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Electron spin resonance in an icosahedral AkCu,sFe;, quasicrystal
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An electron spin resonan¢&SR) study of an icosahedral ACu,sFe;, quasicrystal is presented. The ESR
signal originates from two kinds of electronic spins—the itinerant conduction electrons and the lochalized
moments of magnetic Fe atoms. The ESR spectra are very broad, extending over up to 5 T in the magnetic-
field-sweep experiment. The ESR signal could be detected by a high-field transmission ESR spectrometer
operating at a frequency 109.270 GHz, whereas the too-small field sweep of 0—1 T prevented the ESR signal
of the AlgzCu,sFe;, quasicrystal to be fully observed by the conventiodddand reflection spectrometer. The
ESR spectra are compared to the NMR spectra of the same sample. Both spectra are extremely broad and the
origin of this large broadening is found to be similar in both cases. It results from the distribution of local
electric fields that are present in quasicrystals due to the lack of translation periodicity of the quasiperiodic
lattice and from the-dexchange interaction between the conduction electrons and the localideddraents.

An anomalous temperature dependence of the ESR linewidth that broadens on cooling above 20 K, but
narrows from 20a 5 K by afactor 3.7, was detected. General aspects of the ESR spectroscopy in quasicrystals
are also discussed.
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. INTRODUCTION by measuring®’Al NQR signals. NQR is insensitive to the
orientation of the local EFG tensors, but detects the distribu-
Magnetic resonance techniques provide an important toafon of the EFG tensor eigenvalues that results from the dis-
for experimental investigations of physical properties of qua+tribution of local atomic environments around the resonating
sicrystals (QC’'s)—nonperiodic long-range ordered solids nuclei in the nonperiodic QC lattice.
that obey forbidden symmetries of 5-, 8-, 10-, and 12-fold The 2’Al NQR resonance lines were found strongly inho-
rotation axes. Experimental investigations of QC's withmogeneously broadenethe width of several megaheytz
nuclear magnetic resonan@eMR) spectroscopy are numer- and centered at the frequency of about 4 MHz. The large
ous. NMR spectra of QC'’s are very broad, extending ovewidth of the spectrum and the short spin-spin relaxation time
several megahertz frequency scale, so that special techniqués encountered in QC’s introduce a sensitivity problem, so
of field and frequency sweep have to be employed in order tthat the NQR lines could be detected at low temperatures
record a quasicrystalline spectrum. Measurements of thenly, using a small additional Zeeman field to decouple the
static NMR line shape enable a study of the distribution of?’Al nuclear spins, making, longer. Due to these problems,
physically inequivalent lattice sites via a determination of thethe NQR method is less convenient for the investigations of
distribution of local electric field gradiefEFG) tensors:?>  QC's.
The intrinsic magnetism of QC’s containing transition-metal QC's exhibit very interesting electronic properties. De-
elements, such as Mn and Fe, can be studied via thepite being alloys of metallic elements, their electrical resis-
temperature-dependent NMR linewidth and its frequencyivity generally exhibits a negative temperature coefficient,
shift>* NMR diffusion measuremersenable detection of just opposite to that of regular metals. Their electronic DOS
slow atomic motions with kilohertz frequencies, whereas theat the Fermi level exhibits a pseudogap, which in some cases
two-dimensional exchange NMR technique extends the obshows the proximity of a metal-to-insulator transition at low
servation window to ultraslow motions in the subhertztemperature§.it is believed that the increasing resistivity
regime® NMR spin-lattice relaxation also provides detailed upon cooling and the metal-to-insulator transition occur due
information on the shape and magnitude of the electronito the specific behavior of conduction electrons that undergo
density of statés(DOS) of QC's in the vicinity of the Fermi  a gradual localization at low temperatures. The electrons oc-
level E . cupy “critical” states that are neither extended in space nor
Experimental studies of QC’s with another kind of mag- localized on the atomic scale, but exhibit localization on an
netic resonance technique—the nuclear quadrupole res@atermediate scale over many interatomic distances. The
nance (NQR)—are at present still scarce. Zero-field NQR physics of conduction electrons thus represents a fundamen-
was applied so far only to Al-Cu-Fe and Al-Cu-Ru powders tal issue of study in QC’s. There exists another interesting
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phenomenon emerging from localized unpaired electronically reduces the number of excited electrons that contribute
spins that are present in magnetic QC’s, either containingo the ESR signal. IiX-band ESR with the resonance fre-
transition metals(Mn, Fe or rare-earth-metal atoms. The quency of free r~2) electrons atv=9.6 GHz, a typical
magnetic exchange interaction between the unpadrefi f  resistivity of a QC sampl@ =2000{) cm results in a skin
moments leads to magnetic ordering phenomena of the spifepth of §=23 um. In high-field ESR performed av
glass or antiferromagnetic type at low temperatures. In view=109 GHz, the skin depth reducesde-7 um. The micro-
of that it would be highly desirable to perform studies of wave field can thus excite a tiny amount of conduction elec-
QC'’s by the method of electron spin resonafiE8R) that in  trons within the surface layer of the sample only.
principle detects signals from both the itinerant conduction The g factor of conduction electrons in metHiss gener-
electrons and the localized electronic spins. However, so fadlly not very different from the free-electron valgg~2.
only QC’s exhibiting ferromagnetisfiAl-Mn-Si (Ref. 9 and  The reason is that the exchange interaction between the fast-
Al-Mn-Pd-B (Ref. 10] were investigated by ESR, where the moving conduction electrons is averaged to zero and thus
existence of ferromagnetic resonances was reported in thenable to change the resonance frequency. The small differ-
ferromagnetic phase. It is astonishing that up until now—toence between the actual- and the free-eleagrealues of the
the best of our knowledge—not a single ESR study was reerder g—g<10"2 found in regular metals is attributed to
ported in literature on QC's that do not exhibit ferromag-the spin-orbit coupling. A related situation should apply to
netism. In this paper we report the ESR study of a prototypi-QC'’s too. There the averaggvalue of conduction electrons
cal high-quality icosahedral quasicrystal, namely theshould again be centered close to the free-electron value for
AlgsCusFe, compound. We discuss the general aspects ofhe same reason. The spin-orbit coupling, however, deserves
the ESR experiment on QC’s and outline the experimentamore attention. NMR measuremehts the static line shape
difficulties encountered due to the significant metallic charave shown the existence of a very strong inhomogeneous
acter of the quasicrystalline samples in connection with théroadening of electric quadrupolar origin. The broadening is
nonperiodic long-range order of the quasicrystalline lattice. induced by a broad distribution of crystalline electric fields
(CEF9) in the quasiperiodic lattice, which result in quench-

[l. ESR IN NONMAGNETIC QUASICRYSTALS ing of the electronic orbital mOtiOﬂE(Z O) in the absence of
an external magnetic field. In the field the orbital motion

The electrical resistivities of QC’s are several orders ofpecomes partially unquenched, leadinggashifts via the
magnitude larger from those of regular metals. Typical resisspin-orbit coupling. The spin-orbit coupling constant is pro-
tivities below room temperature are in the range portional to the electric field in which the electron is moving.
~10°P-10 uQcm for decagonal QC's and p  Alarge distribution of CEF’s is expected to introduce a large
~10°- 10 uQ cm for icosahedral QC's. This is to be con- distribution ofg shifts that should result in broad ESR spec-
trasted with the resistivity of metallic aluminum where tra, in analogy to the extremely broad NMR spectra of QC's.
p77x=0.3 0 cm. However, the resistivities of QC’s remain We can anticipate that the underlying reason for the very
many orders of magnitude smaller from those of true insulaproad spectra in NMR and ESR experiments on QC'’s should
tors, so that QC’s can generally be considered as weak mejpe similar—the nonperiodic quasicrystalline lattice generates
als (or semimetals This metallic character represents one ofa large number of different local atomic environments that
the problems in ESR spectroscopy on QC's, as the electroimtroduce a broad distribution of local electric fields.
spin resonance of conduction electrons is generally difficult In regular metals with a high electrical conductivity,
to observe. Unlike NMR in metals, where the NMR signal where the electron mean free path between collisions is
can be practically always detected, ESR of conduction eledarge, there exists also a possibility of observing cyclotron
trons was observed so far only on a limited number of metresonances in an ESR experiment due to the magnetic-force-
als. The reason is that the conduction-electron resonandaduced electron orbital circulation. Cyclotron resonances
linewidth is in many cases so large that the signal is unobare generally not easy to distinguish from true ESR reso-
servable. The weak ESR sensitivity of metals originates fromhances. In QC's the appearance of cyclotron resonances is
two reasons. First is the fact that the intensity of the ESR ling/ery unlikely due to the high resistivity of the material,
is proportional to the static spin susceptibility that, for con-which implies a rather short mean free path that quenches the
duction electrons, is of a Pauli type, its order of magnitudeelectron cyclotron motion in a magnetic field.
being given byxp~(gug)?/kgTe. Here ug is the Bohr
magneton,g the electronicg factor andTg=Eg/kg is the
Fermi temperaturgof the order 16 K). This susceptibility
remains four orders of magnitude smaller than the Curie-type While some QC families, like the icosahedral Al-Pd-Re,
paramagnetic susceptibility of localized electrons at temperaare perfectly diamagnetic, others may contain localized para-
tures close to liquid He for a comparable density of elec-magnetic centers in addition to the itinerant moments of the
tronic spins(provided the localized electrons are not in aconduction electrons. Examples are transition-metal-
magnetically ordered stateThe second reason for the weak- containing icosahedral families Al-Pd-Mn and Al-Cu-Fe,
ness of the ESR signal is the skin effect, where the microwhere Mn and Fe atoms possess unpaideélectrons. In
wave field penetrates into the metallic sample only up to thguch a case two kinds of electronic resonances may be
distance of the order of a skin depdl+ \/p/uomv (with uy  observed—that of the conduction electrons and that of the
being the permeability of a vacuynirhe skin effect drasti- localized electronic spins. As discussed above, the
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conduction-electron resonance is expected closggts 2.
The resonances of the iron group atoms are, however, also M
expected close to the free-electron resonance, so that the fre- | W
\
|

a)

guencies of the two systems—the conduction electrons and -y W‘\l
the localizedd moments—should be very close. For the iron W‘WW“’\‘W“”W
group atoms the CEF perturbing Hamiltonian is usually
much larger that the spin-orbit coupling, which should result
in smallg shifts of the localized electron resonan¢&$here . . . . .
is an important difference between the spin-orbit-coupling- 3300 3320 3340 3360 3380
inducedg shifts of the conduction electrons and of the local- B[G]
ized moments. A localized electron is moving in a spherical
electrostatic potential of its atom and the effect of the CEF is
to quench the electronic orbital angular momentum, whereas
this does not affect the atomic potential itself greatly. The
resultingg shifts are therefore small. A conduction electron,
on the other hand, is moving in the total potential of the
crystal. For regular metals this potential has the periodicity
of the lattice. In QC's the lattice periodicity is lacking, so
that there exist significant local variations of the potential 0 ' ' ' ' ‘
with no translational periodicity. This introduces a distribu-
tion of g shifts that are not necessarily small.

The s conduction electrons and thtelocalized spins are
coupled by an exchange interaction of the form

f HHE

[
\

b)

10 1

I, [arb. units]

FIG. 1. (a) ESR signal of the icosahedral ACusFe;, quasi-
crystal at 25 K, obtained by a standateband reflection ESR spec-
trometer ¢=9.6 GHz).(b) The intensity of the ESR signétorre-
Hex= 2, f d®*RIL(R —R)Syi(R)-Se(R—R). (1)  sponding to the static ESR susceptibiligs a function of the tem-

i perature.

Here Jsq is the exchange coupling constai(r) is the  varied. In our case the reflection experiment was performed
conduction-(free-) electron density at a point, S4i(R;) is  with anX-band instrumentirradiation frequency at 9.6 GHz,
the totald-electron spin of the transition-metal atom locatedcorresponding to the center absorption field of 3400 G for
at the lattice poinR;, and the summation is over all mag- 9r=2) on an icosahedral ACu,sFe;, powdered sample. A
netic atoms. This interaction introduces a broadening and &agnetic field sweep of 0-1 T was used. Magnetic suscep-
shift of the resonance. However, as the two resonance fréibility measurement$ on several Al-Cu-Fe samples with
quencies are nearly equal, the resonances of the conducti&®@mposition nominally identical to ouxsf resistivity about
electrons and of the localized spins are excited simultapsook=2600u0 cm) estimated a fraction I of the total
neously and one has to find the eigenfrequencies of theBumber of Fe atoms to carry magnetic moments with spin
coupled spins® The resonance frequency becomes a funcS=2. In a temperature run from room temperature to liquid
tion of the frequencies of the two subsystems, the exchangde, the ESR signal could be detected only below 60 K,
parameted, and the dampinéthe spin-lattice relaxatiorof ~ where a relatively narrow line of widthH,,=4.5-5 G ap-
the two systems. The situation is somewhat simplified in theoeared[Fig. 1(@]. Its g factor varied only insignificantly
case when the relaxation of conduction electrons is verglown © 4 K in the rangeg=2.0060—2.0063, whereas the
short! as then the average electronic field may be definedine intensity increased upon cooling in a Curi@ Thanner
(proportional toxpJsy that shifts thed-spin resonance in [Fig. 1(b)]. The signal was confirmed to originate from the
analogy to the Knight shift of the nuclear resonance. TheQC sample by removing it from the resonator. It is, however,
exchange coupling also produces a strong relaxation of botdifficult to attribute the observed relatively narrow ESR sig-
the localized and the conduction electrons. For localizedal to the genuine paramagnetic moments of the Al-Cu-Fe
spins, the relaxation rate may be calculated exactly and vaguasicrystal. It is more likely that it originates from impuri-
ies with temperature &5T; *ockgTJZ,. This rate is usually ties that are within the sample, but otherwise extrinsic to the
very large becausd is large, leading to a large broadening duasicrystalline structure.

of the resonance line varying &gT in the high-temperature ~ For metallic samples, another ESR technique—the trans-
range. mission techniqué**~has an important advantage over the

reflection technique. This method takes advantage of the fact
that in metals two very different characteristic lengths exist.
First is the skin deptld that determines the penetration of the
In ESR spectroscopy two types of experiments are commicrowave field into the sample. Second is the diffusion
monly employed. In the majority of cases one applies thdength of the electronic transverse magnetization during its
reflection technique, where the sample is placed at the end difetime L=+/DT,, whereD is the electronic diffusion con-
a resonating cavity. The measured quantity is the variation aftant. One typically findé> 6, so that the transverse mag-
the absorbed power by the sample when the external field isetization excited within the surface layer spreads with time

IV. EXPERIMENTAL TECHNIQUES AND RESULTS
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ﬁ-——/\,‘/’_« a pure dispersion mode, followed by an integration.
B[T] absorption spectra are displayed in Fig. 3 and we discuss in

the following the ESR results of the ACu,sFe;» quasicrys-
FIG. 2. Temperature-dependent ESR signals of theQAbsFe,  tal on their basis.

quasicrystal, obtained by a high-field transmission ESR spectrom-
eter (¥=109.270 GHz). The signals appear in the mixed
dispersion-absorption mode. V. DISCUSSION

<

deeply into the bulk. In an ideal transmission ESR experi- The several-tesla broad ESR absorption spectra of Fig. 3
ment one uses a bulk metallic sample of thickne#isat is  exhibit a not-too-well pronounced structure of two lines. The
large compared t& but small compared th. The micro- peak of the spectrum is centered at 3.1 T and its position
wave frequency is applied at one of the faces of the sampldoes not shift noticeably with temperature. At present it is
and the transmitted transverse magnetization is measured difficult to analyze the structure of the spectrum more than
the other side. Here only the signal transferred through th@ust qualitatively. It is easy to anticipate that the spectrum
sample by the conduction electrons due to their diffusionshould show a structure of two lines, one emerging from the
motion is observed, whereas the signals of the localized mazonduction electrons and the other from the localizeddFe
ments as well as spurious signals due to impurities in thenoments. However, as we mentioned before, the two sub-
cavity are not detected. For powdered samples with finesystems cannot be treated independently, but the total Hamil-
grains, the signals of the localized moments are detected totonian should be diagonalized in order to obtain the position
The ESR experiment on the samez&lu,sFe, sample  and the shape of the spectrum. With the lack of a satisfactory
was repeated on a high-field transmission ESR spectrometayyasicrystalline Hamiltonian this seems to be beyond the
operating at the microwave frequency 109.270 GEarre-  possibilities at present.
sponding to the center absorption field B&=3.890 T for We can now understand why thxband experiment was
ge=2). The field was swept in the range 0—6 T. The specunsuccessful to record the ESR spectrum of the quasicrystal-
trometer is designed to operate in fields up to 14 T and idine AlgsCucFe . The magnetic field sweep range of a con-
almost identical to that described by Mullet al.*® except  ventionalX-band instrument extends over the interval 0-1 T,
that it uses a Gunn diode as the radiation source. There is nghich is much too narrow to detect the full quasicrystalline
resonant cavity in this case, but the transmitted signal is designal of several tesla width. The narrow line displayed in
tected by a cooled bolometer. In this high-field transmissiorfFig. 1 thus represents only a tiny portion of the total ESR
experiment the ESR signal of the investigated-8l,sFe,  signal in the vicinity ofgr=2. The same narrow line is also
quasicrystal was clearly detected. The measurements wepensistently observed in the high-field experiment. As dis-
performed at temperatures below 65 K. The signal is verycussed before, this line seems to originate from impurities
broad, extending typically over a sevefalp to 5 T field  extrinsic to the QC.
range. A collection of high-field raw ESR spectra is dis- The width of the ESR spectrum exhibits interesting tem-
played in Fig. 2. The spectra in this experiment do not appegperature dependend&ig. 4). From 65 to about 20 K the
in a pure dispersion mode, but exhibit a slight admixture ofspectrum broadens continuously upon cooling. Its full width
the absorption. A weak narrow signal is observed close to that half height(FWHH) AH,,, amounts to 2 T at 65 K and
free-electron position @ =3.868 T, which is obviously the increasesto 3 T at 20 K. Below 20 K an anomalous narrow-
same as that observed in tieband experimentFig. 1). The  ing of the spectrum is observed, where the line narrows to
signals were phase corrected into pure dispersion and thégh8 T at 5 K, thus by a factor 3.7. Since we have no model of
integrated in order to obtain pure absorption line shapes. Thine ESR line shape as yet, we can discuss this behavior only

064205-4



ELECTRON SPIN RESONANCE IN AN ICOSAHEDRA. . . PHYSICAL REVIEW B 65 064205

4 T T T T T T T T |’>7 T T
Al

e
bt
e

A, [T]
Fresly

63

0 Il 1 L 1 1 L
0 10 20 30 40 50 60 70

T[K] ey

FIG. 4. Temperature dependence of the FWHH of the high-field
ESR absorption spectra from Fig. 3.

1 " 1 1
-2000 -1000 O 1000 2000
B-B, [G]

qualitatively by noting that a similar anomalous temperature
dependence of the spectral width was observed recently by
2TAl NMR in icosahedral A}, Pdh,Mn-; (Ref. 4 and by

27 55 ;
All_and h '\Q? lNMIZ '52 Al72Pho Mg 5 (REfr'] 20.dUpon/ corded at room temperature by a field-sweep technique at the irra-
cooling the Al an Mn NMR spectra showed a T diation frequency 26.134 MHzcorresponding to the center field

broadening in the high-temperature regime above about 20 |§0:2.35 7). Three overlapping resonances’l, 53Cu, and®®Cu
and a considerable line narrowing for factors 2—10 belowpglej are observed within the spectrum.

This anomalous linewidth behavior was analyzed in terms of
the conduction-electron screening of the mangartkgeo-
ments within the aluminum-rich environment that takes plac

FIG. 5. NMR spectrum of the same ACu,sFe;, sample re-

to thed spins, the interaction involving only one exchange

t low t 0 Th . Its i duct § tegral. In view of that, the ESR signal should be much
at low temperatures. The Screening resufts in a reauction g, o sensitive to the temperature-dependent changes in the
the strength of thes-d exchange interaction that represents

. . . . .~s-d exchange interaction.
one of the line broadening mechanisms in NMR. The exis- For comparison we show in Fig. 5 the NMR spectrum of

tence of the screening in the icosahedral Al-Pd-Mn QC’s wagy .

. > .. the same AJ;Cu,sFe, sample recorded by a field-swee
recently demonstrated also by magnetic susceptlbll|ty[echmque g#Sth?Sirgéiationpfrequency 26 {34 MHDITe- P
measurements. For icosahedral Al-Cu-Fe the same effect sponding to the center fielBy=2.35T) The spectrum is
was not reported as yet’ but in view of the simi!arity to thevery broad, extending over tf;)e fiéld intérval of 5000 G. The
|cosah_fdrlal A.I'Tﬁ.'Mn I shou(ljd Ino:hbe too surpr|5|r'1:g 10 0b- jotails of the structure of the NMR spectra of Al-based QC'’s
serve it also in this compound. In the case of8l,sFer,, are given elsewhereHere we mention that the spectrum of

the qualized magnetic moments are those of the Fe atonﬁg' 5 represents three overlapping resonanc@f 53cu,
ﬁ]nodr;]:'rﬂgea?gg”i?: dOfTilcla '?gsig\miseg%isti?igzrgﬁgéféltg?_and Cu nuclei. The resonances exhibit a large electric-
Cu-Fe and the icosahedral Al-Pd-Mn are about the same, s uadrupole-induced inho.mo.geneous broadening due to the
that a similar concentration of conduction electrons Shoalc&lstnbutmn of local electric fields. The sharp lines represent
exist in both QC’s. In addition, both QC families are struc- Central transitions 1 —3) of half-integer spins that are
turally almost identical. These arguments indicate that théluadrupole-perturbed in second order, whereas the broad
screening of the localized Femoments may be responsible ‘background” lines represent first-order perturbed satellite
for the anomalous temperature dependence of the ESR lin&ansitions. The strong electric quadrupole broadening of the
width also in Ak:CusFe;,. The screening would drastically NMR spectrum gives a direct proof for the existence of a
reduce the strength of thed exchange interaction below a large distribution of the CEF in the investigated sa_mple. The
certain temperature and result in a narrowing of the ESRNMR and the ESR spectra thus both show consistently the
line. large broadening due to the distribution of local electric
ESR has an important advantage over NMR in detecting?iems that originates from the lack of periodicity in the QC
the changes in the-dexchange coupling, emerging, e.g., duelattice.
to screening of the localized moments. In NMR the ex-

ch_angg fit_ald of th_ed moments .is Qetected by the nuc_lear VI. CONCLUSIONS
spins indirectly via the polarization of the conduction-
electron cloud, the indired-d exchange interaction involv- Since ESR spectroscopy in QC’s is capable of detecting

ing a product of two exchange integrals, one betweerdthe signals from both the itinerant conduction electrons and the
moments and the conduction electrons and the other betwedwocalized moments of magnetic atoms, it can provide impor-
the conduction electrons and the nuclear spins. In ESR, thi&nt information on the electronic properties of quasicrystal-
resonating conduction electrons are direct-exchange couplditie materials. ESR spectra of QC’s are difficult to record
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due to the very broad signal, extending over a magnetic-fiel@xperiments on transition-metal-containing QC’s. An anoma-
interval as large as 4-5 T. This fact makes the use of dous temperature dependence of the ESR linewidth that nar-
conventionalX-band ESR instrument that employs a rela-rows from 20 b 5 K by afactor 3.7 may originate from the
tively narrow field sweep of 0—1 T inconvenient. A high-field change in the strength of tieed exchange interaction due to
transmission instrument with a large field sweep of severathe conduction-electron screening of the localizeddrao-
tesla is capable of recording the full ESR spectrum of a QGnents, in analogy to the similar NMR observation in the
sample. The origin of the strong broadening of the spectra iicosahedral Al-Pd-Mn.

the investigated icosahedral ACu,sFe;, QC is twofold. The

first |s_the_ (_1|st_r|but|on of Iocql electric fields due t(_) the lack ACKNOWLEDGMENTS

of periodicity in the QC lattice and the second is thal

exchange interaction between the conduction electrons and The financial support offered by the CNRS in France and
the localized Fed moments. Both broadening mechanismsthe Ministry of Education, Science and Sport in Slovenia
are consistently observed in the ESR as well as in the NMRinder bilateral Project No. 8705 is gratefully acknowledged.
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