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Metal-Insulator Transition and Giant Negative Magnetoresistance in Amorphous Magnetic
Rare Earth Silicon Alloys
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Large negative magnetoresistance and anomalous magnetic properties are found in amorphous Si
doped with magnetic rare earth ions near the metal-insulator transition. The resistivity below 50 K
rises orders of magnitude above that of comparable composition nonmagnetic alloys and is strongly
reduced by a magnetic field. Magnetization measurements show noninteracting moments at high
temperature which develop antiferromagnetic interactions below 50 K. We suggest that these results are
due to formation below 50 K of a dense concentration of magnetic polarons which localize conduction
electrons. [S0031-9007(96)01722-X]

PACS numbers: 75.50.Pp, 71.23.Cq, 71.30.+h, 75.70.Pa

In crystalline semiconductors, the presence of local= 3 at.%) or at high concentrations= 18 at.%, well
magnetic moments and, in particular, the exchange inabove theM-I transition) [14—16]. There are important
teraction between carriers and local moments are knowdifferences in electrical conduction in amorphous and
to dramatically modify carrier transport [1—8], especially crystalline alloys: These include enormous differences in
near a metal-insulatorM-7) transition. In addition to conduction electron elastic mean free path, magnitude of
magnetic scattering, there can be giant spin splitting opotential fluctuations, and separation of dopant atoms in
electronic bands, increased localization of carriers via thenaterials at thelM-I transition. For amorphous alloys,
formation of magnetic polarons, and a consequent shift ofhe concentration of dopant required to reach e/
the M-I transition to higher carrier concentrations. Pre-transition is orders of magnitude larger than that in
vious work has involved chalcogenide compounds suclerystalline materials=4 x 10?' versus3 x 107 cm™3
as EuO or vacancy-dominated £l [1,7] or Mn doped [2,11]). Thus, the usual notion for the crystalline dilute
11-VI or IlI-V semiconductors [2,4,6,8]. In some of these, magnetic semiconductors of a bound magnetic polaron in
negative magnetoresistance (MR) as large as 6 orders wfich a single localized electron with a Bohr radius of
magnitude was observed [6,7]. More generally, somewhanany lattice constants polarizes the moments within its
complicated magnetoresistances (both positive and neg&ohr radius must be rethought in amorphous alloys where
tive) [2,8] have led to theories for the formation of mag-there are many overlapping and yet (nearly) localized
netic polarons [1,3,5]; these are ferromagnetic regions olectronic states and where Coulomb interactions between
local moments aligned with the spin of the carrier via thethe electrons are crucial.
exchange interaction. They increase the carrier effective We present here results on a new class of dilute mag-
mass and hence tend to localize the carrier since the cametic semiconductor, amorphous rare earth silicon alloys
rier is dressed with a polarization cloud. (a-RE,Sij—,: RE= Gd, Th, and the nonmagnetic ana-

Amorphous systems have provided a rich field forlog Y) with compositionx spanning the metal-insulator
studies of theM-I transition in the presence of disorder transition (.1 < x < 0.15). Below 50 K, large negative
[9-12]. For these samples in the vicinity of tli¢-I  magnetoresistance and magnetic susceptibility indicative
transition, the Fermi leveEr is near the mobility edge of temperature-dependent antiferromagnetic interactions
E¢; either just below (for the insulating samples) or justsuggest the formation of a dense array of magnetic po-
above (for the metallic samples). Alloys suchaablb-Si  larons which localize the conduction electrons. Gd and
can be tuned through this transition by varying the metallb ions retain a large local magnetic moment because
(Nb) concentration, thereby varying the Fermi energyof their compactdf shells. The three ions are all ex-
Near the transition, electron correlation effects becomeected to be trivalent with nearly the same electronic struc-
important, causing a gap (“Coulomb gap”) in the singleture except for the presence or lack ofelectrons. All
particle density of states at the Fermi energy [9,10]. Ther¢hree have approximately the same ionic radii. For simi-
have, however, to our knowledge been no studies of th&ar x, their a-RE,Si;—, alloys are therefore expected to
effect of local magnetic moments on thé-/ transition have similar bonding structures and electronic densities
in amorphous systems. Studieswfe-Ge, for example of states. 1100 A thick samples were coevaporated from
[11,12], were among those which showed the absence afeparate Si and Gd, Tb, or Y sources onto amorphous sili-
a minimum metallic conductivity, but, at concentrationscon nitride-coated Si substrates held near 300 K. Samples
relevant to theM-I transition (below 20 at. %), Fe does were lithographically patterned for four-lead conductivity
not retain a magnetic moment in Si or Ge [13]. Studiesneasurements (geometry shown in Fig. 1 inset). Magneti-
of rare earth Si or Ge alloys have been either very diluteation data were obtained with a Quantum Design SQUID
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600 [t T at low temperatures Gd moments are capable of localizing
‘*rj{&gx';zx O A electrons which would be in extended statesaiY-Si
o R0, "0 qu%—- Y alloys. The large effect of the Gd magnetic moments are
't :j ° m{?’ V1017 evident also on the insulating side of the-7 transition.
ol %l S - Sl o(T) for G4 is comparable to Y3 above 50 K, while
o o.zTO_-z,;’(;_‘:'f}e);‘;;gM 00061015 be_low, it is _orders of magnitude less and (og versus
. . T~1/2 exhibits a much steeper slopar(T) for Y3, in
fact, crossesr(T) for G3 at 6 K. Turning now to the Th-
based alloys, again at high&r o (T) is comparable for all
alloys of similarx. o(T) for sample T1 is comparable to
Y2 and would appear to be on the metal side of Mid
3 transition. However, below approximately 30 I&(T)
o0 Tee e e e 550 for T1 drops sharply; it becomes activated and shows T1
T (K) to be an insulator. We note that the thermal activation
FIG. 1. Temperature dependence of conductivity forCO(_:‘ﬁiCient (for variable range hopping) for T1 is Ies.s
a-Gd,Si,_, (samples G1-G40)), a-Y,Sii_, (Y1=Y3: X), than t_hat for G3_ or even G2, suggesting that the carrier
and a-Th,Si;_, (T1: +). Compositionx is shown for each: effective mass is less enhanced by Tb moments than
uncertainty inx is +0.01. Inset: log, (o) vs T~'/2. by Gd.
The conductivity of alla-Gd-Si samples was found to
increase strongly with applied magnetic field (negative
magnetometer, and compositions determined by RutheMR) at temperatures up to approximately 50 K. Figure 1
ford backscattering. inset shows this increase for G2r(H)/o(0) at variousT
The temperature dependence of the conductiwity)  for G3 is shown in Fig. 2¢(0) is o atH = 0 at tempera-
for 2 < T < 300 K is shown in Fig. 1. In amorphous tureT]. We measured(H) in increasing and decreasing
materials without local magnetic moments, on the metallicH and for=H; o (H) = o(—H) with no hysteresis. The
side of theM-I transition,o(T) = oo + aT'/*> + bT?/>  field was applied in the sample plane. No detectable
whereo is the conductivity al’ = 0 (= 0 at and below difference (to 1 part inl0*) was observed foH parallel
the M-I transition), the second term is due to the Coulombor perpendicular to the current. For samples G2-G4,
correlation gap and the third due to weak localization plusr(H) — o(0) is approximately proportional td7?; for
inelastic scattering; the powegsr depends on scattering Gl itis closer taH. Sample G1 is also the only Gd-based
mechanism and equals 2 for electron-electron scatteringample which may still be on the metallic side of tifel
in 3D [10]. Figure 1 inset shows lgg o) plotted against transition; althoughr (7)) shows a steeper slope than either
T-'2. Amorphous materials on the insulating side of Y1 or Y2 below 50 K, it appears, at least down to 2 K,
the M-I transition show variable range hopping andto have a finite value ofry. At the lowest temperature
strong Coulomb correlations;(T) is thermally activated (T = 2.4 K), the field-induced increase of the conductivity
and would be linear on this plot.o(T) for a-YSi
alloys is very similar to the much-studied-NbSi and

o
o
o
T
@ cm)™
'|><

s

Q

o
I
o

o e b

related alloys [10,11]; with a similar dependence of 70 —

o(T) on compositiont. In the temperature range above o

50 K, Coulomb gap effects are negligible, and hence the 80F g

observed lineao (T) is reasonable. Atlower temperature, r é

o(T) for Y2 and Y1 showoy + aT'/? dependence; =0 a3

asT — 0, o remains finite indicating the presence of S kT

extended states at the Fermi levelr(T) for Y3 has N

an activated temperature dependence which goes to zero T 30FL ¥

as T — 0, indicating only localized states. Th#-I ° 34x 3

transition ina-Y, Si;_, thus occurs fox between that of 20¢ T X0 0%

Y2 and Y3: 0.15 and 0.12. o RS SIPT AN
Down to approximately 50 Ko (T) for a-Gd,Si;—, r . o000 o A,E’g,,,;

anda-Y,Si;—, alloys are nearly identical for comparable OO&MM a *"‘*g‘g““‘%“‘* ?Z'g sesd

x (compare samples Y2 and G2 or Y3 and G4). However, H (kOe) .

below 50 K, o(T) for a-Gd-Si alloys decreases sharply

o Qi FIG. 2. Conductivity ¢ vs magnetic field fora-Gd;;Sis;

E)((;IOW th"’?t ofqu{nparza;)Ie (i)ompﬁ?ltlmﬁ\;SI% (r(é)zfo_r (G3) at different temperatures [normalizedd¢t¢0) = zero field

_remains hnite asi” — U, while o(7T) for IS" value at each temperature]. Inset:at H = 60 kOe — ¢(0)
activated, approaching zero d@s— 0. G2 is hence an normalized bys(0) (= —magnetoresistance) versus tempera-

insulator while Y2 is a metal. It appears, therefore, thature for G1-Ga4.
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is greatest, withor (60 kOe)/a(0) = 60 for sample G3, a any magnetic ordering: ferromagnetic, antiferromagnetic,
significant negative MR. Figure 2 inset shows the MRor spin glass. y for a-Y-Si is diamagnetic, temperature
([o(60 kO8 — o(0)]/o(0) is mathematically equal to independent, and small compared to that «efzd-Si.
the negative of the magnetoresistance, conventionallelow 50 K, M for a-Gd-Si drops below that of iso-
defined as[p(60 kO — p(0)]/p(60 kOe) where p is lated moments, indicating antiferromagnetic interactions.
the resistivity for all four Gd-based samples versus Figure 4 showsM(H,T) below 50 K for sample G3.
T; MR decreases with increasing and disappears Samples displayed no measurable hysterekisH]) =
above 50 K, the temperature below whiah(T) of —M(—H)]. At 4.2 K, in 60 kOe applied fieldM for
a-Gd, Si;—, deviates from that of YSi;—,. Even larger 13 at.% Gd { = 7/2) isolated moments should be nearly
negative magnetoresistance can presumably be obtainedsaturated (at=300 emuy/cm’). The data are less than half
lower temperatures and/or for samples of lower Gdof this and still show large susceptibility. The inset shows
concentrations. o(T) at H = 60 kOe for G2 is nearly M versus normalizedi/T. Data for differentl” do not
metallic (see Fig. 1 inset) and approaches the value itollapse into a single curve, indicating that the sample
would be expected to have based on comparable comp@ not simply paramagnetic (or superparamagnetic). The
sition a-YSi data. Thez-YSi samples show only a small, susceptibility is higher at lower temperatures, but not
positive MR ([o(0) — (60 kO8]/0(0) = 0.4 for Y1  as high as it should be for a paramagnetic system: the
and<0.01 for Y3). M(H/T) curve at 4.2 K is below the curve at 10 K, etc.,
Magnetic susceptibility has been measured tor consistent with antiferromagnetic interactions. Attempts

Gd, Si;—, anda-Y,Sij—,. We note that pure Gd metal is to fit M(H,T) with Brillouin functions (including an
ferromagnetic with a Curie temperature of 293 K due toantiferromagnetidd) yield poor quality fits and strongly
localized Gd moments interacting indirectly via conduc-temperature-dependent quantities.
tion electrons; direct exchange interaction of even nearest The suppression of the conductivity in zero field
neighbor Gd ions is negligible. In (nearly) insulating below approximately 50 K fora-Gd-Si and 30 K for
a-GdSi alloys, therefore, even with high Gd concentra-a-Th-Si relative toa-Y-Si and the large increase i
tion, the Gd-Gd exchange interaction is expected to baith magnetic field is consistent with a strongly bound
weak. Figure 3 shows the induced magnetizatddnat magnetic polaron picture. The exchange interaction be-
H = 100 Oe for a-Gd-Si (sample G2) cooled in either tween the carrier spin and the local moments causes the
zero field (ZFC) or in 100 Oe (FC). The two curves areformation of magnetic polarons at temperatures below the
identical, indicating no spin glass freezing down to atpolaron binding energy, increasing the effective mass,
least 5 K. FC and ZFC data for 1000 Oe are similarlypushing the mobility edgé . higher into the band, and
identical. The inset shows the inverse susceptibilityconverting some extended states into localized states. A
1/x = dH/dM at H = 10* Oe as a function off for  magnetic field splits the electron band and aligns the Gd
sample G3. Foil > 50 K, y follows a simple Curie moments, reducing the effective mass and pushihg
law (y = 0.06/T), with no intercept, within error bars back down below the Fermi energyr.. The polaron
of that calculated for a sample containing 13 at. % Gcdbinding energy is proportional to thef exchange in-
noninteracting moments. The data thus show no sign dieraction energy which, in turn, is expected to be propor-

tional to the de Gennes facttg — 1)2J(J + 1) whereg

is the Lande factor and the total angular momentum.
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FIG. 3. Temperature dependence of induced magnetization at H (kOe)
H = 100 Oe for sample G2 field cooled and zero field cooled.
Inset: inverse differential susceptibility y = dH/dM atH = FIG. 4. M(H) for G3 for T < 50 K. M, =~ 300 emy/cnr.

10 kOe vsT for G3. Dashed line: fit to Curie lay = 0.06/T. Inset: M vs field normalized by temperaturé (T).

4654



VOLUME 77, NUMBER 22 PHYSICAL REVIEW LETTERS 25 NVEMBER 1996

50 K, the upper temperature of the effects described imchieved. The conductivity, magnetoresistance, and mag-
this paper, is thus identified as the temperature at whichetization data are consistent with the formation of mag-
the polaron binding energykgT for a-Gd-Si alloys, and netic polarons in this new dilute magnetic semiconductor,
30 K for a-Th-Si alloys, consistent with the 50% lower butits amorphous nature leads to striking and incompletely
de Gennes factor of Tb than Gd. This binding energy isunderstood differences from the better-known crystalline
large, comparable to that of the most strongly boynd systems.
type dilute magnetic semiconductors [6]. The large ran- We thank S. Liu, P.A. Wolff, S.K. Watson, A.L.
domly oriented local magnetic anisotropy fields which actShapiro, and all members of the UCSD highly correlated-
on the Tb ions (due to large orbital momeht= 3; Gd  electron focus group for stimulating discussions, S. S. Lau
hasL = 0) may also play a role in reducing the conduc-and F. Deng for RBS measurements, the DOE (DE-FG03-
tion electrofmoment interaction and hence the effect of95ER45529) and NSF (DMR-9208599) for support, and
the Tb moments on the conductivity. The 50 K tempera-gratefully acknowledge use of the SQUID magnetometers
ture may also be related to the energy associated with thet CIMS and Physics Instructional Facility.
Coulomb gap in amorphous materials; further theoretical
analysis will be needed to separate out these effects.
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