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Magnetic and transport properties of amorphous Tb-Si alloys near the metal-insulator transition
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The magnetic and transport properties of amorphoySiTb, alloys forx near the metal-insulator transition
(=~0.14) have been studied as a function of temperature, magnetic field, and composition. Local Th magnetic
moments act to localize extended-state carriers at low temperatures, similarly to Gd, causing a sharp drop in
conductivity as a function of temperature. The spin-glass freezing seen in amorphous Gd-Si alloys is drastically
affected by the randomly oriented local anisotropy of Th; amorphous Th-Si alloys show a broad poorly defined
susceptibility peak and a strong frequency dependence which is not seen in amorphous Gd-Si alloys. The
magnetic exchange interactions are strong but balanced ferromagnetic and antiferromagnetic, as in amorphous
Gd-Si alloys, with little dependence onand no effect of the metal-insulator transition. The Tb effective
moment in the paramagnetic state shows similar effects to Gd: a peak at the metal-insulator transition due to
polarization of carriers and suppression below the expected value far from it.
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[. INTRODUCTION S=3,L=3,J=6, hence also a large local moment but with
strong local anisotropydue toL+#0) which is randomly
The behavior of amorphous rare-earth—Si alloysoriented in the amorphous structure.
(a-RE-Si) at the metal-insulataiM-1) transition is of sig- The enormous MR as well as the spin-glass freezing and
nificance as an example of the dramatic effects of introducstrong inter-rare-earth magnetic interactions are believed to
ing magnetic moments into a semiconducting materialpe related to an exchange interactiby between the local
Transport measurements aGd-Si show strong localization rare earth magnetic moments and the conduction electrons.
of extended-state carriers caused by the presence of the_ @S metals such as crystalline Gd and GgSl; results in an
local moments and many orders of magnitude negativg,girect(RKKY ) exchange interactiohbetween the Gd ions
magnetoresistance’. This extre_mely large magnetorgss— with a magnitude proportional mﬁf and a sign which oscil-
tance (MR) has a!lowed tnneling spectroscopy §tud|e§ OfI tes with distance between the iodsis ferromagnetic for
the electron density of states through the three-dimension . . :
d (Curie temperaturel .=293 K) and antiferromagnetic

M-I transition on a single sample for the first tiMeélhe . , . .
localizing effects of the Gd local moments and the negativc:Ior GdSp, (Neel temperatureTy=27 K). In crystalline

magnetoresistance occur below a characteristic temperatuf@Sk: the exchange interactiahis also antiferromagnetic
T* which is of order 50—100 K. Magnetic studies show With Ty=16 K. These Nel temperatures scale with the ratio
. . . 2 .

strong balanced ferromagnetic and antiferromagnetic exof the de Gennes factor g¢1)<J(J+1) (Gd:Tb
change interactions which suppress the magnetization weli5.75:10.5-1.5); one piece of evidence that RKKY is the
below the noninteracting Brillouin function and lead to a €xchange mechanism. Disorder alone does not change the
spin-glass freezing at temperatures below 1@dépendent nature of the interactionsi-Gd,Ge, _, is ferromagnetic with
on compositioin* The effective momenp,y; in the paramag- T.>150 K forx>0.58 Evidence from measurements on ter-
netic state above the spin-glass freezing shows a surprisimary a-(Gd, Y, _,),Si; -, (Ref. 9 suggests that an indirect
composition dependence, with a large peak at the M-I tranRKKY-like exchange mechanism is also the source of the
sition and a significant suppression away from thisstrong magnetic interactions e-GdSi; _, for x<0.2, de-
compositiorf Optical properties show strong effects of the spite the localizing of the conduction electrons, as long as the
correlated electron behavior near the M-I transition, withlocalization length exceeds the inter-Gd distance. An indirect
nonspectral weight conserving shifts out to surprisingly highRKKY-like interaction ina-Th,Si; _, alloys is likely to be
energy(1 eV).® All of these properties indicate the nontrivial similar to that of a-Gd,Si;_, alloys due to their similar
effects of local magnetic moments on the correlated electroatomic structure and ionic radius, with the strength expected
state found near the M-I transition. Theoretical studies ofto scale as the de Gennes factor. However, due to the nonzero
these materials to date indicate the importance of lattice pa-=3, a-Th,Si; _ is expected to show the influence of ran-
larons and of the strong effect of the spin disorder on thalom anisotropy on magnetic properties.
carrier wave functions via a local moment-carrier exchange In a-Gd-Si, the conductivity depends on the presence of
interaction®” the magnetic Gd ion below a characteristic temperaftfre

To date, nearly all data have been takenas®d-Si al-  Above this temperature, the conductivitiesaeGd-Si and its
loys. Gd is a 4'5d'6s? atom, virtually always trivalent. The nonmagnetic analog Y-Si are nearly identical. Below it, the
Gd** ion has a large momedt=S=7/2 andL=0 due to the  conductivity of a-Gd-Si plummets below that od-Y-Si of
half-filled f shell; hence single-ion anisotropy is negligible. similar composition and we find large effects of a magnetic
Tb is a 485d'6s? atom, also nearly always trivalent and field. One of the crucial unanswered questions is what physi-
with nearly identical ionic radius to Gd. The ¥bion has  cal property and what interaction determifiés In the crys-
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talline dilute magnetic semiconductors, the energy scale is : T ' ' T
set by the polaronic binding energy, which scales with both -—
the strength of thesd exchange in those materials and the
Coulomb binding of an electron to the impurity donor ion. ~ 0:010
While this model cannot be directly applied to the present
materials, due to their much higher concentration of elec-g 0.008
trons and consequently higher electron/local moment ratio, it '
might nonetheless be anticipated th&t would similarly g 0.006 4
scale withJgs and hence should not depend strongly on the £
rare earth; this would be consistent with the models pre-3; 0.004
sented in both Refs. 6 and 7.

In this paper, we present work on the transport and mag-  0.002
netic properties ofa-Th,Si;_, alloys. The purpose of the
work is to determingl) the dependence of the characteristic 0.000 4+— — — W ==
temperaturél* on the rare eartiRE) ion, (2) the composi- 0 50 100 150 200 250 300
tion dependence gi.¢; in another rare-earth—Si syste(B) Temperature (K)
the strength of the Th-Tb exchange interactions and if they
scale as the de Gennes factor, as in simple RE metalgdand  FIG. 1. xqc andxac for Thy 1335i0.867- xac Was measured in 100
the effects of the random anisotropy of Tbh on the magneti©®; applied either after coo_lir(gero field cooleglor at 300 _K(f_ield
properties such as the spin-glass state. We have therefof@0€d. xac was measured in a 406 Hz, 5 Oe ac magnetic field. The
measured the temperature and field dependence of magneltile is @ Curie-Weiss law fit abov&;. Inset: same data on an
zation M (T,H), low-field susceptibilityy(T), and the tem- €xPanded scale.
perature dependence of the conductivity(T) for
a-Th,Si; _, alloys as a function of Tb concentration

frequency. The shift in freezing temperatuxd@; /T per de-
cade of frequency foa-Gd-Si was shown to be 0.04, similar

to the classic spin glasses, and the increase in peak height
[l EXPERIMENTAL RESULTS with decreasing frequency is of order 1%cor a-Tb-Si,

Samples are made by electron beam coevaporation und?rTf/ Ty is only slightly larger(0.067, but more importantly,

UHV conditions onto amorphous Si-N-coated Si substrates f IS _poorly deflned.and the shift lnopeak helght with de-
held near room temperature. Compositions and Tb and G reasing frequency IS enormousSB %). This frequency
concentrations (atoms/@nwere determined by Rutherford ep]?nder_ll_ct)esgxg!alnls thﬁ.lirge d|{ferenc_e kz;tj”/e‘?ds.[l_ra;]r.'d
backscatterindRBS). The thickness is 4000—5000 A, mea- Xac or a-Tb-Si (Fig. 1), which is not seen i-Gd-Si- This

sured by Dektak and confirmed by RBS. ac and dc suscept strong frequency dependence below the nominal freezing

bility ( yac and yqy) and magnetizatioM (H,T) were mea- emperature continues into time scales normally considered
ac C. ’

i i : - dc, idenced by the discontinuity seeryig at 4.6 K; at
sured using a superconducting quantum interference devn%c. as evi
(SQUID) magnetometer. this temperature the SQUID magnetometer takes nearly 15

Figure 1 showsy versus temperatur® (1.8—300 K for min to stabilize temperature, compared to 2—3 min at other

) ) = . . temperatures. During that 15 min, theTb-Si ZFC magne-
a-Th,Si; _ for x=0.133. xqc is defined aM/H and was Hzation in 100 Oe relaxes appreciably to the FC value; this

measured at 100 Oe; data are shown for zero-field-cooled .o\ o id(minutes relaxation below the freezing tem-
(ZFC) and field-cooledFC) states.y,. was measured in an yrap 9

ac field of 5 O€g(in zero dc field. A temperature-independent

constant due to core, substrate, and SQUID magnetometer
background contributions has been subtracted from the rav ~ 2-90607 AAAA Aaa A ’
data. Comparing these data with the dataae®d,Si;_,,* 1 A A A,
the difference is striking. Thea-Gd,Si; , data indicate a 0.0055- A .
classic spin glass, with a sharp peakjygp. at a freezing & AA AL,
temperaturel; and a small but significant shift inygc(T) o 0.0050- AL A A 1
belowT;. Thea-Tb-Si data show a broad peak 3. and a S ' AL vV
large difference betweegp,; and y4. below this broad peak. 2 A, vy v

Figure 2 showsy,. of a-Thy10Siygg7 ON an expanded & 0.00451 N v v A .
scale for different measurement frequenc{@§—950 Hz. = ] & AR XA /
The peak height increases and shifts to lower temperature ;5940 v v V vV 2 12?512.
with decreasing frequency, consistent with previous results vv ' VvV 40BHz
on a-Gd-Si alloys and with classical spin glasses. However, Ly . . __ ¥ 947hz
in a-Th-Si, the peaks iny,. are very broad, with a poorly é g'; 1'0 1'1 1'2 13

defined freezing temperatuilg, and the height is strongly
frequency dependent. By contrast, in earlier worlae@d-Si
films, xac was shown to be quite sharp with a small but FIG. 2. y,. vs T for a-Thy 10Siy 597 at different frequencies in a
characteristic dependence of peak height and position witb Oe field.

Temperature (K)
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0.012 T — T T T T TABLE |. The compositiorx in a-Th,Si; _, and the number of
0.012 Tb atoms/crm determined by RBS{ was less than 0.4 K and was
0.0104 0.010 therefore taken to be zero for all compositipns
0.008 Composition nrp, (Th atoms/cr)
0800 0.006 ]
< ' 0.103 4.856 10°*
2 5006 0.004 0.123 5.73x 107
g 0.0064 l o
5 0.002 0.133 6.164 1
2 0 0.164 747K 107
o 0.004 o 10.3%
s B 123%
0.002- ¢ 1=28% —14 at% RE) and drops significantly when samples are
A BARA A A 1645 strongly insulating or metallic. The values pf for the
0.000 -0 Y8868 expected TB" and G&* are shown with arrows in Fig.(8).
0 50 100 150 200 250 300 Figure 5 shows the freezing temperatuf; for

a-Gd,Si; , anda-Th,Si; _, (defined as the peak ig,., as

Temperature (K)

measured at either 135 Hz or 406 Hz; the shifts with mea-

FIG. 3. yqo Vs T for x=0.103-0.164 measured at 100 Oe after Surement frequency are small on this sgahthoughT; for

cooling © 2 K in zero field. The data below the freezing tempera-
ture are strongly time dependent. Inset: same data on an expande
scale.

—

X

perature is not seen i@Gd-Si. O
Figure 3 showsyy. versusT (ZFC) for four samples of
a-Th-Si of different composition. All samples show a peak in
the susceptibility indicative of some type of magnetic freez-
ing, but below the peak show a strong time dependence =
including the discontinuity at 4.6 K discussed above. The g
freezing temperature, defined as the peak in the susceptibil 2
ity, depends very little on composition. The data above the S
magnetic freezing temperature are independent of measure 3

ment frequency for all samples.

Most significantly, as found i@-Gd-Si, the susceptibility
in the paramagnetic state above the freezing does not in 3
crease monotonically with composition as would be ex-
pected. In particulary for x=0.133(near the M-I transition
has higher susceptibility thag for x=0.164. Data for the

3

~

3]
=
G
=
=

(2]

Curie-We

paramagnetic state for all samples were fit to a Curie-Weiss  10.0 T —— —————T
law y=A/(T—#6). In this expression, the Curie-Weiss con- s I 972 (b)1
stantA=npZ;u5/3Ks, Wherepe; is the effective moment, & 9:5- .
6 is their average net interaction, ands the number of Tb & T
atoms/cm, determined by RBS(Note that RBS determines & 907 7
atoms/cm, which is divided by thickness to obtain t;ﬂ) ]
atoms/cm; however, this same thickness is then used to cal-'= 857 A4 T
culate the sample volume. Thickness is therefore cancelelg ] /
. . 804——7094 -

out of this calculation ofg¢; from y and only sample area ] \
plus atoms/crhfrom RBS is required.The composition and g 25 A — A 2.Gd-Sil
n are shown in Table 16 for Thb-Si sample is less than 0.4 K; g ] A aTbSi
it was therefore simply taken as zero in the fits. Babd-Si, 2 704 i
0 ranged from O to a maximum of 2.5 K, small but signifi- ¢ ]
cantly larger thara-Tb-Si. "§ 654 & N a

The effective moment in the paramagnetic staig; 5 :

shows a strong dependence on composition, as was seen
a-Gd-Si, and is less than the expected value forxalFor
Tb®*, L=S=3, J=6 moments, pes;=9g[J(J+1)]*?
=09.74. The magnitude oA and the effective momerge;
for a-Gd,Si; _, anda-Th,Si; _, are plotted in Fig. 4pg; iS
largest for samples near the M-I transition~12
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FIG. 5. Freezing temperatufig vs composition foma-Th-Si and

a-Gd-Si.Ty is defined from the peak ig, at either 406 or 135 Hz. FIG. 7. Normalized magnetization vs field farTb-Si of differ-

ent composition and foa-Gd, 13550y gs5 at 4 K. Mg for the 4

a-Th-Si alloys is poorly defineddue to the breadth of the a-Th-Si samples shown is 405, 478, 514, and 623 emtiam 403

peaks, it is clear that the magnetic freezing occurs at muchfor the Gd sample, assuming trivalent®fband Gd* and RBS-
higher temperatures than ferGd-Si alloys; it is also not determined concentrations shown in Table I.

s_lgnlﬁcantly dependent on composition. These are |nd|c§1ét these relatively high fieldM (H)/Mq is larger for the

tions of the crucial role played by the local random magnetic

. ; . . : a-Th-Si samples than foa-Gd-Si samples, which initiall
z;n:sotropyLaéO in the freezing as will be further discussed suggests Wgaker anti-ferromagneticp interactidid (H) y
elow.

A o closer to the noninteracting Brillouin functibrHowever, an
Figure 6 shows the high-field dataM(H) for  gyamination of the Brillouin functions for F6 and Gd*
Tho.128500.877, at several temperatures. The small backgroungnows that these observadi(H) data are in fact nearly ex-
magnetizatiorM (H) measured at 300 K is subtracted from actly equivalently suppressed below the noninteracting
all data.M(H) does not saturate in fields up to 50 kOe evenn (H) values. To make a crude estimation of the strength of
at 2 K and values are significantly below the expected satuinteraction, the observed (H)/Mg at 50 kOe and 4 K re-
ration magnetization. These results are identical to what waguires an equivalent field of 2780 Oe and 2825 Oe for
seen ina-Gd-Si and indicate the presence of strong antifer-a-Th-Si anda-Gd, 13:Si) 65 Which means an antiferromag-
romagnetic interactions. netic interaction strength of order 47 220 Oe and 47 175 Oe,

Figure 7 showdM (H) at 4 K for severab-Th-Si samples respectively, virtually identical numbers. The exchange inter-
normalized to the expected saturation vallk,&ngJug), action was expected to be proportional to the de Gennes
along with a Gg1.Siy gs Sample. For the-Th-Si alloys, all ~ factor (—1)?J(J+1) whereg is the Lande factor andthe
the data coincide, showing an independence of compositiofPtal angular momentum. The difference of the de Gennes

factor for a-Th-Si anda-Gd-Si is more than 33%, while the
difference of the interaction strength estimated from the

2004 3 - M(H)_ data is negljgible. We _concl_ude therefore that the in-
lgl teraction strength is not scaling with the de Gennes factor.
l” . Figure 8 shows the conductivity versus temperature for
100 4 L a-Th-Si anda-Gd-Si samples of various compositions. Con-
't L * ductivities were measured by Van der Pauw four-point-probe
e - measurement fra 4 K to room temperature. Faa-Gd-Si,
< 0 " x'é the M-I transition occurs between 14 and 15 at. %°Gdom
& ++:=- the present data, the M-I transition farTb-Si occurs be-
= 1004 L5 +..- | tween 13.3 and 16.4 at. % Tb, aflsased on the high value
L5 st x 2K of o at 2 K for the 16.4 at. % samplés likely to be close to
A‘ﬂ o 4K 14 at. % Th, as foa-Gd-Si samples. Again we see a charac-
200 4%° A 10K | teristic temperaturd* below which the conductivity drops
+ 30K sharply; qualitatively, this temperature does not appear dif-
60000 40000 20000 O 20000 40000 60000 rerentfora-Gd-Sicompared t@-Tb-Si.
H (Oe) 1. DISCUSSION

FIG. 6. M(H,T) for a-Thy ;1,50 g77 for various temperatures

from 2 to 30 K.

A comparison of magnetization and conductivity proper-
ties shows thaa-Tb-Si has very similar behavior ®Gd-Si,
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550 transition, much as we see here, and a characteristic tempera-
500 ture dependencg proportional toT“ wherea ranges from 1
450 - in the insulating low-doping limit(Curie law to 0 in the
4004 metallic high-doping limit(Pauli susceptibility.’* In P:Si
. 350 and related materials, the susceptibility is comparatively
T 100 small; the only moments are related to electron states near
[&] . .
3 250 the Fermi energy witts=1/2, and the overall electron con-
© 200 centration is of order 6 cm™3, much smaller than in the
150 ] present materials. In the present magnetically doped semi-
100.] conductors, there are both local rare earth moments and lo-
] calizing conduction electron moments which interact with
50 the local rare earth moments. The susceptibility is large, the
0 i change in effective moment is large, due in part to the in-
0 50 100 160 200 250 300 creased moment per ion, and the temperature dependence is
Temperature (K) Curie like (= 1) for all concentrations. The interacting rare

earth magnetic moments are close together and hence do not

FIG. 8. The conductivityr vs temperature for-Th,Si;_, (X form the singlet states which are the essence of the Bhatt-Lee
=0.164, 0.133, 0.123, and 0.102 for T1, T2, T3, and T4, respecmodel for P:Si, instead interacting via an RKKY-like inter-
tively) anda-GdSi; -, (x=0.15, 0.14, 0.13, and 0.11 for G1, G2, action. The Bhatt-Lee model should therefore not be ex-
G3, and G4, respectively pected to applies in a quantitative way. Nonetheless, we sug-

gest that part of the model applies: specifically that singly

with similarly large effects of local moments on low- occupied states occur near the Fermi energy and are polar-
temperature transpotbelow T¢) and qualitatively similar ized by proximity to the rare earth ions, analogous to the
magnetic properties. High-fieldl (H,T) show a strong sup- interactions which give rise to the susceptibility peak in P:Si
pression of magnetization below the noninteracting Brillouinat the M-I transition.
function and a large high-field susceptibility, indicative of  Far from the M-I transition, the reduced valuemf;; we
strong magnetic interactions. Local random anisotropy duguggest could be due to polarization of Si local dangling
to L#0 RE ions such as Tb suppresses the magnetizatiobond states surrounding the Gd or Th and antiferromagneti-
compared to alloys containing=0 Gd ions in many RE cally coupled to the RE. To the best of our knowledge, there
alloys!® The fact that the normalized magnetization ofis no direct evidence for this suggestion, but the presence of
a-Tb-Si is comparable at a givehandH to that ofa-Gd-Si  dangling bond states and their magnetization in an applied
(both are similarly reduced compared to the noninteractindield has been seen mSi.!! Local density functional simu-
Brillouin function) suggests that the Tb-Tb interactions arelations of a-Y-Si suggests that Y atoms are surrounded by
comparable to the Gd-Gd interactionsarGd-Si, inconsis-  cages of dangling bond stat¥sX-ray absorption fine struc-
tent with the expected scaling with the de Gennes factoture (XAFS) analysis ona-Gd-Si supports the structural
described in the Introduction. The susceptibility in the paraimodel of rare earth ions surrounded by a Si cage, but show
magnetic state shows a very low net magnetic interactiomo dependence of Si coordination number on rare earth con-
(Curie-Weiss constant<0.3 K), slightly smaller than in tent, which argues against low coordination dangling bond
a-Gd-Si. 6 is a rough measure of the average strength of thetates surrounding the rare earth idh&Vhether there are
interactions, suggesting that in bo#iTb-Si anda-Gd-Si, magnetic states associated with the Si bonds surrounding
antiferromagnetic interactions are nearly perfectly balance@ach rare earth ion is a question which could be addressed
by ferromagnetic interactions leading ®<T; and much directly with electron spin resonan¢ESR measurements.
less than the absolute value of the interactions which are The most significant difference betweenGd-Si and
greater than 29 K*¥ 47 kOe forJ=6). a-Th-Si is seen in the spin freezing. Amorphous Gd-Si shows

The Tb effective momentfrom the susceptibility in the nearly classic spin-glass properties in its temperature and
paramagnetic statshows a strong composition dependencefield dependencéand in its near-perfect balancing of inter-
with a peak at the M-I transition, exactly as seemid-Si.  actions §~0).* By contrast, fora-Tb-Si, the peak in the
The magnitude of the susceptibility in the paramagnetic statenagnetic susceptibility is much broader, strongly frequency
of all other materials with rare earth moments we are awarelependent, and not dependent on composition. The freezing
of increases monotonically as a function of magnetic motemperaturdl is also significantly higher foa-Th-Si alloys
ment concentratiof® Nonmonotonic dependence occurs than fora-Gd-Si alloys. It seems likely that the strong ran-
only when nontrivial effects such as many body correlationgdlom local anisotropy of Tb due to the nonzérés the cause
become important, such as at the metal-insulator transition inf these differences. Random anisotropy could lead to the
crystalline P:Si and similarly doped semiconductors. In thes@bserved strong frequency dependence and relaxation in the
systems, the magnetic moment of the material develops outominally frozen state below the freezing afTb-Si; the
of the magnetic polarization of conduction electrons in sin-freezing in this material, unlike-Gd-Si, is associated with
gly occupied Coulomb states near the Fermi enétgn  single-ion anisotropy effects rather than a cooperative ex-
P:Si, the formation and interaction of these magnetic mo€hange as in a spin glass. In this model, the true freezing
ments results in a susceptibility which has a peak at the M-hssociated with exchange does not occur until a lower tem-
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perature, but this effect is obscured by a single-ionsample. Using this definition ofF*, which depends on con-
anisotropy-driven blocking of the paramagnetic responsecentrationx, T* does not vary significantly between Th-Si
Broadened susceptibility peaks in#0 rare earth systems and Gd-Si, contrary to our own suggestion in the earliest
have been seen befofe.g., Dy-Cy, but to the best of our work on this subject. By contrast, preliminary measure-
knowledge, there is no discussion of an increased frequenayents on amorphous Gd-Ge alloys suggest a strong depen-
dependenc® Measurements of the time dependence ofdence ofT* on the semiconductdf.
magnetization at low temperatures have been used exten- To summarize, we have shown th@d) the characteristic
sively to develop models for spin glasses; such measurgemperature below which the conductivity is strongly af-
ments onL # 0 rare earth systems would allow testing of thefected by the local moments does not appear to depend
effects of random anisotropy. strongly on magnetic iofTb vs Gd, (2) the effective mo-
The zero-field conductivityr(T) shows little difference ment pg¢; in the amorphous Th-Si system shows the same
between Tb and Gd. Previous work on low-temperature condependence on composition as it did in the amorphous Gd-Si
ductivity (below 4 K) has been used to quantitatively analyzesystem, with a strong peak at the M-I transition and signifi-
the M-I transition and the effect of a magnetic field in cant suppression below the expected® Tivalue for both
a-Gd-Si alloys>*1® The purpose of the present work is to metallic and insulating sample$3) the strengths of ex-
look at the higher-temperature conductivity and in particularchange interactions are comparable for amorphous Th-Si and
to attempt to answer the crucial question of what physicabmorphous Gd-Si, in contrast to the different de Gennes fac-
property causes the temperaturé below which the mag- tor, but are still nearly perfectly balanced ferromagnetic and
netic moment of the rare earth ion causes an increased locantiferromagnetic, an@4) the random anisotropy of the
ization of carriers and enormous negative magnetoresistance-0 Th ion has a strong effect on the magnetic freezing,
We have found it difficult in the absence of a quantitativecausing a poorly defined and strongly frequency-dependent
model for the conductivity at higher temperatures to defingransition more reminiscent of a blocking temperature than
precisely a value folf*. We were, for example, unable to the spin-glass freezing seen in amorphous Gd-Si.
find a consistent definition of* for a-Gd-Si alloys which
did not vary with compositior, despite the fact that by eye ACKNOWLEDGMENTS
there is a sharp break im(T). Nevertheless, by comparing
samples of similar conductivitie.g., G1, T2, and T1 in Fig. We would like to thank B. L. Zink, D. R. Queen, K.
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