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Scattering by neutral ~mpuntles m SI has been demonstrated through measurements of spin 
dependent transport (SDT) m a two-dImensmnal electron gas (2DEG). SDT was observed 
by monitoring the conductivity of a specmlly fabricated SI accumulation layer transistor 
operating at 4K while modulating the electron spin populanons.  By u n h z m g  the 
differences in the singlet and mplet  scattering cross secnons, the techmque provides the 
first direct measure of neutral impunty  scattering A s~gnal from ~108 spins was ob- 
served, which demonstrates the enhanced sensmvlty of SDT over conventional electron 
spin resonance methods 

ELECTRON transport m semiconductors has been a subject 
of interest for many years One of the earliest scattering 
mechamsms to be treated theoretically was neutral lmpunty 
scattering, direct experimental  evidence,  however,  has 
lagged far behind At low temperatures it is expected to 
contribute s~gmflcantly to the reslstiv~ty of semiconductors 
doped with shallow lmpurltmS In 1949 Pearson and Bar- 
deen I noted that the mteracnon of a conduction electron w~th 
a neutral ~mpunty can be treated within the effective-mass 
approx~matmn, as the scattering of a free electron off a hy- 
drogen atom In the low energy limit, Erglnsoy 2 calculated a 
temperature independent neutral impurity scattering rate, 
further refinements were made by other mvesngators 3 Two 
different groups 4'5 deduced a neutral impurity moblhty by 
subtracting the calculated latrine and ionized lmpunty scatter- 
mg rates from the measured Hall moNhty 

Homg 6 and Schmldt 7 proposed a d~rect demonstration of 
neutral impurity scattering by utahzmg the difference m sln- 
glet and triplet cross secnons for scattering of conduction 
electrons from neutral donors. This difference xs due to the 
reqmrement of the Pauh pnnmple  that the wavefunction of 
the conduction electron - neutral ~mpunty system be ant,- 
symmemc in the coordinates of the conduction and ~mpurity 
electrons PolarIzanon of the two spin species by an apphed 
magnenc field Increases the probability, m a scattenng event, 
of finding the conduction and donor spins parallel, i e ,  in a 
mplet state A difference in smglet and triplet cross secuons 
then lmphes that the electron moblhty, and device conduc- 
tance, will depend upon the degree of polarization of the 
spins We denote by spin dependent transport (SDT) the 
dependence of conductance on spin polanzatmn In the 
presence of DC and microwave magneuc fields, when the 
Zeeman re',onance con&non is satisfied there will be a partial 
saturation of the spin pola~zanon SDT ~s observed by 
monitoring the conductivity of a specially fabricated Sa 
transistor, while modulating the electron spin populations 
using electron spin resonance (ESR) techniques 

Early naeasurements of a spin dependent photoconduc- 
78 w 1 tlVlty signal m S1 were interpreted as S D T .  but ere aim 

shown 9 to be due to the polarization dependence of elecnon 
trapping and recombination instead of neutral mlpunty scat- 
termg ESR 1°, and other resonant processes have also been 
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indirectly detected via bolometrlc response of the sample l 1 
We report here the detectmn of spin dependent transport 
(SDT) in a two-dimensional electron gas (2DEG) by directly 
measunng the seattenng of spin 1/2 conduction electrons off 
neutlal lmpurmes, as proposed m references 6 and 7 This 
expenment employs an equllabrlum carrier concentration and 
electron recombinat ion is not an ~ssue, the bolometrlc 
sensitivity of our sample is far too low to be the operauve 
mechanism. 

The observation of span polarizanon effects an the con- 
ductivity presents several experimental  challenges The 
sample needs to be at low temperature to brad the impurity 
electron to the donor atom, thereby rendenng It electrically 
neutral However,  transport measurements  must also be 
made w~thout using photogenerated carriers These con> 
petmg reqmrements were satisfied by fabncating a Sx metal- 
oxide-semiconductor field-effect transistor (FET), with an n- 
channel accumulation layer, that operates at 4K The 2DEG 
density could be controlled by the gate and the carriers were 
provided by the degenerately doped source and dram con- 
tacts. Therefore we had a variable density of free electrons 
scattering from a fixed density of neutral impurmes  A 
str lphne resonator was incorporated as part of the device 
structure to modulate the electron spin polarization In mea- 
suring the transistor current as a funcnon of magnetic field, a 
resonant change, due to spin dependent scattering Al/Io, IS 
observed when the Zeeman resonance condition is satisfied 
(see Fig 1) 

SDT provides a high sensmvity indirect technique for 
observing ESR in two or lower dimensional structures. Our 
present sample contains 108 to 109 spins within the channel, 
which would be undetectable using conventional ESR tech- 
tuques. Since a reductmn in the transistor gate area by a 
factor of 104 ~s not expected to change the device mobility, a 
SDT signal would easily be observable from 104 or fewer 
spins The enhanced sensitivity of our method is due to the 
fact that we exploit the effect of spin dependent interactions 
on the sample conducnv~ty instead of measunng directly the 
microwave power absorbed by the spin system 

The n-channel accumulanon layer FET was fabricated on 
a $1 (100) wafer doped with 3x1017 P]cm 3 Details of the 
device and processing sequence have been previously des- 
cribed 12 The transistor was built at a voltage node of the 
half wavelength stnpline resonator A compensating p-type 
implant was used to define a channel of length 1000~m and 
width 10()~ml, and fore voltage probes were included along 
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FIG 1 (a) Derivative of the current and (b) the currenl 
itself as a funcnon of magnenc field, n=0 57x1012 cm -2, 
Io=100taA,  Ho=3175G and n-ncrowave power=4dBm 
Inset Normahzed peak SDT signal as a funcnon of density, 
microwave power=10dBm For all the data the field modu- 
lanon is Hmod = 2 5Gpp 

the sides of the channel The moblhty was 3200 cm2/Vsec, 
typical for a S1 FET operating at 4K The SDT experiment 
was performed w~th the transistor operating in the hnear  
region of its current-volt,lge characteristic to end, tire a uni- 
form 2DEG density, n, from source to dlaln The 2DEG 
density was measured via the Shubmkov-de Haas effect, and 
the results were in agreement w~th predacnons from the 
devace capacitance 

An expression for the change m current on resonance, 
AI/Io, prowdes a framework to discuss the experimental  
data ]3 

__z~I o o[-~tRn 1 i.--2 = - a  s p, p~ (1) 

I and Io are are the currents on and off resonance, p o and 
Pc ° are the eqmhbnum span polarizations of the mlpunty and 
conducuon electrons, s is a saturauon parameter, and Rn and 
Rt are the neutral ampunty and total scattenng rates, a is 
defined a s a ~ ( Z  s - Z .  r ) / ( Z  s + 3 Z  T) ,  w h e r e Z  s a n d Z ,  r 
are the singlet and mple t  scattering cross sections The 
angular brackets indicate a statable average of the cross 
secnons, as d~scussed below The polarizations of the two 
span systems are calculated by treating the impurity electrons 
as a non-interacting gas of spin 1/2 pamcles that obey Boltz- 
mann statlstlcs, whale the conduction electrons are a degen- 
erate Fermi gas The saturanon parameter s -= [1-(1-h)(1-sc)] 
~s a measure of the degree to which these polarlzanons are 
destroyed by the microwave power coupled into the spin 
systems via the spin resonance The impurity saturauon 
parameter, s :  is defined in terms of the mapurlty spin polarl- 
zanon,  P], relanve to p o, by s~-  (1-P/P~ °) A slmdal 
definition holds for the conductmn electron saturation 
parameter, s¢ The SDT current as thus proportional to the 
difference between the smglet and triplet scattering cross 
sections, reduced by the relative strength of the neutral 
impurity to total scattering rates, and to the change m the 
product of the spin polarlzatlons of the two spin species 

produced by the saturation of the resonance 
To measure the small change m device current due to 

spin dependent scattenng a lock-m technique was used, with 
the transistor mounted an a modafied x-band spectrometer 
Fig 1 shows both the denvanve  of the current and the cur- 
rent itself as a funcnon of magnenc field The observed line 
shape has a broad central feature wath a g-value of 2 000 
and two narrow components symmemcally displaced about 
the center We interpret the splat paar as due to the ~mpunty 
electron spans These electrons are bound to P donors (nu- 
clear spin 1/2), known from bulk experiments to have a 42G 
hyperfme spht tmg 14 Contributions from the conducnon 
electron spins are contained in the central peak along with the 
exchange narrowed resonance of clusters of P donors t5 
Using samples w~th lower donor concentrations and ap- 
propriate relaxation rates, the experiment  should reveal 
independently both the impurity and the conducuon electron 
SDT spectra For a gwen 2DEG density Al/lo ~s indepen- 
dent of Io, m agreement wath the expectation that the SDT 
signal can be characterized as a conductance change 

A number of addmonal experiments were performed to 
support the assertion that the observed signal ~s due to spin 
dependent scattenng To check for spurious effects asso- 
ciated with macrowave rectaficatlon m the contacts of our 
standard two probe (source-dram conductance) measure- 
ment, we did the four probe measurement shown m Fig 2 
The upper trace is dI/dH as a funcnon of field, the lower 
trace xs dV/dH which was measured using the voltage probes 
on the side of the channel The fracnonal SDT signal as 
adenncal m both cases, ruling out effects related to contact 
recuficanon.  Also, the contacts were doped wath 2x102° 
As /cm 3 (nuclear spin 3/2); spin resonance effects in the 
contacts would gwe either four hyperfine lines or a single 
exchange narrowed lane, m contradictmn w~th the observed 
hneshape 

We briefly consader another mechamsm, based on the 
energy dependence of the mobility, whach could result m a 
spin dependent dewce conducuvaty and show that is as not 
apphcable to our experiment When the electron system ~s 
spin-polarized there are different numbers of electrons m the 
spin up and span down states so any energy dependent 
scattering mechamsm would then result in a change in the 
sample conductance (o) The fracnonal change m conduc- 
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FIG 2 (a) Normahzed current signal as measured via the 
two probe setup (b) Normahzed voltage signal as measured 
via the four probe setup For both traces n=0 57x1012 cm -2, 
nucrowave power=10dBm and Hrnod=10Gpp 
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FIG 3 (a-c) Current as a function of magnenc field for 
var ious  m~crowave power levels, n=057x1012  cm -2, 
lo=10()btA and H,m,d=5Gpp (d) Absorpt,on ESR spec- 
trum, Hmod=l 2Gpp 

tance when the spin populauons are fully equahzed by spin 
resonance saturanon,  compared wnh the spin-polarized 
eqmhbnum state ~s given by 

d, l 
where ~t ~s the energy dependent mobf lw  of the electrons, E r 
their Fermi energy and g[3H the Zeeman spht tmg The 
magmtude of th~s contr ibunon may be evaluated from ex- 
perimental data on the dependence of moblhty  on Ferml 
energy. Over most of the expenmental  range of Ef, the pre- 
dicted s~gnal is an order of magnitude or more smaller than 
the observed signal and it changes sign m the middle of the 
range of concentranons measured (the mobd~ty goes through 
a maxtmum in th~s range), in clear d~sagreement with the 
data in the inset to F~g 1 

Once the FET ~s mounted into the spectrometer both the 
convennonal  ESR signal and the current can be measured 
Fig 3d shows the standard ESR absorpnon spectrum of the 
sample The hneshape is as expected 15 for bulk S1 doped 
with 3x1017 P/cm 3, donor clusters contributing to the fea- 
ture between the two hyperfine hnes. The current s~gnal was 
measured over five decades of microwave power (from 
+10dBm to -40dBm),  representatwe spectra are shown m 
F~g 3a-c  Note that SDT, which ~s ob,,erved m the h~gh 
power spectrum (Fag 3a), has a different line shape from 
the ESR spectrum (Fig 3d). As the power decreases there 
appears a fascinating new signal of the opposite sign and 
with a different hneshape) 

We atmbute the low power (<-20dBm) s~gnal to bolo- 
metrm detection of the bulk phosphorus ESR In the 
absence of magnenc resonance, measurement of the FET 
current shows a posmve but saturating non-hnear  depen- 
dence on mmrowave power which we interpret as a change 
of channel conductance produced by heating of the sample 
by microwave dissipation (Pu) m the resonator strip At 
higher powers, the slope of dI/dPu decreases and then 
changes sign for powers above I0 dBm At low power for 
an undercoupled resonator, the absorptmn of power by the 

bulk ESR results in a reducnon of the total power dlss,pated 
m the sample plus strip, and hence a reduced device current 
as observed The magmtude of the signal observed is con- 
Slstent with the calculated ESR dissipation together with the 
bolomemc sensitivity determined from the I(P~) character- 
,StlC. 13 The correct sign, hneshape (compare Fig 3c and 3d) 
and magnitude support the identification of the low power 
current signal as bolomemc detection of bulk ESR. 

It is impossible, however, to interpret the high power 
SDT signal (__ -8dBm) m terms of bolomemc response either 
to the bulk spins or to the spins m the channel region in 
interaction with the channel electrons For the bulk spins, 
both the sign of the signal is wrong (the power here is well 
below the power at which the bolometnc sensmvlty reverses 
s,gn) and the hneshape does not correspond to the conven- 
ttonal ESR (or low power current detected) signal To 
estimate the bolometric sensmvaty to spins m the channel 
regmn we combine the values of the electron-phonon relax- 
auon rate I]A6 (we use 4 x 10 m s  at 4 K) with the measured 
temperature coefficient of conductance of 3 x 10 .8 A/K. The 
calculated bolometnc signal 13 is three orders of magnitude 
smaller than the observed s~gnal at 1 dBm. This estimate is 
conservanve because heating, as evidenced from the I(P~) 
characteristic, will reduce thermal ~mpedances to lower va- 
lues Further, m a sample tn which the study was camed to 
higher powers, the SDT signal was observed to remain of 
the same sign m the highest power regime whale the slope of 
the bolometnc response dl/dP~ reversed. Both the observed 
magmtude and the absence of a s~gn reversal of the signal 
dictate against the interpretation of the SDT s~gnal as bolo- 
metrically detected. 

The expression for the SDT signal m Eq 1 mdmates that 
complete saturanon of either the ~mpunty or conduction 
electron spins (s=l)  would result m a signal whose strength 
becomes independent of power at h~gh power In the range 
from 7 dBm to 13 dBm, AI/Io remained approximately con- 
stant, suggesting saturation of the resonance. However, this 
is the power regime m which we believe heating is an issue 
so that both a reduction of equ ihbnum polarization and a 
shortening of relaxation times at the higher sample tempera- 
ture may also contribute to the saturauon of the signal with 
m~crowave power. A study of the power dependence at low 
power was not possible because of interference from the 
bolometrically detected bulk ESR signal below -10dBm 

Measurements  of the device current at 2.3K yielded 
results similar to Fig. 3a--c. The SDT signal was approxi- 
mately 40% larger, less than the predicted change of a factor 
of two. The reduced temperature dependence may relate to 
the freezing of annferromagnetically coupled clusters into 
states of low J, as discussed by New and Castner 15 It may 
also reflect microwave heaung of the system at the h~gher 
powers The low power ESR signal corrected for the bolo- 
meter sensmvlty,  was roughly a factor of two larger at the 
lower temperature, which is the annclpated Cune-law beha- 
vior 

Expenments were performed with the DC magnetm field 
both perpendicular and parallel to the plane of the 2DEG 
Only small changes in the SDT hneshape and magnitude 
were observed. Onentauon dependence due to Landau level 
structure would not be expected because we are m the low 
field hmit with unresolved Landau levels 

A free parameter in our experiment ~s the Fermi energy 
(E 0 of the conduction electrons. The peak value of the spin 
dependent current, normahzed wnh respect to Io, ~s plotted 
as a funcnon of the 2DEG density m the reset to Fig. 1 As 
the density is increased by a factor of 20, the signal de- 
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creases by about two orders of magmtude Considering 
only the conduction electron polarization term in Eq 1, we 
expect Al/Io to scale as 1/E r, or inversely with the 2DEG 
density, explaining a major pomon of thc density depen- 
dence Addmonal  sources of density dependence lnchlde 
energy dependence of the smglet and triplet sc,mermg c~o,,,, 
sections 17 and of spin relaxation rimes 

The SDT signal is positive over the entire range of den- 
sines studied, which unphes, using Eq l, that ot < 0 Thl', 
experimental result is m stoking disagreement w~th the theo- 
nes  of neutral m~punty scattenng 3'17 m three dimensions, 
which predict a positive value for o~ m the low energy limit 
We are aware of no calculations of the relevant scattering 
cross sections for the two dimensional (2D) case of interest 
to us In Eq 1, the dlmenslonahty of the problem enters the 
defmmon of the averaging m the parameter or, as well as v~a 
the cross sections The angular brackets indicate a weighted 
average over all angles as appropriate m determining a mo- 
mentum scattering rate, an additional average over z, the 
coordinate of the neutral donor perpendicular to the semi- 
conductor/oxide mtelface, must be included m 2D The z 
dependence of the scattering cross section Includes effects of 
the spatial extent of the 2DEG wave function and the range 
of the effective scattenng potential The distribution 18 of 
neutral impurities as a function of depth sets the lower limit 
on the z integration The comparable magmtude of these 
three length scales precludes meaningful adaptation of the 2D 

17 cross sections from their known 3D versions m order to 
predict the 2D experimental results. Only a real calculation 
of the 2D cross sections will permit a quantitative compari- 
son of theory with experiment 

We have made direct measurements of neutral ~mpunty 
scattering in S1 This spin dependent transport signal was 
characterized as a function of microwave power, tempera- 
ture, orientation of the DC magnetic field, and the Fermi 
energy of the conduction electrons We hope these results 
will stimulate theoretical analysis of the the two dlmenslon,tl 
scattenng problem 
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