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We report magnetization, magnetic susceptibility, and specific-heat measurements of amorphous
Gd,Y,Si;__y ternary alloy thin films near the metal-insulatdfl) transition as a function of temperature and
applied magnetic field. Samples of the same magnetic moment concentrhtibmarying conduction-electron
concentrationx+y were measured to test the effect of the MI transition on the magnetic properties. The
effective moment in the paramagnetic stgier Gd atom shows a strong dependence on composition, with a
peak at the Ml transition, independent of the Gd/Y ratio. Addition of Y weakens the Gd-Gd magnetic interac-
tions, consistent with an indirect RKKY-like exchange interaction, despite the localized or nearly localized
nature of the conduction electrons. Specific-heat measurements show further evidence of weakened RKKY-like
interactions in they#0 sample via a spin-glass peak that is shifted to lower temperature, narrowed, and more
field dependent.
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I. INTRODUCTION not saturated even in fields as high as 25 T and still exhibits
substantial susceptibility, indicating antiferromagnetic inter-
Previous magnetization measurements on amorphousctions of strength greater than 2%ah energy scale equiva-
GdSi;_x (a-Gd-S) for compositionsx near the metal- |ent to 120 K forJ=7/2) 8
insulator(MI) transition show strong but balanced ferromag- The effective moment in the paramagnetic state in
netic and antiferromagnetic exchange interactions which-Gd-Siis however unambiguously not Z9, instead drop-
suppress the magnetization well below the noninteractingig,mg to as low as 5.5, and is dependent on composition
Brillouin function and Iea_d to a s_pin-glass freezing at tem- up to 8ug at the MI transition. We have speculated that two
peratures below 10 K. This freezing shows many features 0ﬁéffects are influencing this effective moment: local moments
a classic spin glass including a split between zero field, oo, qjateqd with Si dangling bonds surrounding each Gd ion

cooled and field cooled dc susceptibility anld a weak bu ould be antiferromagnetically coupled to the Gd, acting to
nonzero frequency dependence of the freezing temperature

. reduce the effective momer@nd possibly contribute to the
T (AT¢/T;=0.04 per log decade change in frequenty S o o )
In these alloys the susceptibility in the paramagnetic high-field susceptibility, and a paramagnetigositive) con

state above the spin-glass freezing is well described by Hibution from cpnduction electrons in siqgly occgpie.d !ocal—
Curie-Weiss law: ized states, which peaks at the MI transition as in P:Si. Note
that the latter should not be visualized as localized on a
Y=Al(T—0) (1)  single atomic site, but instead in a state with a finite local-
ization length which will diverge at the MI transition and
with small 8 (<2.5 K and significantly below ; for all x). exceeds the interatomic distances even well into the insulat-
The effective momenp in the paramagnetic statérom A ing state.
=nde2,u§/3kB) shows a striking composition dependence, Specific-heat measurements anrGd,Si; _, show large
with a large peak at the MI transition and a significant sup-magnetic contributions at temperatures below 70 K, with a
pression away from this composition. Related MI inducedbroad peak centered at1.8 T;, which is a common feature
effects have been seen in magnetic measurements on crystaf- spin glasse$:!! Near the MI transition these measure-
line P:Si, but with no spin glass-freezing, and the temperaments also show magnetic entropies above Be.
ture dependence of susceptibility is not a Curie fafv. =RIn(2Jgg+1)=RIn8 expected from Gd moments, sug-
Gd is a 475d'6s? atom, virtually always trivalent. The gesting that carriers localizing at the MI transition contribute
Gd** ion has a large momenl,=S=7/2 andL=0, due to  |ocal magnetic moments to the spin system. Theoretical stud-
the half-filled f shell, hence single-ion anisotropy is negli- ies of the amorphous rare-earth silicon alloys to date have
gible. The effective momemt?=g2J(J+ 1) in the paramag- focused on lattice polarons and the strong effect of the spin
netic state is 7.9z . Because of the strongly local character disorder on the carrier wave functions via a local moment-
of this large spin-only moment, Gd is not significantly af- carrier exchange interactitft> and have yet to explain
fected by its environment, and exhibits values close to thisnany of the observed phenomena.
ground-state moment () and this effective moment In metals such as crystalline Gd and GdSnagnetism is
(7.9ug) in all known metallic and insulating alloys and com- mediated by an indirect Ruderman-Kittel-Kasuya-Yosida,
pounds, with a possible exception observed by electron-spifRKKY ) exchange interaction between the Gd ions, which is
resonance in Gd-doped SmBWe have to date been unable ferromagnetic for Gd(Curie temperaturél =293 K) and
to determine the saturation magnetizatiomi®d-Si, asM is  antiferromagnetic for GdSi(Neel temperaturel =27 K).
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Direct exchange between Gd ions is expected to be neglimeasurements. The magnetization and specific-heat samples
gible due to the local nature of thef Zlectrons. Disorder are therefore grown in the same depositions, allowing direct
alone does not fundamentally seem to change the nature abmparison. The microcalorimeters were fabricated from the
the interactions:a-GdGe, , is ferromagnetic withT,  same wafer, and have 2000-A thick Al thermal conduction
>150 K for x>0.51* In the a-Gd-Si alloys, the electron layers which were grown in the same thermal evaporation.
concentration at the MI transition is not precisely known, butAdditional microcalorimeters from this batch were left with
lies between 1% cm™2 (from IR absorption measuremehts no samples deposited in order to measure the specific heat of
and 162 cm 2 (assuming trivalent Gd The nature of the addendaC,qq4. This gives the lowest possible deviation in
RKKY interaction in a strongly disordered high electron con-the thermal properties of the microcalorimeters, which aids
centration system has not been theoretically studied, but near comparing the two magnetic samples. The compositions,
the MI transition in amorphous alloys, even on the insulatingGd concentratioGd atoms/crf), and areal densitytotal
side, the localization length exceeds the inter-Gd distancatoms/cm) were determined by Rutherford backscattering
and the electron concentration is high, hence an indireotRBS). The thicknesses of the samples were found using a
conduction-electron-mediated RKKY-like exchange is theDektak profilometer. For magnetization measurements, the
likely magnetic exchange mechanism. The effects of weakateral area of the films on the Si-N substrates was measured
disorder have been studiéd;'’ early reports that the RKKY by creating a high-resolution image of the sample with a
interaction would be exponentially damped with the meardigital scanner. This image is then analyzed using photoma-
free path were shown to be incorrect, and the primary effechipulation software, and the area of the substrate covered by
of disorder was shown to be randomization of the phase aothe film measured to within several percent. The area of the
interaction. We have proposed that this randomization ofilms deposited on the microcalorimeters is determined by
phase might be the source of the nearly perfect balancing ghe size of the micromachined shadow mask used to define
ferromagnetic and antiferromagnetic interactions, whichthe deposition area.
leads to the observed Curie Id@=0 in Eq.(1)] despite the The samples chosen for this study areaa@d, ,Sigg film
strength of the interactiorfs. and ana-Gd,,Y ;Siq film. The Gd-Si sample is very near the

The purpose of the present work is to study the effect oivil transition, with conductivityo<10(2 cm)~* at 4 K and
adding conduction electrons 8Gd-Si on the spin-glass be- a large effective momeRtThe conductivity of the ternary
havior, specifically the magnetic interactions, effective mo-film with 14% Gd and 7% Y is>500(Q2 cm) ! at 4 K,
ment, and magnetic entropy. Y is @¥s? atom, also virtu-  placing it it well on the metallic side of the transitiéh.
ally always trivalent and with the same size ionic radius as Magnetization measurements were made using two Quan-
Gd but with no local moment. Addition of Y while holding tum Design superconducting quantum interference device
constant the Gd concentration therefore has the effect of ad#ragnetometers, one with a high-field superconducting mag-
ing conduction electrons at constant local moment. Effectsiet and a similar system optimized for low-field ac suscep-
on the RKKY interaction of changing distance between motometry. In both high-field dc and ac measurements, the
ments have been frequently studied in metallic systems, buemperature-independent background was determined from a
to our knowledge, the systematic study of the effects ofmeasurement at 300 K. At this temperature the sampléss
changing electron concentration have been reported in onlyery small,<y at low T.
one other system. Varying carrier concentration causes dra- In order to measure specific heat, the microcalorimeter is
matic changes in the magnetic properties of crystalline IV-Vimounted in a sample-in-vacuum Heryostat. This cryostat
semiconductors such as Ph_,SnMn,Te.’* % In these is compact and can be inserted into either a LHe storage
materials, as carrier concentration increases, the RKKY ingewar or into the bore of an 8-T superconducting solenoid.
teraction at a fixed Mn-Mn distance changes sign, causing m this cryostat the sample may be cooledst@ K by pump-
change from ferromagnetism to spin-glass behavior. Thougihg condensed LHe in a small 1-K pot. The microcalorim-
this system and oua-Gd-Y-Si have similarly large carrier eters usea-Nb,Si; , resistive thermometers for measure-
concentration, the-Gd-Y-Si adds the effects of strong dis- ments at low temperatures. Because small variations in the
order to the problem. composition of these thermometers can cause their resis-
tances to be largéseveral megaohmsat low temperatures,
the devices can be difficult to measure at the lowest tempera-
tures. The microcalorimeters for this study were measured

Samples were made by electron-beam coevaporation ufrom ~3.7—90 K. Measurements were taken using the
der UHV conditions onto amorphous Si-N coated Si sub-small-AT relaxation method? with AT=1%. This method
strates and Si-N membrane based microcalorimeters whiciequires three separate measurements. The thermometers
are held near room temperature during the deposition. Welust be calibrated, meaning resistanceTveiust be mea-
have previously described the design and use of these micrsured at each temperature. A measurement of the resistance
calorimeters in detafl>?? Structural characterization tech- changeAR when a known amount of powét is applied to
niques including x-ray diffraction, transmission electron mi-the sample is converted T using the measured calibra-
croscopy, and x-ray-absorption fine structure confirm that théion. The thermal conductance of the device is givenkoy
samples are amorphous and show no measurable clusterirgP/AT. Finally the sample’s temperature is recorded as it
of Gd or Y. relaxes back to the block temperatufg,from To+ AT, and

The Si-N coated Si substrates are used for magnetizatiothis single exponential decay is fit to give The specific

II. EXPERIMENT
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FIG. 1. Magnetization vs applied magnetic fielak for both FIG. 2. x5 for a-Gd-Si anda-Gd-Y-Si samples as a function of

samples. Neither sample approaches saturation even at 50 000 @emperature from 2 to 50 K. The cusps occur at the spin freezing
They are also well below the Brillouin function, indicating strong temperaturedy. Solid lines are Curie-Weiss fits to the data above
antiferromagnetic interactions. T;. Inset: The region nedf; .

heat is therC= « 7. Note that the measurementofequires addition of Y; the susceptibility at all temperatures fpr
an accurate calibration &tvs T, while ther measurementis =0 is twice that of they=7 sample. The Curie-Weiss law

independent of this calibration. fits of the paramagnetic state aboveshow thatA indeed is
nearly doubled, indicative of an increase in the effective mo-
IIl. RESULTS mentp by 2, as well as an increase i from approxi-

mately zero fory=7 (metallic) to 2.5 fory=0 (Ml transi-

Figure 1 showsM(H) at 4 K for thex=14y=0 andx tion).
=14y=7 samples. Expected saturation magnetization val- Figure 3 shows vs overall compositiorx+y for both
ues, assuming Gd ions with J=S=7/2, are Mg,, samples in this paper, as well as the data from the earlier
=451 emu/cm® for a-Gd-Si andM ¢,=456 emu/cm® for  work on purea-Gd,Si;_, (y=0) anda-Th,Si,_.>® p is
the a-Gd-Y-Si. No hysteresis is seen above 1000 Oe for anyletermined from the constaAt= ngqp?u3/3kg in the Curie-
sample at any temperature. All samples have magnetizationgeiss fit shown in Fig. 2. Hereg, is the number of Gd
significantly below saturation and below the Brillouin func- atoms/cm. p is therefore measured jag per Gd atom. The
tion, with large high-field susceptibility, indicating strong an- M| transition (based on electrical conductivity
tiferromagnetic interactiongsince single-ion anisotropy and measurement£®2) is shown as a line at=14. The effec-
other contributions such as Van Vleck susceptibility shouldtive momentp is largest at the MI transition and is sup-
be negligible. With increasing temperaturt| (H) decreases pressed on either side, independent of whether the shift in
for all samples, buM(H,T) does not scale for any sample overall composition is due to changes in Gd or Y concentra-
with H/T, as found previously for pur@-Gd-Si, also an tjon.
indication of the importance of interactions. The expanded The suppression ip from the expected values of 7,85
scale inset in Fig. 1 shows that the initial susceptibility isfor Gd®* and 9.7ug for Th** far from the MI transition is
significantly larger for the pure-Gd-Si sampleY=0, very  not understood at present, but we suggest that it is associated

near the MI transitionthan for they=7 sample(metallio,  with a local polarization of antiferromagnetically coupled Si
and that the data cross at about 10 000 Oe, above which the

purea-Gd-Si sample has lower magnetization and lower dif-

ferential susceptibilityyM/dH than the ternarya-Gd-Y-Si ® —o—Clid-Si ' ' '
sample. These two samples have virtually identical Gd con- 831 —e -Tb.Sj £y i
centrations(Gd atoms/crh and total atoms/cfh), as mea- g X Gd-Y-si A 0 -
sured directly by RBS, and thicknesg&@d atoms/cr#). -

Figure 2 shows the ac susceptibilig(T) measured in 3‘: Lar ’
zero dc field with 406-Hz ac field amplitude of 4 Oe and 5 & TF .
Oe. Data taken in both fields collapse together, indicating a5 i
that the low-field magnetization is linear in field. The ' LM
a-Gd-Si sample shows the same classic spin freezing as pre- 6T trarirsition ]
viously measured, with the 406-Hz peak valueyirindicat- 55 N AT TN N T
ing a freezing temperature @ =5.9 K. The ternary sample 0 s 10 15 20 25

o,
shows a similar but smaller peak inat a lower temperature at.% RE
T¢=5 K_- For both samples abovg, in the paramagnetlic FIG. 3. Effective momenp as a function of metal ion content
state,x is independent of frequency and has been fit with a+y for several Rare-Earth—Silicon alloys. The peak occurs near
Curie-Weiss lawEq. (1)] shown as a solid line. It is clear the MI transition. The Gd-Si sample measured for this study has
even with no analysis thay is drastically affected by the 13.5 at.% Gd. Lines are a guide to the eye.
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FIG. 4. _The freezing t_emperatuF'a and Curie-Weis9® vs Gd 0 0 20 20 20 20 20
concentration. The peak ift and the near zero value found for the T(K)

strongly metallic ternary sampléarge solid circle indicates the
i f the Ml iti 14 at.% . Th - . L
importance of the transition at at.% Gd e downward FIG. 6. Magnetic contributiorCyag vs T for x=14y=0 and

pointing arrow indicates that 1.5 K is an upper limit on the freezingx_14y_7 samples. Both show broad peaks abdyecommonly

temperature of the 4 at.% Gd sample. Lines are a guide to the eye€. h . . )
P ° P 9 yseen in spin glasses. The addition of Y causes a reductiofy of

causing the peak to shift to lower temperature. InseC,agq VS
dangling-bond states surrounding each rare-earth iong/T, for the same samples shows that the peak occurs1a8T;
electron-spin-resonance measurements are underway &ad that in they=7 sampleC,,,4 is smaller than thg=0 sample
clarify this. Crnag for T/T¢<8.

Figure 4 shows the freezing temperatireand 6 versus
Gd concentrationT; is not significantly affected by the M
transition (it passes smoothly through, with a possible
change in slopebut does increase with increasing Gd con

::r:antranon,G?js IS exp?ctﬁg}ﬂalhso detchreases on a‘lj(d'rt'%hY f,\% the highest temperatures, while the ternary alloy has,a
€ same concentrationshows the same peak at the that is slightly larger than the other two samples, and larger

tran_sition ap. . . than thea-Gd-Si sample above 40 K. Because the magnetic
F_|gure > shows the specific heat of ii&d-Si anda-G.d- measurements described above and many aspects of the spe-
Y¥-Si samples frO.W:S K up .t(.) 40 K, as W?" as aa-Y 1Sk cific heat which will be detailed suggest that both the mag-
sample. The units of specific he_at in this plot are J/mol Kinetic interactions and the effective moment are smaller in the
where a mole counts all atoms in the sample. We calculat -Gd-Y-Si sample, it is unlikely that this additional specific

the tptal ngmbgr of atoms in each sample from the are eat is from an increased magnetic contribution, particularly
density, which is a direct result of the RBS measurementsy; .o it is seen at 80—90 K. More likely, this larg@j is a
Below Ty the spec!ﬂc hgats of the two magnetlc. Samplesresult of a small change in the phonon spectrum caused by
(x#0) are nearly identical. As the temperature increasesya addition of the Y ions

a-Gd-Y-Si initially has a slightly larger specific heat, then :

falls well below that ofa-Gd-Si. Both magnetic samples

have specific heats much larger thaY ,,Si;q at low tem-
peratures. The inset in Fig. 5 shows the same samples up to
"90 K. The specific heats @-Y-Si anda-Gd-Si converge at

Figure 6 shows the estimated magnetic contribution to the
specific heat G4 for both magnetic samples in units of
J/mo[Gd] K, meaning that the mole counts only Gd atoms in
the samples. To determir@,,,4, we treatC, as a sum of
magnetic, electronic, and phonon contributio@§,= C,,4
+ Cei+ Cpnon- Because yttrium and gadolinium have similar
ionic radii and valences, we assume tla{ andC,,,, are
the same fora-Y-Si and a-Gd-Si samples of similar metal
content. This is justified by their similar high-temperat@ig
and is equivalent to assuming theaty-Si's specific heat has
negligible Cy,,4. We estimateC,,4 for they=0 sample by
subtracting a high-order polynomial fit to tteeY »,Siz9 Cp,
from the measuredC,. Because the specific heats of
a-Y 14Sigg anda-Y ,;Si;g are very similar at all but rather low

temperatures {15 K) where botha-Y-Si films’ C, are
0 T v v 1 much smaller than the magnetic samples, we simplify the
0 10 20 30 40 . . . . 8
T(K) analy5|_s by usin@-Y »,Siq fo_r both r_nagnetlc aIon§.
Adding atoms to a material’'s unit cell commonly results

FIG. 5. The specific heat 0&-Gd;,Sigs, a-Gdy,Y;Si,; and  In additional optical-phonon bands appearing in the disper-
a-Y,;Siz;g samples in zero field. Inset: The same plot showing tem-sion relation. To estimat€ 4 for they=7 sample we must
peratures up to 90 K. account for the slightly largeC,,, seen at higher tempera-
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tures in Fig. 5. To do this we have added to #+ ,;Siq 91 a—Gd, Si
data a contribution from an Einstein mode withg b g 0 2l
=150 K, andm=0.018 of the form

(0g/T)
e
CEinstf:in:?’mR(aE/T)2 (2

(e(()E/T)_ 1)2 '

This term approximates the contribution to the specific heat

C o (I moI[GA] K)
% Dotz %.
f; '
%)O
§

from a soft optical mode. The values @& and m were o 8T
chosen so that the high-data match in value and slope. We 3
note that thisCgi,stein Will be very small at lowT, where the 9

obvious contributions t&€,,4 dominate, and only becomes
significant when the ternary sampleX, begins to exceed
that of purea-Gd-Si.

The resultingCr,,4 shown for both samples in Fig. 6 is
similar to that seen in typical spin-glass materials, with a
broad peak centered at1.8T;. This spin-glass peak is
shifted to lower temperature by addition of Y, reflecting a
shift in T¢, as expected from the magnetization results. The
CmagPeak is also at a slightly lower value &Gd-Y-Si, and
narrower than that seen &Gd-Si. Also note thaC,,, for
both samples converge at higher temperatir&@ K). 3 . . . . . ,

These points are reinforced by ti@&,,q vs T/T; plot 0 10 20 30 40 50 60
shown in the inset of Fig. 6. Here the temperature axis has T(K)
been scaled by the value ©f determined by the peak in the
ac susceptibilitfFig. 2). This makes clear that the spin-glass
peak occurs at=1.8T; in both samples, and that the peak in
the ternary alloy is narrower and smaller than #8&d-Si
sample.

Figure 7 show<C,,4vs T from ~3 K to 60 K for both
samples in applied magnetic fields up to 8 T. These sampl
show behavior similar to both the previously measure
a-Gd-Si samples and well-known spin glasses such as
CuMn, with the specific heat reduced at low temperatures AC Cy—Co kmy—k7o A7 3)
and increased at higher temperatures by applied magnetic C Co KTg o
field 1%%° A unique feature of thex-Gd-Si samples is that _ _
applied fields cause shifts i, up to quite high tempera- This means that we obtaitC/C using only measurements
tures, a result also apparent in Fig. 7. For both samples the® 7 in high and zero field, with no possible influence from
T data are measurably larger than those taken in zero fief@ddenda or nonmagnetic analog subtractions or from fitting
even at 60 K, which is at least 0. errors in the thermometer calibration required to calculate

Though the behavior of these two samples in applied field

G,y (JMOIGA] K)

FIG. 7. Magnetic contribution to specific he&&,,,4, vs T for
y=0 andy=7 samples in applied magnetic fields up to 8 Tesla.
Applied field causes larger shifts D,,4 in they=7 sample.

microcalorimeter shows no field dependetfcall the field
dependence in our measurement appears Mote therefore
at

is qualitatively similar, the quantitative effects of applied 0.104 o aGd,Y,Si,
field are rather different. Figure 7a shows that in an 8 T R, o aGd,Si,
magnetic field, the-Gd-Si's spin-glass peak is only slightly 0.05- 3 Ty,

lowered and is broadened, but mostly retains its shape. The i, -
effect is that of the spin-glass peak shifting to higher tem- 0.00 y =
peratures. This is in contrast to the situationaiGd-Y-Si O

shown in Fig. Tb), where at 8 T, the peak is significantly 5 -0.051
lower, and more broadened on the high-T side. This sample <«

shows substantial field dependence at 4 T, and easily mea- 019
surable shifts at 2 Tesla, though this data is omitted for clar- 0.15] 5
ity. ‘ h ) T 3
Figure 8 shows the field induced change in specific heat, 0.20 . . . T'IT' . ,
AC=C(H=8 T)-C(H=0 T) divided byC(H=0 T) as a 0 2 4 6 8 10 12
function of scaled temperatu®@T;. The result is the rela- T/'|'f
tive change in specific heat at this field. Because we have
previously confirmed that the thermal conductarcef our FIG. 8. Relative change i€, at 8 T for both samples
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TABLE I. Magnetic entropies and [from Eq. § for the two samples. All entropies are in units of

J/mo[Gd] K.
Sample Smag SEXCESS n
(4<T<90 K) [Smag— RIN(Jge+1)] (localizede™/Gd ion) RIN(2Je1+1)
x=14,y=0 20.0 2.7 3.9 17.1
x=14,y=7 18.5 1.2 1.7 15.7

This greatly simplifies the reduction of the data and makesrons in singly occupied stat@&\e therefore write the maxi-
this quantity the most accurate measure of field inducegnum magnetic entropy of a collection of Gd momenig,(
changes irC,. =7/2) andn localized electron moments per Gd 08, (
There are several interesting features apparent in Fig. 8 1/2) as
The simplest is that the data elegantly confirm the greater
influence of magnetic field on thg=7 sample.AC/C is Smag=R[IN(2Jgg+ 1) +nin(2s.+1)]. 5)
larger (either more negative or more posit)er the ternary . )
sample for allT/T; . Apart from the difference in magnitude, N the number of localized electrons per Gd ion, may be
the two data sets have remarkably similar shapes. BotRalculated and the results appear in Table I. Note thes
datasets have an apparent maximum negative value very ne2lg0 roughly a factor of 2 larger in the=0 sample. .
the freezing temperatureT(T;~1.2), both cross zero at _ A slightly different app_roach_to the magnetic entropy is to
T/T;=2.7, and both have a maximum positive value atfirst calpula_te the effective spidq¢; from the value.s ofp
T/T;=4 with tails extending out to at leadyT,=10. The Shown in Fig. 3 fromp?=g®Jer(Jerr+1), whereg is the
inset shows the negative maximum ndar. This negative ~Landeg-factor and is assumed to still lge=2. Then values
maximum indicates that as temperature increases from tHfef Sp are then calculated fror§, =R In(2J¢s+1). Note that
lowest measured temperaturesTig C, is increasingly field ~ Smag™Sp~3 J/mo[Gd] K for bothy=0 andy=7 samples.
dependent. At or slightly abovE; the field dependence be-

gins to drop roughly linearly and at a common value of IV. DISCUSSION

T/T¢=2.7 for both these sampleA,C/C=0, meaning that ) . .

the specific heat at 0 and 8 T is the same. TA@YC in- The _eff_ect of increasing electron concentration on th_e
creases roughly linearly and peaks BtT;=4 for both magnetic interactions is very clearly seen in the chgnges in
samples. both M(H) for the x=14 pair shown in Fig. 1 and in the

That any feature is seen @t is somewhat surprising, as magn_e-tic susceptibility(T) shown in. Fig. .2. The increased
none of the other high-field experiments, including effectlve moment of thg =0 sample is visible in the_lower-
magnetoresistant€®2” and magnetizatidnhave seen any 1eld M(H) data, wherg/=0 has larger valueg-ig. 1, inse}
feature neafl; in this material. Though this feature has thusthany=7, and is dramatically seen in the factor of 2 differ-
far not been reported for other spin glasses, it is confirme®NCe inx. At higher fields, the crossing of the data directly
by data on othea-Gd-Si films2° reflects the reduced interaction strength for ylve7 sample

Table | shows measured and expected values of magnetf@used by increasing electron concentration. Since the Bril-
entropy for bothy=0 andy=7 samples. The magnetic en- louin function represent$1(H,T) for noninteracting mo-

tropy Spag iS given by ments, .suppr(.assion below this means antiferromagnetic inter-
actions; the increased values bf at high fields for the
Tmax Crag ternary sample y(=7) therefore reflect aeductionin the

Smag™ =0 T dr, (4 strength of the antiferromagnetic interactions, consistent with

the reduced freezing temperatuig and 6 in the y=7
hence the area under the curve i€g,4/T vs T plot gives  sample relative to thg=0 sample, shown in Fig. 4. We note
the measuredd,,4 for a particular temperature range. The again that these two samples have been shown by RBS to
Smag Values that appear in Table | are determined by plottingoossess identical Gd concentrations and inter-Gd distances
Cmag/ T vs T in zero field for each sample and numerically (within the accuracy of RBS, which is1%). Because the
integrating over the temperature range 3.99K<88 K. magnitude of the RKKY interaction goes asKdR)3, a re-
Shag Is significantly larger for the pura-Gd-Si sample, and duction in interaction strength with increasing electron con-
both samples have larger entropy than is expected from Gdentration is consistent with an RKKY-like conduction-
ions alone (Sgg=RIN(2J+1)=RIn8=17.3 J/mdIGd] K). electron-mediated exchange, assuming a constant nearest-
Because the lower limit of these measurements is 3.99 Kneighbor Gd-Gd distand®. This is a slightly different result
theseSy,4 values in fact underestimate the magnetic entropythan observed in the kb, ,SnMn,Te, where the carrier
becaus€,,,4 continues to lower temperatures. The entropiesnduced ferromagnet to spin-glass transition is caused by a
Sexcess@re the results of subtracting the Gd ion entropy fromchange in the sign of the RKKY interaction due to increased
the measured entropy. Note that fe 0 sample’sS,,.essiS ~ Kg . It is likely that the presence of strong disorder and re-
roughly twice that of they=7 sample. We have previously sulting randomization of the phase of the interaction prevents
suggested the,,..s4iS the contribution from localized elec- such a well-defined transition from occurring in our system.
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In the presence of strong frustrated interactions such as,, .. & Syag—RIn8 for the two samplegand the resulting
are found here, it is not clear that the Curie-Weiss mean-fieldifference inn) is approximately a factor of two, similar to
approachEq. (1)] is the correct physics for the paramagnetic the change seen ip. The difference in the field dependence
state abovd ' . We note however that the peaksgmndf at  of C,,,, for these 2 samples is similarly dramatic, which
the MI transition are both associated with an increaged again indicates weaker interactions and recalls the different
which is the essential physics. Als@js quite smal[relative  field dependences dfl (H) for the two samples.
to both the freezing temperature and the strength of the in- Another interesting result is the fact that for both these
teractions as manifested by the high-fitldH) suppression  samplesC,,, and AC/C persist to temperatures as high as
below the Brillouin function and the high-field susceptibil- T/T,=13 (T~80 K) and are of similar value at these tem-
ity]. We note that in metallic Gd glasses,usually greatly peratures. This suggests that the strongest interactions in the
exceeds the freezing temperatutgpical 6>25 K for T¢  distribution are less affected by moving away from the MI
~5 K). In the present samples, the near zero valu#,of transition. This temperature range is also the same as that
despite the clear presence of strong antiferromagnetic intepver which the a-Gd-Si  demonstrates measurable
actions, shows again the nearly perfect balancing of ferromagnetoresistandeSuch a link between the specific heat

magnetic and antiferromagnetic interactions, which we sugand electron transport is unique and suggests a need for fur-
gest is a consequence of the disorder-induced phasg@er study.

randomization of the RKKY interactiol?"1’"We suggest that

the key elements for this near perfect balancing of strong V. CONCLUSIONS

interactions are strong disorder and lower electron concen- -
tration than the usual RKKY glassésence longer interac- !N Summary, we have shown that the susceptibility of
tion range. amorphous Gd-Si alloys has a strong péakactor of 2 at

Several features of the magnetic contribution to the spethe Mi trangition, iqdependent_ of whether the Ml transition_is
cific heat, Cpag(T), also point to strong, balanced, long- caused by increasing magnet_lc__Gd content or nc_)nma_gnencY
range RKKY-like interactions, with weaker interactions in CONtent. This peak in susceptibility can be described in terms
the y=7 sample Cp,, provides information on the density of an m_c_reased effective moment. The magnetic contr_lbutlon
of magnetic states in these materials, and thereby the distri® SPECific heat shows spin-glass peaks fédy=1.8, with
bution of interaction strengths present in these spin glassel!€ Metallic ¢=7) sample showing a smaller, more field-
The large peaks i€ a4 for both samples at 1.8T; indicate dependentCy,,. Both samples have measuralilg,,q as
the large number of nearly degenerate magnetic states witH9h @sT/Tf=13, T=80 K, the temperature at which nega-
energies close td;. The fact that adding conduction elec- V& Mmagnetoresistance becomes measurable in these
trons to the system causes the spin-glass pedki, to be samples.
lower in value and narrower means that there are fewer mag- We have also shown through measurements of both mag-
netic states neaf;, with a narrower distribution in energy. et]c su;cept|b|I|ty and spec_:lﬁc heat that the magngtlc |n§er—
This result is of course also clear from tBg,4 values which actions in amorphous Gd-Si alloys are strong, of r_nlxed Sign
are much lower foly=7, and is expected from an RKKY- (negrly perfectly balang:ed ferromagneng and antlferroma}g—
like interaction with an increased electron concentration. netig and are reduced in absolute magnitude by the addition

The difference between the magnetic specific heats for th8f Y (whiLe mz\a/i\?taining tt:etthIErC];dldti;stan%e andt_conpentra-
two samples is less dramatic than that observed in the sufion cons ant We suggest that the latter observation is con-

ceptibility. This follows a pattern also observed in crystallineSIStent W'th an RKKY-like _|nd|rect exchapge mediated by
phosphorus-doped silicof:S), where measurements gf co_nductlon_elect(ons, dgsplte the conduction electrons_ nearly
showed large differences across the MI transition as eleégelng localized, in that Increasing electron concentration re-
trons localized into singly occupied states, witlg showed duces the strength of the interaction at a given distance.
more subtle effect3**°This is expected, ag measures the
fluctuations of magnetic moments in response to an applied
field and is therefore sensitive to the total number of local- We would like to thank M. Liu for valuable discussions,
ized momentsn. C,,((T) depends on the density of mag- S. Pfeil and M. Liu for help with data collection, CIMS at
netic states, and therefooln/dT. Integrating to determine UCSD for the use of the magnetometer, Ami Berkowitz for
Shag returns the emphasis to the total number of magnetithe use of the superconducting magnet system, Bob Culbert-
states, and in our measurements the difference betweeyon for RBS analysis, and the NSF for support.
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