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Electron spin resonance in an icosahedral Al63Cu25Fe12 quasicrystal
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An electron spin resonance~ESR! study of an icosahedral Al63Cu25Fe12 quasicrystal is presented. The ESR
signal originates from two kinds of electronic spins—the itinerant conduction electrons and the localizedd
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 Al63Cu25Fe12 quasicrystal to be fully observed by the conventionalX-band 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 thes-dexchange interaction between the conduction electrons and the localized Fed moments.
An anomalous temperature dependence of the ESR linewidth that broadens on cooling above 20 K, but
narrows from 20 to 5 K by afactor 3.7, was detected. General aspects of the ESR spectroscopy in quasicrystals
are also discussed.

DOI: 10.1103/PhysRevB.65.064205 PACS number~s!: 61.44.Br, 71.23.Ft, 76.30.2v
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I. INTRODUCTION

Magnetic resonance techniques provide an important
for experimental investigations of physical properties of q
sicrystals ~QC’s!—nonperiodic long-range ordered solid
that obey forbidden symmetries of 5-, 8-, 10-, and 12-fo
rotation axes. Experimental investigations of QC’s w
nuclear magnetic resonance~NMR! spectroscopy are nume
ous. NMR spectra of QC’s are very broad, extending o
several megahertz frequency scale, so that special techn
of field and frequency sweep have to be employed in orde
record a quasicrystalline spectrum. Measurements of
static NMR line shape enable a study of the distribution
physically inequivalent lattice sites via a determination of
distribution of local electric field gradient~EFG! tensors.1,2

The intrinsic magnetism of QC’s containing transition-me
elements, such as Mn and Fe, can be studied via
temperature-dependent NMR linewidth and its frequen
shift.3,4 NMR diffusion measurements5 enable detection o
slow atomic motions with kilohertz frequencies, whereas
two-dimensional exchange NMR technique extends the
servation window to ultraslow motions in the subhe
regime.6 NMR spin-lattice relaxation also provides detaile
information on the shape and magnitude of the electro
density of states7 ~DOS! of QC’s in the vicinity of the Fermi
level EF .

Experimental studies of QC’s with another kind of ma
netic resonance technique—the nuclear quadrupole r
nance~NQR!—are at present still scarce. Zero-field NQ
was applied so far only to Al-Cu-Fe and Al-Cu-Ru powde1
0163-1829/2002/65~6!/064205~6!/$20.00 65 0642
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by measuring27Al NQR signals. NQR is insensitive to th
orientation of the local EFG tensors, but detects the distri
tion of the EFG tensor eigenvalues that results from the
tribution of local atomic environments around the resonat
nuclei in the nonperiodic QC lattice.

The 27Al NQR resonance lines were found strongly inh
mogeneously broadened~the width of several megahertz!
and centered at the frequency of about 4 MHz. The la
width of the spectrum and the short spin-spin relaxation ti
T2 encountered in QC’s introduce a sensitivity problem,
that the NQR lines could be detected at low temperatu
only, using a small additional Zeeman field to decouple
27Al nuclear spins, makingT2 longer. Due to these problems
the NQR method is less convenient for the investigations
QC’s.

QC’s exhibit very interesting electronic properties. D
spite being alloys of metallic elements, their electrical res
tivity generally exhibits a negative temperature coefficie
just opposite to that of regular metals. Their electronic DO
at the Fermi level exhibits a pseudogap, which in some ca
shows the proximity of a metal-to-insulator transition at lo
temperatures.8 It is believed that the increasing resistivit
upon cooling and the metal-to-insulator transition occur d
to the specific behavior of conduction electrons that unde
a gradual localization at low temperatures. The electrons
cupy ‘‘critical’’ states that are neither extended in space n
localized on the atomic scale, but exhibit localization on
intermediate scale over many interatomic distances.
physics of conduction electrons thus represents a fundam
tal issue of study in QC’s. There exists another interest
©2002 The American Physical Society05-1
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phenomenon emerging from localized unpaired electro
spins that are present in magnetic QC’s, either contain
transition metals~Mn, Fe! or rare-earth-metal atoms. Th
magnetic exchange interaction between the unpairedd of f
moments leads to magnetic ordering phenomena of the
glass or antiferromagnetic type at low temperatures. In v
of that it would be highly desirable to perform studies
QC’s by the method of electron spin resonance~ESR! that in
principle detects signals from both the itinerant conduct
electrons and the localized electronic spins. However, so
only QC’s exhibiting ferromagnetism@Al-Mn-Si ~Ref. 9! and
Al-Mn-Pd-B ~Ref. 10!# were investigated by ESR, where th
existence of ferromagnetic resonances was reported in
ferromagnetic phase. It is astonishing that up until now—
the best of our knowledge—not a single ESR study was
ported in literature on QC’s that do not exhibit ferroma
netism. In this paper we report the ESR study of a prototy
cal high-quality icosahedral quasicrystal, namely t
Al63Cu25Fe12 compound. We discuss the general aspects
the ESR experiment on QC’s and outline the experime
difficulties encountered due to the significant metallic ch
acter of the quasicrystalline samples in connection with
nonperiodic long-range order of the quasicrystalline lattic

II. ESR IN NONMAGNETIC QUASICRYSTALS

The electrical resistivities of QC’s are several orders
magnitude larger from those of regular metals. Typical re
tivities below room temperature are in the ranger
'102– 103 mV cm for decagonal QC’s and r
'103– 106 mV cm for icosahedral QC’s. This is to be con
trasted with the resistivity of metallic aluminum whe
r77 K50.3mV cm. However, the resistivities of QC’s rema
many orders of magnitude smaller from those of true insu
tors, so that QC’s can generally be considered as weak
als ~or semimetals!. This metallic character represents one
the problems in ESR spectroscopy on QC’s, as the elec
spin resonance of conduction electrons is generally diffic
to observe. Unlike NMR in metals, where the NMR sign
can be practically always detected, ESR of conduction e
trons was observed so far only on a limited number of m
als. The reason is that the conduction-electron resona
linewidth is in many cases so large that the signal is un
servable. The weak ESR sensitivity of metals originates fr
two reasons. First is the fact that the intensity of the ESR
is proportional to the static spin susceptibility that, for co
duction electrons, is of a Pauli type, its order of magnitu
being given byxP'(gmB)2/kBTF . Here mB is the Bohr
magneton,g the electronicg factor andTF5EF /kB is the
Fermi temperature~of the order 104 K!. This susceptibility
remains four orders of magnitude smaller than the Curie-t
paramagnetic susceptibility of localized electrons at temp
tures close to liquid He for a comparable density of el
tronic spins~provided the localized electrons are not in
magnetically ordered state!. The second reason for the wea
ness of the ESR signal is the skin effect, where the mic
wave field penetrates into the metallic sample only up to
distance of the order of a skin depthd5Ar/m0pn ~with m0
being the permeability of a vacuum!. The skin effect drasti-
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cally reduces the number of excited electrons that contrib
to the ESR signal. InX-band ESR with the resonance fre
quency of free (gF'2) electrons atn59.6 GHz, a typical
resistivity of a QC sampler52000mV cm results in a skin
depth of d523mm. In high-field ESR performed atn
5109 GHz, the skin depth reduces tod57 mm. The micro-
wave field can thus excite a tiny amount of conduction el
trons within the surface layer of the sample only.

The g factor of conduction electrons in metals11 is gener-
ally not very different from the free-electron valuegF'2.
The reason is that the exchange interaction between the
moving conduction electrons is averaged to zero and t
unable to change the resonance frequency. The small di
ence between the actual- and the free-electrong values of the
order g2gF<1022 found in regular metals is attributed t
the spin-orbit coupling. A related situation should apply
QC’s too. There the averageg value of conduction electron
should again be centered close to the free-electron value
the same reason. The spin-orbit coupling, however, dese
more attention. NMR measurements2 of the static line shape
have shown the existence of a very strong inhomogene
broadening of electric quadrupolar origin. The broadening
induced by a broad distribution of crystalline electric fiel
~CEF’s! in the quasiperiodic lattice, which result in quenc
ing of the electronic orbital motion (LY 50) in the absence of
an external magnetic field. In the field the orbital motio
becomes partially unquenched, leading tog shifts via the
spin-orbit coupling. The spin-orbit coupling constant is pr
portional to the electric field in which the electron is movin
A large distribution of CEF’s is expected to introduce a lar
distribution ofg shifts that should result in broad ESR spe
tra, in analogy to the extremely broad NMR spectra of QC
We can anticipate that the underlying reason for the v
broad spectra in NMR and ESR experiments on QC’s sho
be similar—the nonperiodic quasicrystalline lattice genera
a large number of different local atomic environments th
introduce a broad distribution of local electric fields.

In regular metals with a high electrical conductivit
where the electron mean free path between collisions
large, there exists also a possibility of observing cyclotr
resonances in an ESR experiment due to the magnetic-fo
induced electron orbital circulation. Cyclotron resonanc
are generally not easy to distinguish from true ESR re
nances. In QC’s the appearance of cyclotron resonance
very unlikely due to the high resistivity of the materia
which implies a rather short mean free path that quenches
electron cyclotron motion in a magnetic field.

III. ESR IN MAGNETIC QUASICRYSTALS

While some QC families, like the icosahedral Al-Pd-R
are perfectly diamagnetic, others may contain localized pa
magnetic centers in addition to the itinerant moments of
conduction electrons. Examples are transition-me
containing icosahedral families Al-Pd-Mn and Al-Cu-F
where Mn and Fe atoms possess unpairedd electrons. In
such a case two kinds of electronic resonances may
observed—that of the conduction electrons and that of
localized electronic spins. As discussed above,
5-2
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ELECTRON SPIN RESONANCE IN AN ICOSAHEDRAL . . . PHYSICAL REVIEW B 65 064205
conduction-electron resonance is expected close togF'2.
The resonances of the iron group atoms are, however,
expected close to the free-electron resonance, so that the
quencies of the two systems—the conduction electrons
the localizedd moments—should be very close. For the ir
group atoms the CEF perturbing Hamiltonian is usua
much larger that the spin-orbit coupling, which should res
in smallg shifts of the localized electron resonances.12 There
is an important difference between the spin-orbit-couplin
inducedg shifts of the conduction electrons and of the loc
ized moments. A localized electron is moving in a spheri
electrostatic potential of its atom and the effect of the CEF
to quench the electronic orbital angular momentum, wher
this does not affect the atomic potential itself greatly. T
resultingg shifts are therefore small. A conduction electro
on the other hand, is moving in the total potential of t
crystal. For regular metals this potential has the periodic
of the lattice. In QC’s the lattice periodicity is lacking, s
that there exist significant local variations of the poten
with no translational periodicity. This introduces a distrib
tion of g shifts that are not necessarily small.

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

Hex5(
i
E d3RY Jsd~RY i2RY !SY di~RY i !•SY F~RY i2RY !. ~1!

Here Jsd is the exchange coupling constant,SY F(rY) is the
conduction-~free-! electron density at a pointrY, SY di(RY i) is
the totald-electron spin of the transition-metal atom locat
at the lattice pointRY i , and the summation is over all mag
netic atoms. This interaction introduces a broadening an
shift of the resonance. However, as the two resonance
quencies are nearly equal, the resonances of the condu
electrons and of the localized spins are excited simu
neously and one has to find the eigenfrequencies of
coupled spins.13 The resonance frequency becomes a fu
tion of the frequencies of the two subsystems, the excha
parameterJsd and the damping~the spin-lattice relaxation! of
the two systems. The situation is somewhat simplified in
case when the relaxation of conduction electrons is v
short,14 as then the average electronic field may be defi
~proportional toxPJsd! that shifts thed-spin resonance in
analogy to the Knight shift of the nuclear resonance. T
exchange coupling also produces a strong relaxation of b
the localized and the conduction electrons. For localiz
spins, the relaxation rate may be calculated exactly and
ies with temperature as15 T1

21}kBTJsd
2 . This rate is usually

very large becauseJsd is large, leading to a large broadenin
of the resonance line varying askBT in the high-temperature
range.

IV. EXPERIMENTAL TECHNIQUES AND RESULTS

In ESR spectroscopy two types of experiments are co
monly employed. In the majority of cases one applies
reflection technique, where the sample is placed at the en
a resonating cavity. The measured quantity is the variatio
the absorbed power by the sample when the external fie
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varied. In our case the reflection experiment was perform
with anX-band instrument~irradiation frequency at 9.6 GHz
corresponding to the center absorption field of 3400 G
gF52! on an icosahedral Al63Cu25Fe12 powdered sample. A
magnetic field sweep of 0–1 T was used. Magnetic susc
tibility measurements16 on several Al-Cu-Fe samples wit
composition nominally identical to ours~of resistivity about
r300 K52600mV cm! estimated a fraction 1024 of the total
number of Fe atoms to carry magnetic moments with s
S52. In a temperature run from room temperature to liqu
He, the ESR signal could be detected only below 60
where a relatively narrow line of widthDHpp54.5– 5 G ap-
peared@Fig. 1~a!#. Its g factor varied only insignificantly
down to 4 K in the rangeg52.0060– 2.0063, whereas th
line intensity increased upon cooling in a Curie 1/T manner
@Fig. 1~b!#. The signal was confirmed to originate from th
QC sample by removing it from the resonator. It is, howev
difficult to attribute the observed relatively narrow ESR s
nal to the genuine paramagnetic moments of the Al-Cu
quasicrystal. It is more likely that it originates from impur
ties that are within the sample, but otherwise extrinsic to
quasicrystalline structure.

For metallic samples, another ESR technique—the tra
mission technique17,18—has an important advantage over t
reflection technique. This method takes advantage of the
that in metals two very different characteristic lengths ex
First is the skin depthd that determines the penetration of th
microwave field into the sample. Second is the diffusi
length of the electronic transverse magnetization during
lifetime L5ADT1, whereD is the electronic diffusion con-
stant. One typically findsL@d, so that the transverse mag
netization excited within the surface layer spreads with ti

FIG. 1. ~a! ESR signal of the icosahedral Al63Cu25Fe12 quasi-
crystal at 25 K, obtained by a standardX-band reflection ESR spec
trometer (n59.6 GHz). ~b! The intensity of the ESR signal~corre-
sponding to the static ESR susceptibility! as a function of the tem-
perature.
5-3
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J. DOLINŠEK et al. PHYSICAL REVIEW B 65 064205
deeply into the bulk. In an ideal transmission ESR expe
ment one uses a bulk metallic sample of thicknessl that is
large compared tod but small compared toL. The micro-
wave frequency is applied at one of the faces of the sam
and the transmitted transverse magnetization is measure
the other side. Here only the signal transferred through
sample by the conduction electrons due to their diffus
motion is observed, whereas the signals of the localized
ments as well as spurious signals due to impurities in
cavity are not detected. For powdered samples with
grains, the signals of the localized moments are detected

The ESR experiment on the same Al63Cu25Fe12 sample
was repeated on a high-field transmission ESR spectrom
operating at the microwave frequency 109.270 GHz~corre-
sponding to the center absorption field ofB53.890 T for
gF52!. The field was swept in the range 0–6 T. The sp
trometer is designed to operate in fields up to 14 T and
almost identical to that described by Mulleret al.,19 except
that it uses a Gunn diode as the radiation source. There i
resonant cavity in this case, but the transmitted signal is
tected by a cooled bolometer. In this high-field transmiss
experiment the ESR signal of the investigated Al63Cu25Fe12
quasicrystal was clearly detected. The measurements
performed at temperatures below 65 K. The signal is v
broad, extending typically over a several~up to 5! T field
range. A collection of high-field raw ESR spectra is d
played in Fig. 2. The spectra in this experiment do not app
in a pure dispersion mode, but exhibit a slight admixture
the absorption. A weak narrow signal is observed close to
free-electron position atB53.868 T, which is obviously the
same as that observed in theX-band experiment~Fig. 1!. The
signals were phase corrected into pure dispersion and
integrated in order to obtain pure absorption line shapes.

FIG. 2. Temperature-dependent ESR signals of the Al63Cu25Fe12

quasicrystal, obtained by a high-field transmission ESR spectr
eter (n5109.270 GHz). The signals appear in the mix
dispersion-absorption mode.
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absorption spectra are displayed in Fig. 3 and we discus
the following the ESR results of the Al63Cu25Fe12 quasicrys-
tal on their basis.

V. DISCUSSION

The several-tesla broad ESR absorption spectra of Fi
exhibit a not-too-well pronounced structure of two lines. T
peak of the spectrum is centered at 3.1 T and its posi
does not shift noticeably with temperature. At present it
difficult to analyze the structure of the spectrum more th
just qualitatively. It is easy to anticipate that the spectru
should show a structure of two lines, one emerging from
conduction electrons and the other from the localized Fd
moments. However, as we mentioned before, the two s
systems cannot be treated independently, but the total Ha
tonian should be diagonalized in order to obtain the posit
and the shape of the spectrum. With the lack of a satisfac
quasicrystalline Hamiltonian this seems to be beyond
possibilities at present.

We can now understand why theX-band experiment was
unsuccessful to record the ESR spectrum of the quasicry
line Al63Cu25Fe12. The magnetic field sweep range of a co
ventionalX-band instrument extends over the interval 0–1
which is much too narrow to detect the full quasicrystalli
signal of several tesla width. The narrow line displayed
Fig. 1 thus represents only a tiny portion of the total ES
signal in the vicinity ofgF52. The same narrow line is als
consistently observed in the high-field experiment. As d
cussed before, this line seems to originate from impurit
extrinsic to the QC.

The width of the ESR spectrum exhibits interesting te
perature dependence~Fig. 4!. From 65 to about 20 K the
spectrum broadens continuously upon cooling. Its full wid
at half height~FWHH! DH1/2 amounts to 2 T at 65 K and
increases to 3 T at 20 K. Below 20 K an anomalous narro
ing of the spectrum is observed, where the line narrows
0.8 T at 5 K, thus by a factor 3.7. Since we have no mode
the ESR line shape as yet, we can discuss this behavior

-

FIG. 3. High-field ESR absorption spectra of the Al63Cu25Fe12

quasicrystal, obtained by phase-correcting the spectra of Fig. 2
a pure dispersion mode, followed by an integration.
5-4
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ELECTRON SPIN RESONANCE IN AN ICOSAHEDRAL . . . PHYSICAL REVIEW B 65 064205
qualitatively by noting that a similar anomalous temperat
dependence of the spectral width was observed recentl
27Al NMR in icosahedral Al72.4Pd20.5Mn7.1 ~Ref. 4! and by
27Al and 55Mn NMR in Al72Pd19.5Mn8.5 ~Ref. 20!. Upon
cooling the 27Al and 55Mn NMR spectra showed a 1/T
broadening in the high-temperature regime above about 2
and a considerable line narrowing for factors 2–10 bel
This anomalous linewidth behavior was analyzed in terms
the conduction-electron screening of the manganesed mo-
ments within the aluminum-rich environment that takes pla
at low temperatures. The screening results in a reductio
the strength of thes-d exchange interaction that represen
one of the line broadening mechanisms in NMR. The ex
tence of the screening in the icosahedral Al-Pd-Mn QC’s w
recently demonstrated also by magnetic susceptib
measurements.21 For icosahedral Al-Cu-Fe the same effe
was not reported as yet, but in view of the similarity to t
icosahedral Al-Pd-Mn it should not be too surprising to o
serve it also in this compound. In the case of Al63Cu25Fe12,
the localized magnetic moments are those of the Fe at
and, since only 1024 of all Fe atoms possess moments, t
moments are diluted. The resistivities of the icosahedral
Cu-Fe and the icosahedral Al-Pd-Mn are about the same
that a similar concentration of conduction electrons sho
exist in both QC’s. In addition, both QC families are stru
turally almost identical. These arguments indicate that
screening of the localized Fed moments may be responsib
for the anomalous temperature dependence of the ESR
width also in Al63Cu25Fe12. The screening would drasticall
reduce the strength of thes-d exchange interaction below
certain temperature and result in a narrowing of the E
line.

ESR has an important advantage over NMR in detec
the changes in thes-dexchange coupling, emerging, e.g., d
to screening of the localizedd moments. In NMR the ex-
change field of thed moments is detected by the nucle
spins indirectly via the polarization of the conductio
electron cloud, the indirects-d exchange interaction involv
ing a product of two exchange integrals, one between thd
moments and the conduction electrons and the other betw
the conduction electrons and the nuclear spins. In ESR,
resonating conduction electrons are direct-exchange cou

FIG. 4. Temperature dependence of the FWHH of the high-fi
ESR absorption spectra from Fig. 3.
06420
e
by

K
.
f

e
of

-
s
y

-

s

l-
so
d

e

e-

R

g

en
he
led

to the d spins, the interaction involving only one exchan
integral. In view of that, the ESR signal should be mu
more sensitive to the temperature-dependent changes in
s-d exchange interaction.

For comparison we show in Fig. 5 the NMR spectrum
the same Al63Cu25Fe12 sample recorded by a field-swee
technique at the irradiation frequency 26.134 MHz~corre-
sponding to the center fieldB052.35 T!. The spectrum is
very broad, extending over the field interval of 5000 G. T
details of the structure of the NMR spectra of Al-based QC
are given elsewhere.2 Here we mention that the spectrum
Fig. 5 represents three overlapping resonances of27Al, 63Cu,
and 65Cu nuclei. The resonances exhibit a large electr
quadrupole-induced inhomogeneous broadening due to
distribution of local electric fields. The sharp lines repres

central transitions (12 ↔2 1
2 ) of half-integer spins that are

quadrupole-perturbed in second order, whereas the b
‘‘background’’ lines represent first-order perturbed satell
transitions. The strong electric quadrupole broadening of
NMR spectrum gives a direct proof for the existence o
large distribution of the CEF in the investigated sample. T
NMR and the ESR spectra thus both show consistently
large broadening due to the distribution of local elect
fields that originates from the lack of periodicity in the Q
lattice.

VI. CONCLUSIONS

Since ESR spectroscopy in QC’s is capable of detec
signals from both the itinerant conduction electrons and
localized moments of magnetic atoms, it can provide imp
tant information on the electronic properties of quasicrys
line materials. ESR spectra of QC’s are difficult to reco

d

FIG. 5. NMR spectrum of the same Al63Cu25Fe12 sample re-
corded at room temperature by a field-sweep technique at the
diation frequency 26.134 MHz~corresponding to the center fiel
B052.35 T!. Three overlapping resonances of27Al, 63Cu, and65Cu
nuclei are observed within the spectrum.
5-5
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due to the very broad signal, extending over a magnetic-fi
interval as large as 4–5 T. This fact makes the use o
conventionalX-band ESR instrument that employs a re
tively narrow field sweep of 0–1 T inconvenient. A high-fie
transmission instrument with a large field sweep of seve
tesla is capable of recording the full ESR spectrum of a
sample. The origin of the strong broadening of the spectr
the investigated icosahedral Al63Cu25Fe12 QC is twofold. The
first is the distribution of local electric fields due to the la
of periodicity in the QC lattice and the second is thes-d
exchange interaction between the conduction electrons
the localized Fed moments. Both broadening mechanism
are consistently observed in the ESR as well as in the N
ld
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experiments on transition-metal-containing QC’s. An anom
lous temperature dependence of the ESR linewidth that
rows from 20 to 5 K by afactor 3.7 may originate from the
change in the strength of thes-dexchange interaction due t
the conduction-electron screening of the localized Fed mo-
ments, in analogy to the similar NMR observation in t
icosahedral Al-Pd-Mn.
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