PHYSICAL REVIEW B 68, 134204 (2003
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We report the results of measurements?64l and ®Mn NMR spectra, the related spin-lattice relaxation
rates, and the dc magnetic susceptibility of the stable decagonal quasicrygt#dy ;Mn,g,. The tempera-
ture variation of the magnetic susceptibilip(T) reveals that the Mn ions carry only an effective magnetic
moment of approximately 25, and confirms a spin-glass-type freezing of the Mn momenis-atl2 K. The
NMR spectra reveal two partially resolved lines for tHal-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 temperatdfa] IR
linewidthw and the spin-lattice relaxation rafg * 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 maximu'ﬁﬁ(lT) and a slope change in the( y) 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 nunifer61.44.Br, 76.60-k, 75.50.Lk
[. INTRODUCTION even seems to decrease with decreasing temper4tiite-

oretical studies and band-structure calculations aimed at ex-

Since the discovery of quasicrystalline systems byplaining the phenomenon that only a fraction of the Mn ions
Shechtmaret al. in 1982 (first published in 1984, substan- ~ carries a magnetic momefftand to relate it to the Hume-
tial progress in the understanding of quasicrystalline strucRothery-type pseudogap in the electronic spectrum around
tures has been made’ Quasicrystalline structures are char- the Fermi levef®
acterized by a high degree of atomic order, resulting in well- In comparison with the icosahedral Al-Pd-Mn alloys, the
defined x-ray and electron-diffraction peaks, but they lacksituation is less clear for decagonal Al-Pd-Mn alloys. For the
translational periodicity. This complicates the understandindatter, a larger number of sites have been predicted to carry a
of the electronic structure and hence of some importanfnoment which, however, is smaller than the Mn moment
physical properties. The unusual electronic transport propestablished in icosahedral compouritghe present work
ties are often traced back to the formation of a pseudogap ifeports the results of measurements of the dc magnetic sus-
the excitation spectrum at the Fermi le%&The nonperiod-  ceptibility and of #’Al- and **Mn-NMR studies of the de-
icity of the crystal lattice is the reason for special features incagonal QCd-Algg i, ;M. From our results we infer
the temperature dependence of the thermal conductivity, réhat, in the paramagnetic state and above 100 K, about half
flecting a general type of Umklapp scatterfid.The quasi- of the Mn atoms are nonmagnetic, and that magnetic and
periodic atomic arrangement is expected to also influence theonmagnetic Mn ions are distributed equally over the crystal
magnetic features of quasicrystal®C’s), and in recent at very short distances. The data further indicate that the
years, studies of magnetic properties of QC’s have been iffaction of Mn moments may even decrease upon reducing
the focus of a number of research projects. While the initiathe temperature below 100 K. Finally, we confirm the previ-
studies were mainly performed on metastable Al-Mnously reported spin-glass transitiont=12 K.?
QC's %3 ot of progress has been made since then in pre-
paring stable high-quality ternary QC’s with local magnetic Il. THE SAMPLE
moments in alloy systems such as Al-Pd-Mn or Al-Mn-Ge.
Depending on structure and stoichiometry, these QC’s ex- A metastable icosahedral sample of Al-Pd-Mn was ob-
hibit ferromagnetisnt? diamagnetisnt® paramagnetisri'®  tained by spinning a melt of the stoichiometric composition
or spin-glass phenomen&:*® Other intensively investigated of the decagonal phase @lPd;, ;Mn; g ; onto a fast turning
families of magnetic QC’s include Al-Cu-Fe and Al-Co-Ni (30 m/9, water cooled Cu wheel. Annealing the resulting
alloys'® and the more recently synthesized quasicrystallingapes with the icosahedral phase for 100 h at about 820°C
compounds containing rare-earfRE) ions, such as RE- transforms them into polycrystalline flakes of the stable de-
Mg-Zn with well localized 4-electron moment&~23 cagonal phas&. Decagonal Al-Pd-Mn has a columnar struc-

Several studies of thé-electron magnetism of Mn in ture arranged on a two-dimensional quasiperiodic lattice. The
icosahedral samples of Al-Pd-Mn have been motivated byranslational period of lengtd=12.56 A is built up by two
the early discovery of the stable icosahedir#l-Pd-Mn  different types of layers: a puckered layand a flat layer
phase. In spite of the above-mentioned variety of magneti€.> The ratio of Al inP to Al in F is approximately 2:1; for
properties found in these QC's, they seem to exhibit the comMn this ratio is about 1:8 Within the quasicrystalline layers
mon feature of only a small fraction of the manganese ionghe longest distance between two identical coordination poly-
carrying a magnetic mometit!’ In some cases this fraction hedra is of the order of 3 nm.
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T <30K FIG. 2. The inverse dc susceptibility(T) after subtracting a

constant negative offset per mol of Mn in an applied field of 500 G.
FIG. 1. Selected area electron-diffractié¢BAED) picture of  The solid line represents the high-temperature Curie-Weiss fit. The
d-Al-Pd-Mn at 30 K. lower inset displays the dc susceptibility below 24 K. Beldw
=12 K the zero-field-cooled data deviate from the temperature-
High-resolution transmission electron microscopy con-independent field-cooled data. The upper inset displays the magne-
firmed that our sample consists of polycrystallie  tizationM(H) at several temperatures.
Algg Pdi5 Mnyg 4 With no linear phason strains. Selected
area electron diffraction from room temperature down to bemoments. The Curie constar@ implies that pyc=(2
low 30 K proved the high perfection of the decagonal sym-+0.1),,. As may be expected, this is not compatible with
metry in the planes and the periodicity along thaxis (see  the assumption that all Mn ions adopt a well-defined and
Fig. 1). Scanning electron microscopy sets the upper limit ofigentical ionic configuration. If we assume, for example, lo-

the admixture of a second phase, i.e.;f4n,Pd), on the  calized Mn moments, our result far(T) implies a concen-
surface of the backside of the tapes, to about 1%, and CORration of only 16.50.5% of Mr*, or 12.5-0.5% of

firms a high homogeneity. Mn2*. Distinct deviations of¢(T) from the Curie-Weiss be-
havior below 60 K(see main frame of Fig.)Xignal precur-
Ill. EXPERIMENTAL RESULTS AND THEIR ANALYSIS sor effects of the spin-glass freezing of the Mn moments.

Below 50 K the susceptibility is field dependent below 5
T. The upper inset in Fig. 2 displays the magnetization
We measured the dc-susceptibilityy(T) of d-  M(H) measured at various temperatures. The expected hys-
Algo Pdi» Mn; g with an (rf-superconducting quantum in- teresis ofM(H) in the spin-glass state due to “memory ef-
terference devigemagnetometer between 340 K and 2 K, fects” is too small to be visible on the scales of Fig. 2.
and at different magnetic fields between 50 G and 5.5 T.
Figure 2 shows the inverse susceptibility 4(T) — xo] mea-
sured at 500 G betwees K and 350 K. As may be seen in B. NMR spectra

the lower inset of Flg 2, field-cooled and zero-field-cooled We recorded®’Al and >*Mn NMR spectra between room
(ZFC) data differ belowT¢~12 K. There is a well-defined temperature ah8 K and at the frequencies of 21, 25, 30, 58,
maximum for the ZFG(T) atT¢. This behavior confirms a and 70 MHz, using standargt/2-7-7 spin-echo sequences.
spin-glass-type freezing of the Mn moments, previouslyrigure 3 shows NMR spectra recorded at 96 K, with an
claimed from the analysis of ac susceptibility and specific-excitation frequency of 24.97 MHz but different pulse se-
heat results measured on the same sarfipdaove 120 K,  quencegsee below. The NMR signal is distributed over a
x(T) may be approximated by(T)=C/(T—0)+ xo with  wide range of resonant fields from 2.15 to 2.45 T. The promi-
nent peak near 2.25 T represents the cemfal Zeeman
transition (1/2- —1/2). The broad distribution of quadrupo-
lar wings is a generic feature of Q8 The vertical dotted
line in Fig. 3 indicates the position of the resonance® @l
whereN, is Avogadro’s number the concentration of mag- nuclei in an aqueous AICIQsolution at room temperature
netic ions, andp their effective moment. The susceptibility and 24.97 MHz, which is used as a reference signal. The
data in the temperature range between 120 K and 350 K amsplid lines represent the results of a computer simulation of
best approximated with the paramet&s-0.544 emu/mol, the spectra which is described below.
®=—-20 K, andy,=—2.45x 10 & emu/g?® The ?’Al central transition is very broad, almost a factor
The negative paramagnetic Curie temperatdrimdicates  of 10 broader than expected from considering the second-
a predominant antiferromagnetic coupling between thedvin order quadrupolar perturbation of the Zeeman line and than

A. Magnetic susceptibility

2
MB
C= NACPZ3—kB, (1)
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T - T — sequence. Figure 3 displays two spectra recorded at 24.97
o 7r=180ps MHz and 96 K with two different values for. The spectrum
7=30 ps with 7=30 us shows a distinct shoulder on the high-field
side while in the spectrum withr=180 us this feature is
clearly absent. In the upper inset of Fig. 3 we display the
difference of the two spectra after taking into account the
spin-echo lifetimeT5 (1/T5 =1/T,+ 1/T,~1/T,). These ef-
fects affect both line | and line Il, which experience a sup-
pression of signal intensity due to transverse relaxation pro-
cesses. The loss of signal due to these processes has been
taken into account by weighing factors obtained from a fit of

Ael~270)IT;, 1 Be(~2740)/T5 1o the echo intensity as a
function of =, with d, as the duration of ther pulse. The
thus obtained difference of the two spectra then reveals a
clear manifestation of line Il. The solid lines in the inset as

FIG. 3. Z7Al and %Mn NMR spectra ofd-AIPdMn at 24.97 well as in the _main frame display the results of computer
MHz and 96 K with7=30 us andr=180 us. The arrow indicates simulations, briefly discussed .below. We conclude that the
the center of line Il which is also indicated by an arrow in the upper@dreement between the experimental data and the calculated
inset. The upper inset displays the difference between the spectra @'Ves provides strong evidence for the existence of two dif-
180 us and 30us, after takingT? effects into account. The solid ferent types of environments for the Al nuclei, giving rise to
line in the inset is the contribution of line I to the fit of the total line Signals | and Il, respectively.
in the main frame. The lower inset presents the average spin-spin Support for our claims is obtained from the results of our
relaxation rate T3 ) at different fields. The excess signal at 2.207 T computer simulations of NMR spectra measured in a wide
again arises from th&Cu nuclei of the measurement coil. For the range of T, H, and = values. The NMR frequency of a
definition of T; see text. nucleus depends on the local magnetic field and on the local

electric-field gradient at the position of the nucleus, such that
the analogous signals observed for the case of the nonmag-
netic Al-Pd-Re compounds. The linewidth increases with
decreasing temperature. We argue that this signal consists of
two partially resolved contributions representing the central v=rne VQ( m=s
transitions of Al nuclei located in either of two distinctly
different local environments. One of the contributions, de-
noted as line | in Fig. 4, has very small or zero line shift, where v and vo denote the Larmor and the quadrupolar
while the other, denoted as line Il in Fig. 4, exhibits a rela-frequencies, respectively is thez component of the upper
tively large andT dependent negative shift. nuclear spin state of the transition, afdis the angle be-

In order to confirm this conjecture, we have looked fortween the principal axis of the field gradient and the local
and found appreciable differences in the spin-spin relaxatiomagnetic field at the position of the nucleus. We assumed
for the 2’Al nuclei that were allocated to different environ- that the Larmor frequencies. obey a Gaussian distribution
ments. This was achieved by changinim the 77/2-7-r echo ~ whose widthw is caused by aT dependentdistribution of
shifts, centered around,. Our previous attempts for fitting
the—much simpler—2’Al spectra of nonmagnetic icosahe-
dral quasicrystals of the Al-Pd-Re family were successful
when choosing the quadrupolar frequenegy to be uni-
formly distributed between some hundred kilohertz and a
few megahertz. In the simulateédAl spectra of the present
work, this distribution ofvg ranges from 200 kHz to 2 MHz.
The experimental spectra were successfully fitted by assum-
ing two different sets of environments, characterized by two
Gaussian distributions with different widtha, and w;,
spread around two different central frequenatggandvy ;.

The distribution ofvq cited above was assumed to be the
50 52 54 56 same for both environments. Figure 4 shows the calculated

ZHT] three contributions to the total spectrum, i.e., line | and line

¢ Il of 2’Al in the two different environments, and the signal

FIG. 4. Z7Al and 5Mn NMR spectrum ofd-AlPdMn at 57.8  originating from nuclei of nonmagnetic Mn iongiscussed
MHz and 101 K. The solid line represents a fit to the data, thebelow). The distribution of angular orientations of the local
dotted lines indicate the individual contributions of line 1, line II, quadrupolar axes was assumed to be random, because we
and the Mn signal. used a polycrystalline sample.

signal intensity [arb. units]

1)3co§a—1
— 2

1.0

0.5

signal intensity [arb. units]

0.0

134204-3



D. RAU et al. PHYSICAL REVIEW B 68, 134204 (2003

— v - - T lines with different shifts therefore strongly suggests that the
-6 }I * E L conduction electron density at ti¥8Al nuclei is not uniform.
Eé 1 ] At some Al sites, which contribute to the intensity of line I,
ﬁ J a substantial conduction electron density provides a strong
ﬁ -6 ] coupling of the Al nuclei to the Mn magnetic moments. At
1 other Al-sites, which contribute to line I, the conduction-
-9 ] electron density is reduced and the coupling to the Mn mo-
1 ments is weaker.
70MHz 1 4 Kmad T), only clearly observed for line II, exhibits a
57.8MHz ] Curie-Weiss-type behavior in the whole temperature range
31.95MHz 9505 0006 0.G0s covered by the data shown in Fig. 5. The paramagnetic Curie
24.97TMHz ' ' ] temperatured=—6 K is in fair agreement with the value
,, [emuimol Mn]
T T T T T obtained from fits to the susceptibility. The inset of Fig. 5
50 100 150 200 250 300 displays the line-shift data plotted versus the dc susceptibil-
TIK] ity measured in different fields. It confirms tHét,, T) may
be written as

1

=y

N
1

E
(=3
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2
= ~110K
i

AHIH [10° ppm]
= s &
o> mo W

FIG. 5. Temperature dependence of the relafi{& line shifts
AH/H of line Il in d-AIPer_l at various flelc_is. The open symbols Kmad T)=Ax(T). (4)
represents the values obtained from the difference of the lines re-

corded with 7=30 us and 7=180 us, respectively. The closed  The proportionality constarft is a measure of the average
symbols are values obtained from fits to the spectra. The 'nseéoupling strength of thé’Al nuclear spins to the Mn mag-

shows the line shifts plotted vs the dc susceptibility. There is etic moments. For metald, is usually written a2
slight change of slope at 110 K, indicated by the two lines and

the arrow. 1
A= Her 5
C. NMR line shifts and widths HBINA
We determined the shifaH, of line Il by means of, With Heg as the hyperfine field from each aligned Bohr mag-
computer simulations of signals obtained with 30 us and ~ N€toN.N, is Avogadro’s number. In our case, where only a
also by subtracting the spectrum monitored with a lang fractionc of the Mn ions is magnetic and because the molar
from that recorded with a short both at the same tempera- susceptibility is calculated per total Mn content, E§). has
ture, of course. Figure 5 shows the relative line shiff K 0 be changed to
=AH, /H of line Il as a function of temperature. The open 1
symbols indicate the values obtained by subtraction and the A= ———H. (6)
closed symbols correspond to values obtained by computer #BCNa
simulations. The absolute line shiffsH scale linearly with

field and can be expressed by In spite of the large errorbars, our data suggest that there

are two temperature regimes with different valuesipbe-
low and above~110 K. This change may simply reflect a
K=13 =Keet Kinad T), (3)  reduction of the fraction of magnetic Mn momertsHow-
ever, other processes leading to a change in the hyperfine
whereK . is a temperature-independent contribution, whichcoupling cannot be ruled out.
in our case is much larger in magnitude than those found in The widths of both lines increase with decreasing tem-
nonmagnetic quasicrystai$?°3° Temperature-independent perature and therefore give a clear indication that they are
NMR line shifts can be caused by a variety of processeshoth of magnetic origin. Also line | is much broader than the
however K . of line Il is too large to be attributed to typical central?’Al line in other Al-Pd-Mn compound’ suggesting
chemical shifts or to quadrupolar effects. Therefore, one ishat likewise the nuclei contributing to line | experience
tempted to associate, with the paramagnetism of the con- some interaction with the magnetic Mn moments and that all,
duction electrons. In common metals this contribution, themagnetic and nonmagnetic Mn ions as well as the Al nuclei
Knight shift, is positive, but in our cask.. is negative. A contributing to both the observed signals, are finely dispersed
negative and temperature-independent line shift cannot bi@ the bulk of the sample. At this point we focus our attention
caused by conduction electrons originating from thesAhd  on line Il, where the influence of the Mn moments is particu-
p shells but may be due to itinerant electrons originatinglarly pronounced. In Fig. 6 the temperature dependence of
from the Mnd shell®**?The Pdd band is full and therefore the ratiow,, / vi g, Wherew,, is again the width of line 1l and
these states are not expected to contribute significantly to the,,,q the corresponding irradiation frequency, is plotted for
resonance shift. Such an interpretation is compatible witdour different irradiation frequencies, i.e., four different av-
recent experimental results concerning the electronic struerage applied fields. Since all the data fall onto a single
ture of Al-Pd-Mn quasicrystaf¥>. Nevertheless, the origin of curve, it follows that the linewidth scales with the irradiation
the negative Knight shifts, also found in other quasicrystalsfrequency, or, equivalently, with the applied magnetic field
is still an open question. For line | the relative shifis also  and, therefore, must be of magnetic origin. The enhancement
negative but less than 100 ppm. The existence of two distinavith decreasing temperature occurs with increasingly nega-
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30 T T T T T magnetic moment. This decrease of the Mn intensity in the
1 & = 3 11 NMR spectra is independent of any possible change of the
2.51 Z % 1 hyperfine coupling at the Al-sites and it strongly supports our
§ 1 F o, 17 interpretation that the percentage of magnetic Mn below 100
s 207 5 10K 18 T K is reduced. Considering the effective momentfof (2
F T '_ié . f +0.1)ug, deduced from the dc molar susceptibility data
(=) 154 = A l._o. @ T with respect to the total Mn content, we estimate that the
"{é 10_’ 2 . _ average effective moment per magnetic Mn ion ps
> o 2, 0.003 0.008 0009 | ~3ug, if we assume that 50% of the Mn ions actually carry
& 050 31.95MHz Z,, [emu/mol Mn] i a moment. This number is not compatible with any of the
o 24.97MHz wo 5 L. . . ] possible ionization states of Mn, which would lead o
00 ® TOMH:z ¢ o | =4ug for Mn*", p=5ug for Mn®", and p=5.9ug for
® 57.8MHz Mn2™ .
© 5 100 150 200 250
TIK] D. NMR spin-lattice relaxation rate

FIG. 6. Temperature dependence of the width of line Il divided Ve measured the spin-lattice relaxation rafe’ of line |
by the irradiation frequency;.4. The inset shows the same ratio from room temperature down to 15 K in three different ap-
plotted vs the dc susceptibility. There is a pronounced change aplied fields. The values of; were extracted from fits to the
slope at~110 K, indicated by the arrow. The solid line fits the data nuclear magnetization recovem(t), which was first de-
at elevated temperatures. stroyed using a long comb of rf pulses, followed by a vari-
able delayt and a spin-echo sequeneé2-7-7 with a long

tive slope. The inset of Fig. 6 displays the same data plotted~ 180 #S. In this manner it is possible to identify exclu-
versus the dc susceptibility measured in similar fields. TheSIVEIy the spln—lat_nce relaxation rate related to line I. Usmg
width of line 11 originates from a distribution of shifts of the ShOrter values of in these measurements leads to changes in
27Al nuclei around an average shift. The slope of that curve(V) Wh'Ch' in our view, results in less rehaple va]uequj
therefore is a measure of the width of the distribution of the*ccording to standard NMR theory, the signal intensity of
site dependent coupling strengtt(r) between the Al the central line of a spih="5/2 nucleus relaxes such thiat
nuclear spins of line Il and the Mn moments, with respect to 1—m(t)/m()=0.4762"¥T14+0.266% T
the total magnetic susceptibility, which is mainly due to lo-
calized Mn moments. It shows a pronounced change at +0.2572 YT, (7)
~110 K. Such a slope change could be induced by a reduc-
tion of the number of magnetic Mn ions, leading to a reduced Even for line | alone, there is no distinct single Al site, but
increase in the susceptibility. Likewise, a change in the hy+ather a variety of sites leading to a distribution Bfs.
perfine coupling could also account for these slope changeS§ince the details of the distribution df;’s are not known,
but as we argue in the following paragraph, this is an unwe simply modelm(t) by replacing the exponentials by
likely scenario. stretched exponential functions:

The NMR spectra recorded at a chosen frequency reveal
some additional intensity at a field where one expects the 1—m(t)/m(=)=0.4762 15UT0" 1 0 26672 6WTD”
5Mn signal at zero shift. This is most clearly seen near 5.5 T

- B

in Fig. 4. Since the hyperfine-field coupling of the Mn mo- +0.257 (VTV", 8
ment to the nucleus of the same ion is through the core ) o
polarization, which is of the order of 100 kG/ug for Mn,3 Figure 7 displays an example of a magnetization recovery

even a small moment on a Mn ion would shift its resonancet @ relatively low temperature and the corresponding best fit
frequency out of our experimental window. Therefore the!© the data using Eq8). With an increasing pulse separation
observed signal intensity in our spectra must originate fronf in the echo sequence the expongntonverges to an ap-
the nonmagnetic Mn atoms. We compared the total inteProximate value of 0.9. Therefor_e, in the subsequent analysis
grated Mn spin-echo intensity obtained from the spectra ree set3=0.9. As may be seen in the inset of Fig. 7, the
corded at 70 MHz, where the Mn signal is clearly resolved @lso values turned out to vary wnhbyt to reach a constant
with the integrated intensity of the two Al lines. Taking into value for7=180 us. Therefore, we fixed to 180 us for all
account the stoichiometric composition @fAl-Pd-Mn, and ~ the measurements @ discussed below.

the intrinsic NMR sensitivities of°Mn and ?’Al, we con- In Fig. 8 we presenfT; ¥(T) obtained from fitting the
clude from the chemical composition that the total intensitymagnetization recovery data, measured at three different
of the Mn signal above and below 100 K, respectively, isfields of 5.2 T, 2.25 T, and 1.85 T with=180 us, to Eq.
only 35+ 15% and 56 15% of what is expected considering (8). The T; *(T) plot exhibits a broad maximum centered
the chemical composition. If we assume that the missingiround 120K. This maximum is very unusual and has—to
intensity represents the nuclei of the magnetic Mn ions, weur knowledge—never been seen Trjl(T) of any other
may conclude that in the corresponding temperature rangegiasicrystalline compound. The spin-lattice relaxation rate
only a fraction of 65-15% or 50+ 15% of Mn ions carry a usually contains three contributions,
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t[s] FIG. 9. Zero-field electrical resistivity(T) of d-Al-Pd-Mn

compared top(T) of i-Al-Pd-Mn (Ref. 15. The inset displays
FIG. 7. Magnetization recovery curve related to line | at 57.8T,(T) of d-Al-Pd-Mn at low temperatures in comparison with
MHz and 24.5 K. The solid line represents a fit to B&). The inset  T(T) of the less Mn rich, icosahedralAIPdMn (Ref. 14.
displays howTI1(68 K) saturates with increasing. The arrow
marks =180 us, the pulse delay that was used in our measuresome anomaly in the electronic excitation spectrum causes
ments. the feature at that temperature. Such an anomaly is unlikely
because the monotonous variation of the electrical resistivity
Tflle_,cle+ Tl_,rlnang T;;. (9)  with temperature, shown in Fig. 9, does not suggest a corre-
sponding feature in the electronic excitation spectrum that
would cause the anomaly ifi; * around 120 K.
Also any substantial contribution 61‘[; can be ruled out.
The spin-lattice relaxation rate of Al nuclei is larger by more

The total relaxation is characterized by 2., due to con-
duction eIectronsTlf,%]ag reflecting the relaxation due to the

. 1 .
paramagnetic centers, aiig,q capturing the quadrupolar re- -\ "2t o1 of 10 ird-Al-Pd-Mn than it is ini-Al-Pd-Re,
laxation. In a simple metall, ¢, is known to vary linearly —\ ore it is still dominated byr; L and not byT; .5 Hence
with temperature. In quasicrystals the relaxation due to itin-__ " . ce g’ )
erant electrons depends on the shape of the density of statésq N d-Al-Pd-Mn is expected to be very small in compari-
at the Fermi level and thus on the shape of the pseudogap. 30N With other contributions, unless a major change of struc-
power law or polynomial increase of the spin-lattice relax-ture at some temperature occurs in that compound. Results of
ation rate with rising temperature is expectédit may be  Selected area electron-diffractiofSAED) measurements
seen in Fig. 8 that above 175 K tfiedependence of the from room temperature down to below 30 K indicate that no
spin-lattice relaxation rate may well be dominated by con-Structural changes occur in this temperature regime and
duction electrons and that they still contribute significantly totherefore it may be concluded tha{ ; does not contribute
the total T, in the crossover regime around 120 K. How- significantly to changes iy *(T).

ever, T, ¢, cannot account for the maximum at 120 K, unless _ We are thus left with the second significant term in Eq.
(9), i.e., Ty mag Which describes the magnetic interactions

— 77— between the Al nuclear spins and the Mmmoments. We

. note that the values of; ! of the icosahedral samples of
304 = 20.59MHz - Al-Pd-Mn with lower Mn concentratiolf are smaller than
2 ggm:: for the presently investigated material by one order of mag-

nitude (see inset of Fig. P With the resistivities of the two
compounds being of almost equal magnitudee Fig. 9,
= ‘.o%?o ° this giant difference irﬂl is mainly attributed to the larger
* ae . oe contribution ofT;r}qagto the total spin-lattice relaxation rate
‘o » $. 3 © in the present case. Based on these arguments we suggest
. oe, 1 that the maximum iriT; }(T) may be related tdr; ;.{T)
6 and that it reflects the previously mentioned reduction of the
10+ te 7 concentration of magnetic Mn moments belexd 00 K.
. : : : Below 50 K the spin-lattice relaxation rate displayed in
0 50 100 150 200 250 Fig. 8 increases with an increasingly negative sloperas
TIK] approaches the spin-glass freezing temperafyreThis be-
havior is typical for nuclear spins which experience the in-
FIG. 8. Spin-lattice relaxation rafg; }(T) for line | between 25  fluence of magnetic moments that undergo a gradual slowing
and 250 K. down of their fluctuations. In the present case, the Mn mo-

qp -

T,'[s"]
N
S
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ments, although predominantly affecting line Il, are also feltarguments that the number of these moments is gradually
in the relaxation of the nuclear spins contributing to line I, asreduced below 100 K. A similar reduction of moments was
the spin-glass transition is approached upon cooling. At higitpbserved at lower temperaturesiil-Pd-Mn with a much
temperatures, the spin-lattice relaxation rate of nonmagnetigmaller density of magnetic Mn momerifs.

nuclei due to paramagnetic centers is giveri’by The 2’Al NMR spectra show two partially resolved lines.
Line Il is clearly much more influenced by the Mn magne-
1 Te tism. Similar line shapes have been found in very early ex-
=C 5 (10 periments on Mn-rich metastable Al-Mn quasicrystalsut

T1,mag 1+ i they could not be resolved into two lines at that time. We

where C is proportional to the hyperfine-field coupling be- ﬁqrg;‘fs tfg?/to:ir:% ttvr:ce) #)nriqsafil(r)i %‘;Ztﬁq Qn%?icsnnﬁzosnignetngrzr?r?é
tween the Mn moments and the Al nuclej, is the correla- . . ) .
tion time of the Mn moments, and, :27_”}01" is the Larmor Mn ions (line 11) and to Al in an environment, where the Mn
precession frequency of the nucleus under investigafias. tmhoine_nts IareAthue&ch(;itdL\ebl)_aQutr_ resullts strongly sutgg%st
Tis reduced towards; , the moment fluctuations slow down & f':np € p-t fn- h y rr]' 1zation aor;eMmay no t'a .
and cause an increase'bf1 (ec7.), as observed below 50 equately account for the phenomenon of Mn magnetism in
. . /magt = "¢ . QC's, but that a more subtle, conduction-electron mediated
K. The rdriven increase can be understood by assumm%ng-range mechanism has to be considéfed
that w?7¢ is still much .Iess than 1, \,NhiCh Is impllicitly con- We have not yet found an unequivocal int.erpretation for
firmed by the aImosH-mdependgnt increase af, *(T) be- the broad maximum oTl‘1 at 120 K. The same process that
lO.W. S0 K. Close thf’ the growing linewidth u_su_ally Pro- " leads to that maximum seems to lead to a reduction of the
hibits to extract reliabld’; values. In our case this is true for ., o of Mn ions that carry a magnetic moment. Neither a
T<20K. structural transition nor a significant change in the electronic
density of states is indicated by SAED and transport mea-
IV. SUMMARY surements, respectively.

Our susceptibility data and our NMR spectra reveal that at
elevated temperatures more than half of the Mn ions in de-
cagonal A}y dPd;» Mn4g, carry a small magnetic moment, We thank ReneMonnier for fruitful discussions, Roland
giving rise to an average Mn momeptof 2u5. These mo-  Wessiken for his help with the temperature-dependent se-
ments experience an average antiferromagnetic interactiotected area electron diffraction, and Matthias Weller for his
leading to a spin-glass freezing 8i~12 K. We presented assistance in the measurement of the electrical conductivity.
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