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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 cmi) single-grain samples of icosahed®IMg-Zn (R=Y, Tb, Dy, Ho, and E.
The dc magnetization and ac magnetic susceptibility data both indicate that icosahedral Th-Mg-Zn and Dy-
Mg-Zn undergo a transition to a spin-glass stat&;at 5.8 and 3.6 K, respectively, while low-temperature ac
susceptibility measurements show tiigt= 1.95 and 1.3 K for Ho-Mg-Zn and Er-Mg-Zn, respectively. For the
series of solid solutions (;¥.,Th,)-Mg-Zn, the freezing temperaturg varies approximately as?>. The
(Y1-4Gd,)-Mg-Zn solid solutions have loweF; values than (Y_,Tb,)-Mg-Zn for the same magnetic rare-
earth concentration&), indicating that local moment anisotropy caused by crystalline electric-field effects
plays a significant role in increasinB;. On the other hand, angular-dependent studies show that the dc
magnetization foif >T; is isotropic within the experimental uncertainty. The electrical resistpffly) of the
single-grain samples is only weakly temperature dependent, with a small, nedjattV€. Absolute values of
the resistivity fall in the range between 150 and 200 cm, which is distinctly lower than the values
previously reported for other thermodynamically stable icosahedral quasicrySiai63-18209)05801-4

I. INTRODUCTION periodic type of antiferromagnetic long-range orderTat
>T; for R=Tb, Ho, Dy, and Er. The intensity of the sharp
The R-Mg-Zn (R=Y, Tb, Dy, Ho, and Ey thermody- peaks in the diffraction pattern corresponding to the antifer-
namically stable icosahedral quasicrystals are of tremendousmagnetic ordering is small and is accompanied by signifi-
interest because they allow the study of the effects of quasiant diffuse magnetic scatteriigRecently, Islamet al®
periodicity on the magnetism of localized #noments. Pre- showed from neutron-scattering results that there is no such
vious investigations of the magnetic, thermal, and transporevidence for antiferromagnetic ordering in powders made
properties of icosahedr&-Mg-Zn have so far been carried from large single-grain samples. However, using rapidly
out on polygrain sample's> Recent advances in the growth cooled polygrain samples the authongere nevertheless able
of large single-grairR-Mg-Zn quasicrystafswith volumes to reproduce some of the additional magnetic diffraction
of up to 0.5 cni have allowed the investigation of possible peaks reported in Ref. 4. It remains a contested point
anisotropies in the physical properties of these materials. Thehether there exists long-range magnetic order in the
use of single-grain samples also eliminates the effects of se®k-Mg-Zn family of icosahedral quasicrystals, or whether the
ond phases and grain boundaries upon the measured physiealditional diffraction peaks seen for polygrain samples are in
properties. fact due to the magnetic ordering of small amounts of a
A number of authors have measured the magnetic properare-earth containing second phdsee Appendix Another
ties of polygrainR-Mg-Zn quasicrystals. Using polygrain possible explanation is that there is a range of compositions
samples, Hattoret all and Charrier and Schnfitshowed — of formation of the thermodynamically statfe Mg-Zn qua-
that the dc magnetic susceptibilities &;Mg,.Znsg (R sicrystals, and that the magnetic ordering is particularly sen-
=Gd, Th, Dy, Ho, Ey exhibit a Curie-Weiss—type behavior sitive to the rare-earth concentrativi either case, the fact
over a wide temperature range, with a negative Weiss tenremains that any long-range magnetic orderingritMg-Zn
peratured [where y=C/(T— 6)], indicating antiferromag- quasicrystals is, at best, far from robust.
netic exchange interactions between the rare-earth moments. In this paper, we present the results of detailed magnetic
At lower temperatures, both ac and dc susceptibility meameasurements of high-qualityingle-grain R-Mg-Zn quasi-
surements of polygraifRgMg,,Znsy exhibit a classic spin- crystals R=Y, Th, Dy, Ho, and E). The spin freezing tran-
glass transition with freezing temperatufgsbelow 10 K1 sition is investigated in detail by a variety of techniques,
A later paper by Charrier, Ouladdiaf and Schriiitipwever, including measurements of higher harmonics of the low-
presented evidence from powder neutron-diffraction meafrequency ac susceptibility. We also establish, via angular-
surements that there is a transition to a state with a quasdependent studies, that fdr>T; the magnetization is iso-
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incorporate as a single-phase quasicrystal. It remains a pos-
sibility that the pure Gd-Mg-Zn phase is metastable, and can
only be prepared by rapid solidification technigtéa con-
trast to the slow cooling rate growth technique we employ

Powder x-ray-diffraction patterns of crushed single grains
have narrow peaks, indicating a high degree of structural
order, and all peaks can be indexed to the face-centered
icosahedrallFCI) quasicrystalline phasésecond phases, if
present at all, are below a 2-5% len@lHigh-resolution
transmission electron microscogyEM) reveals very sharp
diffraction spots in selected area diffraction patterns
(SADP’9), with little or no evidence of phason strain seen in
lattice images near Scherzer defoduSlectron microprobe
analysis of Th-Mg-Zn quasicrystalline samples indicate a
composition of approximately §Mgs.Zns-,> similar to that
estimated by other group®gMg4.Zns, (Refs. 1 and Yand

e e single gra lected f
. o ean, well-formed single grains were selected for mag-

FIG. 1. Photograph of a single-grain icosahedral l_'()"\/Ig‘znnetization measurements. Bars for electrical transport mea-

quasicrystal grown from the ternary melt. Shown over a mm scale

. urements were cut from single grains using a wire saw.
;gge(::gaerfda:;i iozd Q:thlaodnrgi ang:ghtgligc;lfearly defined pentagon%ypical bar lengths were 2—-3 mm with a widthnd thick-_
nesg of 0.5 mm. For icosahedral symmetry, the electrical
resistivity tensor has only one independent component, and
hence the orientation of the cut bars is not expected to effect
hthe results of the resistivity measurements.

tropic within experimental resolution. In addition, we study
two pseudoternary compounds, ((%Th,)-Mg-Zn and
(Y1-4Gd))-Mg-Zn, and examine the effects of rare-eart
concentration and CEferystalline electric fieldsplitting on
T:. Results of electrical resistivity measurements are also lIl. EXPERIMENTAL METHODS
presented. For comparison, the magnetic properties of a

closely relatedR-Mg-Zn crystalline phase are presented as Both ac and dc magnetization were measured using com-
an appendix. mercial Quantum Design superconducting quantum interfer-

ence devicéSQUID) magnetometers, in a variety of applied
magnetic fieldgup to 55 000 Ogand temperatureg$rom 1.8
to 350 K). The dc magnetization was investigated for a range
Single-grain samples dR-Mg-Zn quasicrystals R=Y, of applied fields, and for both zero-field-coolédfc) and
Tb, Dy, Ho, Ep were grown from the ternary melt following field-cooled(fc) histories. An applied field of 1000 Oe was
the technique described in Ref. 3 In brief, this method in-used to measure the temperature-dependent dc susceptibility
volves the slow cooling of a ternary melt intersecting thefor T>T;. The ac magnetization was measured between 1.8
primary solidification surface of the quasicrystalline phaseand 20 K in a steady applied field .= 100 Oe, with an ac
as identified for Y-Mg-Zn by Langsdorf, Ritter and Assnfus. field H,.=2 Oe superimposed, and for a range of frequencies
Large, single-grain samples can be grown by this techniquérom 1 to 1000 Hz. The angular dependence of the dc mag-
with volumes of up to 0.5 cf Following the growth, a brief netization was measured, using a rotating sample platform,
dip in a dilute solution of nitric acid in methanol can be usedwith an angular resolution of+0.1°. All temperature-
to remove any small amounts of undecanted flux or oxidelependent magnetization measurements were made for in-
slag that wet the surface. A photograph of a typical Ho-creasing temperatures, and warming through the boiling
Mg-Zn quasicrystal is shown in Fig. 1, over a mm scale. Aspoint of liquid helium was treated carefully. After collecting
can be seen from Fig. 1, the quasicrystals grown by thislata from 1.8 to 4.4 K, the cryostat design required that the
technique have a dodecahedral growth habit, with clearlyemperature be cycled from 4.4 K to a higher temperature
defined pentagonal facets. It should be noted that théusually 30 K before zero-field-coding or field-coolingle-
R-Mg-Zn quasicrystal samples grown by this technique argpending on the experimentown to 4.6 K. Relaxation ef-
remarkably large and exceptionally well ordefed. fects for temperatures below the spin freezing transitgae
Following the same growth procedure, samples with varidater sectionscan lead to an apparent discontinuity in the zfc
ous amounts of substitution of Tb and Gd for Y were alsomagnetization of Th-Mg-Zrifor which T;=5.8 K) at 4.4 K
prepared, enabling investigation of magnetic and transporis a consequence of this technique.
properties as a function of the rare-earth concentration. In The low-frequency and low-field ac magnetic susceptibil-
particular, the substitutions studied were,(YTh,)-Mg-Zn ity was measured by a conventional mutual inductance tech-
with x=0.075, 0.15, 0.33, 0.50, 0.63, 0.75, and 0.88 anchique in the temperature range between 0.4 and 4 K. Mea-
(Y1_,Gd,)-Mg-Zn with x=0.075, 0.15, 0.50, and 0.60. The surements were made at frequencies 116 and 420 Hz and
Gd substitutions are of additional interest because the puneith an excitation magnetic-field amplitude of 0.1 Oe. A
Gd-Mg-Zn quasicrystalline phase cannot be grown by thidow-noise signal transformer was used to match the imped-
technique® In fact, x=0.60 is the largest amount of Gd sub- ance of the pickup coil with that of the lock-in amplifier. The
stitution in Y-Mg-Zn that we have been able to successfullyin-phase component’ and the out-of-phase componeyit

Il. SAMPLE PREPARATION
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FIG. 2. The dc magnetic susceptibility of icosahedral Y-Mg-Zn,
measured in 20 000 Oe. A solid line shows fit using EY. as
explained in the text. Inset shows magnetization as a function of
applied field at 2.0 K.

were measured with a two-phase lock-in amplifier. The third-
order magnetic susceptibility; was measured by monitor-
ing the amplitude and the phase of the ac magnetization at
the third harmonic 8 of the excitation frequencf/using the

hase-sensitive detector, which was set to detect the response e ) : . .
D3t ® P 0 10 20 30
The electrical resistivity was measured between 1.8 and Temperature (K)

300 K using a standard four-probe technique, with an ac

bridge operating at 16 Hz, and using current densities of FIG. 3. (a) The inverse dc magnetic susceptibility of quasicrys-
between 0.1 and 1 A/cElectrical contact was made to the talline R-Mg-Zn (R=Th, Dy, Ho, E), measured in 1000 Oe, plot-
samples using Epo-tek H20E silver epoxy, with typical con-ted as a function of temperatufe (b) shows the same data normal-
tact resistances of 1-Q. Due to the uncertainty of the bar ized by the values of the Curie const@hbbtained as explained in
dimensions and the contact separation, there is an approxie text. Lines show extrapolation of high-temperatufe>60 K)
mate uncertainty of-10% in absolute values of the resistiv- fits using the Curie-Weiss law.

ity obtained for individual samples. To give a greater confi-

dence in the absolute value of the resistivity obtained, thregositive linear ternBT is at present unknown. The field de-
different samples of the Y-Mg-Zn quasicrystalline phasependence of the magnetizatids at 2.0 K is shown in the

have been measured. inset to Fig. 2. The low-field nonlinearity of tid (H) curve
is likely due to the Brillouin function saturation of the mag-
IV. RESULTS AND ANALYSIS netic impurities(small in value, leaving a linear diamagnetic

response due to Y-Mg-Zn.

The dc magnetic susceptibilitywhere we definey

The dc magnetic susceptibility of icosahedral Y-Mg-Zn =M/H for these low-field measuremejtsf the magnetic
measured in an applied field of 20 000 Oe between 2 and 35@re-earth containingR-Mg-Zn quasicrystalline samplegR(
K is shown in Fig. 2. Between 20 and 350 K, th€T) data  =Th, Dy, Ho, E§, measured in an applied field of 1000 Oe,
can be well fit to is shown in Fig. 8a) as the plot ofy ! vs T. As can be seen,
above 15 K data for all four compounds follow a good Curie-
Weiss—type temperature dependehadere y=C/(T— 6)
and 6 is the Weiss temperatufeFor each compound, the
Curie constanf{C) may be obtained and compared to the
with the following values of the fit parameters: calculated effective momemt. per rare earth, allowing an
Xo=(—1.88£0.01)x10 7 emu/g, C=(1.79+0.05)x 10"’  estimation of the relative molecular mag¥MM) per rare-
emu K/g, andB=(7.3=0.1)x 10 ** emu/g K. In Fig. 2, the earth ion. From the data shown in Fig. 3 we obtain the RMM
fit is shown as a solid line. The Curie ter@IT is probably  values given in Table I. The given uncertainty-o g/molR
due to magnetic rare-earth impurities on the Y sites, and theorresponds to standard deviations in the linear fits to the
value of the Curie constar is consistent with the purity data, and does not include experimental uncertainties that are
levels of the starting materiak®9.99%. The temperature- better reflected in the spread ¢f30 g/molR in the RMM
independent susceptibility, comprises contributions from values. These uncertainties might arise from the presence of
itinerant electrons and core states. The origin of the smallsmall amounts of impurities on the surface of the samples

A. dc magnetization

C
X=xot+ ?-i-BT (1
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TABLE I. Summary of the parameters obtained from the dc and ac susceptibility deRaNtg-Zn (R
=Tb, Dy, Ho, and Ex.

c RMM 6 T
System (g/emu K (g/mol R (K) (K)
Tb-Mg-Zn 0.0180-0.0001 655 1 —26.3+0.4 5.80+0.05*
Dy-Mg-Zn 0.0201+0.0001 705 1 —14.8+0.4 3.60+0.05*
Ho-Mg-Zn 0.0195-0.0001 72601 —-7.8+0.4 1.95-0.08
Er-Mg-Zn 0.0163-0.0001 7041 ~5.1+0.4 1.30:0.08

3Position of the maximum in zfgy(T).
PPosition of the maximum iy (T).

(undecanted flux from the growthOur data indicate that the Pd-Mn quasicrystals with a Mn concentration of 9 at'%s.
RMM=690+30 g/molR for the R-Mg-Zn series. The RMM  The preformation of magnetic clusters might make it tempt-
values are consistent with the results of the electron microing to classify theR-Mg-Zn quasicrystals as superparamag-
probe analysis, that showed that Th-Mg-Zn quasicrystallinanets. However, the effect is actually quite small, and a more
samples gave the stoichiomefRyg Mgz, ZNs6 5 Which cor-  detailed investigation of the spin freezing via magnetic mea-
responds to an RMM of 682 g/mol Th. surementgsee below indicates that the classification as a
In Fig. 3b), we show the magnetic susceptibility data spin glass is indeed more appropriate. As a final comment on
plotted asC/y vs T, whereC is the fit value of the Curie the low-temperature deviation from the Curie-Weiss law, we
constant determined as described above. This normalizatiomte that a similar temperature dependence is observed for
renders the high-temperatuge 1(T) data with equal slopes Gd dilutions in Y-Mg-Zn(see Sec. IV F; for which the crys-
(value 1, and more clearly reveals the Weiss temperaturedal electric field(CEF) has negligible effect, which is empiri-
In Fig. 3(b), — @ is given by the intercept with thg axis of  cal evidence that the deviations cannot be due to CEF ef-
the extrapolation of the high-temperature Curie-Weiss law fifects.
(shown by solid lines The Weiss temperatures for each of
the four magnetic compounds are given in Table I. All féur
values are negative, indicating antiferromagnetic exchange
interactions between magnetic moments. Thealues ap- The growth of macroscopic single-grain samples has al-
proximately scale with the de Gennes factgy—(1)2J(J  lowed investigation of the angular dependence of the mag-
+1) of the magnetic rare-earth elemerisee later discus- netization ofR-Mg-Zn quasicrystals. The possibility of in-
sion and Fig. 1h and are in agreement with values previ-
ously obtained for polygrain samplésthe absence of any
clearly visible evidence for long-range magnetic ordering at
comparable temperatures te-# in these single-grain
sample3is consistent with geometric frustration of the mag-
netic moments. This might arise from the multiplicityRfR
distanceddue to the quasicrystalline environmglgading to
frustration due to the distance-dependent Ruderman-Kittel- ]
Kasuya-YosiddRKKY) interaction. The low carrier concen- 2.890
. . " 0 90 180 270 360
tration as compared to conventional met@bsaracteristic of

B. Angular dependence of the dc magnetization aboveé;

| (@) Tb-Mg-Zn
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many quasicrystalline materialsnight mean that the local 0 : Bivcodioet
environment around eadRion plays a significant part in the 8 '
origin of the magnetic frustration, in addition to tfRR (b) (Y055
interactions. This point is returned to later on, when consid- 6F
ering the magnetization of (Y ,Tb,)-Mg-Zn and 6.29
(Y1-,Gd,)-Mg-Zn. The low-temperature upturns in the in- ]
verse susceptibility data shown in Fig. 3 are associated with 6280,
a spin-glass freezing transitig@a consequence of the mas- Nt
sive frustration and are discussed in detail below. I 6,27 g

The inverse susceptibility data in Fig(t3 show distinct Angle (deg)
deviations from the Curie-Weiss law a few Kelvin above the 00 90 130 370 360
spin freezing transitiojevident from a downturn from the
extrapolated high-temperature linear fit, shown by straight Angle (deg)
lines in Fig. 3b)]. Canonical spin glasses with antiferromag- fig 4. The angular dependence of the magnetizatiotapf
netic interactiondfor example, Ay_Fe with x<3at. %  Th.Mg-zn and(b) (Y e85 0;0-Mg-Zn quasicrystalline samples
Fe(Ref. 9 and P{_,Mn, alloys withx<10 at. % Mn(Ref.  for temperatures greater than the spin freezing transition. Insets to
10)] show similar deviations fof >T;, which can be asso- each figure show the same data on expanded scales. Measurements
ciated with antiferromagnetic clusters forming abovVe. were made in applied fields of 55 000 Oe, and at temperatures of
Similar behavior has also been observed for icosahedral Alt0.0 and 2.0 K for each compound, respectively.
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vestigating rare-earth ions in crystallographically forbidden- 0.0007 | ' ' ' '

point symmetries(which are allowed in quasicrystalss £C s a) Tb-Mg-Zn
particularly enticing. Using a rotating sample platform, the .

dc magnetization of several members of Bxdig-Zn family

(and also several dilutions of magnetic rare earths in Y-Mg- 0.0006 - 1
Zn) has been investigated as a function of anglefor a %

given plane of rotation chosen to include directions of two-
fold, threefold, and fivefold rotational symmetry. In each
case, measurements were made for temperatures greater than
Ts.

Representative data for Th-Mg-Zn and , , , .
(Y 0.92650 079-Mg-Zn (measured aT =10.0 and 2.0 K, re- 0.00I3F £ o (b) Dy-Mg-Zn |
spectively are shown in Fig. 4. In each case, Mg ¢) data
are essentially isotropic, with only a small and approximately 0.0012}
sinusoidal angular dependence to the magnetization, with a
period of 180° and an amplitude of approximately 0.1-0.2%
of the average magnetizatigas indicated by expanded in-
sets in Figs. @) and 4b)]. The fact that the same behavior is

seen for the (92450 079-Mg-Zn sampleFig. 4(b)] as for 0.0010} \\

M/H (emu/g)

0.0005F e

0.0011¢

M/H (emu/g)

Tbh-Mg-Zn [Fig. 4(a)] indicates that the small sinusoidal an-

gular dependence is not due to crystal electric fields, which 0.0009 ; ; :
do not affect Gd momentgfor which the orbital angular 0 2 4 6 8 10
momentum of the Hund'’s rule ground-statenultiplet L is Temperature (K)

zerg. The observed sinusoidal angular dependence is actu- o

ally associated with details of our measurement technique, F!G-5. The low-temperature dc magnetization@fTh-Mg-Zn

and is due to slight asymmetries of sample position on th&"d(b) Dy-Mg-Zn in an applied field of 25 Oe, for both zero-field-
rotating probe headthe measured data have not been Cor_cooled (zfc) and field-cooled(fc) histories. Also shown for Th-
gp d g-Zn are fc data from temperatures of 2.5, 3.0, 3.5, and 4.0 K

rected for this asymmetry to convince the reader that eve ) - X . ;
the raw data show these materials to be remarkably isotrg® llowing an initial zfc (as described in main tgxt
pic). Small deviations from the sinusoidal angular depen- g K for Ho-Mg-Zn and Er-Mg-Zn(see Sec. IV D and Fig.
dence are probably due to changes in the geometric demage). Above T; both zfc and fc data are identical. Beldly
netization factor as the samples rotate in the applied fielghe zfc magnetization decreases with decreasing temperature,
(the samples were not exactly spherical, but were in generglhjle the fc data remain almost temperature independent.
faceted and slightly oblateand these deviations are entirely additional data for Th-Mg-Zr{Fig. 5a)] show the effect of
consistent with ouM(H) data and sample geometries. In field cooling from various temperaturds <T; (following
short, forT>T; the magnetization of th&®-Mg-Zn quasi-  an initial zero-field cooling to 1.8 K and warming in 25 Oe
crystals is isotropic within experimental uncertainty. The abfrom 1.8 K to T’). The magnetization data taken while
sence of any experimentally significant angular dependencgarming after field cooling fronT’ are almost temperature
to the magnetization is likely the result of there being manyindependent up td’, after which they fall on the original
different rare-earth sites in the quaSiCI’ySta|S, all of WhiChZfC manifo'd’ and are further evidence of a Spin_glass state
average to give an isotropic response. Controlling the occuyeow T, .
pancy of different rare-earth sites, for example, in dilution  gejow T, the zfc magnetization is strongly affected by
studies such as Y, Th,-Mg-Zn, may be the key to investi- ye|axation processes, empirically governed by a stretched-
gating the magnetic anisotropy of individual rare-earth sitesexponential time relationshifsee Sec. IV E Such relax-
and we note that work is currently in progress to achieveation effects make quantitative measurementM¢T,t) for
this. Finally, the experimentally observed isotropic bulk <. very complex. In particular, this relaxation leads to
magnetization of icosahedr&-Mg-Zn implies that sample  the small step seen at 4.2 K in Figabbecause the cryostat
orientation is unimportant for all magnetic measurements,sed for these measurements requires the cycling of tempera-
made forT>T;. tures past the boiling point of liquid helium to above
followed by a subsequent zero-field cooling to just above 4.2
K (as described in Sec. )i
The dc magnetization of Th-Mg-Zn was investigated in a
In Fig. 5 we show the dc susceptibilit/H as a function  range of applied fields from 10 to 55 000 Oe, and results are
of temperature for icosahedral Th-Mg-Zn and Dy-Mg-Zn, presented in Fig. &data for applied fields of 10 and 25 Oe
measured in an applied field of 25 Oe. Both data sets revealre virtually identical with those foH=100 Oe, and are
textbook? examples of spin-glass-type freezing transitionstherefore not included Data forH =100, 1000, and 10 000
that are significantly sharper than data previously reporte®e are shown separately in Figabto more clearly illustrate
for rapidly cooled polygraiR-Mg-Zn materialt? The freez-  the effect of the applied field on the spin freezing transition,
ing temperature$;, defined here as the maximum in the zfc while Fig. 6b) shows similar data for all of the fields mea-
dc magnetization, have values Bf=5.8 and 3.6 K for Tb- sured. Note that the breaks in the data at 4.2 K are again due
Mg-Zn and Dy-Mg-Zn, respectively, and have values belowto the measurement technique, as described above.

C. dc magnetization belowT;
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g x from data shown in Fig. 6. Line shows fit to E@).
0.00051 s is no longer at the center of the significantly broadened peak
T in the magnetizatioM (T). A criterion of 0.5% deviation of
: . : the zfc magnetization from the fc magnetization was chosen

to determine the onset-of-irreversibility temperattize Ar-
Temperature (K) rows in Fig. &a) indicateT;, for those data, and the applied
magnetic fielddH are plotted as a function df; in Fig. 7 for

FIG. 6. The low-temperature zfc and fc dc magnetization Ofall fields measured. The data can be well fitted by

Th-Mg-Zn for various applied magnetic fields. For clarity, pafagl
shows data forH=100, 1000, and 10 000 Oe, while pan@)
shows similar data for all fields measurdd:=100, 500, 1000, H(T,)=a
1500, 2500, 5000, 7500, 10 000, 12 500, 15 000, 20 000, 30 000,
40 000, and 55 000 Ogéncreasing field from top to bottom of fig- . ) ) ]
ure). For applied fields less than 30 000 Oe, the zfc data are loweWith @=(3.5+0.1)X 10" Oe, using the peak in the low-field
in value than the fc data fF<T, . Arrows indicateT;, for the data M (T) data to defineT;=5.8 K. A fit to our T;(H) data
in panel(a), whereT, is the onset-of-irreversibility temperatufes ~ using Eq.(2) is shown in Fig. 7 as a solid line. Thig(H)
determined by criterion described in main text variation(de Almeida—Thouless-like lif&'9 has previously
been reported for various other spin-glass syste/i.
The applied magnetic field has several pronounced effects

on the temperature dependence of the magnetization).
A sharp peak in the zfc magnetization is observed for the
smaller applied field$10—100 Og but significant broaden- The in-phase component and the out-of-phase compo-
ing and flattening of the peak is observed in larger fieldsnenty” of the ac magnetic susceptibility for icosahedral Th-
This effect has also been observed for other spin glasses, fbfg-Zn, measured in the temperature range from 1.8 to 15 K
example, Ag_,Mn,,3 although the flattening of the mag- and for selected frequencies between 1 and 1000 Hz, are
netizationM (T) near toT; in larger applied magnetic fields shown in Figs. &) and 8b), respectively. Both zero-field-
is more pronounced in our case. In addition, while thecooled and bias-field-cooled data are shown. As also ob-
smaller applied fields yield a dc susceptibility of Th-Mg-zZn served for the zfc dc magnetizatidRig. 5), there is a sharp
that deviates from the Curie-Weiss law below approximatelypeak in x” which can be used to defing;. However, in
12 K [see Fig. ®)], this deviation is suppressed by larger contrast to the dc magnetization, the susceptibilities.,
applied fields. In fact, an applied field of 10 000 Oe com-dM/JH) of both the zfc and fc states are identical for tem-
pletely suppresses the downturn y1(T) for Tb-Mg-Zn  peratures both above and below the freezing temperature.
seen in Fig. ®). This is consistent with the deviation being This is despite the large difference in the actual magnetiza-
due to the formation of antiferromagnetic clusters, rememtion [plotted asM/H in Fig. 8@ for comparisom between
bering that applied fields suppress antiferromagnetic correlegfc and fc states below. At least for this case oH .
tions. Significantly larger applied fieldsi¢>20 000 Oe) also (2 Oe)<H,. (100 Og, the spin glass is most likely trapped
result in small deviations from the Curie-Weiss law fbr in a metastable state, and these data therefore imply that all
>T;, but in this case because of the Brillouin function satu-metastable states behave similarly in small perturbative fields
ration of the Th moment§i.e., the larger fields are beyond H,c.. The out-of-phase componegt is vanishing abové,
the low-field linear regime oM (H)]. but is nonzero folT<T;, implying dissipation not only at
For applied magnetic fields of less than 30 000 Oe, the zfthe freezing transition but also for temperatures below it, a
dc magnetization is lower than the fc dc magnetization beloncommon feature of spin glassEsSimilar to other spin
the spin freezing transitiotFigs. 5 and & However, for  glasses? the maximum slope iry” correlates with the peak
intermediate values of the applied field, the temperafyre in x'.
at which there is an onset of irreversibility in the magnetiza- The peak iny’ shifts to higher temperatures as the fre-
tion (i.e., the point at which fc and zfc data start to deviate quency(f ) increases, witfT; (defined here as the peakj)

- E 3/2 (2)
T¢)

D. ac magnetic susceptibility
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tivation analysis are smaller than those of some canonical
c spin glasse$? but nevertheless remain unphysically large.
(@) d . A : :
0.0007 - / 1 Hz . This was expected, since in the spin-glass state there exist

10Hz many metastable states that cannot be fitted to a simple ex-
ponential Arrhenius law. A better description of the experi-
mental data can be obtained using the Vogel-Fulcher law

_Ea
f=fo ex‘“( kB<Tf—To>)’ ©

0.0006

« (emu/g)

0.0005 |

— = 1000e which is an empirical law originally used to describe the
2 H_=20¢ ] viscosity of supercooled liquid$:*® This law involves a
S ' ; ‘ third fit parametei, which might be considered a measure
of the interaction strengths between clusters in the spin glass.
From the ac susceptibility data shown in Fig. 8, we obtain
the following values: fo=(4+1)x10" Hz, E,/kg=27
+1K, andT,=4.8+0.1 K. As for other spin glasse& T,
<E,/kg. While a strict physical interpretation of these pa-
014 015 016 rameters is still lacking for spin-glass systems, we note that

0.0004

G
In (D

0.00002

0.00001

* T, K" the values obtained for Th-Mg-Zn are in general agreement

a
a

X' (emw/g)

.
2
%A a A

Y with similar parameters previously reported for other spin

A 9%)
|y / é‘;%g‘% cee glasses?
0.00000 10 Hz “: RELNTRETL Based on these results, icosahedral Tb-Mg-Zn can be
P D . Lo &
10 12 14

100 Hz ’ classified as a spin glass with a moderate strength of the
A , : RKKY interaction between magnetic moments, mediated by
0 2 4 6 8 .. . .
itinerant electrons. For spin glasses with a strong RKKY
Temperature (K) interactionT;—T,<T;, while for metallic spin glasses with
a weak RKKY interactionl,<T; (Ref. 18 (as observed for
FIG. 8. The zero-field-cooledsolid symbol$ and bias-field-  Al-Pd-Mn icosahedral quasicrystits The observed type of
cooled(open symbolsac susceptibility of Th-Mg-Zn, measured for relaxation in Th-Mg-Zn is compatible with a fairly low value
different applied frequencies from 1 to 1000 Kisted in figurg.  of T;/x’=0.66 K/at. %(wherex’ is the Th concentration in
Measurements were made in a steady bias field of 100 Oe with gt, 99. Typical metallic spin glasses are characterized by
2-Oe ac field superimposed. Top paf@l shows real park’, and  muych higher values of;/x’, for example, up to 10 K/at. %
bottom panelb) shows imaginary pary”. dc magnetizatiofalso  fqy Au;_ . Fe, 19 values of T{/x’ that are comparable in
measured in 100 Qds shown in top panel, for both zfc and fc magnitude with our Tb-Mg-Zn result have previously been
cases. Inset to panéh) shows the natural log of the frequency vs o qeq for spin glasses with a moderate exchange interac-
LTy, where the freezing temperatullg has been defined as the o poarveen magnetic moments, mediated by itinerant elec-
maximgm i_nX’ (solid cir_cle$ and the extrapolat_ion to zero of the trons. An example is the $c ,Tbx,, spin-glass system with
sr)arp rise iny” (starg. Line shows best linear fit td; data from T, /X' =1.4 K/at, 020 X
X Although the cusp in the zfc dc susceptibility and in the

having values of 6.3, 6.6, 6.9, and 7.3 K for measuremen'feal part of the ac susceptibility would be indicative of a

frequencies of 1, 10, 100, and 1000 Hz, respectividiote s_pin-glass—ltype freezing of magngtic moments, it is also pos-
that the dc data are not considered as a zero-frequency li ble that it results from a blocking of superparamagnetic

to the ac susceptibility for the following analysis, and are® usterst’ Convincing evidence against this scenario is the

only included in Fig. &) for comparisor], These data allow observed temperature variation of the third-order magnetic

us to calculate the fractional relative change in the freezin usqeptibilityxg Qefined in terms of magnetizatiot and an
pplied magnetic fieldH as

temperature  per decade change in frequency;
AT;/(T:A logyo ), whereAT; is the change ifT; for the
given change in frequencyA(log;o f=3), and we use the
average value off{=6.8 K for this range of frequencies. The third-order susceptibilityy; of Th-Mg-Zn and Ho-
Using these values we find thatT;/(T;A log,f)=0.049, Mg-Zn was investigated in the temperature range between
a factor of 10 greater than observed for,C¢Mn, but com- 1.6 and 12 K using a low-frequency ac technique, which
parable to that of several other canonical spin glasses. probesy; directly. For Th-Mg-Zn, an ac field amplitude of
The frequency dependence Bf can be fitted by an acti- 300 Oe and a frequency of 7 Hz was used, while for Ho-
vated behavior, as shown by the plot offlj)(vs 1/T; in the ~ Mg-Zn values of 50 Oe and 21 Hz, respectively were used.
inset to Fig. 8). However, the fit requires unphysically Results, presented in Figsg@ and 9b), show distinct nega-
large parameters, characteristic of other spin gla¥s&he  tive anomalies at 6.9 and 1.9 K for Th-Mg-Zn and Ho-Mg-
fit to the data shown in Fig.(B) results in a value of the Zn, respectively. Using the’ data shown in Fig. 8, it is
prefactor fo=102 Hz and an activation energ¥,/ks  possible to estimate a value @f~6.6 K for Th-Mg-Zn at
=320 K, which is considerably greater than the characteristhe measurement frequency of 7 Hshown by an arrow in
tic temperature scale. The parameters obtained from the a&ig. 9a)]. The observation of a sharp, negative anomaly in

M= yH+ xysH3+ O(H%). (4)
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. \ ~ ! Time (10%s)
—_— P FIG. 11. The time dependence of the zfc magnetization of Th-
é 04r : ¢ i Mg-Zn for an applied field of 100 Oe at 2.0 K. Data are shown by
=, .2 ] open circles, while a solid line shows the best fit to ). Inset
f} -0.6 o shows the same zfc data with fc data on the same vertical scale for
08k or 1 comparison.
-1.0f (b) Ho-Mg-Zn for T<1.8 K). While the field and frequency dependence of

S 3 4 the x'(T) curves was not studied in detail, thé(T) data

for selected frequencies are shown in Fig. 10. As can be

seen, these two compounds also show a cusp’{T), at
FIG. 9. The third-order ac susceptibilif of (a) Tb-Mg-zn (at ~ 11—1.95%0.05 and 1.3@0.05K for Ho-Mg-Zn and Er-

7 Hz) and (b) Ho-Mg-Zn (at 21 H2, normalized by the maximum Mg-Zn, respectively.

value y3(max). A vertical arrow for Tb-Mg-Zn indicate$; for a

measurement frequency of 7 Hz, estimated fromythelata shown  E. Relaxation and remanence effects in the dc magnetization
in Fig. 8.

Temperature (K)

A common feature of spin glasses is that there exist re-
. , ) laxation processes below the freezing temperature that can
X3 nearT; constitutes strong evidence that the cusp in zfCqg e the magnetization to have a time dependence. While it
Xgc@nd iny’ corresponds to a spin-glass freezfiig. is not in the scope of this particular article to thoroughly
_ We have also measured the low-field ac magnetic suscegyestigate these relaxation effects, which is an extensive
tibility for icosahedral Ho-Mg-Zn and Er-Mg-Zn from 0.5 10 yrohjem, some initial measurements have been made to dem-
4.0 K (dc magnetization measurements were not availablgstrate such properties. In particular, Fig. 11 shows how the

zfc dc magnetization of Th-Mg-Zn at 2.0 K varies with time

' ' after applying a field of 100 Oe immediately after stabilizing
0.0022} "f\"-., (a) Ho-Mg-Zn. the temperature at 2.0 K. The inset to Fig. 11 shows equiva-
T 0.0020F "\ ; lent fc data for comparison. Measurements using the SQUID
é magnetometer take of the order of 1 min, and the applied
& 0.0018¢ e, field also takes approximately 1 min to reach 100 Oe, so
= 0.0016E § * consequently any relaxation processes with time constants of
I order 1 min or less are not observable by this particular tech-
0.0014E .5, ..., . s 3 nique. However, the zfc data in Fig. 11 clearly demonstrate a
T - - relaxation process with effective time constants much longer
0.0028F (b) Er-Mg-Zn ] than the experimental resolution. The data can be well fitted
s by a stretched exponential
c :
g 000er g ' X(0=x(=) = A exd — (t/)7], (5)
= 0.0024} ] shown as a solid line in Fig. 11. Hese=M/H, and the fit
parameters have the valuesy(e)=(5.30=0.01)
0 1 5 3 4 X 10" % emu/g, A=(1.0+0.1)X 10—.4 emu/g, 7=(1.3+0.2)
Temperature (K) X 10° s, andB=0.18+0.01. The given uncertainties are sta-

tistical in origin, and it should be noted that there is a con-

FIG. 10. The real component’ of the ac susceptibility ofa) ~ siderable slackness between the two parametarsd 5. As
Ho-Mg-Zn and(b) Er-Mg-Zn measured at a frequency of 420 and is evident from this fitting and from inspecting the inset to
116 Hz, respectively. Fig. 11, the final value that the zfc magnetization is tending
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FIG. 12. The isothermal remanent magnetizatitRM) and FIG. 13. The zero-field-cooled low-temperature dc magnetiza-
thermoremanent magnetizatighRM) of Tb-Mg-Zn, measured at  tjgn of (Y,_,Th)-Mg-Zn quasicrystalline samplegominal con-
2.0 K. Precise field history and measurement timing as described iganirations listed in figujemeasured in an applied field of 25 Oe.
the text. Lines are drawn to aid the eye. Magnetization data have been normalized by value at 10 K for

clarity. Inset shows freezing temperatufe as a function of for

towards y()=5.3x10"* emu/g is considerably less than nominal Th con_centra_tior(solid cir_cl_e_s) and c_oncentration esti-
the fc value of 6.6 104 emu/g. However, there is no evi- mated from _Curle-Welss susceptlblln(ppen circles Ins_et glso
dence to suggest that the fc value is relaxing down to th&nows atomic percentage of magnetic rare eath Solid line
samey(=) value. The fit value fo (0.18+0.01) is a little ~ SNOWS best fit to the (i (Th)-Mg-Zn data using Eq(6) and
lower than the value of 0.33 obtained in more traditional Spmnomlnal ion;engatlor':j. Sztars shdy values for nominal concen-
glasseqfor example, Cy_,Mn, and Ag _,Mn, (Ref. 22], trations of (Y1-,Gd,)-Mg-zn.
and forcing the parametg#=0.33 results in a poorer fit to
our data. The nonunitary value of parameBandicates that
there are several relaxation processes at play, and it is po

sible that the fit parametey(~) may differ from the actual ) / .
value that the zfrc): dc ma%{get)izatign will have after an inﬁ_pera_ture range petween 50 and 350 K IS con3|ste_nt with the
nominal magnetic rare-earth concentrationg@ssuming the

nitely long duration. These data may indicate that for thesame mass per rare earth as for the pure material. We note

R-Mg-Zn spin glasses, the potential barriers betwe_en th‘f’hat there are probably several classes of sites of different
closely spaced energy levels of the system are partICUIarI}5oint symmetries in the quasicrystal structure that can be

high. occupied by the rare-earth ions. At the moment, it is not

rer:]r;r?gr?tltl?rz]atonterﬁz:'c?grglgI\;l)b g?]f(fl:;\éeyﬂ?;rtr?]ir'sr?]tgﬁéwtalpossible to tell whether the rare-earth substitutions occur uni-
9 formly for all sites, or whether particular sites are favored.

magnetization(TRM) was made for a smgle-gram Tb.' Figure 13 shows zfc dc magnetization data for the more
Mg-Zn sample. The IRM was measured by zero-field coollng.l.b concentrated x=0.33) (Y, .Th)-Mg-Zn samples

. : . . _ i - =0, L -Ma-
the sample, immediately applying a fiet) and then imme listed above(Sec. Ill). The data, taken in an applied field of

dia@ely_removing that fjeld "’?”d measuring the remanent Magsg 4o “have been normalized, for clarity, by the magnetiza-
netization after a typical time delay of order 1 min. Thetion va'lue at 10 K. Note that b,reaks in th'e data at 4.2 K are

e Dl I, 10 i de 1o e detas of the cyostal peration, as de.
y 9 ' 9 scribed in Sec. lll. As can be seen in Fig. 13, the spin-glass

magnetization in the same way as for the IRM. Inll|_ght Of_ thefreezing temperatur€; (defined here as the maximum value
above discussion, relaxation effects may be significant in afi—n the zfc dc magnetizatiordecreases as the Th concentra-
fecting the measured magnetization valyeg. The _typ|cal Me%on (x) decreases. This trend is illustrated in the inset to Fig.
surement timescaléapproximately 1 mip is significantly

shorter than the observed stretched exponential relaxatioéllg’ showingT; as a function ok, where values are shown

but faster relaxation processes cannot be ruled out. The IRMjr both nominalx concentration, an concentration esti-

and TRM data for measurements made at 2.0 K are shown 3rjnated from the high-temperature Curie-Weiss susceptibility

abled the investigation of the magnetic and transport proper-
ties as a function of the magnetic rare-earth concentration.
Por all materials, the dc magnetic susceptibility in the tem-

Fig. 12. Both data sets appear to reach a common saturati gosuming the same mass per rare earth as for the pure ma-
value of 0.04mB /Tb for applied fields greater than approxi-

erial). In the inset to Fig. 13, the magnetic rare-earth con-
mately 40 000 Oe. The general form of the IRM and TRM centration is also expressed as a fractorof the total num-
data(Fig. 12 are typical for spin-glass systerifs.

ber of atoms. Thd;(x) data can be well described by

Ti=ax??, (6)

F. Magnetic properties of Tb- and Gd-substituted Y-Mg-Zn consistent with thé; vs x variation previously reported for

As mentioned previously, single-graR-Mg-Zn quasic-  other spin-glass systems with similar rangexaf? The fit
rystal samples were also prepared with various amounts gfarametera=5.6+0.1 K is consistent withT;=5.8 K for
substitution of Th and Gd for Y. These dilutions have en-pure Th-Mg-Zn. The limited data set make it difficult to rule
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' " TABLE Il. Summary of # and T; for the (Y,_,Th,)-Mg-Zn
50F (@) (Y, Tb )-Mg-Zn series.
R 40F . x=1.00 0 T2
4 X (K) (K)
1) 0.075 ~2.1+0.7
0.15 —-4.3+0.2
0.33 —9.2+0.2 2.30£0.05
0.50 —13.4+0.2 3.4G:0.05
. 0.63 —16.9+0.2 4.10:0.05
50} (b) (Y, Gd)-Mg-Zn L 0.75 —19.2+0.2 4.8G-0.05
o 2 0.88 —22.7+0.2 5.2G£0.05
1.00 —26.3-0.2 5.8G-0.05
;% 3Position of the maximum in zfg4(T).
&
ever, perhaps surprisingly, the actual values Tgf for
(Y1_4,Gd)-Mg-Zn are lower than those  of
(Y,_4Tb,)-Mg-Zn for similarx values, despite Gd having

% 10 20 30 the larger de Gennes factptg—1)2J(J+1)] of the two
rare-earth ions. Hattogt al! have reported a similar behav-
ior for the pure Th-Mg-Zn and Gd-Mg-Zn prepared by in-
FIG. 14. (@ The inverse dc magnetic susceptibility of the duction melting, and their data shoW values(defined as
(Y1_,Th,)-Mg-Zn series(x values given in the textmeasured in the peak in the zfc dc magnetizatjoof 6.0 and 5.0
an applied field of 1000 Oe. Values have been normalized by the- 0.5 K, respectively. As noted previousliBec. 1), Gd-
high-temperature Curie consta@tfor each concentration, as de- Mg-Zn may be metastable, and we have been unable to grow
scribed in main text. Lines show extrapolation of high=urie-  single-grain samples from the ternary melt. These data may
Weiss fit, indicating the Weiss temperatures. Lower pémeshows  suggest that the (Y.,Gd,)-Mg-Zn samples actually have a
similar data for the (Y_,Gd)-Mg-Zn series. slightly different structure or composition to the other
R-Mg-Zn samples, although this is thought to be unlikely.
out a linear dependence far-0.7 (x’ >6 at. %) which one Of more interest is the possibility that the§e Qata may actu-
might expect for the concentration regime for which CIusteraIIy suggest that the lack of crystal electric-field effects for
glass behavior can become significant’ %10 at. %)12 R Cd can decreasd; from that of R=Tb because the
IGd3 moments are isotropic. Some evidence to support this

Given the underlying lack of periodicity in the gquasicrysta : X :
environment, it may be that thé/® power law would persist hypothesis comes from the Weiss temperatures of these dif-
ferent dilutions, and is discussed in detail below.

to even larger values of’ than for conventional crystalline

spin-glass systems, although approximately 9 at. % is the F|gu(;e 14a) Sht(')t\),'\ﬁ the} It?]w—ter_rl)_iratme Eart of trlle in-
maximum Thb concentration available with this systérs., Vverse dc susceplibiity ot the (@Y xThy)- Ig-£n samples,
ThoMgiasZNe:).® normalized by the experimentally determined Curie constant

In addition to the Tb dilutions discussed above, substitu-c for each concentratioriobtained as described in Sec.

. IV A). Straight lines show the extrapolation of the high-
tions of Gd for Y were also prepared for {Y,Gd,)-Mg-Zn . . :

with several concentrationsin the range between 0.075 and temperature (58T<350K) fit of the Curie-Weiss law to
0.6. The pure Gd-Mg-Zn FCI quasicrystal phase=@.0) theIX(T) data for each c.oncentranon The valugs of the
cannot be prepared via the self-flux methods used for th eiss temperatures _obtamed from the fits are given in _Table
growth of the single-grairR-Mg-Zn samples described in F.' S'T”‘Er dat?j a?]d fits for (Y*a(.;@);/'\\//'g'zn are shown in
this paper The Gd substitutions described above are there- 9. 4( ), and the correspon _mg eiss temperatures are
fore significant in allowing the study of the Gd moment in given in Table lll. Note that fox=0.075 of both Tb and Gd

the quasicrystal environment, where pure Gd-Mg-Zn
Samp|es are not available. TABLE III. Summary of # and Tf for the (Yl,qu()-Mg-Zn

As already describedSec. IV B, measurements of the series.
angular dependence of the magnetization forT; of

Temperature (K)

(Y1-,Gd,)-Mg-Zn have proved useful in the differentiation 0 T
of effects due to crystal electric fields and those due to geo- X (K) (K)
metric demagnetization effects. 0.075 —2.0+0.9

In what follows, we compare magnetic properties of Tb- 015 —5.8+0.2 0.54- 0.05
and Gd-substituted icosahedral Y-Mg-Zn. The dc magnetiza- 5 —21.0+0.2 220+ 0.0%
tion shows a similar behavior to the (Y, Th,)-Mg-Zn data 0.60 —23.6+0.2 2 80 0.09

shown in Fig. 13, and the values ©f obtained as described
above are shown in the inset to Fig. 13. As for the Tb sub#Position of the maximum in zfg(T).
stitutions, T is lower for the smaller Gd concentration. How- PPosition of the maximum iny,(T).
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2
(e I0+D Weiss behavior a few Kelvin aboVE; is indeed due to the

preformation of antiferromagnetic clusters, as suggested in
6f o © 1 Sec. IV A.
B g As can be seen from Fig. 14, for similar magnetic rare-
g 4 o, 1 earth concentrationg, the Gd-containing samples have a
;; " o larger Weiss temperature than the Tb-containing samples
ol * O ] (e.g., forx=0.50, #= —21.0 K for the Gd substitutions, but
° 0=—13.4K for the Tb substitutions consistent with de
" Gennes scaling of the antiferromagnetic interacti@e® be-
(_)30 _2'0 _1‘0 0 low). However, as described abovE, is lower for the Gd-
0 (K) containing samples. To examine this more systematically,

the de Gennes scaling of the Weiss temperatures of the

FIG. 15. The Weiss temperatufa) and the spin freezing tem- R-Mg-Zn, (Y;_,Tb)-Mg-Zn, and (Y,_,Gd,)-Mg-Zn
perature(b) vs the de Gennes factor f&®-Mg-Zn (solid circles:  samples is illustrated in Fig. 1&. The data appear to fall
R=Tb, Dy, Ho, and Ex, (Y,_,Th,)-Mg-Zn (open squargsand  onto a single ling(with the mild exceptions of Ho-Mg-Zn
(Y1-xGd,)-Mg-Zn (starg. Lower panelc) shows the spin freezing and Dy-Mg-Zn that seem to have slightly smalevalues
temperature vs the de Gennes factor for the same compounds. Ehan might be expected from the de Gennes scaling of the
emental symbols along the top @ indicate the de Gennes factor other compounds Note in particular that the Th and Gd
for the ternanyR-Mg-Zn compoundsT; values are from peak in zfc  djlutions follow the same de Gennes scaling. However, panel
dc magnetization, except .folr. Ho-Mg-Zn and Er-.Mg-Z.n, which are (b) of Fig. 15 illustrates the smallefT; values for
taken from ac susceptibility data shc_>vy_n in F!g. 10, and(Yl_Xde)—Mg-Zn than R-Mg-Zn or (Y;_,Tb)-Mg-Zn
(Y0855 19-Mg-Zn taken from ac susceptibility data in Table lll. - comn6unds with similar de Gennes values. This is perhaps

most clearly illustrated in Fig. 16) that shows the relation-

dilutions, subtraction of the temperature-independent suscephip between observed spin freezing temperatures and ob-
tibility due to Y-Mg-Zn (see Fig. 2 slightly alters thed  served Weiss temperatures. The Weiss temperatures of the
value obtained from Fig. 14, this difference being reflected inGd dilution compounds de Gennes scale with the other com-
the slightly larger uncertainty in these two figures. This subfounds, reflecting thad is a measure of the strength of ex-
traction did not affect the larger magnetic rare-earth concenehange interaction. However; appears to depend on more
trations. than just the strength of the exchange interaction, and for

The inverse susceptibility data shown in Fig. 14 are parsimilar 6 values the Gd dilution compounds have signifi-
ticularly illuminating when considering the low-temperature cantly lower T; values than either R-Mg-Zn or
deviation from the Curie-Weiss law as discussed previouslyY,_,Th,)-Mg-Zn [Fig. 15c)]. Note also, that despite the
with respect to the data in Fig. 3. We note that the deviationsmall deviations of Ho-Mg-Zn and Dy-Mg-Zn from de
are smaller for smaller rare-earth concentrations, and are al$dennes scaling of [Fig. 15a)], these two compounds lie
present for the Gd dilutions. Neither of these effects wouldheatly on the singld; vs 6 line defined byR-Mg-Zn and
be expected if the deviations were due to CEF effects. Thesgr,_,Th,)-Mg-Zn in Fig. 15c).
act on single ions, and hence should not show a concentra- Figure 1%c) clearly shows that for comparable coupling
tion dependence, and also would not affecGibns, for  (as manifest byy) the Gd series ha%; values a factor of 2
which the orbital angular momentuin=0. These data are smaller than the other moment-bearing members. These data
therefore strong evidence that the deviation from Curiestrongly suggest that the magnetsotropy of the Gd local



PRB 59 MAGNETIC AND TRANSPORT PROPERTIES P. . . 319

moments leads to a lowel; than might otherwise be ex- V. DISCUSSION
pected from the de Gennes scaling ©f of the other
R-Mg-Zn compounds. This implies that both the aperiodicity ) .
of theR-R distances@ndthe local CEF anisotropy contribute R-Mg-Z'n samplgs(Flg. 3 show no evidence for long-range
to the value ofT;. A similar behavior has also been ob- magr_letu? ordering of the rare-earth_ moments, even vyhen
served for the spin-glass systems of Y and Sc doped with TEONSideringd(xT)/dT (Ref. 5 (proportional to the magnetic
and G2° More generally speaking, the non-CEF-split Gd contnbutpn to the_ .sp%mflc.—hegt capacny close to an gpnfer—
moment is anticipated to lead to a Heisenberg spin glas§omagnetic transitioR? this is a particularly sensitive
while the CEF-split Tb, Dy, Ho, and Er moments will be method to expose antiferromagnetic transitjonBurther-
non-Heisenberg. Since the point symmetry of the rare-eartflore, neutron-scattering experiments using crushed Tb-
site(s) is as yet unknown, we do not know the nature of theMg-Zn single grains show no evidence for long-range mag-
anisotropy; i.e., we do not know if the sites are Isidgy, netic ordering below 20 R However, weak peaks in neutron
or of some more complex nature. The factor-of-2 differencescattering results from rapidly cooled polygrain
between the Heisenberg-like Gd series and the othefbgMgsZns, samples, with a propagation vector of
moment-bearing rare earths is close to the factor of 3 seef},0,0,0,0,0, were reported in Ref. 4. This observation lead
between Heisenberg and Ising systéths. the authors to suggest that there is indeed a magnetic order-
ing of sorts above the spin-glass freezing temperdtine
note, however, that thR-Mg-Zn phase diagram is particu-
larly rich, and other crystalline second phases may be re-
The electrical resistivity of the single-graiR-Mg-Zn  sponsible for the apparent long-range magnetic ordering ob-
samples R=Y, Tb, Dy, Ho, and Ey is shown in Fig. 16 served in neutron-diffraction studies of polygrain samples.
(note the vertical axis breakThere is a good agreement One possible candidate is discussed in the Appendix to this
between the measurements of the three different Y-Mg-Zipaper. As suggested in Ref. 5, it remains an open question as
quasicrystals, giving confidence to the absolute value orE) whether the icosahedr®-Mg-Zn phase has a width of
151+4 u€) cm at 300 K. These values are a factor of almostigrmation, and whether there is composition dependence to
7 smaller than previous values obtained for polygraine |ong-range magnetic order claimed by Charrier, Oulad-
Y-Mg-Zn samples?’ likely due to the absence of grain- giaf, and Schmitf. Even so, long-range magnetic ordering in

boundary scattering in our single-grain samples. The resigg,q R-Mg-Zn quasicrystals must be considered at best frag-
tivity p is weakly temperature dependent, with a small nega,

. . . 2 ~ile, if not spurious. In addition, we note that deviations from
tive dp/dT. Temperature dependence of this type is typlcalCurie—Weiss behavior for temperatures just above the spin
for icosahedral Al-Li-Cu (Ref. 249 and for a quasi- P ! P

periodic direction of decagonal Al-Cu-C(Ref. 25 and free_zmg tranS|_t|on are mosF probably assomgted with prefor-
AL-Ni-Co.25 mation of antiferromagnetic clusters, and is by no means

The magnetic rare-earth-bearifiRyMg-Zn quasicrystals €vidence for long-range magnetic ordering. _
(R=Tb, Dy, Ho, and Erhave higher resistivities than that of _ There_|_s, h_owever, conS|_derabIe evidence for a spin freez-
Y-Mg-Zn. As can be seen in Fig. 16, all follow a similar N9 trfinS|t|on in t-he magnetic rare earth containidg-Zn
temperature dependence, with the Tb-, Ho-, and quuasu:rystals, witiT'; between 1.35 and 5.8 Ksee Table)l
containing quasicrystals having room-temperature resistivityn particular, we note that the observation of a sharp negative
values of approximately 18 cm, Er-Mg-Zn having a anomaly iny(T) (Fig. 9 for temperatures just abovk is
value of 170u£) cm, whereas Y-Mg-Zn has a significantly very compelling evidence to classify these materials as spin-
lower value of 150u{) cm. These differences may be due to glass systems. The spin-glass behavior arises from massive
additional scattering from the rare-earth momefaithough  frustration of the magnetic interactions, this frustration prob-
a difference of 40 cm between the resistivity of ably having its origin in part in the multiplicity oR-R dis-
Y-Mg-Zn and Th-Mg-Zn is difficult to reconcile with spin- tances in the quasiperiodic environment. For all of the
disorder scattering or to differences in the electronic struc- R-Mg-Zn quasicrystals studie@hcluding the Th and Gd di-
ture of these compounds. There are no discernible features laotions in Y-Mg-Zn Weiss temperature®) scale with the
the resistivity of the magnetic rare-earth-containing samplesle Gennes facto(Fig. 15, reflecting the fact thab is a
at the spin freezing temperatufig, in agreement with the measure of the strength of the exchange interaction. How-
results of previous investigations probing(T) in spin  ever, the rare-earth concentration dependencé&;dbr Tb
glassedsee, for example, Refs. 27 and)2Bresumably, for and Gd dilutions in Y-Mg-Zn suggests that single-ion CEF
T<T; the frozen-in randomness of the magnetic moment®ffects have significant effects on the freezing temperature.
still significantly contributes to the resistivity. Specifically, the non-CEF-split G(Heisenbery system has

Also shown in Fig. 16 are the resistivities of three of thesignificantly lower(by a factor of 2 freezing temperatures
(Y1_4Tb,)-Mg-Zn samples X=0.33, 0.50, and 0.88 The than the comparable CEF-splihon-Heisenbengsystems.
resistivity increases with Tb concentratianalthough it is  Recent results of muon spin-rotation experiments show ad-
not clear how much of this increase is due to additional spinditional evidence for significant CEF effects in Th-Mg-Zh.
disorder scattering from the Tb moments, how much is duét should be noted that the observation of an isotropic bulk
to the additional static disorder arising from the rare-earttmagnetization forT>T; (Fig. 4 does not preclude these
substitution, and how much is due to changes in the elec€EF effects, as the observed bulk magnetization is probably
tronic structure. Note that the Tb substitution also appears tan average over many different rare-earth sites in the quasi-
slightly affect the temperature dependenigd T (Fig. 16). crystal structure.

Magnetization measurements of high-purity single-grain

G. Electrical resistivity



320 I. R. FISHERet al. PRB 59

VI. CONCLUSIONS 30000 —————— : ——

Our detailed experimental investigation of the magnetic - Tb-Mg-Zn ..';'
and electrical-transport properties of large, high-purity, well- 25000 - Rhombohedral phase . & -
ordered, self-flux grown, single-grain icosahedral quasicrys- : ..°o °
tals in theR-Mg-Zn (R=Y, Tb, Dy, Ho, and Ef system ~ 20000 |- 0 .
leads to the following results. Based on the dc magnetization g H1[111] ..o; ° H|[111] |
measurements, no evidence was found for a transition to a g) 15000 1 ..0 ° |
ground state with a long-range magnetic order in the tem- ~ ..' %0 H{ 111 T
perature range between 2 and 300 K. For icosahedral I °® ooo,\ fq ]
R-Mg-Zn containing magnetic rare earths, the occurrence of 10000 o°° £ 200 [
an irreversible behavior of the dc magnetization and of a @1000 77 Dy
sharp cusp-type anomaly in the ac magnetic susceptibility at 5000 E ;___fyw’j 4
varying temperatures below 5.8 K indicate a spin freezing. H = 1000 Oe TS 0 s
Time-dependent relaxation of the dc magnetization below o T T®
the freezing temperaturd; and a prominent negative 0 100 200 300
anomaly in the third-order ac magnetic susceptibility near Temperature (K)

reveal the spin-glass nature of this spin freezing. The electri-
cal resistivityp is only weakly temperature dependent with a
negativedp/dT. The absolute values gf fall in the range
between 150 and 20m() cm, indicating that the charge- . . .
carrier concentration must be fairly large compared to that o pplied both perpendiculasolid Symb9l$ a.nd parallefopen sym-
other thermodynamically stable icosahedral quasicrystal .Ols) o the .[111] rhombOhedr"’.‘l direction. ‘Inset shows low-

. lemperature inverse magnetization for both Th-Mg-Zn and Dy-
The frequency dependence of the temperature at Whlcj\}\g-Zn rhombohedral phases, with magnetic field applied parallel to

. . )
ma}XIma in thex,{T) curves gr_e c_entered and _tﬁ'e/x’ 111]. Arrow indicatesT. for rhombohedral Th-Mg-Zn estimated
ratios both lead to a classification of the icosahedrakom resistivity p(T) data(Ref. 3.

R-Mg-Zn containing magnetic rare earths as the RKKY spin

glasses with a moderate interaction. Abdvye the dc mag- . .
netization is isotropic within experimental resolution sug-'0rm from the ternary melt. Powder x-ray diffraction of

gesting the existence of many different rare-earth sites. £"ushed single crystals indicated that this phase is rhombo-
comparative analysis of the magnetic properties of icosahdiedral, with cell constants ciz=16.95A anda=96.07"
dral (Y;_,Th,)-Mg-Zn and (Y,_,Gd,)-Mg-Zn reveal that While electron microprobe analysis indicated a composition
crystal-field effects significantly increase the freezing temfor the Tb-containing rhombohedral phase of approximately
peratureT; of the non-Heisenberg-like Tb series over the ~ Th;Mds;1Zng, (quite close to the composition of the icosahe-

FIG. 17. The inverse magnetic susceptibility of the rhombohe-
dral Tb-Mg-Zn phase, measured in an applied field of 1000 Oe

values of the Heisenberg-like Gd series. dral phase: T¥MgzsZns).2
The dc magnetic susceptibility of the Th-Mg-Zn rhombo-
ACKNOWLEDGMENTS hedral phase measured in a magnetic field applied parallel

) ~and perpendicular to thgl11] rhombohedral direction is
We would like to thank A. I. Goldman, C M. Soukoulls, shown in Fig. 17 as the plot of ~* vs T. The Curie constant
2nd R.W. dl\;c(lialllumf forhm_any usefull dlsckussmrk]]s, M. J.pased on the polycrystalline average obtainedTforL00 K
ramer and Z. Islam for their structural work on the ICOSa-i5 consistent with the mass per Th ion obtained via elemental
hedral and rhombohedral compounds, and M. J. Sailer fo nalysis. The magnetization has an easy axis alonfltH
help in sample preparation. This work was in part supporte rhomboﬁedral direction, with a small, positigevalue, indi-
by the Schweizerische National fonds zurderung der wis- ) ) ’ all, post ’
ocratmg predominantly ferromagnetic coupling between mag-

the U.S. Department of Energy under Contract No. W_7405_netic moments. The hard plarigerpendicular td111]), on

Eng-82. This work was supported by the Director for Energythe othgr _hand, h_as a sma_ll negatﬂ/,_emdlcatlng antiferro-
Research, Office of Basic Energy Sciences. magnetic interactions. The inset to Fig. 17 showsxthé(T)
data on expanded scales fofll[111] (easy axis Also
APPENDIX: A CLOSELY RELATED CRYSTALLINE shown in the ins_et are thg 1(T) data f(_)r rhombohedral
R-Mg-Zn PHASE Dy-Mg-Zn. Prommen.t features at approxmatel_y 14 e_md. 9K
for Th- and Dy-containing compounds, respectively, indicate
We note that th&R-Mg-Zn ternary phase diagram is par- a magnetic transition with some ferromagnetic component,
ticularly rich. In Ref. 3, attention was drawn to a particular however,M (H) isotherms at low temperaturésot shown
R-Mg-Zn crystalline phase that has a close composition tandicate that the transition is not purely ferromagnetic. A
the icosahedral phase. This crystalline phase, which is not phase transition at 14.2 K has previously been inferred from
periodic approximant of the icosahedral phase, might be a sharp upturn in the zero-field electrical resistivity of rhom-
significant second phase in rapidly cooled growths. Thebohedral Th-Mg-Zr consistent with the magnetization data
structural and transport properties of this phase were reportegshown in the inset to Fig. 17. The temperature at which the
in Ref. 3. Here we briefly discuss the magnetic properties. upturn in the resistivity occurs is higher in larger applied
Similarly to the quasicrystallineR-Mg-Zn phase, the fields?3
crystallineR-Mg-Zn phase was also grown in single-crystal ~ As evidenced by x-ray-diffraction studisjuclear peaks
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from the R-Mg-Zn rhombohedral phase cannot account fortor that is not commensurate with the nuclear order. The
all of the weak magnetic peaks reported for polygrainpresence of this compound may explain some of the sharp
R-Mg-Zn quasicrystalline samples in Ref. 4. However, inmagnetic peaks that Charrier, Ouladdiaf, and Schradtild

low fields the magnetism does not appear to be a simpleot index, and the additional presence of other crystalline

ferromagnetic ordering, and therefore may have a wave veghases cannot be ruled out.
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