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SHORT-RANGE FERROMAGNETISM AND TRANSPORTPROPERTIES OF AMORPHOUS (Gd,Y)xSi1�x ALLOYSS. CapraraDipartimento di Fisi
a, Università di Roma �La Sapienza�,Istituto Nazionale per la Fisi
a della Materia-SMC and UdR di Roma 100185 Rome, ItalyV. V. Tugushev *, N. K. Chumakov **RRC Kur
hatov Institute123182, Mos
ow, RussiaSubmitted 31 January 2005We present a theoreti
al des
ription and ele
tri
al 
ondu
tivity measurements for amorphous (Gd,Y)xSi1�xalloys with 0:1 < x < 0:2. In our model, we take into a

ount the strong topologi
al disorder in the system,
ausing the appearan
e of regions with higher ele
tron density (ele
tron �drops�) around nanos
ale stru
turaldefe
ts enri
hed with rare-earth ions (�
lusters�). We 
al
ulate the lo
al density of ele
tron states in the dropsand in the matrix and establish the 
riterion for lo
al instability towards ferromagnetism. In the framework ofthe �lo
al phase transition� approa
h, we �nd that short-range ferromagneti
 order is more favorable insidethe drops than in the matrix and exists in a wide temperature range. We analyze re
ent measurements ofthe temperature and magneti
-�eld dependen
e of the ele
tri
al 
ondu
tivity in these systems and show thatthe spin polarization of the ele
tron states in the drops enhan
es the tenden
y towards the metal�insulatortransition.PACS: 72.15.-Gd, 75.25.+z, 75.47.De, 75.50.Kj, 75.50.Pp1. INTRODUCTIONThe anomalous transport and magneti
 propertiesof amorphous (a-) RExSi1�x alloys (with RE = Gd,Tb, Y and 0:1 < x < 0:2) have been the obje
t of a
ontroversial debate in re
ent years. The standard ap-proa
h to these systems, des
ribed as disordered mag-neti
 semi
ondu
tors, is unable to a

ount for variouspe
uliarities in a wide range of temperatures and mag-neti
 �elds and, in parti
ular, for transformations inthe ele
troni
 and magneti
 stru
ture. Various exper-iments [1�5℄ reveal that the presen
e of doped mag-neti
 moments in a strongly disordered semi
ondu
-tor 
an 
ombine features of the usual doping-drivenmetal�insulator transition in amorphous systems withthe physi
s of the temperature- and �eld-driven mag-neti
 (spin glass) transition. The 
ompetition betweenstru
tural and magneti
 disorder, whi
h is responsible*E-mail: vvtugushev�mail.ru**E-mail: 
humakov�imp.kiae.ru

for the features observed at low temperatures in themagneti
 and transport properties of a-RExSi1�x, hasbeen analyzed in Refs. [6; 7℄ within the framework ofthe Anderson �Mott transition driven by spin disorder.ESR and d
-magnetization results show (see Ref. [8℄)that RE is in
orporated as a trivalent ion (RE3+) inthe a-Si matrix. Two (s� d) ele
trons of RE form sat-urated bonds with (s � p) ele
trons of neighbored Si,while the third (s � d) ele
tron remains itinerant andparti
ipates in the 
ondu
tivity; below, we 
onsider REas the one-ele
tron donor in the amorphous sili
on host.So far, the a-RExSi1�x alloy was 
onsidered as a
ompletely disordered, heavily doped, magneti
 semi-
ondu
tor, and the role of the short-range stru
turaland magneti
 order was not dis
ussed. However, as arule, di�erent kinds of disorder exist in su
h amorphousalloys [9℄. The 
ompositional disorder at the atomi
s
ale distan
es, asso
iated with dangling bonds, va
an-
ies, and substitutional and interstitial 
enters, 
an bequalitatively des
ribed within a model of point defe
ts351
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rystal latti
e. The stru
tural (topologi
al)disorder at nanos
ale distan
es, whi
h is originated bydislo
ations or in
lusions, has to be des
ribed in a dif-ferent way, within a model of 
ontinuous defe
ts witha short-range order, embedded into a 
ompletely disor-dered e�e
tive medium (matrix).As we argue below, sharp spatial �u
tuations ofthe RE 
on
entration play an important role in a-RExSi1�x in a wide temperature range, far above boththe paramagnet�spin glass and the metal � insulatorphase transitions (see, e.g., Ref. [9℄ for a dis
ussionon the role of the so-
alled 
ompositional disorder inamorphous semi
ondu
ting alloys). Experiments [1�5℄revealed �ve distin
t temperature regimes, 
hara
ter-ized by di�erent magneti
 and transport properties.For instan
e, at T > 70 K, the temperature depen-den
e of the ele
tri
al 
ondu
tivity � in a-GdxSi1�x issimilar to that of its nonmagneti
 stru
tural analoguea-YxSi1�x. At T < 50�70 K, instead, a signi�
ant dif-feren
e in their behavior has been observed, and the
ondu
tivity diminishes with de
reasing temperaturemore rapidly in a-GdxSi1�x than in a-YxSi1�x. Thisfa
t points to the magneti
 nature of the phenomenon.In the temperature range 5 K < T < 50�70 K, thelow-�eld magnetization qualitatively obeys the Curie �Weiss law, although with a small Curie 
onstant andthe e�e
tive temperature �; large negative magnetore-sistan
e is found at T < 50 K. At T < 5 K, the materialshows a spin-glass freezing. Samples that are metal-li
 at high temperature show a tenden
y towards themetal�insulator transition at low temperature.To explain these properties, the authors of Ref. [10℄proposed that the strong stru
tural disorder of the sys-tem favors the formation of 
lusters, i.e., nanos
alestru
tural defe
ts with an enhan
ed 
on
entration ofRE ions, leading to a redistribution of the ele
tron den-sity, su
h that regions with the higher ele
tron den-sity (ele
tron �drops�) appear within the a-RExSi1�xmatrix. Magneti
 ordering inside the drops, more fa-vorable than in the matrix, was predi
ted. To verifythe magneti
 state of the drops, a �lo
al� experimen-tal method, ele
tron spin resonan
e (ESR), was pro-posed, together with 
ondu
tivity and Hall-e�e
t mea-surements. Preliminary ESR results were reported inRef. [10℄ and allowed a rough estimate of some parame-ters of the drops. As is shown below, the typi
al radiusof a drop for a-GdxSi1�x is rD � 4:5�6Å, 
orrespond-ing to the volume vD = 4�r3D=3 � 400�800Å3; thenumber of RE ions inside a 
luster is �D � 10�13; thevolume fra
tion o

upied by the drops is f � 0:05�0.1. The short-range ferromagneti
 order inside thedrops develops at a temperature T � 100 K and satu-

rates in the temperature range 50 K < T < 100 K; for2�5 K < T < 50 K, the magneti
 moments of di�erentdrops are un
orrelated, but at T < 2�5 K, they arefrozen by a spin-glass transition in the matrix.In this paper, we study the a-RExSi1�x system inthe temperature regime far above the metal � insulatorand paramagnet�spin glass transitions, i.e., at T � 2�5 K for the a-GdxSi1�x alloy. We des
ribe the dis-ordered amorphous magneti
 semi
ondu
tor within amodel similar to the one adopted in Refs. [6, 7℄, tak-ing the short-range stru
tural, ele
troni
, and magneti

orrelations into a

ount in a semi-phenomenologi
alway, within the so-
alled �lo
al phase transition� ap-proa
h [11℄. To des
ribe the e�e
tive ele
tron potentialand the 
harge and spin density distributions of ele
-trons in the drops embedded into the a-RExSi1�x ma-trix, we de�ne the 
orresponding �order parameters�.To obtain the ground-state ele
tron density, we intro-du
e a self-
onsisten
y equation in the form of a lo
alele
tri
al neutrality 
ondition for an isolated drop. Wealso derive the 
riterion for a ferromagneti
 instabilityand 
al
ulate the temperature of the �lo
al� ferromag-neti
 transition inside a drop. Finally, we dis
uss someexperimental �ndings on the behavior of the ele
tri
al
ondu
tivity as a fun
tion of temperature and magneti
�eld, and their 
orresponden
e to the predi
tions of ourtheory. 2. THE MODELa-RExSi1�x alloys are systems with a rather 
ompli-
ated topologi
al and 
ompositional disorder. Itinerantele
trons move in the 
rystal potential 
onsisting of aperiodi
 and a disordered part, the latter having 
om-ponents with very di�erent 
hara
teristi
 length s
ales.Together with the lo
al part, 
onventional for all amor-phous alloys, provided by the potentials of Si danglingbonds and isolated RE ions in
luded in the a-Si net-work, there is also a 
ontinuous part of the disorderedpotential. We suppose that it is formed in the vi
inityof the RE 
lusters by the Coulomb �tails� of the poten-tial of 
harged RE ions. Obviously, to make an analyti
treatment possible, we need to simplify the real distri-bution of the 
rystal potential within some reasonablemodeling, whi
h we dis
uss in what follows.We 
onsider a set of stru
turally isolated 
lustersembedded into a weakly disordered matrix. The ma-trix is assumed quasi-homogeneous on length s
ales ex-
eeding the inter-atomi
 distan
es, but small 
omparedwith the 
hara
teristi
 
luster size and the inter-
lusterdistan
e. We assume that the ele
tron stru
ture of352



ÆÝÒÔ, òîì 128, âûï. 2 (8), 2005 Short-range ferromagnetism and transport properties : : :the matrix averaged over the realizations of the lo
alrandom potential is qualitatively des
ribed in terms ofquasi-periodi
 ele
tron states with a �nite lifetime. Fol-lowing Ref. [9℄, we write the ele
tron Hamiltonian ofour system as a one-band model in the k� r represen-tation,H =Xk;� E(k)
yk;�
k;� ++ Z drX�;� [U��(r) + �(r)Æ�� ℄ 	y�(r)	�(r); (1)where k = �i�=�r is the quasimomentum and E(k) isthe Blo
h band dispersion of an ideal periodi
 latti
e.The operator 
(y)k;� annihilates (
reates) an ele
tron inthe Blo
h state labeled by k with spin proje
tion �,and the operator 	(y)� (r) annihilates (
reates) an ele
-tron at the point r with spin proje
tion �.The lo
al part of the disordered potential has theform U��(r) =Xi (VÆ�� + JSi � ���) Æ(r� ri); (2)where V and J are the Coulomb and ex
hange 
ou-plings of the ele
trons with the impurities, respe
tively,Si is the lo
al spin ve
tor, and � is the ve
tor of Paulimatri
es. The sum in Eq. (2) ranges over the positionsof the impurities lo
ated at the latti
e sites ri, whi
hare randomly distributed.The 
ontinuous part of the potential is nonzero onlyinside the 
lusters and 
an be written as	(r) =Xj �j(r);where �j(r) is an e�e
tive �envelope� Coulomb po-tential of the jth 
luster. In prin
iple, the equationfor �(r) has to be derived and solved self-
onsistentlywith the 
harge redistribution in the system. But in ourmodel, for simpli
ity, we take �j(r) = ', independentof r, inside the j-th 
luster, and �j(r) = 0 elsewhere.Within this simple approximation, ' o

urs as a lo
alshift of the bulk 
hemi
al potential � inside a drop,�D = �+ '.To 
hara
terize the drops, we have to spe
ify theirproperties. We let ND and NM denote the total num-ber of RE ions in the 
lusters and in the matrix, respe
-tively, with the total number of RE ions N = ND+NMbeing �xed. The total volume o

upied by the dropsis VD and the volume of the matrix is VM , the totalvolume of the system V = VD + VM being �xed. Thevolume fra
tion o

upied by the drops is denoted byf � VD=V < 1. The RE ion density in the 
lusters is

nD � ND=VD = 
n, where 
 > 1 is the enhan
ementfa
tor, and n � N=V is the nominal 
on
entration ofRE ions. Be
ause VD = fV , we have ND = f
N ,NM = (1 � f
)N , and using VM = (1 � f)V , we 
an
al
ulate the RE ion density in the matrix asnM � NMVM = 1� f
1� f n:To pro
eed further, we have to make some assump-tions about the drops. For simpli
ity, we assume thedrops to be equal and spheri
al, with the radius rDand volume vD = 4�r3D=3. The number of RE ions ina single 
luster is then �D = nDvD and the ex
ess ofRE ions with respe
t to the matrix is�� � (nD � nM )vD = 
 � 11� f �;where � � nvD is the nominal number of RE ions in asingle 
luster. Thus, we have
 = 1 + (1� f)��� ; (3)and in what follows, we assume that �� is a parameterof our model, whi
h is possibly determined by the alloygrowing 
onditions. It is related to the number of REions in a 
luster by �D = 
� = �+ (1� f)��.We still have to �nd a 
onne
tion between f andvD . Let ND be the total number of drops. ThenfV = VD = NDvD, i.e., f = NDvD=V . Assumingthat the number of drops per unit volume ND=V iste
hnologi
ally �xed, we have that f is proportional tothe volume of a drop vD , i.e., to the nominal numberof RE ions in a 
luster, � = nvD. We write f = ��,with � � NDN = NDV nviewed as a parameter. We must �nd a physi
al 
ondi-tion to determine �, and hen
e all the drop parameters.As we show in Se
. 3A, this is the ele
tri
al neutrality
ondition for an isolated drop.The potential ', whi
h determines the position ofthe lo
al 
hemi
al potential in the drops �D = � + ',
an be qualitatively estimated as an average ele
tro-stati
 potential inside a drop of radius rD ,' = Ze2�rD ��: (4)Here, e is the ele
tron 
harge, we take the RE ion as adonor with the e�e
tive un
ompensated positive 
hargeZjej, and � is the stati
 diele
tri
 
onstant of the sys-tem. For a-GdxSi1�x, we have Z = 1 (see Se
. 1),� � 12�15, the bandwidth of the itinerant ele
tron9 ÆÝÒÔ, âûï. 2 (8) 353



S. Caprara, V. V. Tugushev, N. K. Chumakov ÆÝÒÔ, òîì 128, âûï. 2 (8), 2005band is W � 6�8 eV, the average volume of the el-ementary 
ell is a3 � 20Å3, i.e., the average latti
espa
ing is a � 2:7Å. Thus, for a nominal 
hemi
al
omposition x = 0:14, the average 
on
entration ofRE ions is n � 7 � 1021 
m�3 [4; 5℄. From the ex-perimental results [10℄, we 
an estimate �� � 7�9,� � 3�4, � � 0:01�0.03. This gives the estimateND=V = f=vD � (6�25) � 1019 
m�3 for the numberof drops per unit volume.3. LOCAL DENSITY OF ELECTRON STATESAND BASIC EQUATIONSIn this se
tion, we derive the equations that �x allthe parameters of our model. We start by 
al
ulatingthe lo
al density of states (DOS) in the matrix andin the drops, in the paramagneti
 phase, through theusual expression [9℄ �(") = ��1 ImhGA(r; r; ")i, where" is the ele
tron energy and GA(r; r; ") is the advan
edone-parti
le Green's fun
tion asso
iated with Hamilto-nian (1), averaged over the realizations of disorderedpotential (2). Assuming that magneti
 order is absent,i.e., hSii = 0 everywhere in the system, we obtain theexpression �(") = Im +1Z�1 �0(z)"� z ��A(") dz� ; (5)where the energy " is measured from the 
enter ofthe band of the ideal latti
e. The fun
tion �0(z) inEq. (5) is the DOS 
orresponding to the ele
tron spe
-trum E(k) of the ideal latti
e, and for de�niteness, weadopt the semi-ellipti
 form�0(z) =8><>: 2� p1� z2 ; jzj � 1;0; jzj > 1: (6)We take energy and length units su
h that half thebandwidth W=2 and the size of the elementary 
ell aare equal to one. The advan
ed self-energy �A(") isobtained by averaging over the realizations of the disor-dered potential U(r) in Eq. (2) within some approxima-tion s
heme. As is 
ustomary, we in
lude the averagehU(r)i into the 
hemi
al potential �; if we then assumethat the impurities giving rise to the random poten-tial in Eq. (2) are un
orrelated over di�erent impuritysites ri, we �nd h[U(r)℄2i = [V2 + S(S + 1)J 2℄nimp inthe non
rossing Born approximation, where nimp is the
on
entration of impurities. Expli
it results for �(")were obtained in Refs. [6, 7℄ by means of numeri
al
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Fig. 1. Dashed line: the semi-ellipti
 DOS, Eq. (6), ofthe ideal latti
e. Solid line: the DOS resulting fromthe in
lusion of �lo
al� impurity e�e
ts, resulting ina broadening of the semi-ellipti
 DOS, Eq. (7), with� = 0:1. The empty square marks the position of themobility edge assumed at the bottom of the ideal band,"m = �1. The bla
k square, labeled by M , and thebla
k 
ir
le, labeled by D, mark the value of the DOSin the matrix and in the drops, respe
tively, for the setof parameters adopted in the text
al
ulations for di�erent values of the s
attering pa-rameter h[2U=W ℄2i. For our qualitative purposes, itis su�
ient to assume that the �u
tuations of poten-tial (2) lead to a simple homogeneous broadening of theideal semi-ellipti
 DOS (6), with a �nite inverse lifetime2� proportional to the s
attering parameter. Thus, theresulting lo
al DOS in our model is 
hara
terized by atail of lo
alized states (see Fig. 1). Using Eq. (5) with�A(") = i� and with �0(z) given by Eq. (6), we �nd�(") = 2� �qpR2 + "2�2 �R� �� ; (7)where R � ("2 � �2 � 1)=2.A. The paramagneti
 phaseWe start our analysis by dis
ussing the propertiesof the paramagneti
 phase. Hereafter, the subs
ript pindi
ates that the 
orresponding quantity is evaluatedin the paramagneti
 phase, whenever this is expe
tedto have a di�erent value in the phase with a short-rangeferromagneti
 order, dis
ussed in Se
. 3B.The 
hemi
al potential of the system in the param-agneti
 phase, �p, is �xed by the 
ondition of 
onser-vation of the average number of ele
trons,354
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tors 2 a

ount for the spin degenera
y,fp = ��p is the volume fra
tion o

upied by the dropsin the paramagneti
 phase, f(z) = [exp(z=T ) + 1℄�1 isthe Fermi �Dira
 distribution fun
tion at the temper-ature T (in energy units), and x = na3 is the nominalRE 
ontent of the alloy (here, RE ions are taken asdonors with Z = 1, su
h that the number of dopedele
trons in the 
ondu
tion band equals the number ofRE ions). For simpli
ity, we assume that the inverselifetime � is the same in the matrix and in the drops,although this assumption plays no role in the followingderivation, and we 
ould even adopt a di�erent DOS�M;D(") in the matrix and in the drops.As dis
ussed in Se
. 2, the ex
ess of RE ions insidea 
luster, ��, 
auses an in
rease of the ele
tron den-sity with respe
t to the matrix, whi
h is 
ontrolled bythe average potential 'p in Eq. (4) with rD ! rD;p inthe paramagneti
 phase. We assume that the ele
tri
alneutrality 
ondition is satis�ed for an isolated drop, en-suring that the ex
ess of the RE ion density is s
reenedby the 
orresponding ex
ess of the ele
tron density,2 +1Z�1 �(")f("� �p � 'p) d" = 
px; (9)where 
p is the density enhan
ement fa
tor, Eq. (3),
al
ulated in the paramagneti
 phase (i.e., withf ! fp, �! �p). With Eq. (9), we 
an rewrite Eq. (8)in the simpler form2 +1Z�1 �(")f("� �p) d" = (1� ���)x; (10)when
e it is evident that the 
hemi
al potential �p isuniquely determined in terms of the parameters of ourmodel. On
e �p is obtained form Eq. (10), Eq. (9)
ontains �p (or, equivalently, rD;p) as the only vari-able, and 
an be easily solved by means of standardnumeri
al methods.The simultaneous numeri
al solution of Eqs. (9) and(10) at T = 0, e.g., for x = 0:14, W = 8 eV, � = 12,�� = 9, and � � 0:029, with � � 0:1 (
hosen as inRefs. [6, 7℄ to �x the 
hemi
al potential at the mobilityedge, �p = �1, see below) yields �p � 3:1, whi
h givesfp � 0:091 and 
p � 3:34. Hen
e, the number of RE

ions in a 
luster is rD;p � 10:4, the volume of a drop isvD;p � 440Å3, and the radius of a drop is rD;p � 4:7Å.The value of the Coulomb shift of the 
hemi
al poten-tial in the drops is 'p � 0:51 (whi
h 
orresponds toan energy approximately 2 eV). The lo
al DOS at theFermi level is �(�p) � 0:14 and �(�p + 'p) � 0:50 inthe matrix and in the drops, respe
tively (the maxi-mum value for the DOS is �max � 0:58 for the 
hosenset of parameters, see Fig. 1).So far, we have dis
ussed only the paramagneti
phase of the system, and hen
e our results are valid forboth the magneti
 alloy a-GdxSi1�x (at T > TD, seeSe
. 3B) and the nonmagneti
 alloy a-YxSi1�x.For small fp, well below the per
olation limit of thedrops, the ele
tron states within the drops are lo
alizedin the volume vD and are separated from the matrix bya surfa
e energy barrier, whi
h determines the ex
ita-tion energy of a drop, ED. Also the ele
tron stateswithin the tail of the DOS of the matrix are lo
alizedat the s
ale of inter-atomi
 distan
es. Therefore, atT � ED, the fra
tion of itinerant ele
trons within theelementary 
ell in our system 
an be estimated asxitin;p = 2(1� fp) +1Z"m �(")f("� �p) d"; (11)where "m is the mobility edge, whi
h depends on thes
attering potential. We assume, for simpli
ity, thatit is lo
ated at the bottom of the ideal latti
e band,"m = �1. Although, stri
tly speaking, one should de-�ne the position of the mobility edge self-
onsistently,from the 
al
ulation of the two-parti
le Green's fun
-tion of the system, our simplifying assumption does notplay a relevant role.The variation of xitin;p with in
reasing temperaturein the paramagneti
 phase, together with tiny varia-tion of the 
hemi
al potential �p and of the Coulombshift 'p, is reported in Fig. 2 for the 
hosen set of pa-rameters. As 
an be noti
ed, be
ause the Fermi levelwas �xed at the mobility edge at T = 0, the itiner-ant ele
trons are thermally ex
ited from the lo
alizedstates in the tails of the DOS at �nite temperature,and their density in
reases almost linearly with T . Wenote that xitin;p is at most about 0:006x at the high-est temperature reported in Fig. 2 (whi
h 
orrespondsto T � 200 K), and therefore itinerant ele
trons area tiny fra
tion of all the ele
trons in the system, themost part being lo
alized into the DOS tails. There-fore, whereas the nominal density of doped ele
tronsis n � 7 � 1021 
m�3, the density of thermally ex
iteditinerant ele
trons is, e.g., nitin;p � 4 � 1019 
m�3 atT � 200 K.355 9*
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Fig. 2. a) Temperature dependen
e of the 
hemi
al potential �p in the paramagneti
 phase as resulting from the numeri
alsolution of Eq. (10) at �nite temperature. b) Temperature dependen
e of the Coulomb shift 'p in the paramagneti
 phase asresulting from the numeri
al solution of Eq. (9) at �nite temperature and with �p(T ) previously determined. 
) Temperaturedependen
e of the fra
tion of itinerant ele
trons in the paramagneti
 phase, xitin;p, 
al
ulated a

ording to Eq. (11). Inall the three panels, the bla
k 
ir
le on the temperature axis marks the transition point to the phase with a short-rangeferromagneti
 order in the dropsB. The phase with a short-range ferromagneti
orderIn this se
tion, we treat the ex
hange part of Hamil-tonian (1) in the mean-�eld approximation, supposinghSii = 0 in the matrix and hSii 6= 0 inside the drops.This assumption is quite reasonable in a wide temper-ature range, be
ause the lo
al DOS at the Fermi levelis larger in the drops than in the matrix (see Fig. 1),and therefore the 
ondition for ferromagneti
 orderingin the presen
e of an ex
hange 
oupling between mag-neti
 RE ions and ele
trons is more easily realized inthe drops. The magneti
 RE ions inside the 
lustersexperien
e the e�e
tive magneti
 �eldHeff = J +1Z�1 [�("+m)� �("�m)℄�� f("� �� ') d"; (12)where m � J xDhSzi, xD = 
x is the 
on
entration ofmagneti
 (e.g., Gd) RE ions per unit 
ell in a 
luster,the index z de�nes the dire
tion of the lo
al quantiza-tion axis, and the average value of the spin at the REsite is de�ned self-
onsistently ashSzi = SBS �SHeffT � ;whereBS(y) = 2S + 12S 
h�2S + 12S y�� 12S 
h� 12S y�is the Brillouin fun
tion for spin S. For Gd ions,S = 7=2.

The above equations should be solved simultane-ously, together with the equation for the 
hemi
al po-tential �,2(1� f) +1Z�1 �(")f("� �) d"++f +1Z�1 [�("+m)+�("�m)℄ f("���') d" = x; (13)whi
h 
orresponds to the 
onservation of the averagenumber of ele
trons in the phase with a short-rangeferromagneti
 order within the drops, and the equationfor �, whi
h enfor
es 
harge neutrality for an isolateddrop,+1Z�1 [�("+m) + �("�m)℄ f("� �� ') d" = 
x; (14)where 
 is the density enhan
ement fa
tor de�ned inEq. (3). As dis
ussed above, we assume that the num-ber of ex
ess RE ions �� does not 
hange in pass-ing from the paramagneti
 phase to the phase with ashort-range ferromagneti
 order, whereas the radius ofthe drops 
hanges from rD;p to rD (i.e., the nominalnumber of RE ions within the 
lusters 
hanges from�p to �). The volume fra
tion o

upied by the dropsis f = ��, where � is the same as in the paramag-neti
 phase, assuming that the number of drops perunit volume does not 
hange a
ross the lo
al ferromag-neti
 transition.Using Eq. (14), we 
an rewrite Eq. (13) as356
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h 
on
ides with Eq. (10). Therefore, it is evidentthat for a given set of parameters, the 
hemi
al poten-tial has the same value as in the paramagneti
 phaseat the same temperature, �(T ) = �p(T ).The typi
al value of the ex
hange potential in theunits of W=2 is JS � 0:1�0:2 � '. In whatfollows, we take m as a small expansion parame-ter and seek solutions of the above self-
onsisten
yequations that are 
lose to the solutions in the para-magneti
 phase, rD = rD;p + �, with � � rD;p.We observe that ' � 'p � e2���=�r2D;p � 'p + �,with � � ��'p=rD;p � 'p. The volume of adrop 
hanges as vD � vD;p(1 + 3�=rD;p), and hen
e� = nvD � �p(1+3�=rD;p), f = �� � fp(1+3�=rD;p),and 
 � 
p(1 + 3���=
p�prD;p).Now, we expand the DOS and the Fermi �Dira
 dis-tribution fun
tion as�("+ �m) � �(") + �0(")�m+ 12�00(")m2 ++ 16�000(")�m3 (� = �1);f("� �p � ') � f("� �p � 'p)� f 0("� �p � 'p)�(here and in what follows, the prime is a short notationfor the derivative with respe
t to "). Then Eq. (14) for
harge neutrality, at this order of approximation, gives� 224 +1Z�1 �(")f 0("� �p � 'p) d"35 � ++ 24 +1Z�1 �00(")f("� �p � 'p) d"35m2 = 3x���p'p �; (16)i.e., L� +Mm2 = 0, where the 
oe�
ients L and Mare 
al
ulated in the paramagneti
 phase. The 
oef-�
ient M is reexpressed in a more suitable form viaintegration by parts that transfers the derivative withrespe
t to " from � to the Fermi �Dira
 distributionfun
tion f . At low temperature T � 'p, we �ndL = 2�(�p+'p)� (3x��=�p'p) and M = �0(�p+'p).It is evident that � � m2, as expe
ted, be
ause 
or-re
tions to the Coulomb shift 
annot depend on thesign of the magnetization. Finally, expression (12) forthe e�e
tive �eld up to O(m3) be
omes
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Fig. 3. Temperature dependen
e of the magnetizationof a Gd ion in a 
luster, hSzi � m=J xD, obtainedby solving Eq. (18) for T 
lose to TD. The values ofthe parameters are given in the text. The lo
al transi-tion point at T = TD = 0:0016 is marked by a bla
k
ir
leHeff � 2J 24 +1Z�1 �0(")f("� �p � 'p) d"35m++ J3 24 +1Z�1 �000(")f("� �p � 'p) d"35m3 �� 2J 24 +1Z�1 �0(")f 0("� �p � 'p) d"35m�;i.e., Heff � Am + Bm3 + Cm�, where the 
oe�
ientsA, B, and C are 
al
ulated in the paramagneti
 phase.The 
oe�
ients A and B are reexpressed in a more ap-propriate form via integration by parts that transfersthe derivative with respe
t to " from � to f . At lowtemperature, A = 2J �(�p+'p), B = J �00(�p+'p)=3,and C = 2J �0(�p + 'p) = 2JM .We �nd the solution of Eqs. (12)�(15) near the �lo-
al phase transition�, i.e., at temperatures 
lose to thelo
al Curie point of the drops TD (whi
h is de�ned be-low), where our expansion in powers ofm and � is valid.We must expand the Brillouin fun
tion, observing that
h(y) � 1=y + y=3� y3=45, i.e.,BS(y) � S + 13S y � 2S3 + (2S + 1)290S3 y3:Then, the self-
onsisten
y equation for m in thephase with a short-range ferromagneti
 order forT . TD (TD is de�ned below), at the same order ofapproximation, be
omes357
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pS�S + 13T �A+Bm2 + (C +D)���� 2S3 + (2S + 1)290T 3 A3m2� ; (17)where D = 3A��=
p�p'p a

ounts for the variationof 
 (i.e., of xD = x
) in entering the phase with theshort-range ferromagneti
 order. Equation (17) mustbe solved together with Eq. (16) to yield � and m2.It is evident that the lo
al transition tempera-ture for the drops is TD = JA�S(S + 1)=3, whereA� � Ax
p = Aa3�D=vD. We note that in our sim-ple mean-�eld approa
h and within the approximationof isolated drops, the full dependen
e of the transitiontemperature TD on the mean RE 
on
entration xmight

not be 
orre
tly des
ribed, be
ause �D and vD are thelo
al parameters of a drop, whi
h within our model areself-
onsistently determined by x and by the 
lusterparameters �� and �, assumed �xed. A more devel-oped theory has to a

ount for both 
harge and spin
orrelations in the system (whi
h may introdu
e a de-penden
e of �� and � on x), as well as an ex
hangebetween moments of di�erent drops, to des
ribe the
orre
t dependen
e of TD on x. However, this quanti-tative des
ription is beyond the s
ope of our paper.For T > TD, Eq. (17) has no real solutions andm = 0. For T < TD, the ferromagneti
 solution withinthe drops be
omes stable. From Eq. (16), we �nd� = �Mm2=L, and substituing this in Eq. (17), weobtain the equation for m2 for T . TD,m2 = 13JAx
pS(S + 1)� TJ x
pS �(S + 1)M(C +D)�BL3L + 2S3 + (2S + 1)290T 2 A3� � TD � TP + QT 2 � TD � TP + QT 2D ; (18)where P and Q are 
onstants, whi
h depend on theparameters 
al
ulated in the paramagneti
 phase, andwhose expression 
an be easily dedu
ed from Eq. (18).For a-Gd0:14Si0:86, we have �0(�p + 'p) � 0:35,�00(�p + 'p) � �0:91, and taking J � 0:026 (whi
h
orresponds to the energy 0.1 eV, a typi
al ex
hangeenergy in wide-band magneti
 semi
ondu
tors), we�nd TD = 0:0016 (whi
h 
orresponds to the temper-ature 70 K) and P + Q=T 2D � 0:45. The magneti-zation of the magneti
 RE ions within the 
lusters,hSzi = m=J xD � m=J x
p, near the lo
al transitionpoint TD is reported in Fig. 3.We point out that our results are 
orre
t only withinthe mean-�eld approximation for the RE spin density.The �nite volume of the drops 
auses a �tail� of �u
tu-ations of the magnetization to o

ur at T > TD, in thetemperature range (T�TD)=TD � (rD=a)�2 � 0:1�0.2.4. EXPERIMENTS AND DISCUSSIONThe X-ray study of the lo
al stru
ture of a-GdxSi1�x revealed a strong lo
al distortion of the ma-trix around Gd ions, as well as the absen
e of �u
tua-tions on ma
ros
opi
 s
ales in the system [12℄. Detailed
ondu
tivity and tunneling measurements revealed the
oexisten
e of metalli
 and semi
ondu
ting domains(mi
ro- or meso-s
opi
), identifying the per
olation na-ture of ele
tron transport at low temperatures, nearthe metal � insulator transition [13℄. Here, we 
on-sider some interesting experimental results, obtained

at temperatures far above the metal � insulator transi-tion, and dis
uss their 
orresponden
e to the predi
-tions of our theory. The results are obtained using thesamples prepared in Prof F. Hellman's laboratory bya te
hnique des
ribed previously [2℄. Amorphous �lmsof a-(Gd,Y)xSi1�x, 100�500 nm thi
k, were grown bye-beam 
oevaporation on Si/SiN substrates. Magneto-transport measurements were 
arried out in the tem-perature range 5�300 K in magneti
 �elds up to 4 Tusing the Van der Pauw and standard Hall bar te
h-nique.Experiments [1�5℄ have 
learly shown that the ele
-tri
al 
ondu
tivity � in
reases almost linearly with thetemperature T in a-YxSi1�x at T > 2�5 K and in a-GdxSi1�x at T > 50�70 K. This dependen
e is welldes
ribed by the expression�p(T ) � �0 + �itin;p(T ) (19)where �0 is 
onstant and �itin;p(T ) depends on the tem-perature. To explain these results, we propose that ina-RExSi1�x alloys, the ele
tri
ally neutral drops playa signi�
ant role in the itinerant ele
tron transport.The 
onstant part �0 is asso
iated with the tunnel-ing between the drops and the matrix through the sur-fa
e barrier, while �itin;p(T ) = xitin;p(T )�p(T ), where�p(T ) is the itinerant ele
tron mobility in the paramag-neti
 state. To 
larify the role of the itinerant ele
tron
on
entration in the temperature dependen
e of theele
tri
al 
ondu
tivity, Hall e�e
t measurements were
arried out.358
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Fig. 4. Temperature dependen
e of the itinerant ele
-tron 
ondu
tivity (solid line) and 
on
entration (open
ir
les) for the nonmagneti
 Y0:17Si0:83 sampleIn Fig. 4, we present the experimentally determineditinerant ele
tron 
on
entration n(T ) for nonmagneti
a-YxSi1�x, whi
h linearly in
reases with temperaturein the whole temperature range. A

ording to ourmodel, this implies that the dependen
e of �p(T ) onT is weak enough, as resulting from the s
attering ofitinerant ele
trons on ele
tri
ally neutral 
enters. Thetemperature dependen
e of the itinerant ele
tron ele
-tri
al 
ondu
tivity presented in Fig. 4 is build by tak-ing into a

ount some shunting tunneling 
ondu
tivity�0, whi
h does not 
ontribute to the Hall e�e
t. Thedata show that �itin;p(T )=�itin;p(0) � n(T )=n(0) and
on�rm that the variation of �itin;p(T ) is produ
ed byn(T ), whi
h in
reases linearly with T .For the a-GdxSi1�x magneti
 alloys, the in
rease of�p(T ) with T is strongly nonlinear at T below approx-imately 50�70 K and be
omes quasilinear only abovethis temperature (see Fig. 5). We attribute this nonlin-earity to 
omplex magneti
 transformations in the sys-tem. Consistently with the theory developed in Se
. 2,for T < TD � 50�70 K, when the short-range ferromag-neti
 order is formed in the alloys 
ontaining magneti
RE atoms, two fa
tors modify the temperature depen-den
e of the 
ondu
tivity �(T ).First, there o

urs the ex
hange s
attering of ele
-trons on the non
orrelated magneti
 moments of thedrops, whi
h shifts the mobility edge "m in Eq. (11)upwards, �"m� � �(T ) � � (J �DhSzi)2V2 ;thus de
reasing the 
on
entration of itinerant ele
trons
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Fig. 5. a) Condu
tivity vs temperature dependen
e forthe Gd0:135Si0:865 sample � 5 at zero magneti
 �eld.b) Condu
tivity vs 1=T at various magneti
 �elds, forthe same samplein the phase with a short-range ferro-magneti
 order,xitin(T ).Se
ond, a dependen
e of the mobility �(T ) of theitinerant ele
trons on T appears, whi
h is qualitativelydes
ribed as a superposition of the potential and ex-
hange me
hanisms for ele
tron s
attering on the dis-ordered magneti
 drops with a 
hara
teristi
 size thatis small 
ompared to the ele
tron mean free path,�(T )=�p(T ) � 1 � �(T ). Thus, the redu
tion of �(T )with de
reasing temperature is driven, in prin
iple, byboth me
hanisms.The parameter �(T ) is zero at T > TD and maybe of the order 0.01�0.1 at T � TD if JS=V � 0:1�0.3, �D � 10�12, and � � 0:01�0.03. From the datain Fig. 5, we 
on
lude that the variation of the itiner-ant ele
tron 
on
entration plays the major role in oursystem, and the variation of the itinerant ele
tron mo-bility 
an be negle
ted in the following dis
ussion. Inany 
ase, the appearan
e of a short-range ferromag-neti
 order obviously enhan
es the tenden
y towardsthe metal � insulator transition.We briefy dis
uss the variation of the 
ondu
tiv-ity � of our system as a fun
tion of the temperatureand of the external magneti
 �eld B. At T < 50�70 K,a strong exponential dependen
e of the 
ondu
tivityon the temperature (see Fig. 5b) and on the magneti
�eld (see Fig. 6) is observed. There are two regimes ofmagneti
 �elds 
hara
terized by a di�erent behavior of�(B). In a magneti
 �eld less than some 
riti
al valueBC , the 
ondu
tivity slightly depends on the magneti
�eld. At B > BC , the aforementioned exponential de-penden
e of � on B is observed (see Fig. 6b ); the 
riti-
al value BC in
reases with in
reasing temperature (see359
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Fig. 6. a) Condu
tivity vs magneti
 �eld dependen
e for the Gd0:135Si0:865 sample � 5 at di�erent temperatures. b) Thesame dependen
e when the 
ondu
tivity is res
aled by the zero-�eld vale �(0). 
) The same dependen
e when the magneti
�eld is res
aled by the 
riti
al value BC , whi
h eviden
es the data 
ollapse
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Fig. 7. Temperature dependen
e of the 
riti
al mag-neti
 �eld BC for the Gd0:135Si0:865 sample � 5Fig. 7). BC is determined by the interse
tion of the lo-
al �t of the experimental log[�=�(0)℄ as a fun
tion ofB with the line �=�(0) = 1 at low temperatures. Forhigh temperatures, BC is the s
aling parameter fromFig. 6
. We suppose that BC 
orresponds to the 
riti-
al magneti
 �eld that aligns the magneti
 moments ofthe drops. At low magneti
 �eld, the magneti
 energyof the drop �DhSzimBgB (here, mB is the Bohr mag-neton and g is the gyromagneti
 ratio) is smaller thanthe thermal energy kBT and the magneti
 moments of

(kD〈Sz〉/S)expt = kBT/mBSgBC
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T, KFig. 8. Temperature dependen
e of the mean mag-neti
 moment of the 
lusters for the Gd0:135Si0:865 sam-ple � 5 (open 
ir
les), for the Gd0:14Si0:86 sample � 3(open squares), and for the Gd0:145Si0:855 sample � 7(open triangles)di�erent drops are disordered. This leads to an addi-tional �u
tuation potential in the system and raises themobility edge. Magneti
 �elds larger than BC align themagneti
 moments of di�erent drops and eliminate thiss
attering 
hannel. This redu
es the mobility edge andin
reases the itinerant ele
tron 
on
entration, leadingto an in
rease in the 
ondu
tivity.360
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 mo-ment of the drop obtained from the low-temperaturepart of the 
urve BC(T ) allows us to estimatethe average number of Gd atoms in the 
lus-ter, �D. The experimentally determined value of(�DhSzi=S)expt = kBT=mBSgBC is shown in Fig. 8.At low T , when hSzi � S, we obtain �D;expt � 10,whi
h is 
onsistent with the predi
tion of our theory.The experimentally determined �D values are 
lose fordi�erent samples. We suppose that if the 
lusters ariseduring the sample growth, their size may depend onthe synthesis 
onditions.We note that the magneti
-�eld dependen
e of the
ondu
tivity has a universal form for di�erent temper-atures. The experimental dependen
es of �=�(0) vs.(B=BC) (here, �(0) is the zero-�eld 
ondu
tivity) fordi�erent temperatures are presented in Fig. 6
. Theexperimentally observed behavior of �=�(0)(B=BC)obeys the law ��(0) � exp� BBC � 1� ; (20)at B > BC , where BC = kBT=M andM = mBhSzig�D;expt. At B � BC , this givesnn(0) � exp� BBC� ; (21)where n (n(0)) is the density of itinerant ele
trons (atzero �eld). Our explanation of this result is as fol-lows. We suppose that the Zeeman splitting in the ma-trix leads to a downward (upward) shift of the bottomof the itinerant ele
tron spin-up (spin-down) subbandwith respe
t to the Fermi level. At high B, the fullsplitting regime sets in when the spin-down sub-bandremains empty, the lo
al Fermi energy measured fromthe bottom of the spin-up subband rises linearly withB, and the itinerant ele
tron 
on
entration in
reasesa

ording to Eq. (11).Our experiments as well as previous data [1�5℄have shown that the appli
ation of a strong magneti
�eld B suppresses the tenden
y towards the metal�insulator transition and even indu
es an insulator-to-metal transformation in some a-RExSi1�x alloys withlow RE 
on
entration. This fa
t is naturally explainedwithin our model, if we take into a

ount either thein
rease of the itinerant ele
tron 
on
entration or thesuppression of the ele
tron ex
hange s
attering on themagneti
 drops provided by their 
oherent orientationin the magneti
 �eld.What is an external in�uen
e, besides the magneti
�eld, that may in
rease the itinerant ele
tron 
on
en-

tration in the studied system? A way to vary the ele
-tron 
on
entration is to in
rease the 
urrent I throughthe sample. To provide a more uniform 
urrent densitydistribution over the sample, we have used the stan-dard Hall bar geometry of measurements. The 
ondu
-tan
e G and relative 
ondu
tivity �=�(0) dependen
eson the 
urrent at di�erent temperatures are presentedin Fig. 9, where � (�(0)) is the 
ondu
tivity (at zero
urrent limit). (G is used be
ause of the small sam-ple size and not well-de�ned geometri
al fa
tor for �
al
ulation.) We note that these dependen
es are anal-ogous to su
h dependen
es vs. magneti
 �eld, shownin Fig. 10. These �gures 
learly demonstrate that the
urrent e�e
t on the system is analogous to the in�u-en
e of the external magneti
 �eld. We suppose that a
urrent �ow I through the sample enhan
es the e�e
-tive ex
hange between the magneti
 moments of disor-dered drops, be
ause it in
reases the itinerant ele
tron
on
entration. If I ex
eeds some 
riti
al value IC , de-termined by the same pro
edure as BC , all the dropson the per
olation path be
ome magneti
ally ordered,whi
h leads to a suppression of the �u
tuation poten-tial of the magneti
 disorder. In
reasing the 
urrentalso leads to the rise of the itinerant ele
tron 
on
en-tration and to the redu
tion of the a
tivation energybetween the Fermi level and the mobility edge, whi
his 
onsistent with Eq. (11).5. CONCLUSIONWe presented the theoreti
al des
ription and ele
-tri
al 
ondu
tivity measurements for amorphous a-(Gd,Y)xSi1�x alloys with 0:1 < x < 0:2. We tookthe strong topologi
al disorder in the system into a
-
ount: in our approa
h, the nanos
ale stru
tural de-fe
ts, enri
hed with rare-earth ions (�
lusters�), 
ausethe appearan
e of regions with higher ele
tron density(ele
tron �drops�). The value of the lo
al DOS atthe Fermi level in the drops signi�
antly ex
eeds thevalue of the DOS at the Fermi level in the matrix, andtherefore a short-range ferromagneti
 order appears inthe drops below some 
hara
teristi
 temperature TD.We estimated TD in the �lo
al phase transition� ap-proa
h and analyzed measurements of the temperatureand magneti
-�eld dependen
e of the ele
tri
al 
ondu
-tivity in amorphous (Gd,Y)xSi1�x alloys, in the frame-work of the drop des
ription. We obtained a qualitativeagreement between the experimental results and thetheoreti
al predi
tions. Further ESR measurements,s
anning ele
tron mi
ros
opy with polarization analy-sis (SEMPA) and neutron di�ra
tion (ND) experiments361
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1:0Fig. 9. a) Condu
tan
e as a fun
tion of the 
urrent through the Gd0:14Si0:86 sample � 3 at di�erent temperatures. b) Thesame dependen
e when the 
ondu
tivity is res
aled by the zero-
urrent value �(0). 
) The same dependen
e when the
urrent is res
aled by the 
riti
al value IC , to put in eviden
e the data 
ollapse
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1:0 1:0Fig. 10. a) Condu
tan
e vs magneti
 �eld dependen
e for the Gd0:14Si0:86 sample � 3 at di�erent temperatures. b) Thesame dependen
e when the 
ondu
tivity is res
aled by the zero-�eld value �(0). 
) The same dependen
e when the �eld isres
aled by the 
riti
al value BC , to put in eviden
e the data 
ollapseare ne
essary to reveal details of the ele
tron and mag-neti
 stru
ture of the drops.In our theoreti
al model, we have negle
ted thelow-temperature e�e
ts leading to the metal � insulatortransition and asso
iated with the Mott �Hubbard [6,7℄ or per
olation [13℄ me
hanisms. Nevertheless, ourexperimental results are in a

ordan
e with the 
on-
lusions in Ref. [13℄ about the per
olation 
hara
ter of
the ele
tron transport and the metal � insulator transi-tion in the studied system.We are grateful to Prof. F. Hellman and Dr.E. Helgren for sample preparation and 
riti
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