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Anomalous magnetism in decagonal Al69.8Pd12.1Mn18.1

D. Rau,* J. L. Gavilano, Sh. Mushkolaj, C. Beeli, M. A. Chernikov, and H. R. Ott
Laboratorium für Festkörperphysik, ETH Zu¨rich, 8093 Zürich, Switzerland

~Received 14 February 2003; revised manuscript received 5 June 2003; published 7 October 2003!

We report the results of measurements of27Al and 55Mn NMR spectra, the related spin-lattice relaxation
rates, and the dc magnetic susceptibility of the stable decagonal quasicrystal Al69.8Pd12.1Mn18.2. The tempera-
ture variation of the magnetic susceptibilityx(T) reveals that the Mn ions carry only an effective magnetic
moment of approximately 2mB , and confirms a spin-glass-type freezing of the Mn moments atTf512 K. The
NMR spectra reveal two partially resolved lines for the27Al-nuclei, indicating that there are two different sets
of environments for the Al-sites. The integrated intensity of the Mn line in the spectra suggests that about half
of the Mn ions carry no magnetic moment. Below 50 K, and upon decreasing the temperature, the27Al NMR
linewidth w and the spin-lattice relaxation rateT1

21 both grow with an increasingly negative slope, as it is often
observed and interpreted as a critical ‘‘slowing down’’ of magnetic moments in systems approaching a spin-
glass transition. Various features, such as a broad maximum inT1

21(T) and a slope change in thew(x) plot,
both around 120 K, suggest a gradual reduction of the number of Mn moments with decreasing temperature
below 120 K.

DOI: 10.1103/PhysRevB.68.134204 PACS number~s!: 61.44.Br, 76.60.2k, 75.50.Lk
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I. INTRODUCTION

Since the discovery of quasicrystalline systems
Shechtmanet al. in 1982~first published1 in 1984!, substan-
tial progress in the understanding of quasicrystalline str
tures has been made.2–4 Quasicrystalline structures are cha
acterized by a high degree of atomic order, resulting in w
defined x-ray and electron-diffraction peaks, but they la
translational periodicity. This complicates the understand
of the electronic structure and hence of some import
physical properties. The unusual electronic transport pro
ties are often traced back to the formation of a pseudoga
the excitation spectrum at the Fermi level.5,6 The nonperiod-
icity of the crystal lattice is the reason for special features
the temperature dependence of the thermal conductivity
flecting a general type of Umklapp scattering.6–9 The quasi-
periodic atomic arrangement is expected to also influence
magnetic features of quasicrystals~QC’s!, and in recent
years, studies of magnetic properties of QC’s have bee
the focus of a number of research projects. While the ini
studies were mainly performed on metastable Al-M
QC’s,10,11 a lot of progress has been made since then in p
paring stable high-quality ternary QC’s with local magne
moments in alloy systems such as Al-Pd-Mn or Al-Mn-G
Depending on structure and stoichiometry, these QC’s
hibit ferromagnetism,12 diamagnetism,13 paramagnetism,14,15

or spin-glass phenomena.16–18Other intensively investigated
families of magnetic QC’s include Al-Cu-Fe and Al-Co-N
alloys,19 and the more recently synthesized quasicrystal
compounds containing rare-earth~RE! ions, such as RE-
Mg-Zn with well localized 4f -electron moments.20–23

Several studies of thed-electron magnetism of Mn in
icosahedral samples of Al-Pd-Mn have been motivated
the early discovery of the stable icosahedrali-Al-Pd-Mn
phase. In spite of the above-mentioned variety of magn
properties found in these QC’s, they seem to exhibit the co
mon feature of only a small fraction of the manganese i
carrying a magnetic moment.14,17 In some cases this fractio
0163-1829/2003/68~13!/134204~8!/$20.00 68 1342
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even seems to decrease with decreasing temperature.14 The-
oretical studies and band-structure calculations aimed at
plaining the phenomenon that only a fraction of the Mn io
carries a magnetic moment,24 and to relate it to the Hume
Rothery-type pseudogap in the electronic spectrum aro
the Fermi level.25

In comparison with the icosahedral Al-Pd-Mn alloys, th
situation is less clear for decagonal Al-Pd-Mn alloys. For t
latter, a larger number of sites have been predicted to car
moment which, however, is smaller than the Mn mome
established in icosahedral compounds.25 The present work
reports the results of measurements of the dc magnetic
ceptibility and of 27Al- and 55Mn-NMR studies of the de-
cagonal QCd-Al69.8Pd12.1Mn18.1. From our results we infer
that, in the paramagnetic state and above 100 K, about
of the Mn atoms are nonmagnetic, and that magnetic
nonmagnetic Mn ions are distributed equally over the crys
at very short distances. The data further indicate that
fraction of Mn moments may even decrease upon reduc
the temperature below 100 K. Finally, we confirm the pre
ously reported spin-glass transition atTf512 K.26

II. THE SAMPLE

A metastable icosahedral sample of Al-Pd-Mn was o
tained by spinning a melt of the stoichiometric compositi
of the decagonal phase Al69.8Pd12.1Mn18.1 onto a fast turning
~30 m/s!, water cooled Cu wheel. Annealing the resultin
tapes with the icosahedral phase for 100 h at about 820
transforms them into polycrystalline flakes of the stable
cagonal phase.27 Decagonal Al-Pd-Mn has a columnar stru
ture arranged on a two-dimensional quasiperiodic lattice. T
translational period of lengthd512.56 Å is built up by two
different types of layers: a puckered layerP and a flat layer
F.3 The ratio of Al in P to Al in F is approximately 2:1; for
Mn this ratio is about 1:8.2 Within the quasicrystalline layers
the longest distance between two identical coordination po
hedra is of the order of 3 nm.
©2003 The American Physical Society04-1
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High-resolution transmission electron microscopy co
firmed that our sample consists of polycrystallined-
Al69.8Pd12.1Mn18.1 with no linear phason strains. Selecte
area electron diffraction from room temperature down to
low 30 K proved the high perfection of the decagonal sy
metry in the planes and the periodicity along thec axis ~see
Fig. 1!. Scanning electron microscopy sets the upper limit
the admixture of a second phase, i.e., Al11(Mn,Pd)4 on the
surface of the backside of the tapes, to about 1%, and
firms a high homogeneity.

III. EXPERIMENTAL RESULTS AND THEIR ANALYSIS

A. Magnetic susceptibility

We measured the dc-susceptibilityx(T) of d-
Al69.8Pd12.1Mn18.1 with an ~rf-superconducting quantum in
terference device! magnetometer between 340 K and 2
and at different magnetic fields between 50 G and 5.5
Figure 2 shows the inverse susceptibility 1/@x(T)2x0# mea-
sured at 500 G between 5 K and 350 K. As may be seen i
the lower inset of Fig. 2, field-cooled and zero-field-cool
~ZFC! data differ belowTf'12 K. There is a well-defined
maximum for the ZFCx(T) at Tf . This behavior confirms a
spin-glass-type freezing of the Mn moments, previou
claimed from the analysis of ac susceptibility and speci
heat results measured on the same sample.26 Above 120 K,
x(T) may be approximated byx(T)5C/(T2Q)1x0 with

C5NAcp2
mB

2

3kB
, ~1!

whereNA is Avogadro’s number,c the concentration of mag
netic ions, andp their effective moment. The susceptibilit
data in the temperature range between 120 K and 350 K
best approximated with the parametersC50.544 emu/mol,
Q5220 K, andx0522.4531028 emu/g.28

The negative paramagnetic Curie temperatureQ indicates
a predominant antiferromagnetic coupling between the Md

FIG. 1. Selected area electron-diffraction~SAED! picture of
d-Al-Pd-Mn at 30 K.
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moments. The Curie constantC implies that pAc5(2
60.1)mB. As may be expected, this is not compatible w
the assumption that all Mn ions adopt a well-defined a
identical ionic configuration. If we assume, for example,
calized Mn moments, our result forx(T) implies a concen-
tration of only 16.560.5% of Mn31, or 12.560.5% of
Mn21. Distinct deviations ofx(T) from the Curie-Weiss be-
havior below 60 K~see main frame of Fig. 2! signal precur-
sor effects of the spin-glass freezing of the Mn moments

Below 50 K the susceptibility is field dependent below
T. The upper inset in Fig. 2 displays the magnetizat
M (H) measured at various temperatures. The expected
teresis ofM (H) in the spin-glass state due to ‘‘memory e
fects’’ is too small to be visible on the scales of Fig. 2.

B. NMR spectra

We recorded27Al and 55Mn NMR spectra between room
temperature and 8 K and at the frequencies of 21, 25, 30, 5
and 70 MHz, using standardp/2-t-p spin-echo sequences
Figure 3 shows NMR spectra recorded at 96 K, with
excitation frequency of 24.97 MHz but different pulse s
quences~see below!. The NMR signal is distributed over a
wide range of resonant fields from 2.15 to 2.45 T. The prom
nent peak near 2.25 T represents the central27Al Zeeman
transition (1/2↔21/2). The broad distribution of quadrupo
lar wings is a generic feature of QC’s.29 The vertical dotted
line in Fig. 3 indicates the position of the resonance of27Al
nuclei in an aqueous AlClO3 solution at room temperatur
and 24.97 MHz, which is used as a reference signal. T
solid lines represent the results of a computer simulation
the spectra which is described below.

The 27Al central transition is very broad, almost a fact
of 10 broader than expected from considering the seco
order quadrupolar perturbation of the Zeeman line and t

FIG. 2. The inverse dc susceptibilityx(T) after subtracting a
constant negative offset per mol of Mn in an applied field of 500
The solid line represents the high-temperature Curie-Weiss fit.
lower inset displays the dc susceptibility below 24 K. BelowTf

512 K the zero-field-cooled data deviate from the temperatu
independent field-cooled data. The upper inset displays the ma
tization M (H) at several temperatures.
4-2
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the analogous signals observed for the case of the nonm
netic Al-Pd-Re compounds.29 The linewidth increases with
decreasing temperature. We argue that this signal consis
two partially resolved contributions representing the cen
transitions of Al nuclei located in either of two distinctl
different local environments. One of the contributions, d
noted as line I in Fig. 4, has very small or zero line sh
while the other, denoted as line II in Fig. 4, exhibits a re
tively large andT dependent negative shift.

In order to confirm this conjecture, we have looked f
and found appreciable differences in the spin-spin relaxa
for the 27Al nuclei that were allocated to different environ
ments. This was achieved by changingt in thep/2-t-p echo

FIG. 3. 27Al and 55Mn NMR spectra ofd-AlPdMn at 24.97
MHz and 96 K witht530 ms andt5180 ms. The arrow indicates
the center of line II which is also indicated by an arrow in the up
inset. The upper inset displays the difference between the spec
180 ms and 30ms, after takingT2* effects into account. The solid
line in the inset is the contribution of line II to the fit of the total lin
in the main frame. The lower inset presents the average spin-
relaxation ratê T2* & at different fields. The excess signal at 2.207
again arises from the63Cu nuclei of the measurement coil. For th
definition of T2* see text.

FIG. 4. 27Al and 55Mn NMR spectrum ofd-AlPdMn at 57.8
MHz and 101 K. The solid line represents a fit to the data,
dotted lines indicate the individual contributions of line I, line
and the Mn signal.
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sequence. Figure 3 displays two spectra recorded at 2
MHz and 96 K with two different values fort. The spectrum
with t530 ms shows a distinct shoulder on the high-fie
side while in the spectrum witht5180 ms this feature is
clearly absent. In the upper inset of Fig. 3 we display
difference of the two spectra after taking into account
spin-echo lifetimeT2* (1/T2* 51/T111/T2'1/T2). These ef-
fects affect both line I and line II, which experience a su
pression of signal intensity due to transverse relaxation p
cesses. The loss of signal due to these processes has
taken into account by weighing factors obtained from a fit

Ae(22t1d2)/T2,I* 1Be(22t1d2)/T2,II* to the echo intensity as a
function of t, with d2 as the duration of thep pulse. The
thus obtained difference of the two spectra then revea
clear manifestation of line II. The solid lines in the inset
well as in the main frame display the results of compu
simulations, briefly discussed below. We conclude that
agreement between the experimental data and the calcu
curves provides strong evidence for the existence of two
ferent types of environments for the Al nuclei, giving rise
signals I and II, respectively.

Support for our claims is obtained from the results of o
computer simulations of NMR spectra measured in a w
range of T, H, and t values. The NMR frequency of a
nucleus depends on the local magnetic field and on the l
electric-field gradient at the position of the nucleus, such t

n5nL2nQS m2
1

2D3 cos2u21

2
, ~2!

where nL and nQ denote the Larmor and the quadrupol
frequencies, respectively,m is thez component of the uppe
nuclear spin state of the transition, andu is the angle be-
tween the principal axis of the field gradient and the lo
magnetic field at the position of the nucleus. We assum
that the Larmor frequenciesnL obey a Gaussian distributio
whose widthw is caused by a (T dependent! distribution of
shifts, centered aroundn0. Our previous attempts for fitting
the—much simpler—27Al spectra of nonmagnetic icosahe
dral quasicrystals of the Al-Pd-Re family were success
when choosing the quadrupolar frequencynQ to be uni-
formly distributed between some hundred kilohertz and
few megahertz. In the simulated27Al spectra of the presen
work, this distribution ofnQ ranges from 200 kHz to 2 MHz
The experimental spectra were successfully fitted by ass
ing two different sets of environments, characterized by t
Gaussian distributions with different widthswI and wII
spread around two different central frequenciesn0,I andn0,II .
The distribution ofnQ cited above was assumed to be t
same for both environments. Figure 4 shows the calcula
three contributions to the total spectrum, i.e., line I and l
II of 27Al in the two different environments, and the sign
originating from nuclei of nonmagnetic Mn ions~discussed
below!. The distribution of angular orientations of the loc
quadrupolar axes was assumed to be random, becaus
used a polycrystalline sample.
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C. NMR line shifts and widths

We determined the shiftDH II of line II by means of,
computer simulations of signals obtained witht530 ms and
also by subtracting the spectrum monitored with a longt
from that recorded with a shortt, both at the same tempera
ture, of course. Figure 5 shows the relative line shift KII
5DH II /H of line II as a function of temperature. The ope
symbols indicate the values obtained by subtraction and
closed symbols correspond to values obtained by comp
simulations. The absolute line shiftsDH scale linearly with
field and can be expressed by

K5
DH

H
5Kce1Kmag~T!, ~3!

whereKce is a temperature-independent contribution, wh
in our case is much larger in magnitude than those foun
nonmagnetic quasicrystals.14,29,30 Temperature-independen
NMR line shifts can be caused by a variety of process
however,Kce of line II is too large to be attributed to typica
chemical shifts or to quadrupolar effects. Therefore, one
tempted to associateKce with the paramagnetism of the con
duction electrons. In common metals this contribution,
Knight shift, is positive, but in our caseKce is negative. A
negative and temperature-independent line shift canno
caused by conduction electrons originating from the Als and
p shells but may be due to itinerant electrons originat
from the Mnd shell.31,32The Pdd band is full and therefore
these states are not expected to contribute significantly to
resonance shift. Such an interpretation is compatible w
recent experimental results concerning the electronic st
ture of Al-Pd-Mn quasicrystals.33. Nevertheless, the origin o
the negative Knight shifts, also found in other quasicryst
is still an open question. For line I the relative shiftK is also
negative but less than 100 ppm. The existence of two dist

FIG. 5. Temperature dependence of the relative27Al line shifts
DH/H of line II in d-AlPdMn at various fields. The open symbo
represents the values obtained from the difference of the lines
corded with t530 ms and t5180 ms, respectively. The close
symbols are values obtained from fits to the spectra. The i
shows the line shifts plotted vs the dc susceptibility. There i
slight change of slope at'110 K, indicated by the two lines an
the arrow.
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lines with different shifts therefore strongly suggests that
conduction electron density at the27Al nuclei is not uniform.
At some Al sites, which contribute to the intensity of line I
a substantial conduction electron density provides a str
coupling of the Al nuclei to the Mn magnetic moments. A
other Al-sites, which contribute to line I, the conductio
electron density is reduced and the coupling to the Mn m
ments is weaker.

Kmag(T), only clearly observed for line II, exhibits a
Curie-Weiss-type behavior in the whole temperature ra
covered by the data shown in Fig. 5. The paramagnetic C
temperatureu526 K is in fair agreement with the value
obtained from fits to the susceptibility. The inset of Fig.
displays the line-shift data plotted versus the dc suscept
ity measured in different fields. It confirms thatKmag(T) may
be written as

Kmag~T!5Ax~T!. ~4!

The proportionality constantA is a measure of the averag
coupling strength of the27Al nuclear spins to the Mn mag
netic moments. For metals,A is usually written as32

A5
1

mBNA
Heff , ~5!

with Heff as the hyperfine field from each aligned Bohr ma
neton.NA is Avogadro’s number. In our case, where only
fraction c of the Mn ions is magnetic and because the mo
susceptibility is calculated per total Mn content, Eq.~5! has
to be changed to

A5
1

mBcNA
Heff . ~6!

In spite of the large errorbars, our data suggest that th
are two temperature regimes with different values ofA, be-
low and above'110 K. This change may simply reflect
reduction of the fraction of magnetic Mn momentsc. How-
ever, other processes leading to a change in the hype
coupling cannot be ruled out.

The widths of both lines increase with decreasing te
perature and therefore give a clear indication that they
both of magnetic origin. Also line I is much broader than t
central 27Al line in other Al-Pd-Mn compounds,14 suggesting
that likewise the nuclei contributing to line I experienc
some interaction with the magnetic Mn moments and that
magnetic and nonmagnetic Mn ions as well as the Al nuc
contributing to both the observed signals, are finely disper
in the bulk of the sample. At this point we focus our attenti
on line II, where the influence of the Mn moments is partic
larly pronounced. In Fig. 6 the temperature dependence
the ratiowII /n irrad, wherewII is again the width of line II and
n irrad the corresponding irradiation frequency, is plotted f
four different irradiation frequencies, i.e., four different a
erage applied fields. Since all the data fall onto a sin
curve, it follows that the linewidth scales with the irradiatio
frequency, or, equivalently, with the applied magnetic fie
and, therefore, must be of magnetic origin. The enhancem
with decreasing temperature occurs with increasingly ne

e-
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a
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tive slope. The inset of Fig. 6 displays the same data plo
versus the dc susceptibility measured in similar fields. T
width of line II originates from a distribution of shifts of th
27Al nuclei around an average shift. The slope of that cu
therefore is a measure of the width of the distribution of
site dependent coupling strengthsA(r ) between the Al
nuclear spins of line II and the Mn moments, with respec
the total magnetic susceptibility, which is mainly due to l
calized Mn moments. It shows a pronounced change
'110 K. Such a slope change could be induced by a red
tion of the number of magnetic Mn ions, leading to a reduc
increase in the susceptibility. Likewise, a change in the
perfine coupling could also account for these slope chan
but as we argue in the following paragraph, this is an
likely scenario.

The NMR spectra recorded at a chosen frequency re
some additional intensity at a field where one expects
55Mn signal at zero shift. This is most clearly seen near 5.
in Fig. 4. Since the hyperfine-field coupling of the Mn m
ment to the nucleus of the same ion is through the c
polarization, which is of the order of2100 kG/mB for Mn,32

even a small moment on a Mn ion would shift its resonan
frequency out of our experimental window. Therefore t
observed signal intensity in our spectra must originate fr
the nonmagnetic Mn atoms. We compared the total in
grated Mn spin-echo intensity obtained from the spectra
corded at 70 MHz, where the Mn signal is clearly resolv
with the integrated intensity of the two Al lines. Taking in
account the stoichiometric composition ofd-Al-Pd-Mn, and
the intrinsic NMR sensitivities of55Mn and 27Al, we con-
clude from the chemical composition that the total intens
of the Mn signal above and below 100 K, respectively,
only 35615% and 50615% of what is expected considerin
the chemical composition. If we assume that the miss
intensity represents the nuclei of the magnetic Mn ions,
may conclude that in the corresponding temperature ran
only a fraction of 65615% or 50615% of Mn ions carry a

FIG. 6. Temperature dependence of the width of line II divid
by the irradiation frequencyn irrad. The inset shows the same rat
plotted vs the dc susceptibility. There is a pronounced chang
slope at'110 K, indicated by the arrow. The solid line fits the da
at elevated temperatures.
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magnetic moment. This decrease of the Mn intensity in
NMR spectra is independent of any possible change of
hyperfine coupling at the Al-sites and it strongly supports o
interpretation that the percentage of magnetic Mn below 1
K is reduced. Considering the effective moment ofp̃5(2
60.1)mB , deduced from the dc molar susceptibility da
with respect to the total Mn content, we estimate that
average effective moment per magnetic Mn ion isp
'3mB , if we assume that 50% of the Mn ions actually car
a moment. This number is not compatible with any of t
possible ionization states of Mn, which would lead top
54mB for Mn41, p55mB for Mn31, and p55.9mB for
Mn21.

D. NMR spin-lattice relaxation rate

We measured the spin-lattice relaxation rateT1
21 of line I

from room temperature down to 15 K in three different a
plied fields. The values ofT1 were extracted from fits to the
nuclear magnetization recoverym(t), which was first de-
stroyed using a long comb of rf pulses, followed by a va
able delayt and a spin-echo sequencep/2-t-p with a long
t5180 ms. In this manner it is possible to identify exclu
sively the spin-lattice relaxation rate related to line I. Usi
shorter values oft in these measurements leads to change
m(t) which, in our view, results in less reliable values ofT1.
According to standard NMR theory, the signal intensity
the central line of a spinI 55/2 nucleus relaxes such that34

12m~ t !/m~`!50.4762e215t/T110.2667e26t/T1

10.2571e2t/T1. ~7!

Even for line I alone, there is no distinct single Al site, b
rather a variety of sites leading to a distribution ofT1’s.
Since the details of the distribution ofT1’s are not known,
we simply modelm(t) by replacing the exponentials b
stretched exponential functions:35

12m~ t !/m~`!50.4762e215(t/T1)b
10.2667e26(t/T1)b

10.2571e2(t/T1)b
. ~8!

Figure 7 displays an example of a magnetization recov
at a relatively low temperature and the corresponding bes
to the data using Eq.~8!. With an increasing pulse separatio
t in the echo sequence the exponentb converges to an ap
proximate value of 0.9. Therefore, in the subsequent anal
we setb50.9. As may be seen in the inset of Fig. 7, theT1
also values turned out to vary witht but to reach a constan
value fort>180 ms. Therefore, we fixedt to 180ms for all
the measurements ofT1 discussed below.

In Fig. 8 we presentT1
21(T) obtained from fitting the

magnetization recovery data, measured at three diffe
fields of 5.2 T, 2.25 T, and 1.85 T witht5180 ms, to Eq.
~8!. The T1

21(T) plot exhibits a broad maximum centere
around 120K. This maximum is very unusual and has—
our knowledge—never been seen inT1

21(T) of any other
quasicrystalline compound. The spin-lattice relaxation r
usually contains three contributions,

of
4-5
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T1
215T1,ce

21 1T1,mag
21 1T1,q

21. ~9!

The total relaxation is characterized byT1,ce
21 , due to con-

duction electrons,T1,mag
21 reflecting the relaxation due to th

paramagnetic centers, andT1,q
21 capturing the quadrupolar re

laxation. In a simple metal,T1,ce
21 is known to vary linearly

with temperature. In quasicrystals the relaxation due to i
erant electrons depends on the shape of the density of s
at the Fermi level and thus on the shape of the pseudoga
power law or polynomial increase of the spin-lattice rela
ation rate with rising temperature is expected.5,29 It may be
seen in Fig. 8 that above 175 K theT dependence of the
spin-lattice relaxation rate may well be dominated by co
duction electrons and that they still contribute significantly
the totalT1

21 in the crossover regime around 120 K. How
ever,T1,ce

21 cannot account for the maximum at 120 K, unle

FIG. 7. Magnetization recovery curve related to line I at 57
MHz and 24.5 K. The solid line represents a fit to Eq.~8!. The inset
displays howT1

21(68 K) saturates with increasingt. The arrow
markst5180 ms, the pulse delay that was used in our measu
ments.

FIG. 8. Spin-lattice relaxation rateT1
21(T) for line I between 25

and 250 K.
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some anomaly in the electronic excitation spectrum cau
the feature at that temperature. Such an anomaly is unlik
because the monotonous variation of the electrical resisti
with temperature, shown in Fig. 9, does not suggest a co
sponding feature in the electronic excitation spectrum t
would cause the anomaly inT1

21 around 120 K.
Also any substantial contribution ofT1,q

21 can be ruled out.
The spin-lattice relaxation rate of Al nuclei is larger by mo
than a factor of 10 ind-Al-Pd-Mn than it is in i-Al-Pd-Re,
where it is still dominated byT1,ce

21 and not byT1,q
21 .5 Hence

T1,q
21 in d-Al-Pd-Mn is expected to be very small in compar

son with other contributions, unless a major change of str
ture at some temperature occurs in that compound. Resul
selected area electron-diffraction~SAED! measurements
from room temperature down to below 30 K indicate that
structural changes occur in this temperature regime
therefore it may be concluded thatT1,q

21 does not contribute
significantly to changes inT1

21(T).
We are thus left with the second significant term in E

~9!, i.e., T1,mag
21 , which describes the magnetic interactio

between the Al nuclear spins and the Mnd moments. We
note that the values ofT1

21 of the icosahedral samples o
Al-Pd-Mn with lower Mn concentration14 are smaller than
for the presently investigated material by one order of m
nitude ~see inset of Fig. 9!. With the resistivities of the two
compounds being of almost equal magnitude~see Fig. 9!,
this giant difference inT1

21 is mainly attributed to the large
contribution ofT1,mag

21 to the total spin-lattice relaxation rat
in the present case. Based on these arguments we su
that the maximum inT1

21(T) may be related toT1,mag
21 (T)

and that it reflects the previously mentioned reduction of
concentration of magnetic Mn moments below'100 K.

Below 50 K the spin-lattice relaxation rate displayed
Fig. 8 increases with an increasingly negative slope aT
approaches the spin-glass freezing temperatureTf . This be-
havior is typical for nuclear spins which experience the
fluence of magnetic moments that undergo a gradual slow
down of their fluctuations. In the present case, the Mn m

-

FIG. 9. Zero-field electrical resistivityr(T) of d-Al-Pd-Mn
compared tor(T) of i-Al-Pd-Mn ~Ref. 15!. The inset displays
T1(T) of d-Al-Pd-Mn at low temperatures in comparison wit
T1(T) of the less Mn rich, icosahedrali-AlPdMn ~Ref. 14!.
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ments, although predominantly affecting line II, are also f
in the relaxation of the nuclear spins contributing to line I,
the spin-glass transition is approached upon cooling. At h
temperatures, the spin-lattice relaxation rate of nonmagn
nuclei due to paramagnetic centers is given by36

1

T1,mag
5C

tc

11v I
2tc

2
, ~10!

whereC is proportional to the hyperfine-field coupling b
tween the Mn moments and the Al nuclei,tc is the correla-
tion time of the Mn moments, andv I52pn0,I is the Larmor
precession frequency of the nucleus under investigation.37 As
T is reduced towardsTf , the moment fluctuations slow dow
and cause an increase ofT1,mag

21 (}tc), as observed below 50
K. The tc-driven increase can be understood by assum
that v2tc

2 is still much less than 1, which is implicitly con
firmed by the almostH-independent increase ofT1

21(T) be-
low 50 K. Close toTf , the growing linewidth usually pro-
hibits to extract reliableT1 values. In our case this is true fo
T,20 K.

IV. SUMMARY

Our susceptibility data and our NMR spectra reveal tha
elevated temperatures more than half of the Mn ions in
cagonal Al69.8Pd12.1Mn18.1 carry a small magnetic momen
giving rise to an average Mn momentp̃ of 2mB . These mo-
ments experience an average antiferromagnetic interac
leading to a spin-glass freezing atTf'12 K. We presented
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30T. Apih, M. Klanjšek, D. Rau, and J. Dolinsˇek, Phys. Rev. B61,
11 213~2000!.

31A.M. Clogston, V. Jaccarino, and Y. Yafet, Phys. Rev.134, A650
~1964!.
13420
ol
f

32G. C. Carter, L. H. Bennett, and D. J. Kahan,Metallic Shifts in
NMR ~Pergamon, Oxford, 1977!.

33M. Erbudak, A. Hensch, J. Keller, B. Roessner, and A.R. Kort
J. Electron Spectrosc. Relat. Phenom.120, 47 ~2001!.

34A. Narath, Phys. Rev.162, 320 ~1967!.
35We found good agreement between Eq.~8! and magnetization

recoveries obtained by computer simulations of a collection
ensembles with differentT1.

36A. Abragam,Principles of Nuclear Magnetism~Oxford Science
Publications, Oxford, 1994!.

37Equation~10! is a high-temperature approximation where the c
relations among the paramagnetic moments are neglected~Ref.
36!.
4-8


