refatively low quadrupole frequency of 1.6 MHz. In

cluster. In order to identify ordered regions and to estimatémorphous alloys the Al nuclei should experience consider-
able deviations from cubic symmetry, and therefore, large

their possible size the calculations were started with relas X :
tively large clusters and subsequently the cluster size walalues of the quadrupole constant especially if the surround-

incrementally reduced and the averafig, from all nuclei ing atoms possess much different valences. Gaussian distri
was calculated bution of a relatively low quadrupole frequency dominated
The eligible compounds were preselected from the stopy lattice charges is in contradiction to a supposed amor-

e : phous Al environment.

e e e Oy In rder to muestgate the effect of isorder on he second
of Al,Zr, compounds and band structure calculations of bioment the calculation were repeated by introducing the es-
nary AlZr compounds predict a gap in the DOS at the Ferm_pmated stan_dard dev_|at|0n of the lattice positions es_tlmated
level© leading to the observed relatively lofg. The exis-  In Sec. lll Cinto the simulated clusters by randomly displac-
tence of pure Al metallic regions is excluded from fhg of ~ ing the Al nuclei from there average lattice positions. The
1.502) ms that is significantly larger than the experimental Toc Was averaged from 100 runs. A Gaussian distribution
value of T,g=291 us reported for pure Al metal powd#. With a standard deviation of 6% reduced the average
Even small clusters of only a few Atoms can be excludedvalue from 1.68 to 1.6 ms which is satisfactory if one takes
because thd@,g calculated for a cluster of 4 Al Atoms in a into account that experimental values are in general smaller
cubic cell with a distance of 2.8 A yields a value of 686, than theoretical ones. The effects in metalli¢%dnd in the
which is significantly smaller than the measured value. ASCuZr, reference sample are about 10%ec. IV A). From
shown in Table | the calculated Al for various AlZr alloy  this point of view it is reasonable to assume a medium-range
differ significantly from the experimental value outside theordered cubic L, AlZrslike structure which can be esti-
estimated uncertainty of 10%. A good agreement between th@ated to be of the order of 30 A. This estimated order should
measured and the simulat@dg in the as-quenched sample be understood as an average size, since a distribution of sizes
was only achieved for {, AlZr; with a lattice constant of should be present in glass-forming alloys.

4.374 K7 yielding a theoretical large cluster value Bfg of After the crystallization the experimentad’Al T,g

1.54 ms. Calculating th&,g on AlZr; clusters with 8 el-  changes to 1.0@) ms, which is in good agreement with val-
ementary cells yields an averaggs of 1.74 ms and for ¥ ues ofT,g=1.08 ms calculated for the hexagonal;@BIZr
elementary cells, equivalent to 30 A, 1.68 ms. phase. However, care has to be taken in the interpretation of

Treating the contributions tdT,g from |+3/2) and  this change. This decreasdgg might indicate a change
|+5/2) states as static would enlarge the calculaled  from the cubic Ly -like structure into a hexagonal Rlike
value by a factor of 5.8 for Al. For AFr (Table |) thiswould  order. If this assumption holds true, a drastic change in the
lead to 1.45 ms. However, 4dr has the hexagonal C14 quadrupole interaction should be observed, because such a
structure and a considerable shift anisotropy is expectegtansition means a transition from a disordered cubic sym-
from this structure. This shift anisotropy should lead to ametry to a hexagonal symmetry. However, the quadrupole
pronounced shoulder in the central peak of the Al NMRconstant is only increased by 30% and the shape of the whole
spectra, that, however, is not seen. Therefore, the presence Al spectrum remains nearly unchanged after the crystalli-
Al,Zr is not favored. The presence of4&l is also unfavored zation. Thus, it is more probable that the increase oftA¢
because Al NMR spectra of well ordered tetragonalZzAl  second moment is due to a compression of theAlZr 5-like
are knows* and are expected to possess a much broadejrder, as discussed in sectighl C). A calculation of the
central peak~1 MHz) in case of introducing some disorder |attice constant required for &,;=1.0 ms yields 3.850 A.
into the crystal lattice.T,g for the cubic AbZr structure  One may argue that increasing the second moment may also
yields=2.2 ms if enlarged by the factor of 5.8. This value is occur from a growing of the |, AlZr4-like regions during
larger than the experimental one and has to be reduced hite crystallization. However, increasing the ordered regions
30% to meet the experimental value. On the other hand, ishould decrease the disorder within these regions. Hence, an
case of the®*Cu T, value only a small deviation of the increased second moment should be accompanied by a de-
calculated one exits from the experimental one, if the calcuereased quadrupole interaction. Assuming a slight compres-
lation is made according to Eq14). Therefore, with the sion of Ly, AlZrs-like regions is, therefore, more probable.
assumption that this calculation is also suitable in case of Al, .
we favor the presence of cubigJAlZr,. C. ®*Cu second moments

The Ly, structure is a cubic structure which appears at Calculating thé®Cu second moment was done according
first to be in contradiction with the observed quadrupole in-to Eq. (14). The measuredi,g of 1.244) ms of the as-
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quenched sample is close to the value calculated for, Cllmedium-range order can be estimated to be of the order of
CuZr, of T,g=1.54 ms and close to the value found in the30 A. For Cu best agreement is achieved with a £11
CuZr, reference sample. Assuming Cyrdered regions is CuZr,-like structure.
supported by conclusions of Eifeet al3® The widths of The sample heated up to the first crystallization peak
63/65Cy NMR spectra in ZCu,_, amorphous alloys are of the shows remarkable changes in the intensity ofi@u NMR
same order as the widths of tFCu spectra presented in this spectrum and th&Cu second moment. An increase of the
work, which are surprisingly small for a glassy compound. Inamount of%3Cu visible in the spectrum from 12% to nearly
glassy alloys one should expect large quadrupole interactions00% can be recorded, with respect to the intensity of the
due to considerable deviations from cubic symmét@on-  2’Al central transition. This intensity increase is accompa-
sequently, relatively low quadrupole interactions togethemied by a strong decrease of th#&Cu second moment. All
with the second moment calculations can be taken as these changes coincide with the occurrence of icosahedral
strong hint for Cuz-like ordered regions. order in the x-ray diffraction patterns after the annealing pro-
After the crystallization the second moment has totallycedure and are the proof for the involvement of Cu into the
changed and is covered by the spin-spin relaxation fline quasicrystal. For thé’Al spectra and second moments only
=0.5 ms. In Sec. lll G a value df,g of 7 ms was estimated relatively smooth variations are detectable after the crystal-
for the Cu after the crystallization and confirmed by the spindization. The second moment is increased by 50% and the
spin relaxation curve recorded at 30 K. quadrupole constant is also increased by nearly the same
A structure calculation can hardly be done without knowl-amount. The shape of tiféAl NMR spectrum is nearly un-
edge of the possible quasicrystal structures, i.e., the Cu nwhanged by the crystallization. A transformation from the L
clei distances within these structures. However, the stronghpAlZr; phase to the Dy phase is improbable because a
enlargedT,¢ is a clear proof for a structural change. Estimat-change from a disordered cubic structure to a tetragonal
ing the lattice constants of the Gldtructure necessary for a structure should increase the quadrupole constant abundantly
T, of 7 ms yields values of a=a5.8 A and b=~20 A which  clear by more than 30%. From this point of view it is more
means an enlargement of the lattice constants by a factor eéasonable to assume a reduction of thg AlZr; lattice
approximately 1.8. Such an enlargement cannot be explainezbnstants due to the quasicrystal formation. The quasicrystal
with the assumption of a preserved GXuZr, structure. 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
The presence of two medium-range orders is strongly inare under progress.
dicated ir_1 an as—queng:hedg,;?,uzoAl 10NigTiz metallic glass ACKNOWLEDGMENTS
by investigating and simulating the second moment&’Af
and %3Cu. The simulations fof’Al second moments show  This work is supported by Deutsche Forschungsgemein-
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