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Characteristic temperature in magnetically doped amorphous semiconductors
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The introduction of magnetic moments such as Gd into amorphous Si produces dramatic effects in electrical
transport below a characteristic temperatlireBelow T", the conductivity of the magnetically doped systems
is strongly suppressed compared to equivalent nonmagnetic Y doped samples, and displays enormous negative
magnetoresistanc&. occurs at relatively high temperatures10—100 K and decreases sharply with increas-
ing Gd concentration, passing smoothly through the metal-insulator transition. In ternary samples with both Gd
and nonmagnetic YJ* decreases strongly with increasing metallization, whether due to the addition of Gd
alone or a mixture of Gd and Y. These results cannot be explained by simple magnetic interaction models,
suggest the crucial role of electron screening and are reminiscent of mass enhancement behavior.
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Amorphous metal-semiconductor alloya-M-Si) offer  temperature in our system analogous to the Curie tempera-
unigue insight into the metal insulator transitidiT) as a  ture, T, found in DMS materials would be the spin glass
comparison to doped crystalline materials. It has been widel§reezing temperaturel;. However T" represents a funda-
documented that amorphous alloys undergo a MIT with idenmentally different magnetic thermal energy scale, i.e., the
tical low temperature behavior but at much greater dopanonset of interactions between the moments and the charge
concentration compared to their crystalline counterparts duearrying electrongwhereasT¢ or T¢ sets the temperature
to significant additional disorder. The doping of local mag-where the moments interacand in factT” will be shown
netic moments into semiconductors near the MIT causes drdrere to follow a different trend with dopant concentration,
matic effects in the magnetic and transport properties, inindicating underlying physics unique from thatBf T" has
cluding enormous negative magnetoresistance, fieldoeen noted in previous wofk however, the dependence on
dependent anomalougnonspectral weight conserving carrier and moment concentration, from which an under-
optical conductivity, and a magnetic susceptibility with astanding of the essential interactions can be developed, was
near-Curie law temperature dependence but a nonmonotoni®t determined. In this work, we study the effects of separate
dependence on composition, including a large peak at thtuning of charge carrier and magnetic dopant concentration,
MIT.1=3 The enormous magnetic field dependence has alas well as the semiconducting matrix. We find a strong de-
lowed measurements of scaling behavior continuouslyendence o~ on metallicity (independent of magnetic mo-
through the 3D MIT on a single sample, including tunnelingment concentrationand on the semiconductor band gap.
determination of the electron density of statés. These results are strongly suggestive that the crucial factor in

Strong similarities exist between tha-M-Si systems determiningT" is the electron screening of magnetic mo-
studied here and both dilute magnetic semiconductor systenmmsents.

(DMS), such as(Ga,MnAs and the perovskite manganites. Samples of amorphous G#;_,, GdGe_, and

In all these systems, there are indications of strong couplingsd,Y ,Si, ., across a broad range of dopant concentrations
of electrical conductivity, magnetic properties, and even theabout the MIT were made by electron beam co-evaporation
structural or lattice system, suggesting the possibility of arat a base pressure of £0Torr onto SiN-coated Si substrates
all-encompassing theoretical description. Distinct differencedeld at or below 70 °C. Film thicknesses vary between 1000
in our system, e.g., the strong disorder, and magnetic maand 4000 A with the thicknesses determined by profilometry.
ments fromf rather thand-shell electrons, offer unique in- Rutherford backscattering verified the thicknesses and was
sights into the underlying physics. In these systems the sepased to determine the film concentrations. Further details on
rate control of electron and moment concentrations is criticaample preparation and characterization can be found in the
to understanding the underlying physics. literature? DC conductivity data from room temperature to

While there has been some success in describing the loas low as 300 mK for some measurements were taken using
temperature properties of amorphous doped semiconductogsroutine four probe technique.
on both the metallic and insulating sides of the MIT, includ-  Figure Xa) shows oy4(T) for several metallica-Gd-Si
ing the magnetically doped semiconducttn$a strikingly samples and data for the critical concentratior,
unresolved question is the nature of the higher temperature 14 at. %. A sharp downturn at is clearly visible. Linear
behavior where the effects upon the charge carriers due taxes are used to emphasize the linear temperature behavior
the magnetic dopants “turns on.” This temperature, which wef the conductivity at high temperatures. Figuig)lshows
call T, is clearly seen in a sharp decrease of dc conductivityry(T) on logarithmic axes fora-Gd;,Sigs and a-Y 15Sigs.
o4dT) for the magnetically doped-Gd-Si alloys below that This pair was chosen because from room temperature to
of a comparable nonmagnet&Y-Si and also reflects an =100 K, their conductivity curves fall on top of each other.
upper limit of significant magnetoresistance. A magneticBelow this temperature range, a sharp deviation in the con-
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FIG. 1. (a) dc conductivity vsT for metallica-Gd,Si;—. (b) ogc x _ .
vs T on loglogarithmic axes fom-GdySigs and a-Y ;sSigs, high ogdlT) atT. Th_e deviation fr_om the high temperature fqrm
temperature data fall on top of each other indicating identical con-of Eq. (1) (domlnated_ byI_3T) IS there_flore_ used to d_etermlne
duction mechanisms, but low temperature data deviate dramatically : We ghose.as a cr|ter|o.n 4@' cm) d'ﬁ_ere,n,ce; different
belowT". Criteria including a % deviation did not significantly change
the results.

The characteristic temperaturg@” for a-Gd-Si and
a-Gd-Ge across a broad range of dopant concentrations is

shown in Fig. 2. Perhaps unexpectedly, the data shows a

ductivity of the magnetically doped-Gd-Si from its non-
magnetic counterpag-Y-Si is clearly visible. Tbe tempera-
ture at Wh.'Ch the deV|at|on oceurs 1s deflne(jTas Both Qd strongdecreasef T* with increasingGd concentrationT” is

and Y in virtually all materials are trivalent with nearly iden- ,,qantially reduced in the Ge matrix, but shows the same
t|ca[ ionic rgdu.'Thus, that the high tgmperature .b.‘ehav'or.c’fdecrease with increasing metallicity.
oy IS identical in these two systems is not surprising. While We were unable to determineTa for insulating samples
Y3* is nonmagnetic though, Gtlis characterized byi=S

<0. . i i
=7/2 andL=0 due to the half-filled shell. The deviation of X~ 0:14- At low temperatures transport for insulating

o4dT) atT", and the physics below this temperature, must besamples 's via variable range hoppigRH), but crosses

; i o over to a functional form akin to Eq1) at higher tempera-
due to the interactions between the magnetic ions and tht%res, obscuring the precipitous breakagyT) which is so

carriers. : : . .
S . ) . obvious in the metallic samples. Due to this crossover, we
While T is most obviously defined by the difference be- were unable to devise a rigorous analysis method that fit

tweenoys; and oggs; it was not possible to obtain samples insulating a-Y-Si o4J(T) at all temperatures, and therefore
that were perfectly matched for all compositions. Instead, a . . .
functional form appropriate to nonmagnetic samples on thé:ould not differentiate between the onset of magnetic effects

S . and VRH.
metallic side of the MIT was used: We have also measured the magnetoconductéiice)

04d(T) = 0+ ATV2+ BTP2, (1)  andfind an identical trend afecreasingVG with increasing
Gd concentration. Figure 3 shows MG for 6 T applied field

whereay is a residuall =0 term, the second term arises from (defined at each temperature and for each composition as
corrections due to electron—electron effects, and the last terfisr(6T) —o(0)]/0(0) for a-Gd-Si for compositions on both
is due to the effects of weak localization, wii¥2 in the  the insulating and metallic side of the MIT. By choosing a
case of phonon scatterifg Equation(1) has been used for fixed value of MG, such as 1%he horizontal line shown in
doped crystalline and amorphous semiconductéts? At Fig. 3), the temperature at which the MG reaches this crite-
high temperatures, despite being out of a region of striction decreases with increasingshown in Fig. 2. With MG
validity, this equation is still a good parametrization as jus-we are able to continue the study on the insulating side of the
tified by the quality of the fit, e.g., Eq1) accurately fits the MIT and find that the trend continues smoothly through the
a-Y-Si data shown in Fig. 1 across the entire measured temv|T.
perature range. To better understand the driving mechanism behind the

The samples oé-Gd-Si measured from room temperature trends seen in Fig. 2, we studied a set of ternary samples
to 300 mK fit Eq.(1) very well at high temperatures and, as Gd,Y ,Si;-,, in which the magnetic moment concentration
seen previously, at low temperatufest intermediate tem-  can be controlled independently of the charge carrier concen-
peratures the fit fails completely, due to the sharp drop irtration. By fixing the Gd concentratiorx and varying Y
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— at the MIT (x or y=0.14. T" decreases strongly for increas-

% ) —=—11at%Gd ] ing x+y, whether that increase is due to increasingt y

- de311_x —0—13at.% Gd ] =0 or constant magnetic dopant concentratieaconst and
Jr —A—14at.% Gd | increasingy (e.g., the dotted line for Gat=0.14 and the
&) —~v—15at% Gd ; crossed squares for=0.09. SinceoydT) increases mono-

P —E—16at.% Gd | tonically with total x+y, we take this data to show that

. —¢—18at.%Gd | decreases with increasing electron concentration. Consider-
g o 2lat%Gd 3 ing samples with constant total electron concentrasiety

s —o—22at.% Gd 3 = const(i.e., vertical lines in Fig. $ for decreasing we find

2 \_'_24 at.% Gd 1 a trend of decreasing’. T* thus decreases strongly on add-
= \'\ ing electrons, whether from adding Gd or Y. Adding Y drops
S \O ] it farther and faster than adding Gd, as the latter adds both
2 A 1 more electrons and magnetic dopafgee the lines of con-

O U G, Ty, Y 3 stantx+y and thex=0.04 diamond in Fig. #

b ] This dependence is surprising: if the onset of magnetic
S T effects were directly related to the energy associated with a

—

30 40 50 60 single electron-local moment interaction such as the ex-
Temperature (K) change interactiod;, it should be independent of Gd con-
o ) centration. If the onset were related to the energy associated

FIG. 3. Magnetoconductivity MG ol-GdSip vs T. MG jith Gd-Gd magnetic interactions, which leads to spin glass
=[0(6T)-0(0)]/o(0)=-magnetoresistand®R) in the usual defi-  frae7ing T* should increase with increasing Gd concentra-
nition of MR=[p(6T)-p(0)]/p(6T). The dotted line demarks MG i a5 does the freezing temperatdie® We suggest that
=1%. The temperature at which the curves cross the 1% line deg o oy nianation for thelecreasén T with increasing Gd or
creases with increasingsimilar toT-. Y concentration must lie in electron screening which is re-
duced by the development at low temperatures of the Cou-
domb correlation gap; specifically that the interactions be-
tween local magnetic moments and itinerant electrons are
screened with increasing efficiency when the number of con-
duction electrons relative to the number of magnetic impu-
H'ty sites increases due to the reduced correlation gap in more
metallic samples. This idea is supported by the decrease of
T in a-Gd-Ge relative ta-Gd-Si. The dielectric constant, a
measure of the potential for screening, is directly related to
the band gap, which is smaller in Ge.

A characteristic temperatur& has been observed in
deYySil—x DMS systems such as €gMn,Sel! which are doped crys-

concentrationy, we hold the magnetic impurity concentra-
tion constant while increasing the charge carrier concentr
tion. The magnitude ofry(T) increased with increasing
+y as expected. Comparable magnitudesrgf300 K) for
different samples with constamt+y (including y=0) were
observed, consistent with the expectation that the electro
concentration scales monotonically withy.13
Figure 4 showsT” for a number of ternary samples, in-

cluding they=0 data from Fig. 2, plotted vs. total dopant
concentratiorx+y measured from the critical concentration

talline semiconductor systems but has not been systemati-

) 80 B ' ' oo ] cally investigated. For the crystalline DMS, this thermal en-
% 0L o y=0 4 ergy scale occurs at a much lower value than in the
= I ® x=14at%Gd 1 amorphous systems studied here, but higher energy scales in
o 60} B x=9at%Gd amorphous systems are typ_icé;bres_umably as a conse-
g : & x—4a.%Gd qguence of the orders of magnitude higher electron concentra-
5 S50 ’ - tion at the MIT which causes all energies to be larger and
g* - 1 hence thermal energy to be comparatively low&he sharp
S 40 - .. . decrease inry(T) at T" seen in DMS systems has been in-
3 I RN 1 terpreted as an onset of scattering from bound magnetic po-
2 01 L i larons (BMP).1* We do not believe that this is the correct
g . X ) . . .
2 5l ] mterpretatlon of our results as BMP are not a good descrip-
2 | @ 9 tion of our system due to the high raffof order ) of con-
_§ 10k + VY ) duction electrons to magnetic dopant sif@sDMS this ratio
@) P R R R S T is orders of magnitude less

14 16 18 20 22 24 26 28 The most successful means to model data in the tempera-

(x +y) : total at. % concentration ture range neaf", while maintaining the general framework

of Eq. (1) which works so well at high and low temperatures,

FIG. 4. T for ternarya-GdY,Siy,-, vs x+y measured from IS to make t_he re3|dl_1al Conductlw_wo, temperature (_jepen-
critical MIT concentrationxc=0.14 Gd. Open squares am  dent. In their analysis of DMS, Diett al**use this ap-
Gd,Siy (i.e., y=0) from Fig. 2. Black circles and dotted lines Pproach, and incorporate a temperature dependgirtto Eq.
show the trend of four ternary samples with constant0.14 Gd,  (1). The turning on of magnetic interactions and the resulting
and varying Y concentratioy. Two crossed squares are constanttemperature dependence of the otherwise temperature inde-
x=0.09 Gd; the gray diamond s=0.04 Gd,y=0.12 Y. pendent quantityo is reminiscent of mass enhancement
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seen in heavy fermio(HF) systems? In HF systems though maps well onto our system with its high disorder.

this turning on of interactions causes iagreasein oy (due In terms of other possible explanations, it is unlikely that
to an accompanying scattering rate renormalization whichhe Kondo effect plays a role, both because of the large 7/2
compensates for the increased massile here it causes a spin of the Gd and because the Gtevels are far from the
decreasepresumably because the mean free path is alreadgermi energy. Thus the Kondo temperature should be very
limited to an interatomic spacin@nd even samples on the |ow and should increase with increasing dopant concentra-
metallic side of the MIT are not accure_ltely described bYtion opposite to the trend we see Th.

Boltzmann transport theory with a scattering jafhis mass In summary, dc conductivity investigations across a broad

fange of dopant concentrations for two semiconducting ma-
tices have systematically determined the onset energy scale
at which magnetic interactions become important in doped
ecfmorphous magnetic semiconductors. We observe a strong

ricates a strong I between these o ypes of ysemECIE 1 nery scale wiincressgeleton con
In Ref. 16 a theoretical model for FM in DMS systems, is ' 9 g

discussed and although the magnetic ground state of our G{ﬁ: utsetrﬁlaeyreizr'?ggrr]t%net :j?:géa—h?:; tt;ntcé S(;?hg}e:f;?erﬁietﬂ;
based materials is a spin glasshe author indicates that P y Y

. . show such linked electrical and magnetic behavior, namel
above the magnetic ordering temperature, some mass reni;I 9 y

malization due to dressing will occur. Optical measurement Mvie(gr%zlr?cﬁiraan%ctjhs 222%"5'%2;?;?3;2:&% s 10 incor-
on a-Gd-Si anda-Y-Si show a change in spectral weight, 9 y P

. ' . ' porate magnetic interactions, electron-electron interactions,
m%f:gie ﬁaisfurztr:\ttl)?;s;cz;?irgra.ﬁrﬁz;? 1623”(; f:ﬁl)ddé??; r(;Ehtand disorder in such syste®i&put a self-consistent model

scribed in which an up-spin electron propagating betWeedescnbmg the magneto-transport spanning the complete

maanetic dobant sites will experience a dressing. due to Co ange of temperatures is still lacking. Our results highlight
Iom% e ulsign(of nearb siteps occunied with a%’own Spin Yhe interplay of magnetic interactions and electron-electron

. P S y cup : " interactions in magnetically doped systems near the MIT,
This explanation is consistent with our observation that

decreases in the Ge matiiwith a higher dielectric constant i.e., neither magnetic dopant concentration alone or electron
. . : 9 dopant concentration alone solely determines the suppression
than in S) and upon increasing the electron dopant concen-

. o 2 of conductivity and onset of enormous MG in these magnetic
tration (which improves the efficiency of screenjngrurther .

o ) ; i emiconductors.
qualitative agreement with theory is found in the observed
positive magnetoconductance predicted in both Refs. 8 and
16. In Ref. 8 FM semiconductor systems with localized
charge carriers are studied, taking into account high defect We would like to thank R. C. Dynes, L. Bokacheva, K.
concentrations. These authors predict regions of correlateSteinmeyer, K. Adams, and K. McCarthy for useful discus-
magnetic dopant spins, e.g., “puddles,” and when a magnetgions and help with data; B. Culbertson for RBS; D. Smith
field is applied to such a system, the spins in the puddldor TEM. This research was supported by the NSF, DMR-
regions would align and enhance the transport. This theor203907.

Coulomb gap develops and the magnetic moments are le
effectively screened.

The agreement between our experimental results and th
oretical predictions for ferromagnetiEM) DMS materials
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