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We report measurements of the dc magnetization, the low-field ac magnetic susceptibility, and the electrical
resistivity of large~up to 0.5 cm3! single-grain samples of icosahedralR-Mg-Zn (R5Y, Tb, Dy, Ho, and Er!.
The dc magnetization and ac magnetic susceptibility data both indicate that icosahedral Tb-Mg-Zn and Dy-
Mg-Zn undergo a transition to a spin-glass state atTf55.8 and 3.6 K, respectively, while low-temperature ac
susceptibility measurements show thatTf51.95 and 1.3 K for Ho-Mg-Zn and Er-Mg-Zn, respectively. For the
series of solid solutions (Y12xTbx)-Mg-Zn, the freezing temperatureTf varies approximately asx2/3. The
(Y12xGdx)-Mg-Zn solid solutions have lowerTf values than (Y12xTbx)-Mg-Zn for the same magnetic rare-
earth concentrations~x!, indicating that local moment anisotropy caused by crystalline electric-field effects
plays a significant role in increasingTf . On the other hand, angular-dependent studies show that the dc
magnetization forT.Tf is isotropic within the experimental uncertainty. The electrical resistivityr(T) of the
single-grain samples is only weakly temperature dependent, with a small, negativedr/dT. Absolute values of
the resistivity fall in the range between 150 and 200mV cm, which is distinctly lower than the values
previously reported for other thermodynamically stable icosahedral quasicrystals.@S0163-1829~99!05801-4#
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I. INTRODUCTION

The R-Mg-Zn (R5Y, Tb, Dy, Ho, and Er! thermody-
namically stable icosahedral quasicrystals are of tremend
interest because they allow the study of the effects of qu
periodicity on the magnetism of localized 4f moments. Pre-
vious investigations of the magnetic, thermal, and transp
properties of icosahedralR-Mg-Zn have so far been carrie
out on polygrain samples.1,2 Recent advances in the grow
of large single-grainR-Mg-Zn quasicrystals3 with volumes
of up to 0.5 cm3 have allowed the investigation of possib
anisotropies in the physical properties of these materials.
use of single-grain samples also eliminates the effects of
ond phases and grain boundaries upon the measured phy
properties.

A number of authors have measured the magnetic pro
ties of polygrainR-Mg-Zn quasicrystals. Using polygrai
samples, Hattoriet al.1 and Charrier and Schmitt2 showed
that the dc magnetic susceptibilities ofR8Mg42Zn50 (R
5Gd, Tb, Dy, Ho, Er! exhibit a Curie-Weiss–type behavio
over a wide temperature range, with a negative Weiss t
peratureu @where x5C/(T2u)#, indicating antiferromag-
netic exchange interactions between the rare-earth mom
At lower temperatures, both ac and dc susceptibility m
surements of polygrainR8Mg42Zn50 exhibit a classic spin-
glass transition with freezing temperaturesTf below 10 K.1,2

A later paper by Charrier, Ouladdiaf and Schmitt,4 however,
presented evidence from powder neutron-diffraction m
surements that there is a transition to a state with a qu
PRB 590163-1829/99/59~1!/308~14!/$15.00
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periodic type of antiferromagnetic long-range order atTN

.Tf for R5Tb, Ho, Dy, and Er. The intensity of the shar
peaks in the diffraction pattern corresponding to the antif
romagnetic ordering is small and is accompanied by sign
cant diffuse magnetic scattering.4 Recently, Islamet al.5

showed from neutron-scattering results that there is no s
evidence for antiferromagnetic ordering in powders ma
from large single-grain samples. However, using rapi
cooled polygrain samples the authors5 were nevertheless abl
to reproduce some of the additional magnetic diffracti
peaks reported in Ref. 4. It remains a contested po
whether there exists long-range magnetic order in
R-Mg-Zn family of icosahedral quasicrystals, or whether t
additional diffraction peaks seen for polygrain samples are
fact due to the magnetic ordering of small amounts o
rare-earth containing second phase~see Appendix!. Another
possible explanation is that there is a range of compositi
of formation of the thermodynamically stableR-Mg-Zn qua-
sicrystals, and that the magnetic ordering is particularly s
sitive to the rare-earth concentration.5 In either case, the fac
remains that any long-range magnetic ordering inR-Mg-Zn
quasicrystals is, at best, far from robust.

In this paper, we present the results of detailed magn
measurements of high-quality,single-grain, R-Mg-Zn quasi-
crystals (R5Y, Tb, Dy, Ho, and Er!. The spin freezing tran-
sition is investigated in detail by a variety of technique
including measurements of higher harmonics of the lo
frequency ac susceptibility. We also establish, via angu
dependent studies, that forT.Tf the magnetization is iso
308 ©1999 The American Physical Society
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PRB 59 309MAGNETIC AND TRANSPORT PROPERTIES OF . . .
tropic within experimental resolution. In addition, we stud
two pseudoternary compounds, (Y12xTbx)-Mg-Zn and
(Y12xGdx)-Mg-Zn, and examine the effects of rare-ear
concentration and CEF~crystalline electric field! splitting on
Tf . Results of electrical resistivity measurements are a
presented. For comparison, the magnetic properties o
closely relatedR-Mg-Zn crystalline phase are presented a
an appendix.

II. SAMPLE PREPARATION

Single-grain samples ofR-Mg-Zn quasicrystals (R5Y,
Tb, Dy, Ho, Er! were grown from the ternary melt following
the technique described in Ref. 3 In brief, this method i
volves the slow cooling of a ternary melt intersecting th
primary solidification surface of the quasicrystalline phas
as identified for Y-Mg-Zn by Langsdorf, Ritter and Assmus6

Large, single-grain samples can be grown by this techniq
with volumes of up to 0.5 cm3. Following the growth, a brief
dip in a dilute solution of nitric acid in methanol can be use
to remove any small amounts of undecanted flux or oxi
slag that wet the surface. A photograph of a typical H
Mg-Zn quasicrystal is shown in Fig. 1, over a mm scale. A
can be seen from Fig. 1, the quasicrystals grown by t
technique have a dodecahedral growth habit, with clea
defined pentagonal facets. It should be noted that
R-Mg-Zn quasicrystal samples grown by this technique a
remarkably large and exceptionally well ordered.3

Following the same growth procedure, samples with va
ous amounts of substitution of Tb and Gd for Y were als
prepared, enabling investigation of magnetic and transp
properties as a function of the rare-earth concentration.
particular, the substitutions studied were (Y12xTbx)-Mg-Zn
with x50.075, 0.15, 0.33, 0.50, 0.63, 0.75, and 0.88 a
(Y12xGdx)-Mg-Zn with x50.075, 0.15, 0.50, and 0.60. The
Gd substitutions are of additional interest because the p
Gd-Mg-Zn quasicrystalline phase cannot be grown by th
technique.3 In fact, x50.60 is the largest amount of Gd sub
stitution in Y-Mg-Zn that we have been able to successfu

FIG. 1. Photograph of a single-grain icosahedral Ho-Mg-Z
quasicrystal grown from the ternary melt. Shown over a mm sca
the edges are 2.2 mm long. Note the clearly defined pentago
facets, and the dodecahedral morphology.
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incorporate as a single-phase quasicrystal. It remains a
sibility that the pure Gd-Mg-Zn phase is metastable, and
only be prepared by rapid solidification techniques1 ~in con-
trast to the slow cooling rate growth technique we emplo!.

Powder x-ray-diffraction patterns of crushed single gra
have narrow peaks, indicating a high degree of structu
order, and all peaks can be indexed to the face-cente
icosahedral~FCI! quasicrystalline phase~second phases, i
present at all, are below a 2–5% level!.3 High-resolution
transmission electron microscopy~TEM! reveals very sharp
diffraction spots in selected area diffraction patter
~SADP’s!, with little or no evidence of phason strain seen
lattice images near Scherzer defocus.3 Electron microprobe
analysis of Tb-Mg-Zn quasicrystalline samples indicate
composition of approximately Tb9Mg34Zn57,

3 similar to that
estimated by other groups@R8Mg42Zn50 ~Refs. 1 and 7! and
R9Mg30Zn61 ~Ref. 6!#.

Clean, well-formed single grains were selected for ma
netization measurements. Bars for electrical transport m
surements were cut from single grains using a wire s
Typical bar lengths were 2–3 mm with a width~and thick-
ness! of 0.5 mm. For icosahedral symmetry, the electric
resistivity tensor has only one independent component,
hence the orientation of the cut bars is not expected to ef
the results of the resistivity measurements.

III. EXPERIMENTAL METHODS

Both ac and dc magnetization were measured using c
mercial Quantum Design superconducting quantum inter
ence device~SQUID! magnetometers, in a variety of applie
magnetic fields~up to 55 000 Oe! and temperatures~from 1.8
to 350 K!. The dc magnetization was investigated for a ran
of applied fields, and for both zero-field-cooled~zfc! and
field-cooled~fc! histories. An applied field of 1000 Oe wa
used to measure the temperature-dependent dc suscept
for T.Tf . The ac magnetization was measured between
and 20 K in a steady applied fieldHdc5100 Oe, with an ac
field Hac52 Oe superimposed, and for a range of frequenc
from 1 to 1000 Hz. The angular dependence of the dc m
netization was measured, using a rotating sample platfo
with an angular resolution of60.1°. All temperature-
dependent magnetization measurements were made fo
creasing temperatures, and warming through the boi
point of liquid helium was treated carefully. After collectin
data from 1.8 to 4.4 K, the cryostat design required that
temperature be cycled from 4.4 K to a higher temperat
~usually 30 K! before zero-field-coding or field-cooling~de-
pending on the experiment! down to 4.6 K. Relaxation ef-
fects for temperatures below the spin freezing transition~see
later sections! can lead to an apparent discontinuity in the z
magnetization of Tb-Mg-Zn~for which Tf55.8 K! at 4.4 K
as a consequence of this technique.

The low-frequency and low-field ac magnetic susceptib
ity was measured by a conventional mutual inductance te
nique in the temperature range between 0.4 and 4 K. M
surements were made at frequencies 116 and 420 Hz
with an excitation magnetic-field amplitude of 0.1 Oe.
low-noise signal transformer was used to match the imp
ance of the pickup coil with that of the lock-in amplifier. Th
in-phase componentx8 and the out-of-phase componentx9

e,
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310 PRB 59I. R. FISHERet al.
were measured with a two-phase lock-in amplifier. The thi
order magnetic susceptibilityx3 was measured by monitor
ing the amplitude and the phase of the ac magnetizatio
the third harmonic 3f of the excitation frequencyf using the
phase-sensitive detector, which was set to detect the resp
at 3f .8

The electrical resistivity was measured between 1.8
300 K using a standard four-probe technique, with an
bridge operating at 16 Hz, and using current densities
between 0.1 and 1 A/cm2. Electrical contact was made to th
samples using Epo-tek H20E silver epoxy, with typical co
tact resistances of 1–2V. Due to the uncertainty of the ba
dimensions and the contact separation, there is an app
mate uncertainty of610% in absolute values of the resisti
ity obtained for individual samples. To give a greater con
dence in the absolute value of the resistivity obtained, th
different samples of the Y-Mg-Zn quasicrystalline pha
have been measured.

IV. RESULTS AND ANALYSIS

A. dc magnetization

The dc magnetic susceptibility of icosahedral Y-Mg-Z
measured in an applied field of 20 000 Oe between 2 and
K is shown in Fig. 2. Between 20 and 350 K, thex(T) data
can be well fit to

x5x01
C

T
1BT ~1!

with the following values of the fit parameter
x05(21.8860.01)31027 emu/g, C5(1.7960.05)31027

emu K/g, andB5(7.360.1)310211 emu/g K. In Fig. 2, the
fit is shown as a solid line. The Curie termC/T is probably
due to magnetic rare-earth impurities on the Y sites, and
value of the Curie constantC is consistent with the purity
levels of the starting materials~99.99%!. The temperature-
independent susceptibilityx0 comprises contributions from
itinerant electrons and core states. The origin of the sm

FIG. 2. The dc magnetic susceptibility of icosahedral Y-Mg-Z
measured in 20 000 Oe. A solid line shows fit using Eq.~1! as
explained in the text. Inset shows magnetization as a function
applied field at 2.0 K.
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positive linear termBT is at present unknown. The field de
pendence of the magnetizationM at 2.0 K is shown in the
inset to Fig. 2. The low-field nonlinearity of theM (H) curve
is likely due to the Brillouin function saturation of the mag
netic impurities~small in value!, leaving a linear diamagnetic
response due to Y-Mg-Zn.

The dc magnetic susceptibility~where we definex
5M /H for these low-field measurements! of the magnetic
rare-earth containingR-Mg-Zn quasicrystalline samples (R
5Tb, Dy, Ho, Er!, measured in an applied field of 1000 O
is shown in Fig. 3~a! as the plot ofx21 vs T. As can be seen
above 15 K data for all four compounds follow a good Cur
Weiss–type temperature dependence@where x5C/(T2u)
and u is the Weiss temperature#. For each compound, th
Curie constant~C! may be obtained and compared to t
calculated effective momentpeff per rare earth, allowing an
estimation of the relative molecular mass~RMM! per rare-
earth ion. From the data shown in Fig. 3 we obtain the RM
values given in Table I. The given uncertainty of61 g/molR
corresponds to standard deviations in the linear fits to
data, and does not include experimental uncertainties tha
better reflected in the spread of630 g/mol R in the RMM
values. These uncertainties might arise from the presenc
small amounts of impurities on the surface of the samp

,

of

FIG. 3. ~a! The inverse dc magnetic susceptibility of quasicry
talline R-Mg-Zn (R5Tb, Dy, Ho, Er!, measured in 1000 Oe, plot
ted as a function of temperatureT. ~b! shows the same data norma
ized by the values of the Curie constantC obtained as explained in
the text. Lines show extrapolation of high-temperature (T.50 K)
fits using the Curie-Weiss law.
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TABLE I. Summary of the parameters obtained from the dc and ac susceptibility data forR-Mg-Zn (R
5Tb, Dy, Ho, and Er!.

System
C

~g/emu K!
RMM

~g/mol R!
u

~K!
Tf

~K!

Tb-Mg-Zn 0.018060.0001 65561 226.360.4 5.8060.05a

Dy-Mg-Zn 0.020160.0001 70561 214.860.4 3.6060.05a

Ho-Mg-Zn 0.019560.0001 72061 27.860.4 1.9560.05b

Er-Mg-Zn 0.016360.0001 70461 25.160.4 1.3060.05b

aPosition of the maximum in zfcxdc(T).
bPosition of the maximum inxac8 (T).
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~undecanted flux from the growth!. Our data indicate that the
RMM5690630 g/molR for theR-Mg-Zn series. The RMM
values are consistent with the results of the electron mic
probe analysis, that showed that Tb-Mg-Zn quasicrystal
samples gave the stoichiometryR8.7Mg34.6Zn56.8, which cor-
responds to an RMM of 682 g/mol Tb.3

In Fig. 3~b!, we show the magnetic susceptibility da
plotted asC/x vs T, whereC is the fit value of the Curie
constant determined as described above. This normaliza
renders the high-temperaturex21(T) data with equal slopes
~value 1!, and more clearly reveals the Weiss temperatu
In Fig. 3~b!, 2u is given by the intercept with they axis of
the extrapolation of the high-temperature Curie-Weiss law
~shown by solid lines!. The Weiss temperatures for each
the four magnetic compounds are given in Table I. All fouu
values are negative, indicating antiferromagnetic excha
interactions between magnetic moments. Theu values ap-
proximately scale with the de Gennes factor (g21)2J(J
11) of the magnetic rare-earth elements~see later discus
sion and Fig. 15!, and are in agreement with values prev
ously obtained for polygrain samples.2 The absence of any
clearly visible evidence for long-range magnetic ordering
comparable temperatures to2u in these single-grain
samples5 is consistent with geometric frustration of the ma
netic moments. This might arise from the multiplicity ofR-R
distances~due to the quasicrystalline environment! leading to
frustration due to the distance-dependent Ruderman-Ki
Kasuya-Yosida~RKKY ! interaction. The low carrier concen
tration as compared to conventional metals~characteristic of
many quasicrystalline materials! might mean that the loca
environment around eachR ion plays a significant part in the
origin of the magnetic frustration, in addition to theR-R
interactions. This point is returned to later on, when cons
ering the magnetization of (Y12xTbx)-Mg-Zn and
(Y12xGdx)-Mg-Zn. The low-temperature upturns in the in
verse susceptibility data shown in Fig. 3 are associated w
a spin-glass freezing transition~a consequence of the ma
sive frustration! and are discussed in detail below.

The inverse susceptibility data in Fig. 3~b! show distinct
deviations from the Curie-Weiss law a few Kelvin above t
spin freezing transition@evident from a downturn from the
extrapolated high-temperature linear fit, shown by strai
lines in Fig. 3~b!#. Canonical spin glasses with antiferroma
netic interactions@for example, Au12xFex with x,3 at. %
Fe ~Ref. 9! and Pt12xMnx alloys with x,10 at. % Mn~Ref.
10!# show similar deviations forT.Tf , which can be asso
ciated with antiferromagnetic clusters forming aboveTf .
Similar behavior has also been observed for icosahedral
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Pd-Mn quasicrystals with a Mn concentration of 9 at. %11

The preformation of magnetic clusters might make it tem
ing to classify theR-Mg-Zn quasicrystals as superparama
nets. However, the effect is actually quite small, and a m
detailed investigation of the spin freezing via magnetic m
surements~see below! indicates that the classification as
spin glass is indeed more appropriate. As a final commen
the low-temperature deviation from the Curie-Weiss law,
note that a similar temperature dependence is observed
Gd dilutions in Y-Mg-Zn~see Sec. IV F!, for which the crys-
tal electric field~CEF! has negligible effect, which is empiri
cal evidence that the deviations cannot be due to CEF
fects.

B. Angular dependence of the dc magnetization aboveTf

The growth of macroscopic single-grain samples has
lowed investigation of the angular dependence of the m
netization ofR-Mg-Zn quasicrystals. The possibility of in

FIG. 4. The angular dependence of the magnetization of~a!
Tb-Mg-Zn and~b! ~Y0.925Gd0.075!-Mg-Zn quasicrystalline sample
for temperatures greater than the spin freezing transition. Inse
each figure show the same data on expanded scales. Measure
were made in applied fields of 55 000 Oe, and at temperature
10.0 and 2.0 K for each compound, respectively.
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vestigating rare-earth ions in crystallographically forbidde
point symmetries~which are allowed in quasicrystals! is
particularly enticing. Using a rotating sample platform, t
dc magnetization of several members of theR-Mg-Zn family
~and also several dilutions of magnetic rare earths in Y-M
Zn! has been investigated as a function of anglef, for a
given plane of rotation chosen to include directions of tw
fold, threefold, and fivefold rotational symmetry. In ea
case, measurements were made for temperatures greate
Tf .

Representative data for Tb-Mg-Zn an
~Y0.925Gd0.075!-Mg-Zn ~measured atT510.0 and 2.0 K, re-
spectively! are shown in Fig. 4. In each case, theM (f) data
are essentially isotropic, with only a small and approximat
sinusoidal angular dependence to the magnetization, wi
period of 180° and an amplitude of approximately 0.1–0.2
of the average magnetization@as indicated by expanded in
sets in Figs. 4~a! and 4~b!#. The fact that the same behavior
seen for the (Y0.925Gd0.075!-Mg-Zn sample@Fig. 4~b!# as for
Tb-Mg-Zn @Fig. 4~a!# indicates that the small sinusoidal a
gular dependence is not due to crystal electric fields, wh
do not affect Gd moments~for which the orbital angular
momentum of the Hund’s rule ground-stateJ multiplet L is
zero!. The observed sinusoidal angular dependence is a
ally associated with details of our measurement techniq
and is due to slight asymmetries of sample position on
rotating probe head~the measured data have not been c
rected for this asymmetry to convince the reader that e
the raw data show these materials to be remarkably iso
pic!. Small deviations from the sinusoidal angular depe
dence are probably due to changes in the geometric dem
netization factor as the samples rotate in the applied fi
~the samples were not exactly spherical, but were in gen
faceted and slightly oblate!, and these deviations are entire
consistent with ourM (H) data and sample geometries.
short, for T.Tf the magnetization of theR-Mg-Zn quasi-
crystals is isotropic within experimental uncertainty. The a
sence of any experimentally significant angular depende
to the magnetization is likely the result of there being ma
different rare-earth sites in the quasicrystals, all of wh
average to give an isotropic response. Controlling the oc
pancy of different rare-earth sites, for example, in diluti
studies such as Y12xTbx-Mg-Zn, may be the key to investi
gating the magnetic anisotropy of individual rare-earth sit
and we note that work is currently in progress to achie
this. Finally, the experimentally observed isotropic bu
magnetization of icosahedralR-Mg-Zn implies that sample
orientation is unimportant for all magnetic measureme
made forT.Tf .

C. dc magnetization belowTf

In Fig. 5 we show the dc susceptibilityM /H as a function
of temperature for icosahedral Tb-Mg-Zn and Dy-Mg-Z
measured in an applied field of 25 Oe. Both data sets re
textbook12 examples of spin-glass-type freezing transitio
that are significantly sharper than data previously repo
for rapidly cooled polygrainR-Mg-Zn material.1,2 The freez-
ing temperaturesTf , defined here as the maximum in the z
dc magnetization, have values ofTf55.8 and 3.6 K for Tb-
Mg-Zn and Dy-Mg-Zn, respectively, and have values bel
-
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2.0 K for Ho-Mg-Zn and Er-Mg-Zn~see Sec. IV D and Fig
10!. Above Tf both zfc and fc data are identical. BelowTf
the zfc magnetization decreases with decreasing tempera
while the fc data remain almost temperature independ
Additional data for Tb-Mg-Zn@Fig. 5~a!# show the effect of
field cooling from various temperaturesT8,Tf ~following
an initial zero-field cooling to 1.8 K and warming in 25 O
from 1.8 K to T8!. The magnetization data taken whi
warming after field cooling fromT8 are almost temperatur
independent up toT8, after which they fall on the origina
zfc manifold, and are further evidence of a spin-glass s
below Tf .

Below Tf , the zfc magnetization is strongly affected b
relaxation processes, empirically governed by a stretch
exponential time relationship~see Sec. IV E!. Such relax-
ation effects make quantitative measurements ofM (T,t) for
T,Tf very complex. In particular, this relaxation leads
the small step seen at 4.2 K in Fig. 5~a! because the cryosta
used for these measurements requires the cycling of temp
tures past the boiling point of liquid helium to aboveTf
followed by a subsequent zero-field cooling to just above
K ~as described in Sec. III!.

The dc magnetization of Tb-Mg-Zn was investigated in
range of applied fields from 10 to 55 000 Oe, and results
presented in Fig. 6~data for applied fields of 10 and 25 O
are virtually identical with those forH5100 Oe, and are
therefore not included!. Data forH5100, 1000, and 10 000
Oe are shown separately in Fig. 6~a! to more clearly illustrate
the effect of the applied field on the spin freezing transitio
while Fig. 6~b! shows similar data for all of the fields mea
sured. Note that the breaks in the data at 4.2 K are again
to the measurement technique, as described above.

FIG. 5. The low-temperature dc magnetization of~a! Tb-Mg-Zn
and~b! Dy-Mg-Zn in an applied field of 25 Oe, for both zero-field
cooled ~zfc! and field-cooled~fc! histories. Also shown for Tb-
Mg-Zn are fc data from temperatures of 2.5, 3.0, 3.5, and 4.0
following an initial zfc ~as described in main text!.
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The applied magnetic field has several pronounced eff
on the temperature dependence of the magnetizationM (T).
A sharp peak in the zfc magnetization is observed for
smaller applied fields~10–100 Oe!, but significant broaden
ing and flattening of the peak is observed in larger fiel
This effect has also been observed for other spin glasses
example, Ag12xMnx ,13 although the flattening of the mag
netizationM (T) near toTf in larger applied magnetic field
is more pronounced in our case. In addition, while t
smaller applied fields yield a dc susceptibility of Tb-Mg-Z
that deviates from the Curie-Weiss law below approximat
12 K @see Fig. 3~b!#, this deviation is suppressed by larg
applied fields. In fact, an applied field of 10 000 Oe co
pletely suppresses the downturn inx21(T) for Tb-Mg-Zn
seen in Fig. 3~b!. This is consistent with the deviation bein
due to the formation of antiferromagnetic clusters, reme
bering that applied fields suppress antiferromagnetic corr
tions. Significantly larger applied fields (H.20 000 Oe) also
result in small deviations from the Curie-Weiss law forT
.Tf , but in this case because of the Brillouin function sa
ration of the Tb moments@i.e., the larger fields are beyon
the low-field linear regime ofM (H)#.

For applied magnetic fields of less than 30 000 Oe, the
dc magnetization is lower than the fc dc magnetization be
the spin freezing transition~Figs. 5 and 6!. However, for
intermediate values of the applied field, the temperatureTir
at which there is an onset of irreversibility in the magnetiz
tion ~i.e., the point at which fc and zfc data start to devia!

FIG. 6. The low-temperature zfc and fc dc magnetization
Tb-Mg-Zn for various applied magnetic fields. For clarity, panel~a!
shows data forH5100, 1000, and 10 000 Oe, while panel~b!
shows similar data for all fields measured:H5100, 500, 1000,
1500, 2500, 5000, 7500, 10 000, 12 500, 15 000, 20 000, 30
40 000, and 55 000 Oe~increasing field from top to bottom of fig
ure!. For applied fields less than 30 000 Oe, the zfc data are lo
in value than the fc data forT,Tir . Arrows indicateTir for the data
in panel~a!, whereTir is the onset-of-irreversibility temperature~as
determined by criterion described in main text!.
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is no longer at the center of the significantly broadened p
in the magnetizationM (T). A criterion of 0.5% deviation of
the zfc magnetization from the fc magnetization was cho
to determine the onset-of-irreversibility temperatureTir . Ar-
rows in Fig. 6~a! indicateTir for those data, and the applie
magnetic fieldsH are plotted as a function ofTir in Fig. 7 for
all fields measured. The data can be well fitted by

H~Tir!5aS 12
Tir

Tf
D 3/2

, ~2!

with a5(3.560.1)3104 Oe, using the peak in the low-field
M (T) data to defineTf55.8 K. A fit to our Tir(H) data
using Eq.~2! is shown in Fig. 7 as a solid line. ThisTir(H)
variation~de Almeida–Thouless-like line14,15! has previously
been reported for various other spin-glass systems.13,16

D. ac magnetic susceptibility

The in-phase componentx8 and the out-of-phase compo
nentx9 of the ac magnetic susceptibility for icosahedral T
Mg-Zn, measured in the temperature range from 1.8 to 1
and for selected frequencies between 1 and 1000 Hz,
shown in Figs. 8~a! and 8~b!, respectively. Both zero-field
cooled and bias-field-cooled data are shown. As also
served for the zfc dc magnetization~Fig. 5!, there is a sharp
peak in x8 which can be used to defineTf . However, in
contrast to the dc magnetization, the susceptibilities~i.e.,
]M /]H! of both the zfc and fc states are identical for tem
peratures both above and below the freezing temperat
This is despite the large difference in the actual magnet
tion @plotted asM /H in Fig. 8~a! for comparison# between
zfc and fc states belowTf . At least for this case ofHac
(2 Oe)!Hdc ~100 Oe!, the spin glass is most likely trappe
in a metastable state, and these data therefore imply tha
metastable states behave similarly in small perturbative fie
Hac. The out-of-phase componentx9 is vanishing aboveTf ,
but is nonzero forT,Tf , implying dissipation not only at
the freezing transition but also for temperatures below it
common feature of spin glasses.17 Similar to other spin
glasses,12 the maximum slope inx9 correlates with the peak
in x8.

The peak inx8 shifts to higher temperatures as the fr
quency~f ! increases, withTf ~defined here as the peak inx8!

f

0,

er

FIG. 7. The field dependence ofTir for Tb-Mg-Zn, as deduced
from data shown in Fig. 6. Line shows fit to Eq.~2!.
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having values of 6.3, 6.6, 6.9, and 7.3 K for measurem
frequencies of 1, 10, 100, and 1000 Hz, respectively.@Note
that the dc data are not considered as a zero-frequency
to the ac susceptibility for the following analysis, and a
only included in Fig. 8~a! for comparison.# These data allow
us to calculate the fractional relative change in the freez
temperature per decade change in frequen
DTf /(TfD log10 f ), whereDTf is the change inTf for the
given change in frequency (D log10 f53), and we use the
average value ofTf56.8 K for this range of frequencies
Using these values we find thatDTf /(TfD log10 f )50.049,
a factor of 10 greater than observed for Cu12xMnx but com-
parable to that of several other canonical spin glasses.12

The frequency dependence ofTf can be fitted by an acti
vated behavior, as shown by the plot of ln(f ) vs 1/Tf in the
inset to Fig. 8~b!. However, the fit requires unphysicall
large parameters, characteristic of other spin glasses.12 The
fit to the data shown in Fig. 8~b! results in a value of the
prefactor f 051022 Hz and an activation energyEa /kB
5320 K, which is considerably greater than the characte
tic temperature scale. The parameters obtained from the

FIG. 8. The zero-field-cooled~solid symbols! and bias-field-
cooled~open symbols! ac susceptibility of Tb-Mg-Zn, measured fo
different applied frequencies from 1 to 1000 Hz~listed in figure!.
Measurements were made in a steady bias field of 100 Oe w
2-Oe ac field superimposed. Top panel~a! shows real partx8, and
bottom panel~b! shows imaginary partx9. dc magnetization~also
measured in 100 Oe! is shown in top panel, for both zfc and f
cases. Inset to panel~b! shows the natural log of the frequency v
1/Tf , where the freezing temperatureTf has been defined as th
maximum inx8 ~solid circles! and the extrapolation to zero of th
sharp rise inx9 ~stars!. Line shows best linear fit toTf data from
x8.
nt
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tivation analysis are smaller than those of some canon
spin glasses,12 but nevertheless remain unphysically larg
This was expected, since in the spin-glass state there e
many metastable states that cannot be fitted to a simple
ponential Arrhenius law. A better description of the expe
mental data can be obtained using the Vogel-Fulcher law

f 5 f 0 expS 2Ea

kB~Tf2T0! D , ~3!

which is an empirical law originally used to describe t
viscosity of supercooled liquids.12,18 This law involves a
third fit parameterT0 , which might be considered a measu
of the interaction strengths between clusters in the spin gl
From the ac susceptibility data shown in Fig. 8, we obt
the following values: f 05(461)3107 Hz, Ea /kB527
61 K, andT054.860.1 K. As for other spin glasses,18 T0
,Ea /kB . While a strict physical interpretation of these p
rameters is still lacking for spin-glass systems, we note t
the values obtained for Tb-Mg-Zn are in general agreem
with similar parameters previously reported for other sp
glasses.18

Based on these results, icosahedral Tb-Mg-Zn can
classified as a spin glass with a moderate strength of
RKKY interaction between magnetic moments, mediated
itinerant electrons. For spin glasses with a strong RKK
interactionTf2T0!Tf , while for metallic spin glasses with
a weak RKKY interactionT0!Tf ~Ref. 18! ~as observed for
Al-Pd-Mn icosahedral quasicrystals11!. The observed type o
relaxation in Tb-Mg-Zn is compatible with a fairly low valu
of Tf /x850.66 K/at. %~wherex8 is the Tb concentration in
at. %!. Typical metallic spin glasses are characterized
much higher values ofTf /x8, for example, up to 10 K/at. %
for Au12x8Fex8 .19 Values ofTf /x8 that are comparable in
magnitude with our Tb-Mg-Zn result have previously be
reported for spin glasses with a moderate exchange inte
tion between magnetic moments, mediated by itinerant e
trons. An example is the Sc12x8Tbx8 spin-glass system with
Tf /x851.4 K/at. %.20

Although the cusp in the zfc dc susceptibility and in t
real part of the ac susceptibility would be indicative of
spin-glass-type freezing of magnetic moments, it is also p
sible that it results from a blocking of superparamagne
clusters.17 Convincing evidence against this scenario is t
observed temperature variation of the third-order magn
susceptibilityx3 defined in terms of magnetizationM and an
applied magnetic fieldH as

M5xH1x3H31O~H5!. ~4!

The third-order susceptibilityx3 of Tb-Mg-Zn and Ho-
Mg-Zn was investigated in the temperature range betw
1.6 and 12 K using a low-frequency ac technique, wh
probesx3 directly. For Tb-Mg-Zn, an ac field amplitude o
300 Oe and a frequency of 7 Hz was used, while for H
Mg-Zn values of 50 Oe and 21 Hz, respectively were us
Results, presented in Figs. 9~a! and 9~b!, show distinct nega-
tive anomalies at 6.9 and 1.9 K for Tb-Mg-Zn and Ho-M
Zn, respectively. Using thex8 data shown in Fig. 8, it is
possible to estimate a value ofTf'6.6 K for Tb-Mg-Zn at
the measurement frequency of 7 Hz@shown by an arrow in
Fig. 9~a!#. The observation of a sharp, negative anomaly

a
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x3 nearTf constitutes strong evidence that the cusp in
xdc and inx8 corresponds to a spin-glass freezing.21

We have also measured the low-field ac magnetic sus
tibility for icosahedral Ho-Mg-Zn and Er-Mg-Zn from 0.5 t
4.0 K ~dc magnetization measurements were not availa

FIG. 10. The real componentx8 of the ac susceptibility of~a!
Ho-Mg-Zn and~b! Er-Mg-Zn measured at a frequency of 420 a
116 Hz, respectively.

FIG. 9. The third-order ac susceptibilityx3 of ~a! Tb-Mg-Zn ~at
7 Hz! and ~b! Ho-Mg-Zn ~at 21 Hz!, normalized by the maximum
value x3(max). A vertical arrow for Tb-Mg-Zn indicatesTf for a
measurement frequency of 7 Hz, estimated from thex8 data shown
in Fig. 8.
c

p-

le

for T,1.8 K!. While the field and frequency dependence
the x8(T) curves was not studied in detail, thex8(T) data
for selected frequencies are shown in Fig. 10. As can
seen, these two compounds also show a cusp inx8(T), at
Tf51.9560.05 and 1.3060.05 K for Ho-Mg-Zn and Er-
Mg-Zn, respectively.

E. Relaxation and remanence effects in the dc magnetization

A common feature of spin glasses is that there exist
laxation processes below the freezing temperature that
cause the magnetization to have a time dependence. Wh
is not in the scope of this particular article to thorough
investigate these relaxation effects, which is an extens
problem, some initial measurements have been made to d
onstrate such properties. In particular, Fig. 11 shows how
zfc dc magnetization of Tb-Mg-Zn at 2.0 K varies with tim
after applying a field of 100 Oe immediately after stabilizin
the temperature at 2.0 K. The inset to Fig. 11 shows equ
lent fc data for comparison. Measurements using the SQU
magnetometer take of the order of 1 min, and the app
field also takes approximately 1 min to reach 100 Oe,
consequently any relaxation processes with time constan
order 1 min or less are not observable by this particular te
nique. However, the zfc data in Fig. 11 clearly demonstrat
relaxation process with effective time constants much lon
than the experimental resolution. The data can be well fit
by a stretched exponential

x~ t !5x~`!2A exp@2~ t/t!b#, ~5!

shown as a solid line in Fig. 11. Herex5M /H, and the fit
parameters have the valuesx(`)5(5.3060.01)
31024 emu/g, A5(1.060.1)31024 emu/g, t5(1.360.2)
3103 s, andb50.1860.01. The given uncertainties are st
tistical in origin, and it should be noted that there is a co
siderable slackness between the two parameterst andb. As
is evident from this fitting and from inspecting the inset
Fig. 11, the final value that the zfc magnetization is tend

FIG. 11. The time dependence of the zfc magnetization of
Mg-Zn for an applied field of 100 Oe at 2.0 K. Data are shown
open circles, while a solid line shows the best fit to Eq.~5!. Inset
shows the same zfc data with fc data on the same vertical scal
comparison.
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towardsx(`)55.331024 emu/g is considerably less tha
the fc value of 6.631024 emu/g. However, there is no ev
dence to suggest that the fc value is relaxing down to
samex(`) value. The fit value forb (0.1860.01) is a little
lower than the value of 0.33 obtained in more traditional s
glasses@for example, Cu12xMnx and Ag12xMnx ~Ref. 22!#,
and forcing the parameterb50.33 results in a poorer fit to
our data. The nonunitary value of parameterb indicates that
there are several relaxation processes at play, and it is
sible that the fit parameterx(`) may differ from the actual
value that the zfc dc magnetization will have after an in
nitely long duration. These data may indicate that for
R-Mg-Zn spin glasses, the potential barriers between
closely spaced energy levels of the system are particul
high.

In addition to the above, a brief survey of the isotherm
remanent magnetization~IRM! and the thermoremanen
magnetization~TRM! was made for a single-grain Tb
Mg-Zn sample. The IRM was measured by zero-field cool
the sample, immediately applying a fieldH, and then imme-
diately removing that field and measuring the remanent m
netization after a typical time delay of order 1 min. Th
TRM was measured by field cooling the sample in fieldH,
immediately removing the field, and measuring the reman
magnetization in the same way as for the IRM. In light of t
above discussion, relaxation effects may be significant in
fecting the measured magnetization values. The typical m
surement timescale~approximately 1 min! is significantly
shorter than the observed stretched exponential relaxa
but faster relaxation processes cannot be ruled out. The
and TRM data for measurements made at 2.0 K are show
Fig. 12. Both data sets appear to reach a common satur
value of 0.045mB /Tb for applied fields greater than approx
mately 40 000 Oe. The general form of the IRM and TR
data~Fig. 12! are typical for spin-glass systems.12

F. Magnetic properties of Tb- and Gd-substituted Y-Mg-Zn

As mentioned previously, single-grainR-Mg-Zn quasic-
rystal samples were also prepared with various amount
substitution of Tb and Gd for Y. These dilutions have e

FIG. 12. The isothermal remanent magnetization~IRM! and
thermoremanent magnetization~TRM! of Tb-Mg-Zn, measured a
2.0 K. Precise field history and measurement timing as describe
the text. Lines are drawn to aid the eye.
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abled the investigation of the magnetic and transport prop
ties as a function of the magnetic rare-earth concentrat
For all materials, the dc magnetic susceptibility in the te
perature range between 50 and 350 K is consistent with
nominal magnetic rare-earth concentrationsx, assuming the
same mass per rare earth as for the pure material. We
that there are probably several classes of sites of diffe
point symmetries in the quasicrystal structure that can
occupied by the rare-earth ions. At the moment, it is n
possible to tell whether the rare-earth substitutions occur
formly for all sites, or whether particular sites are favored

Figure 13 shows zfc dc magnetization data for the m
Tb-concentrated (x>0.33) (Y12xTbx)-Mg-Zn samples
listed above~Sec. III!. The data, taken in an applied field o
25 Oe, have been normalized, for clarity, by the magneti
tion value at 10 K. Note that breaks in the data at 4.2 K
again due to the details of the cryostat operation, as
scribed in Sec. III. As can be seen in Fig. 13, the spin-gl
freezing temperatureTf ~defined here as the maximum valu
in the zfc dc magnetization! decreases as the Tb concentr
tion ~x! decreases. This trend is illustrated in the inset to F
13, showingTf as a function ofx, where values are show
for both nominalx concentration, andx concentration esti-
mated from the high-temperature Curie-Weiss susceptib
~assuming the same mass per rare earth as for the pure
terial!. In the inset to Fig. 13, the magnetic rare-earth co
centration is also expressed as a fractionx8 of the total num-
ber of atoms. TheTf(x) data can be well described by

Tf5ax2/3, ~6!

consistent with theTf vs x variation previously reported fo
other spin-glass systems with similar ranges ofx8.12 The fit
parametera55.660.1 K is consistent withTf55.8 K for
pure Tb-Mg-Zn. The limited data set make it difficult to ru

in

FIG. 13. The zero-field-cooled low-temperature dc magneti
tion of (Y12xTbx)-Mg-Zn quasicrystalline samples~nominal con-
centrations listed in figure! measured in an applied field of 25 Oe
Magnetization data have been normalized by value at 10 K
clarity. Inset shows freezing temperatureTf as a function ofx for
nominal Tb concentration~solid circles! and concentration esti
mated from Curie-Weiss susceptibility~open circles!. Inset also
shows atomic percentage of magnetic rare earthx8. Solid line
shows best fit to the (Y12xTbx)-Mg-Zn data using Eq.~6! and
nominal concentrations. Stars showTf values for nominal concen
trations of (Y12xGdx)-Mg-Zn.
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out a linear dependence forx.0.7 (x8.6 at. %) which one
might expect for the concentration regime for which clus
glass behavior can become significant (x8.10 at. %).12

Given the underlying lack of periodicity in the quasicrys
environment, it may be that thex2/3 power law would persist
to even larger values ofx8 than for conventional crystalline
spin-glass systems, although approximately 9 at. % is
maximum Tb concentration available with this system~i.e.,
Tb9Mg34Zn57!.

3

In addition to the Tb dilutions discussed above, subst
tions of Gd for Y were also prepared for (Y12xGdx)-Mg-Zn
with several concentrationsx in the range between 0.075 an
0.6. The pure Gd-Mg-Zn FCI quasicrystal phase (x51.0)
cannot be prepared via the self-flux methods used for
growth of the single-grainR-Mg-Zn samples described i
this paper.3 The Gd substitutions described above are the
fore significant in allowing the study of the Gd moment
the quasicrystal environment, where pure Gd-Mg-
samples are not available.

As already described~Sec. IV B!, measurements of th
angular dependence of the magnetization forT.Tf of
(Y12xGdx)-Mg-Zn have proved useful in the differentiatio
of effects due to crystal electric fields and those due to g
metric demagnetization effects.

In what follows, we compare magnetic properties of T
and Gd-substituted icosahedral Y-Mg-Zn. The dc magnet
tion shows a similar behavior to the (Y12xTbx)-Mg-Zn data
shown in Fig. 13, and the values ofTf obtained as describe
above are shown in the inset to Fig. 13. As for the Tb s
stitutions,Tf is lower for the smaller Gd concentration. How

FIG. 14. ~a! The inverse dc magnetic susceptibility of th
(Y12xTbx)-Mg-Zn series~x values given in the text!, measured in
an applied field of 1000 Oe. Values have been normalized by
high-temperature Curie constantC for each concentration, as de
scribed in main text. Lines show extrapolation of high-T Curie-
Weiss fit, indicating the Weiss temperatures. Lower panel~b! shows
similar data for the (Y12xGdx)-Mg-Zn series.
r
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ever, perhaps surprisingly, the actual values ofTf for
(Y12xGdx)-Mg-Zn are lower than those o
(Y12xTbx)-Mg-Zn for similarx values, despite Gd31 having
the larger de Gennes factor@(g21)2J(J11)# of the two
rare-earth ions. Hattoriet al.1 have reported a similar behav
ior for the pure Tb-Mg-Zn and Gd-Mg-Zn prepared by i
duction melting, and their data showTf values~defined as
the peak in the zfc dc magnetization! of 6.0 and 5.0
60.5 K, respectively. As noted previously~Sec. II!, Gd-
Mg-Zn may be metastable, and we have been unable to g
single-grain samples from the ternary melt. These data m
suggest that the (Y12xGdx)-Mg-Zn samples actually have
slightly different structure or composition to the oth
R-Mg-Zn samples, although this is thought to be unlike
Of more interest is the possibility that these data may ac
ally suggest that the lack of crystal electric-field effects
R5Gd can decreaseTf from that of R5Tb because the
Gd31 moments are isotropic. Some evidence to support
hypothesis comes from the Weiss temperatures of these
ferent dilutions, and is discussed in detail below.

Figure 14~a! shows the low-temperature part of the i
verse dc susceptibility of the (Y12xTbx)-Mg-Zn samples,
normalized by the experimentally determined Curie const
C for each concentration~obtained as described in Se
IV A !. Straight lines show the extrapolation of the hig
temperature (50,T,350 K) fit of the Curie-Weiss law to
the x(T) data for each concentrationx. The values of the
Weiss temperatures obtained from the fits are given in Ta
II. Similar data and fits for (Y12xGdx)-Mg-Zn are shown in
Fig. 14~b!, and the corresponding Weiss temperatures
given in Table III. Note that forx50.075 of both Tb and Gd

e

TABLE II. Summary of u and Tf for the (Y12xTbx)-Mg-Zn
series.

x
u

~K!
Tf

a

~K!

0.075 22.160.7
0.15 24.360.2
0.33 29.260.2 2.3060.05
0.50 213.460.2 3.4060.05
0.63 216.960.2 4.1060.05
0.75 219.260.2 4.8060.05
0.88 222.760.2 5.2060.05
1.00 226.360.2 5.8060.05

aPosition of the maximum in zfcxdc(T).

TABLE III. Summary of u and Tf for the (Y12xGdx)-Mg-Zn
series.

x
u

~K!
Tf

~K!

0.075 22.060.9
0.15 25.860.2 0.5460.05a

0.50 221.060.2 2.2060.05b

0.60 223.660.2 2.8060.05b

aPosition of the maximum in zfcxdc(T).
bPosition of the maximum inxac8 (T).
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dilutions, subtraction of the temperature-independent sus
tibility due to Y-Mg-Zn ~see Fig. 2! slightly alters theu
value obtained from Fig. 14, this difference being reflected
the slightly larger uncertainty in these two figures. This su
traction did not affect the larger magnetic rare-earth conc
trations.

The inverse susceptibility data shown in Fig. 14 are p
ticularly illuminating when considering the low-temperatu
deviation from the Curie-Weiss law as discussed previou
with respect to the data in Fig. 3. We note that the deviati
are smaller for smaller rare-earth concentrations, and are
present for the Gd dilutions. Neither of these effects wo
be expected if the deviations were due to CEF effects. Th
act on single ions, and hence should not show a concen
tion dependence, and also would not affect Gd31 ions, for
which the orbital angular momentumL50. These data are
therefore strong evidence that the deviation from Cu

FIG. 15. The Weiss temperature~a! and the spin freezing tem
perature~b! vs the de Gennes factor forR-Mg-Zn ~solid circles:
R5Tb, Dy, Ho, and Er!, (Y12xTbx)-Mg-Zn ~open squares!, and
(Y12xGdx)-Mg-Zn ~stars!. Lower panel~c! shows the spin freezing
temperature vs the de Gennes factor for the same compounds
emental symbols along the top of~a! indicate the de Gennes facto
for the ternaryR-Mg-Zn compounds.Tf values are from peak in zfc
dc magnetization, except for Ho-Mg-Zn and Er-Mg-Zn, which a
taken from ac susceptibility data shown in Fig. 10, a
~Y0.85Gd0.15!-Mg-Zn taken from ac susceptibility data in Table III
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Weiss behavior a few Kelvin aboveTf is indeed due to the
preformation of antiferromagnetic clusters, as suggeste
Sec. IV A.

As can be seen from Fig. 14, for similar magnetic ra
earth concentrationsx, the Gd-containing samples have
larger Weiss temperature than the Tb-containing sam
~e.g., forx50.50,u5221.0 K for the Gd substitutions, bu
u5213.4 K for the Tb substitutions!, consistent with de
Gennes scaling of the antiferromagnetic interactions~see be-
low!. However, as described above,Tf is lower for the Gd-
containing samples. To examine this more systematica
the de Gennes scaling of the Weiss temperatures of
R-Mg-Zn, (Y12xTbx)-Mg-Zn, and (Y12xGdx)-Mg-Zn
samples is illustrated in Fig. 15~a!. The data appear to fal
onto a single line~with the mild exceptions of Ho-Mg-Zn
and Dy-Mg-Zn that seem to have slightly smalleru values
than might be expected from the de Gennes scaling of
other compounds!. Note in particular that the Tb and G
dilutions follow the same de Gennes scaling. However, pa
~b! of Fig. 15 illustrates the smallerTf values for
(Y12xGdx)-Mg-Zn than R-Mg-Zn or (Y12xTbx)-Mg-Zn
compounds with similar de Gennes values. This is perh
most clearly illustrated in Fig. 15~c! that shows the relation
ship between observed spin freezing temperatures and
served Weiss temperatures. The Weiss temperatures o
Gd dilution compounds de Gennes scale with the other c
pounds, reflecting thatu is a measure of the strength of e
change interaction. However,Tf appears to depend on mor
than just the strength of the exchange interaction, and
similar u values the Gd dilution compounds have signi
cantly lower Tf values than either R-Mg-Zn or
(Y12xTbx)-Mg-Zn @Fig. 15~c!#. Note also, that despite th
small deviations of Ho-Mg-Zn and Dy-Mg-Zn from d
Gennes scaling ofu @Fig. 15~a!#, these two compounds lie
neatly on the singleTf vs u line defined byR-Mg-Zn and
(Y12xTbx)-Mg-Zn in Fig. 15~c!.

Figure 15~c! clearly shows that for comparable couplin
~as manifest byu! the Gd series hasTf values a factor of 2
smaller than the other moment-bearing members. These
strongly suggest that the magneticisotropy of the Gd local

El-

FIG. 16. Electrical resistivity as a function of temperature f
icosahedral R-Mg-Zn (R5Y, Tb, Dy, Ho, and Er! and
(Y12xTbx)-Mg-Zn for ~i! x50.33, ~ii ! x50.50, and~iii ! x50.88.
Note that there are three measurements of different Y-Mg
samples. Note also the vertical axis break.
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moments leads to a lowerTf than might otherwise be ex
pected from the de Gennes scaling ofTf of the other
R-Mg-Zn compounds. This implies that both the aperiodic
of theR-R distancesand the local CEF anisotropy contribut
to the value ofTf . A similar behavior has also been ob
served for the spin-glass systems of Y and Sc doped with
and Gd.20 More generally speaking, the non-CEF-split G
moment is anticipated to lead to a Heisenberg spin gl
while the CEF-split Tb, Dy, Ho, and Er moments will b
non-Heisenberg. Since the point symmetry of the rare-e
site~s! is as yet unknown, we do not know the nature of t
anisotropy; i.e., we do not know if the sites are Ising,X-Y,
or of some more complex nature. The factor-of-2 differen
between the Heisenberg-like Gd series and the o
moment-bearing rare earths is close to the factor of 3 s
between Heisenberg and Ising systems.20

G. Electrical resistivity

The electrical resistivity of the single-grainR-Mg-Zn
samples (R5Y, Tb, Dy, Ho, and Er! is shown in Fig. 16
~note the vertical axis break!. There is a good agreemen
between the measurements of the three different Y-Mg
quasicrystals, giving confidence to the absolute value
15164 mV cm at 300 K. These values are a factor of alm
7 smaller than previous values obtained for polygr
Y-Mg-Zn samples,23 likely due to the absence of grain
boundary scattering in our single-grain samples. The re
tivity r is weakly temperature dependent, with a small ne
tive dr/dT. Temperature dependence of this type is typi
for icosahedral Al-Li-Cu ~Ref. 24! and for a quasi-
periodic direction of decagonal Al-Cu-Co~Ref. 25! and
Al-Ni-Co.26

The magnetic rare-earth-bearingR-Mg-Zn quasicrystals
~R5Tb, Dy, Ho, and Er! have higher resistivities than that o
Y-Mg-Zn. As can be seen in Fig. 16, all follow a simila
temperature dependence, with the Tb-, Ho-, and D
containing quasicrystals having room-temperature resisti
values of approximately 185mV cm, Er-Mg-Zn having a
value of 170mV cm, whereas Y-Mg-Zn has a significant
lower value of 150mV cm. These differences may be due
additional scattering from the rare-earth moments~although
a difference of 40 mV cm between the resistivity o
Y-Mg-Zn and Tb-Mg-Zn is difficult to reconcile with spin
disorder scattering!, or to differences in the electronic struc
ture of these compounds. There are no discernible featur
the resistivity of the magnetic rare-earth-containing samp
at the spin freezing temperatureTf , in agreement with the
results of previous investigations probingr(T) in spin
glasses~see, for example, Refs. 27 and 28!. Presumably, for
T,Tf the frozen-in randomness of the magnetic mome
still significantly contributes to the resistivity.12

Also shown in Fig. 16 are the resistivities of three of t
(Y12xTbx)-Mg-Zn samples (x50.33, 0.50, and 0.88!. The
resistivity increases with Tb concentrationx, although it is
not clear how much of this increase is due to additional sp
disorder scattering from the Tb moments, how much is d
to the additional static disorder arising from the rare-ea
substitution, and how much is due to changes in the e
tronic structure. Note that the Tb substitution also appear
slightly affect the temperature dependencedr/dT ~Fig. 16!.
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V. DISCUSSION

Magnetization measurements of high-purity single-gr
R-Mg-Zn samples~Fig. 3! show no evidence for long-rang
magnetic ordering of the rare-earth moments, even w
consideringd(xT)/dT ~Ref. 5! ~proportional to the magnetic
contribution to the specific-heat capacity close to an anti
romagnetic transition,29 this is a particularly sensitive
method to expose antiferromagnetic transitions!. Further-
more, neutron-scattering experiments using crushed
Mg-Zn single grains show no evidence for long-range m
netic ordering below 20 K.5 However, weak peaks in neutro
scattering results from rapidly cooled polygra
Tb8Mg42Zn50 samples, with a propagation vector o
~1

4,0,0,0,0,0!, were reported in Ref. 4. This observation le
the authors to suggest that there is indeed a magnetic o
ing of sorts above the spin-glass freezing temperature.4 We
note, however, that theR-Mg-Zn phase diagram is particu
larly rich, and other crystalline second phases may be
sponsible for the apparent long-range magnetic ordering
served in neutron-diffraction studies of polygrain sampl
One possible candidate is discussed in the Appendix to
paper. As suggested in Ref. 5, it remains an open questio
to whether the icosahedralR-Mg-Zn phase has a width o
formation, and whether there is composition dependenc
the long-range magnetic order claimed by Charrier, Oul
diaf, and Schmitt.4 Even so, long-range magnetic ordering
the R-Mg-Zn quasicrystals must be considered at best fr
ile, if not spurious. In addition, we note that deviations fro
Curie-Weiss behavior for temperatures just above the s
freezing transition are most probably associated with pre
mation of antiferromagnetic clusters, and is by no mea
evidence for long-range magnetic ordering.

There is, however, considerable evidence for a spin fre
ing transition in the magnetic rare earth containingR-Mg-Zn
quasicrystals, withTf between 1.35 and 5.8 K~see Table I!.
In particular, we note that the observation of a sharp nega
anomaly inx3(T) ~Fig. 9! for temperatures just aboveTf is
very compelling evidence to classify these materials as s
glass systems. The spin-glass behavior arises from mas
frustration of the magnetic interactions, this frustration pro
ably having its origin in part in the multiplicity ofR-R dis-
tances in the quasiperiodic environment. For all of t
R-Mg-Zn quasicrystals studied~including the Tb and Gd di-
lutions in Y-Mg-Zn! Weiss temperatures~u! scale with the
de Gennes factor~Fig. 15!, reflecting the fact thatu is a
measure of the strength of the exchange interaction. H
ever, the rare-earth concentration dependence ofTf for Tb
and Gd dilutions in Y-Mg-Zn suggests that single-ion CE
effects have significant effects on the freezing temperat
Specifically, the non-CEF-split Gd~Heisenberg! system has
significantly lower~by a factor of 2! freezing temperatures
than the comparable CEF-split~non-Heisenberg! systems.
Recent results of muon spin-rotation experiments show
ditional evidence for significant CEF effects in Tb-Mg-Zn.30

It should be noted that the observation of an isotropic b
magnetization forT.Tf ~Fig. 4! does not preclude thes
CEF effects, as the observed bulk magnetization is proba
an average over many different rare-earth sites in the qu
crystal structure.
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VI. CONCLUSIONS

Our detailed experimental investigation of the magne
and electrical-transport properties of large, high-purity, we
ordered, self-flux grown, single-grain icosahedral quasicr
tals in theR-Mg-Zn (R5Y, Tb, Dy, Ho, and Er! system
leads to the following results. Based on the dc magnetiza
measurements, no evidence was found for a transition
ground state with a long-range magnetic order in the te
perature range between 2 and 300 K. For icosahe
R-Mg-Zn containing magnetic rare earths, the occurrence
an irreversible behavior of the dc magnetization and o
sharp cusp-type anomaly in the ac magnetic susceptibilit
varying temperatures below 5.8 K indicate a spin freezi
Time-dependent relaxation of the dc magnetization be
the freezing temperatureTf and a prominent negativ
anomaly in the third-order ac magnetic susceptibility nearTf
reveal the spin-glass nature of this spin freezing. The ele
cal resistivityr is only weakly temperature dependent with
negativedr/dT. The absolute values ofr fall in the range
between 150 and 205mV cm, indicating that the charge
carrier concentration must be fairly large compared to tha
other thermodynamically stable icosahedral quasicryst
The frequency dependence of the temperature at w
maxima in thexac8 (T) curves are centered and theTf /x8
ratios both lead to a classification of the icosahed
R-Mg-Zn containing magnetic rare earths as the RKKY s
glasses with a moderate interaction. AboveTf , the dc mag-
netization is isotropic within experimental resolution su
gesting the existence of many different rare-earth sites
comparative analysis of the magnetic properties of icosa
dral (Y12xTbx)-Mg-Zn and (Y12xGdx)-Mg-Zn reveal that
crystal-field effects significantly increase the freezing te
peratureTf of the non-Heisenberg-like Tb series over theTf
values of the Heisenberg-like Gd series.
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APPENDIX: A CLOSELY RELATED CRYSTALLINE
R-Mg-Zn PHASE

We note that theR-Mg-Zn ternary phase diagram is pa
ticularly rich. In Ref. 3, attention was drawn to a particul
R-Mg-Zn crystalline phase that has a close composition
the icosahedral phase. This crystalline phase, which is n
periodic approximant of the icosahedral phase, might b
significant second phase in rapidly cooled growths. T
structural and transport properties of this phase were repo
in Ref. 3. Here we briefly discuss the magnetic propertie

Similarly to the quasicrystallineR-Mg-Zn phase, the
crystallineR-Mg-Zn phase was also grown in single-crys
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form from the ternary melt. Powder x-ray diffraction o
crushed single crystals indicated that this phase is rhom
hedral, with cell constants ofaR516.95 Å anda596.07°
while electron microprobe analysis indicated a composit
for the Tb-containing rhombohedral phase of approximat
Tb7Mg31Zn62 ~quite close to the composition of the icosah
dral phase: Tb9Mg34Zn57!.

3

The dc magnetic susceptibility of the Tb-Mg-Zn rhomb
hedral phase measured in a magnetic field applied par
and perpendicular to the@111# rhombohedral direction is
shown in Fig. 17 as the plot ofx21 vs T. The Curie constant
based on the polycrystalline average obtained forT.100 K
is consistent with the mass per Tb ion obtained via eleme
analysis. The magnetization has an easy axis along the@111#
rhombohedral direction, with a small, positiveu value, indi-
cating predominantly ferromagnetic coupling between m
netic moments. The hard plane~perpendicular to@111#!, on
the other hand, has a small negativeu, indicating antiferro-
magnetic interactions. The inset to Fig. 17 shows thex21(T)
data on expanded scales forHi@111# ~easy axis!. Also
shown in the inset are thex21(T) data for rhombohedra
Dy-Mg-Zn. Prominent features at approximately 14 and 9
for Tb- and Dy-containing compounds, respectively, indic
a magnetic transition with some ferromagnetic compone
however,M (H) isotherms at low temperatures~not shown!
indicate that the transition is not purely ferromagnetic.
phase transition at 14.2 K has previously been inferred fr
a sharp upturn in the zero-field electrical resistivity of rho
bohedral Tb-Mg-Zn,3 consistent with the magnetization da
shown in the inset to Fig. 17. The temperature at which
upturn in the resistivity occurs is higher in larger appli
fields.3

As evidenced by x-ray-diffraction studies,5 nuclear peaks

FIG. 17. The inverse magnetic susceptibility of the rhombo
dral Tb-Mg-Zn phase, measured in an applied field of 1000
applied both perpendicular~solid symbols! and parallel~open sym-
bols! to the @111# rhombohedral direction. Inset shows low
temperature inverse magnetization for both Tb-Mg-Zn and D
Mg-Zn rhombohedral phases, with magnetic field applied paralle
@111#. Arrow indicatesTc for rhombohedral Tb-Mg-Zn estimate
from resistivityr(T) data~Ref. 3!.
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from the R-Mg-Zn rhombohedral phase cannot account
all of the weak magnetic peaks reported for polygra
R-Mg-Zn quasicrystalline samples in Ref. 4. However,
low fields the magnetism does not appear to be a sim
ferromagnetic ordering, and therefore may have a wave v
n

r

le
c-

tor that is not commensurate with the nuclear order. T
presence of this compound may explain some of the sh
magnetic peaks that Charrier, Ouladdiaf, and Schmitt4 could
not index, and the additional presence of other crystalli
phases cannot be ruled out.
.
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.
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