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Magnetic moments and interactions near the metal-insulator transition in amorphous
magnetic semiconductors

B. L. Zink,* V. Preisler, D. R. Queen, and F. Hellman
Department of Physics, University of California, San Diego, La Jolla, California 92093

~Received 14 July 2002; published 12 November 2002!

We report magnetization, magnetic susceptibility, and specific-heat measurements of amorphous
GdxYySi12x2y ternary alloy thin films near the metal-insulator~MI ! transition as a function of temperature and
applied magnetic field. Samples of the same magnetic moment concentrationx but varying conduction-electron
concentrationx1y were measured to test the effect of the MI transition on the magnetic properties. The
effective moment in the paramagnetic state~per Gd atom! shows a strong dependence on composition, with a
peak at the MI 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 theyÞ0 sample via a spin-glass peak that is shifted to lower temperature, narrowed, and more
field dependent.

DOI: 10.1103/PhysRevB.66.195208 PACS number~s!: 75.40.Cx, 75.50.Lk, 75.50.Pp
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I. INTRODUCTION

Previous magnetization measurements on amorph
GdxSi12x (a-Gd-Si! for compositionsx near the metal-
insulator~MI ! transition show strong but balanced ferroma
netic and antiferromagnetic exchange interactions wh
suppress the magnetization well below the noninterac
Brillouin function and lead to a spin-glass freezing at te
peratures below 10 K. This freezing shows many feature
a classic spin glass including a split between zero fi
cooled and field cooled dc susceptibility and a weak
nonzero frequency dependence of the freezing tempera
Tf (DTf /Tf50.04 per log decade change in frequency!.1,2

In these alloys the susceptibilityx in the paramagnetic
state above the spin-glass freezing is well described b
Curie-Weiss law:

x5A/~T2u! ~1!

with small u (<2.5 K and significantly belowTf for all x).
The effective momentp in the paramagnetic state~from A
5nGdp

2mB
2/3kB) shows a striking composition dependenc

with a large peak at the MI transition and a significant su
pression away from this composition. Related MI induc
effects have been seen in magnetic measurements on cr
line P:Si, but with no spin glass-freezing, and the tempe
ture dependence of susceptibility is not a Curie law.3–6

Gd is a 4f 75d16s2 atom, virtually always trivalent. The
Gd31 ion has a large moment,J5S57/2 andL50, due to
the half-filled f shell, hence single-ion anisotropy is neg
gible. The effective momentp25g2J(J11) in the paramag-
netic state is 7.9mB . Because of the strongly local charact
of this large spin-only moment, Gd is not significantly a
fected by its environment, and exhibits values close to
ground-state moment (7mB) and this effective momen
(7.9mB) in all known metallic and insulating alloys and com
pounds, with a possible exception observed by electron-
resonance in Gd-doped SmB6.7 We have to date been unab
to determine the saturation magnetization ina-Gd-Si, asM is
0163-1829/2002/66~19!/195208~8!/$20.00 66 1952
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not saturated even in fields as high as 25 T and still exhi
substantial susceptibility, indicating antiferromagnetic int
actions of strength greater than 25 T~an energy scale equiva
lent to 120 K forJ57/2).8

The effective moment in the paramagnetic state
a-Gd-Si is however unambiguously not 7.9mB , instead drop-
ping to as low as 5.5mB , and is dependent on compositio
~up to 8mB at the MI transition!. We have speculated that tw
effects are influencing this effective moment: local mome
associated with Si dangling bonds surrounding each Gd
could be antiferromagnetically coupled to the Gd, acting
reduce the effective moment~and possibly contribute to the
high-field susceptibility!, and a paramagnetic~positive! con-
tribution from conduction electrons in singly occupied loca
ized states, which peaks at the MI transition as in P:Si. N
that the latter should not be visualized as localized on
single atomic site, but instead in a state with a finite loc
ization length which will diverge at the MI transition an
exceeds the interatomic distances even well into the insu
ing state.

Specific-heat measurements ona-GdxSi12x show large
magnetic contributions at temperatures below 70 K, with
broad peak centered at'1.8 Tf , which is a common feature
of spin glasses.9–11 Near the MI transition these measur
ments also show magnetic entropies above theSmag
5R ln(2JGd11)5R ln 8 expected from Gd moments, sug
gesting that carriers localizing at the MI transition contribu
local magnetic moments to the spin system. Theoretical s
ies of the amorphous rare-earth silicon alloys to date h
focused on lattice polarons and the strong effect of the s
disorder on the carrier wave functions via a local mome
carrier exchange interaction12,13 and have yet to explain
many of the observed phenomena.

In metals such as crystalline Gd and GdSi2, magnetism is
mediated by an indirect Ruderman-Kittel-Kasuya-Yosid
~RKKY ! exchange interaction between the Gd ions, which
ferromagnetic for Gd~Curie temperatureTc5293 K) and
antiferromagnetic for GdSi2 ~Néel temperatureTN527 K).
©2002 The American Physical Society08-1
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Direct exchange between Gd ions is expected to be ne
gible due to the local nature of the 4f electrons. Disorder
alone does not fundamentally seem to change the natur
the interactions:a-GdxGe12x is ferromagnetic with Tc
.150 K for x.0.5.14 In the a-Gd-Si alloys, the electron
concentration at the MI transition is not precisely known, b
lies between 1020 cm23 ~from IR absorption measurement!
and 1022 cm23 ~assuming trivalent Gd!. The nature of the
RKKY interaction in a strongly disordered high electron co
centration system has not been theoretically studied, but
the MI transition in amorphous alloys, even on the insulat
side, the localization length exceeds the inter-Gd dista
and the electron concentration is high, hence an indi
conduction-electron-mediated RKKY-like exchange is t
likely magnetic exchange mechanism. The effects of w
disorder have been studied;15–17early reports that the RKKY
interaction would be exponentially damped with the me
free path were shown to be incorrect, and the primary ef
of disorder was shown to be randomization of the phase
interaction. We have proposed that this randomization
phase might be the source of the nearly perfect balancin
ferromagnetic and antiferromagnetic interactions, wh
leads to the observed Curie law@u50 in Eq.~1!# despite the
strength of the interactions.2

The purpose of the present work is to study the effec
adding conduction electrons toa-Gd-Si on the spin-glass be
havior, specifically the magnetic interactions, effective m
ment, and magnetic entropy. Y is a 4d15s2 atom, also virtu-
ally always trivalent and with the same size ionic radius
Gd but with no local moment. Addition of Y while holding
constant the Gd concentration therefore has the effect of
ing conduction electrons at constant local moment. Effe
on the RKKY interaction of changing distance between m
ments have been frequently studied in metallic systems,
to our knowledge, the systematic study of the effects
changing electron concentration have been reported in
one other system. Varying carrier concentration causes
matic changes in the magnetic properties of crystalline IV
semiconductors such as Pb12x2ySnyMnxTe.18–20 In these
materials, as carrier concentration increases, the RKKY
teraction at a fixed Mn-Mn distance changes sign, causin
change from ferromagnetism to spin-glass behavior. Tho
this system and oura-Gd-Y-Si have similarly large carrie
concentration, thea-Gd-Y-Si adds the effects of strong dis
order to the problem.

II. EXPERIMENT

Samples were made by electron-beam coevaporation
der UHV conditions onto amorphous Si-N coated Si su
strates and Si-N membrane based microcalorimeters w
are held near room temperature during the deposition.
have previously described the design and use of these m
calorimeters in detail.21,22 Structural characterization tech
niques including x-ray diffraction, transmission electron m
croscopy, and x-ray-absorption fine structure confirm that
samples are amorphous and show no measurable clust
of Gd or Y.

The Si-N coated Si substrates are used for magnetiza
19520
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measurements. The magnetization and specific-heat sam
are therefore grown in the same depositions, allowing dir
comparison. The microcalorimeters were fabricated from
same wafer, and have'2000-Å thick Al thermal conduction
layers which were grown in the same thermal evaporati
Additional microcalorimeters from this batch were left wi
no samples deposited in order to measure the specific he
addenda,Cadd . This gives the lowest possible deviation
the thermal properties of the microcalorimeters, which a
in comparing the two magnetic samples. The compositio
Gd concentration~Gd atoms/cm2), and areal density~total
atoms/cm2) were determined by Rutherford backscatteri
~RBS!. The thicknesses of the samples were found usin
Dektak profilometer. For magnetization measurements,
lateral area of the films on the Si-N substrates was meas
by creating a high-resolution image of the sample with
digital scanner. This image is then analyzed using photo
nipulation software, and the area of the substrate covere
the film measured to within several percent. The area of
films deposited on the microcalorimeters is determined
the size of the micromachined shadow mask used to de
the deposition area.

The samples chosen for this study are ana-Gd14Si86 film
and ana-Gd14Y7Si79 film. The Gd-Si sample is very near th
MI transition, with conductivitys,10(V cm)21 at 4 K and
a large effective moment.2 The conductivity of the ternary
film with 14% Gd and 7% Y is.500(V cm)21 at 4 K,
placing it it well on the metallic side of the transition.23

Magnetization measurements were made using two Qu
tum Design superconducting quantum interference dev
magnetometers, one with a high-field superconducting m
net and a similar system optimized for low-field ac susc
tometry. In both high-field dc and ac measurements,
temperature-independent background was determined fro
measurement at 300 K. At this temperature the sample’sx is
very small,!x at low T.

In order to measure specific heat, the microcalorimete
mounted in a sample-in-vacuum He4 cryostat. This cryostat
is compact and can be inserted into either a LHe stor
dewar or into the bore of an 8-T superconducting soleno
In this cryostat the sample may be cooled to'2 K by pump-
ing condensed LHe in a small 1-K pot. The microcalorim
eters usea-NbxSi12x resistive thermometers for measur
ments at low temperatures. Because small variations in
composition of these thermometers can cause their re
tances to be large~several megaohms! at low temperatures
the devices can be difficult to measure at the lowest temp
tures. The microcalorimeters for this study were measu
from '3.7290 K. Measurements were taken using t
small-DT relaxation method,24 with DT>1%. This method
requires three separate measurements. The thermom
must be calibrated, meaning resistance vsT must be mea-
sured at each temperature. A measurement of the resist
changeDR when a known amount of powerP is applied to
the sample is converted toDT using the measured calibra
tion. The thermal conductance of the device is given byk
5P/DT. Finally the sample’s temperature is recorded as
relaxes back to the block temperature,T0 from T01DT, and
this single exponential decay is fit to givet. The specific
8-2
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MAGNETIC MOMENTS AND INTERACTIONS NEAR THE . . . PHYSICAL REVIEW B 66, 195208 ~2002!
heat is thenC5kt. Note that the measurement ofk requires
an accurate calibration ofR vs T, while thet measurement is
independent of this calibration.

III. RESULTS

Figure 1 showsM (H) at 4 K for thex514,y50 andx
514,y57 samples. Expected saturation magnetization v
ues, assuming Gd31 ions with J5S57/2, are Msat
5451 emu/cm23 for a-Gd-Si andMsat5456 emu/cm23 for
the a-Gd-Y-Si. No hysteresis is seen above 1000 Oe for a
sample at any temperature. All samples have magnetizat
significantly below saturation and below the Brillouin fun
tion, with large high-field susceptibility, indicating strong a
tiferromagnetic interactions~since single-ion anisotropy an
other contributions such as Van Vleck susceptibility sho
be negligible!. With increasing temperature,M (H) decreases
for all samples, butM (H,T) does not scale for any samp
with H/T, as found previously for purea-Gd-Si, also an
indication of the importance of interactions. The expand
scale inset in Fig. 1 shows that the initial susceptibility
significantly larger for the purea-Gd-Si sample (y50, very
near the MI transition! than for they57 sample~metallic!,
and that the data cross at about 10 000 Oe, above which
purea-Gd-Si sample has lower magnetization and lower d
ferential susceptibility]M /]H than the ternarya-Gd-Y-Si
sample. These two samples have virtually identical Gd c
centrations~Gd atoms/cm2 and total atoms/cm2), as mea-
sured directly by RBS, and thicknesses~Gd atoms/cm3).

Figure 2 shows the ac susceptibilityx(T) measured in
zero dc field with 406-Hz ac field amplitude of 4 Oe and
Oe. Data taken in both fields collapse together, indicat
that the low-field magnetization is linear in field. Th
a-Gd-Si sample shows the same classic spin freezing as
viously measured, with the 406-Hz peak value inx indicat-
ing a freezing temperature ofTf55.9 K. The ternary sample
shows a similar but smaller peak inx at a lower temperature
Tf55 K. For both samples aboveTf , in the paramagnetic
state,x is independent of frequency and has been fit wit
Curie-Weiss law@Eq. ~1!# shown as a solid line. It is clea
even with no analysis thatx is drastically affected by the

FIG. 1. Magnetization vs applied magnetic field at 4 K for both
samples. Neither sample approaches saturation even at 50 00
They are also well below the Brillouin function, indicating stron
antiferromagnetic interactions.
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addition of Y; the susceptibility at all temperatures fory
50 is twice that of they57 sample. The Curie-Weiss law
fits of the paramagnetic state aboveTf show thatA indeed is
nearly doubled, indicative of an increase in the effective m
ment p by A2, as well as an increase inu from approxi-
mately zero fory57 ~metallic! to 2.5 for y50 ~MI transi-
tion!.

Figure 3 showsp vs overall compositionx1y for both
samples in this paper, as well as the data from the ea
work on purea-GdxSi12x (y50) anda-TbxSi12x .2,25 p is
determined from the constantA5nGdp

2mB
2/3kB in the Curie-

Weiss fit shown in Fig. 2. HerenGd is the number of Gd
atoms/cm3. p is therefore measured inmB per Gd atom. The
MI transition ~based on electrical conductivit
measurements1,26,27! is shown as a line atx514. The effec-
tive momentp is largest at the MI transition and is sup
pressed on either side, independent of whether the shi
overall composition is due to changes in Gd or Y concen
tion.

The suppression inp from the expected values of 7.9mB
for Gd31 and 9.7mB for Tb31 far from the MI transition is
not understood at present, but we suggest that it is assoc
with a local polarization of antiferromagnetically coupled

Oe.
FIG. 2. xac for a-Gd-Si anda-Gd-Y-Si samples as a function o

temperature from 2 to 50 K. The cusps occur at the spin freez
temperaturesTf . Solid lines are Curie-Weiss fits to the data abo
Tf . Inset: The region nearTf .

FIG. 3. Effective momentp as a function of metal ion conten
x1y for several Rare-Earth–Silicon alloys. The peak occurs n
the MI transition. The Gd-Si sample measured for this study
13.5 at.% Gd. Lines are a guide to the eye.
8-3
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B. L. ZINK, V. PREISLER, D. R. QUEEN, AND F. HELLMAN PHYSICAL REVIEW B66, 195208 ~2002!
dangling-bond states surrounding each rare-earth
electron-spin-resonance measurements are underwa
clarify this.

Figure 4 shows the freezing temperatureTf andu versus
Gd concentration.Tf is not significantly affected by the M
transition ~it passes smoothly through, with a possib
change in slope! but does increase with increasing Gd co
centration, as is expected.Tf also decreases on adding Y fo
the same Gd concentration.u shows the same peak at the M
transition asp.

Figure 5 shows the specific heat of thea-Gd-Si anda-Gd-
Y-Si samples from'3 K up to 40 K, as well as ana-Y21Si79
sample. The units of specific heat in this plot are J/mol
where a mole counts all atoms in the sample. We calcu
the total number of atoms in each sample from the a
density, which is a direct result of the RBS measureme
Below Tf the specific heats of the two magnetic samp
(xÞ0) are nearly identical. As the temperature increas
a-Gd-Y-Si initially has a slightly larger specific heat, the
falls well below that ofa-Gd-Si. Both magnetic sample

FIG. 4. The freezing temperatureTf and Curie-Weissu vs Gd
concentration. The peak inu and the near zero value found for th
strongly metallic ternary sample~large solid circle! indicates the
importance of the MI transition at 14 at.% Gd. The downwa
pointing arrow indicates that 1.5 K is an upper limit on the freez
temperature of the 4 at.% Gd sample. Lines are a guide to the

FIG. 5. The specific heat ofa-Gd14Si86, a-Gd14Y7Si21 and
a-Y21Si79 samples in zero field. Inset: The same plot showing te
peratures up to 90 K.
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have specific heats much larger thana-Y21Si79 at low tem-
peratures. The inset in Fig. 5 shows the same samples u
90 K. The specific heats ofa-Y-Si anda-Gd-Si converge at
the highest temperatures, while the ternary alloy has aCp
that is slightly larger than the other two samples, and lar
than thea-Gd-Si sample above 40 K. Because the magne
measurements described above and many aspects of the
cific heat which will be detailed suggest that both the ma
netic interactions and the effective moment are smaller in
a-Gd-Y-Si sample, it is unlikely that this additional specifi
heat is from an increased magnetic contribution, particula
since it is seen at 80–90 K. More likely, this largerCp is a
result of a small change in the phonon spectrum caused
the addition of the Y ions.

Figure 6 shows the estimated magnetic contribution to
specific heat Cmag for both magnetic samples in units o
J/mol@Gd# K, meaning that the mole counts only Gd atoms
the samples. To determineCmag we treatCp as a sum of
magnetic, electronic, and phonon contributions,Cp5Cmag
1Cel1Cphon. Because yttrium and gadolinium have simil
ionic radii and valences, we assume thatCel andCphon are
the same fora-Y-Si and a-Gd-Si samples of similar meta
content. This is justified by their similar high-temperatureCp
and is equivalent to assuming thata-Y-Si’s specific heat has
negligibleCmag. We estimateCmag for the y50 sample by
subtracting a high-order polynomial fit to thea-Y21Si79 Cp
from the measuredCp . Because the specific heats
a-Y14Si86 anda-Y21Si79 are very similar at all but rather low
temperatures (,15 K) where botha-Y-Si films’ Cp are
much smaller than the magnetic samples, we simplify
analysis by usinga-Y21Si79 for both magnetic alloys.28

Adding atoms to a material’s unit cell commonly resu
in additional optical-phonon bands appearing in the disp
sion relation. To estimateCmag for they57 sample we must
account for the slightly largerCphon seen at higher tempera

-

ye.

-

FIG. 6. Magnetic contributionCmag vs T for x514,y50 and
x514,y57 samples. Both show broad peaks aboveTf commonly
seen in spin glasses. The addition of Y causes a reduction oTf

causing the peak to shift to lower temperature. Inset: aCmag vs
T/Tf for the same samples shows that the peak occurs at'1.8Tf

and that in they57 sampleCmag is smaller than they50 sample
Cmag for T/Tf,8.
8-4
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tures in Fig. 5. To do this we have added to thea-Y21Si79
data a contribution from an Einstein mode withuE
5150 K, andm50.018 of the form

CEinstein53mR~uE /T!2
e(uE /T)

~e(uE /T)21!2
. ~2!

This term approximates the contribution to the specific h
from a soft optical mode. The values ofuE and m were
chosen so that the high-T data match in value and slope. W
note that thisCEinstein will be very small at lowT, where the
obvious contributions toCmag dominate, and only become
significant when the ternary sample’sCp begins to exceed
that of purea-Gd-Si.

The resultingCmag shown for both samples in Fig. 6 i
similar to that seen in typical spin-glass materials, with
broad peak centered at'1.8Tf . This spin-glass peak is
shifted to lower temperature by addition of Y, reflecting
shift in Tf , as expected from the magnetization results. T
Cmag peak is also at a slightly lower value ina-Gd-Y-Si, and
narrower than that seen ina-Gd-Si. Also note thatCmag for
both samples converge at higher temperature (.60 K).

These points are reinforced by theCmag vs T/Tf plot
shown in the inset of Fig. 6. Here the temperature axis
been scaled by the value ofTf determined by the peak in th
ac susceptibility~Fig. 2!. This makes clear that the spin-gla
peak occurs at'1.8Tf in both samples, and that the peak
the ternary alloy is narrower and smaller than thea-Gd-Si
sample.

Figure 7 showsCmag vs T from '3 K to 60 K for both
samples in applied magnetic fields up to 8 T. These sam
show behavior similar to both the previously measu
a-Gd-Si samples and well-known spin glasses such
CuMn, with the specific heat reduced at low temperatu
and increased at higher temperatures by applied magn
field.10,29 A unique feature of thea-Gd-Si samples is tha
applied fields cause shifts inCp up to quite high tempera
tures, a result also apparent in Fig. 7. For both samples t
T data are measurably larger than those taken in zero
even at 60 K, which is at least 10Tf .

Though the behavior of these two samples in applied fi
is qualitatively similar, the quantitative effects of applie
field are rather different. Figure 7a shows that in an 8
magnetic field, thea-Gd-Si’s spin-glass peak is only slightl
lowered and is broadened, but mostly retains its shape.
effect is that of the spin-glass peak shifting to higher te
peratures. This is in contrast to the situation ina-Gd-Y-Si
shown in Fig. 7~b!, where at 8 T, the peak is significant
lower, and more broadened on the high-T side. This sam
shows substantial field dependence at 4 T, and easily m
surable shifts at 2 Tesla, though this data is omitted for c
ity.

Figure 8 shows the field induced change in specific h
DC5C(H58 T)2C(H50 T) divided byC(H50 T) as a
function of scaled temperatureT/Tf . The result is the rela-
tive change in specific heat at this field. Because we h
previously confirmed that the thermal conductancek of our
19520
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microcalorimeter shows no field dependence22 all the field
dependence in our measurement appears int. Note therefore
that

DC

C
5

CH2C0

C0
5

ktH2kt0

kt0
5

Dt

t0
. ~3!

This means that we obtainDC/C using only measurement
of t in high and zero field, with no possible influence fro
addenda or nonmagnetic analog subtractions or from fit
errors in the thermometer calibration required to calculatek.

FIG. 7. Magnetic contribution to specific heat,Cmag, vs T for
y50 andy57 samples in applied magnetic fields up to 8 Tes
Applied field causes larger shifts inCmag in the y57 sample.

FIG. 8. Relative change inCp at 8 T for both samples
8-5
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TABLE I. Magnetic entropies andn @from Eq. 5# for the two samples. All entropies are in units o
J/mol@Gd# K.

Sample Smag Sexcess n Sp

(4,T,90 K) @Smag2R ln(2JGd11)# ~localizede2/Gd ion! R ln(2Jef f11)

x514, y50 20.0 2.7 3.9 17.1
x514, y57 18.5 1.2 1.7 15.7
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This greatly simplifies the reduction of the data and ma
this quantity the most accurate measure of field indu
changes inCp .

There are several interesting features apparent in Fig
The simplest is that the data elegantly confirm the gre
influence of magnetic field on they57 sample.DC/C is
larger~either more negative or more positive! for the ternary
sample for allT/Tf . Apart from the difference in magnitude
the two data sets have remarkably similar shapes. B
datasets have an apparent maximum negative value very
the freezing temperature (T/Tf'1.2), both cross zero a
T/Tf>2.7, and both have a maximum positive value
T/Tf>4 with tails extending out to at leastT/Tf510. The
inset shows the negative maximum nearTf . This negative
maximum indicates that as temperature increases from
lowest measured temperatures toTf ,Cp is increasingly field
dependent. At or slightly aboveTf the field dependence be
gins to drop roughly linearly and at a common value
T/Tf>2.7 for both these samples,DC/C50, meaning that
the specific heat at 0 and 8 T is the same. ThenDC/C in-
creases roughly linearly and peaks atT/Tf>4 for both
samples.

That any feature is seen atTf is somewhat surprising, a
none of the other high-field experiments, includin
magnetoresistance1,26,27 and magnetization2 have seen any
feature nearTf in this material. Though this feature has th
far not been reported for other spin glasses, it is confirm
by data on othera-Gd-Si films.10

Table I shows measured and expected values of magn
entropy for bothy50 andy57 samples. The magnetic en
tropy Smag is given by

Smag5E
T50

Tmax Cmag

T
dT, ~4!

hence the area under the curve in aCmag/T vs T plot gives
the measuredSmag for a particular temperature range. Th
Smag values that appear in Table I are determined by plott
Cmag/T vs T in zero field for each sample and numerica
integrating over the temperature range 3.99 K,T,88 K.
Smag is significantly larger for the purea-Gd-Si sample, and
both samples have larger entropy than is expected from
ions alone „SGd5R ln(2J11)5R ln8517.3 J/mol@Gd# K….
Because the lower limit of these measurements is 3.99
theseSmag values in fact underestimate the magnetic entro
becauseCmag continues to lower temperatures. The entrop
Sexcessare the results of subtracting the Gd ion entropy fro
the measured entropy. Note that they50 sample’sSexcessis
roughly twice that of they57 sample. We have previousl
suggested thatSexcessis the contribution from localized elec
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trons in singly occupied states.9 We therefore write the maxi-
mum magnetic entropy of a collection of Gd moments (JGd
57/2) and n localized electron moments per Gd ion (se
51/2) as

Smag5R@ ln~2JGd11!1n ln~2se11!#. ~5!

n, the number of localized electrons per Gd ion, may
calculated and the results appear in Table I. Note thatn is
also roughly a factor of 2 larger in they50 sample.

A slightly different approach to the magnetic entropy is
first calculate the effective spinJe f f from the values ofp
shown in Fig. 3 fromp25g2Je f f(Je f f11), whereg is the
Landeg-factor and is assumed to still beg52. Then values
of Sp are then calculated fromSp5R ln(2Jef f11). Note that
Smag2Sp'3 J/mol@Gd# K for both y50 andy57 samples.

IV. DISCUSSION

The effect of increasing electron concentration on
magnetic interactions is very clearly seen in the change
both M (H) for the x514 pair shown in Fig. 1 and in the
magnetic susceptibilityx(T) shown in Fig. 2. The increase
effective moment of they50 sample is visible in the lower
field M (H) data, wherey50 has larger values~Fig. 1, inset!
thany57, and is dramatically seen in the factor of 2 diffe
ence inx. At higher fields, the crossing of the data direct
reflects the reduced interaction strength for they57 sample
caused by increasing electron concentration. Since the B
louin function representsM (H,T) for noninteracting mo-
ments, suppression below this means antiferromagnetic in
actions; the increased values ofM at high fields for the
ternary sample (y57) therefore reflect areduction in the
strength of the antiferromagnetic interactions, consistent w
the reduced freezing temperatureTf and u in the y57
sample relative to they50 sample, shown in Fig. 4. We not
again that these two samples have been shown by RB
possess identical Gd concentrations and inter-Gd dista
~within the accuracy of RBS, which is'1%). Because the
magnitude of the RKKY interaction goes as (1/kFR)3, a re-
duction in interaction strength with increasing electron co
centration is consistent with an RKKY-like conduction
electron-mediated exchange, assuming a constant nea
neighbor Gd-Gd distanceR. This is a slightly different result
than observed in the Pb12x2ySnyMnxTe, where the carrier
induced ferromagnet to spin-glass transition is caused b
change in the sign of the RKKY interaction due to increas
kF . It is likely that the presence of strong disorder and
sulting randomization of the phase of the interaction preve
such a well-defined transition from occurring in our syste
8-6
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In the presence of strong frustrated interactions such
are found here, it is not clear that the Curie-Weiss mean-fi
approach@Eq. ~1!# is the correct physics for the paramagne
state aboveTf . We note however that the peaks inp andu at
the MI transition are both associated with an increasedx,
which is the essential physics. Also,u is quite small@relative
to both the freezing temperature and the strength of the
teractions as manifested by the high-fieldM (H) suppression
below the Brillouin function and the high-field susceptib
ity#. We note that in metallic Gd glasses,u usually greatly
exceeds the freezing temperature~typical u.25 K for Tf
'5 K). In the present samples, the near zero value ofu,
despite the clear presence of strong antiferromagnetic in
actions, shows again the nearly perfect balancing of fe
magnetic and antiferromagnetic interactions, which we s
gest is a consequence of the disorder-induced ph
randomization of the RKKY interaction.15–17We suggest tha
the key elements for this near perfect balancing of stro
interactions are strong disorder and lower electron conc
tration than the usual RKKY glasses~hence longer interac
tion range!.

Several features of the magnetic contribution to the s
cific heat, Cmag(T), also point to strong, balanced, long
range RKKY-like interactions, with weaker interactions
the y57 sample.Cmag provides information on the densit
of magnetic states in these materials, and thereby the d
bution of interaction strengths present in these spin glas
The large peaks inCmag for both samples at'1.8Tf indicate
the large number of nearly degenerate magnetic states
energies close toTf . The fact that adding conduction ele
trons to the system causes the spin-glass peak inCmag to be
lower in value and narrower means that there are fewer m
netic states nearTf , with a narrower distribution in energy
This result is of course also clear from theSmag values which
are much lower fory57, and is expected from an RKKY
like interaction with an increased electron concentration.

The difference between the magnetic specific heats for
two samples is less dramatic than that observed in the
ceptibility. This follows a pattern also observed in crystalli
phosphorus-doped silicon~P:Si!, where measurements ofx
showed large differences across the MI transition as e
trons localized into singly occupied states, whileCp showed
more subtle effects.3,4,30This is expected, asx measures the
fluctuations of magnetic moments in response to an app
field and is therefore sensitive to the total number of loc
ized momentsn. Cmag(T) depends on the density of mag
netic states, and thereforedn/dT. Integrating to determine
Smag returns the emphasis to the total number of magn
states, and in our measurements the difference betw

*Electronic address: barry@physics. ucsd. edu
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Sexcess5Smag2R ln 8 for the two samples~and the resulting
difference inn) is approximately a factor of two, similar to
the change seen inx. The difference in the field dependenc
of Cmag for these 2 samples is similarly dramatic, whic
again indicates weaker interactions and recalls the diffe
field dependences ofM (H) for the two samples.

Another interesting result is the fact that for both the
samplesCmag andDC/C persist to temperatures as high
T/Tf>13 (T'80 K) and are of similar value at these tem
peratures. This suggests that the strongest interactions in
distribution are less affected by moving away from the M
transition. This temperature range is also the same as
over which the a-Gd-Si demonstrates measurab
magnetoresistance.1 Such a link between the specific he
and electron transport is unique and suggests a need for
ther study.

V. CONCLUSIONS

In summary, we have shown that the susceptibility
amorphous Gd-Si alloys has a strong peak~a factor of 2! at
the MI transition, independent of whether the MI transition
caused by increasing magnetic Gd content or nonmagnet
content. This peak in susceptibility can be described in te
of an increased effective moment. The magnetic contribut
to specific heat shows spin-glass peaks nearT/Tf>1.8, with
the metallic (y57) sample showing a smaller, more field
dependentCmag. Both samples have measurableCmag as
high asT/T f>13, T'80 K, the temperature at which nega
tive magnetoresistance becomes measurable in t
samples.

We have also shown through measurements of both m
netic susceptibility and specific heat that the magnetic in
actions in amorphous Gd-Si alloys are strong, of mixed s
~nearly perfectly balanced ferromagnetic and antiferrom
netic! and are reduced in absolute magnitude by the addi
of Y ~while maintaining the Gd-Gd distance and concent
tion constant!. We suggest that the latter observation is co
sistent with an RKKY-like indirect exchange mediated
conduction electrons, despite the conduction electrons ne
being localized, in that increasing electron concentration
duces the strength of the interaction at a given distance.
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