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Abstract. A sample of Si: P with a doping density n such that (nine) = 0.85 at zero stress, 
where n, is the critical density for the metal-nonmetal transition, has been studied at 
temperatures ranging from 15 mK up to 4.2 K using electron spin resonance techniques at 
very low magnetic fields. Some results have been obtained with uniaxial stress applied up to 
0.2 GPa, implying a stress-tuning effect moving (.in,) close to 0.9. The results indicate that 
the ESR linewidth and the electron spin susceptibility are proportional to one another when 
the temperature isvaried at zerostress, that the susceptibilty shows no signof 'flattening off' 
at low temperatwe and that, within experimental error. there is no effect of stress on the 
magneticsusceptibilityin thissample. Theeffectofstresson the linewidth isalsoanomalously 
small. The electrons appear to behave more like a metallic system than previous studies in 
Si:P in thisdensity regime have demonstrated. 

1. Introduction 

There is a continuing problem in understanding the metal-non-metal transition in Si: P, 
connected with the anomalous scaling behaviour of the conductivity withdoping density 
111. The anomaly may have magnetic origins [2], so a detailed understanding of the 
smooth passage in the magnetic behaviour of the electron spins, from Curie-like at 
n S 1023 m-3 to Pauli-like at n > 2 x 10" me3, is imperative. Evidence has been pre- 
sented [3] that the effect of uniaxial stress on Si :P in this region of doping density is to 
tune nc, by effectively mixing into the ground-state donor wave-functions an admixture 
of higher-energy, more extended, functions. Such an increase in the size of the wave- 
functionisofcourseconnected,viatheMott criterion [4], toa reductioninn,, thecritical 
density of doping for metallic behaviour. The method gives access to high-resolution 
tuning of (n/n,) in a way not possible by doping variation alone. 

The electron spin resonance (ESR) method is accepted as the ideal way of accessing 
magnetic properties of electron spins, in that it gives discrimination against all magnetic 
properties other than the important one of the electron spin susceptibility. Unwanted 
impurity spins will, in general, produce spectra clearly distinguished from the electron 
spins of interest; one can therefore be sure that the technique is producing data that are 
a property of the relevant spins. There have been related ESR studies in a similar regime 
ofphosphorusconcentration by other groups; byMuruyamaeral[5]at n = 2 x lo2' m-3, 
by Paalanen and co-workers [6,7] in the just-metallic region, and by Ikehata eta1 [8]. 
There has also been a classic, SQUID-based, magnetic study of these materials in this 
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density range at ultra-low temperature [9]. Our work connects with all these other 
projects. Several theoretical papers have been published pertaining to such measure- 
ments [lo, 111. 

The application of stress to modify ESR spectra of phosphorus donors in silicon has 
provedextremely useful in the low-donor-density limit [12,13], whereg-shifts, hyperfine 
splitting, and relaxation rates of the resonant donor electrons have been monitored. 
These isolated impurity studies have shown that the modest stresses applied in our 
experiment ( ~ 0 . 1 5  GPa) aresufficient tocause drasticchangesin the variousparameters 
measured. The Wilson and Feher experiment [12], for example, reveals that a stress of 
0.1 GPa is sufficient to cause a diminution of the HFS of about 40%; they characterize 
this as indicating that the electron is then spending 60% of its time in the lower two of 
the six conduction valleys. WeU below n, then, the electron donor wave-functions are 
drastically altered by stress. Just above n,, we also know that the electrical conductivity 
experiments [3] have demonstrated that stress causes large changes in the conductivity. 

P J Mason and D P Tunstall 

2. Experimental details 

We first specify the density of our bar of Si : P. The sample was cut from a wafer supplied 
by Wacker, with a room temperature resistivity of 12.4 mQ cm. We also measured the 
resistance ratio of the wafer (p(4.2)/p(300)) at several different positions across the 
wafer, obtaining numbers varying from 70 down to 12. At this density the ratio R is 
extremely sensitive to dopant concentration (ARlAn = -2400, i.e. a change of n from 
3.16 x loz4 to 3.15 X loz4 m-3 produces a change of resistance ratio from 12 to 36). The 
room temperature resistivity value, corresponding to zero stress, leads, on the Mousty 
eralscale[l4].forwhichnc = 3.75 x loz4 m-', ton = 3.2 x 10" m-3. Othermorerecent 
scales [ 15,161 produce different numbers for both n and n,, but the ratio of n / n ,  = 0.85 
is insensitive to the choice of scale. 

Our experiments have involved measurement of the ESR spectra at a sequence of 
temperatures from 15 mK up to 4.2 K. The experiment was carefully constructed in a 
bottom-loading, large-cooling-power dilution refrigerator, using a low-excitation Q- 
meter system for detection [17]. The solenoidal sample coil was thermally isolated 
from the sample. Great care was taken with the construction of the tail-piece of the 
refrigerator, with gold-plated, polished, surfaces and pressurized contacts used through- 
out. The sample itself, 15 mm x 1 mm x 1 mm, with the long axis parallel to (loo), had 
polished ends, and sat in solder pods at each end on Be-Cu anvils. The geometry of the 
stress experiment was such that the stress was applied along the long axis, the coil 
monitored the ESR across the middle section of the sample (away from strain inhom- 
ogeneities) and themainmagneticfield for the ~s~experimentwasappliedin ahorizontal 
direction, perpendicular to the long axis of the sample. The magnetic field generated by 
Helmholtz coils was swept in a sawtooth pattern, first positive then negative, for up to 
16 h. typically averaging 300sweeps to obtain one spectrum. A nuclear orientation 
thermometer was used to measure temperature below 50 mK, and a germanium resist- 
ance thermometer for higher temperatures. 

3. Results and discussion 

Themeasurementsofthespinsusceptibilityarepresentedinfigure 1, taken at 30.4 MHz, 
i.e. resonance is at about 0.1 mT. This is the integrated area of the ESR spectrum, which 
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Figure 1. The temperature variation of the elec- 
tron spin susceptibility (as measured by the ESR 
line area). No absolute calibration 01 the spin 
susceptibility has been undertaken,so the unitsof 
the susceptibility are arbitrary. From the fit ,  the 
value of rrcomes out to be 0.47 2 0.02. 

Figure 2. The exponent (I, in x cx (T"). as fitted 
to the experimental and theoretical [IS] curves. 
The low-density experimental point is from [9 ] ,  
and the next point is from [SI. 

consisted of a single line of roughly constant intensity that broadened dramatically as 
the temperature was lowered. These measurements were taken with a small residual 
(100)stressof0.03 GPaappliedto thesample tomaintain the thermallinkto thepressure 
cell. An important feature of this log-log plot is its lack of evidence for any saturation 
effect at the low-temperature end; our lowest temperature is well into the region where 
Andres et ai  [9] observed such an effect. As these authors discussed themselves [9],  it 
may well be that some form of sample heating was going on in their experiment at the 
low end of their temperature scale. The behaviour of the susceptibility, figure 1, is fitted 
by a x  = (p/T") dependence with 01 = 0.47 f 0.02. In a similar experiment, although at 
higher temperature, Muruyama et ai  [5] found a = 0.66for n/n, = 0.55. Andres eta1 [9] 
show that the full Curie temperature dependence of a = 1 is not obtained until n/n, = 
0.027. The just-metallic data of Paalanen e ta l [6]  shows a shallow concave-up curvature 
on a similar logx: log Tplot, but a best fit straight-line to the 4.2 K to 30 mK data for 
their n/n, = 1.09 sample gives 01 = 0.54 and their n/n, = 1.25 sample has a much smaller 
slope, -0.33, in the same temperature range. In the later work [7], at n/n, = 0.78, they 
find a = 0.65. The Bhatt and Lee numerical analysis of the susceptibility [I81 for a 
random Heisenberg antiferromagnet is plotted in figure 2, together with the known 
experimental data discussed above. It is noticeable, in extracting values of a from their 
theoretical curves, that there is always a slight, convex-up, curvature to their curves 
of log,y:log T. It is very slight, and we have taken straight-line fits to their lowest- 
temperature data. In figure 2 ,  there does seem to be a significant discrepancy between 
the theory and experiment at values of n just below n,. This is not unexpected, given the 
expectation of dielectric divergence and wave-function expansion as the metal-non- 
metal transition approaches. 

A noticeable extra feature of our data is the almost rigid constancy of the ESR signal 
intensity as a function of temperature; we highlight this in figure 3, where the line area 
is plotted against linewidth, with temperature as the implicit parameter. (The data here 
were all taken at low uniaxial stress.) The slope of this line is 0.96 i 0.10! The spin-flip 
scattering rate scales with the susceptibility over almost three ordersof magnitude in the 

0 
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Figure 3. ?he conelation between ESR line area 
(againinarbitrvunils)andlinewidth,with tem- 
perature as the implicit variable. ?he linewidth 
has been defined as the value at half-maximum 
height. Thegradientb0.96 2 0.10. 

Figure4. The field at which the resonance attains 
its maximum as a function of temperature. The 
full line is a guide lo the eye. 

temperature. In interpreting this data, it is difficult not to stray across the demarcation 
line of n = n,, to make use of the theory [lo] relevant to the metallic regime, even 
although our sample is just in the n < n, category. There a scaling of linewidth and 
susceptibility of just this type is predicted, with the broadening to low temperature 
diagnosed as a critical slowing down of the electron spin diffusion rate. A theory of 
interactions in disordered metals 119,201 links the diffusivity of the electron spin and 
the electron spin susceptibility. We are to think, then, of the strong interactions as 
creating a clustering tendency (incipient localization) in the electron gas, at a stroke 
reducing electron spin diffusion and enhancing the electron spin susceptibility by giving 
it more local character. At the same time the reduced diffusion inhibits motional 
narrowing of the ESR linewidth and the line broadens. (The elementary possibility 
that we are looking at a dipolar coupled system, with the dipole moments having a 
temperature-dependent magnitude -T-n  has not escaped us; the magnitudes of the 
fields that arise from this mechanism are not big enough.) Is there any justification for 
using a theory for n > n, in considering an experiment where n < n,? If there is, and we 
use it to explain linewidths for n < n,, can the same theory also explain the susceptibility 
trends noted earlier? We have already noted some divergence between theory (n < n,) 
and experiment (n < n,) on the topic of electron spin susceptibility. We note also in the 
context of our initial questions that Alloul and Dellouve [21] have produced significant 
evidence that delocalizedelectrons, asshown by ametallic-like P3' NMR behaviour, exist 
at n/n, = 0.75. They also demonstrate that large numbers of P3' nuclei, in samples 
with n > n,, are seeing quasi-localized electron magnetic moments in their immediate 
environment. On the second question above, theory [19] ( n  > n,) predicts a stronger 
temperature dependence ,y - T4I3 than we observe, although it is only fair to refer to 
the caveats inserted [19] about the dangers of extrapolating weak-coupling theory into 
regions of instability. 

Sachdev and Bhatt [ 111 demonstrate that the Bhatt andLee model [18] of interacting 
localized spins can explain ESR data in a system with n < n,. It utilizes numerical simu- 
lation methods and gives a physical picture of the hopping of electron spins between 
sites being confined to smaller and smaller numbers of sites as the temperature is 
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Pressure Area k) Peak intensity Peak position Linewidth 
( G W  (arbitraryunib) (mVj (W (0) 

0.03 13 ? 3 6.3 L 0.3 1.05 ? 0.05 0.45 ? 0.03 
0.10 75 2 3 6.6 ? 0.3 1.04 ? 0.05 0.48 ? 0.03 
0.15 69 ? 3 6.9 2 0.3 1.00 i 0.05 0.39 ? 0.03 

lowered. More detail is needed to make a quantitative comparison between this theory 
and our experiment. The reduced number of hopping partners at T+ 0 K mirrors the 
reduced diffusivity of n > n, theories. There is some disagreement between our data on 
the scaling of the linewidth and the area of the ESR spectra and the data of Paalanen et 
a/ [7]. Their data was taken on a sample of n/n, = 0.78. The comparison of the a- 
exponents is also rather different; in this work we derived a value of 0.47, whereas they 
quote a figure of 0.65. These differences may be correlated; our sample, being slightly 
more metallic, would be expected to have a smaller value of LY, and if the temperature 
variation of the linewidth was much the same in the two samples, then their result, that 
the linewidth grows more slowly than a at the lowest temperatures, is derived from the 
faster variation of x in their sample. 

Infigure4,weshowourmeasurementsofthefieldatthe resonancepeakasafuoction 
of temperature. A possible explanation of this shift [l l]  as due to Breit-Rabi [22] 
coupling of the electron spin and the P3' nuclear spin has been advanced. The low-field 
 of oft he isolatedPimpurity resonatesat hv = @B,  i.e. it isshifted up-field, at constant 
frequency, from the normal resonance condition, hv = 288.  At low temperature, Sach- 
dev et a/ demonstrate that the reduction of range of electron tunnelling as T decreases 
is a possible cause of the shift up-field in resonance position. We have not attempted any 
quantitative evaluation of these measured shifts. 

The stress measurements were taken at 15 mK, and consisted of positive field sweeps 
taken at three different stresses. A word first about our certainty that stress is being 
applied. The compressive stress was transmitted by the sample from the pressurizing 
diaphragm to a sensing diaphragm, linked to a capacitance plate. The measured stress 
was therefore stress transmitted through the sample. This stress-meter was calibrated 
with dead-weight measurements at 4.2 K before mounting it  in the dilution refrigerator. 
The characteristics of the three spectra are assembled in table 1. 

There has been [U] a stress-(n/n,) calibration in Si : P for a very similar density from 
which we may deduce that n/n, at 0.1 GPa in our sample is about 0.87 and at 0.15 GPa 
is0.885.Inanexperiment [6]atn justgreaterthann,achangeofn/n,from 1.25 to 1.09 
can be estimated to produce a change of x by a factor of 5 at 15 mK. This had therefore 
led us to expect a considerable change in x under the modest stress of our experiment. 
Further, for Si: P, previous NMR and ESR studies have demonstrated that the change in 
the behaviour of the electron spin magnetization from pure Curie-type to pure Pauli- 
type occurs as the doping density is increased from about IOn m-3 up to just over 
10" n ~ - ~ , i . e .  byarangeoftwoordersofmagnitudeindensity. AtzerostressandIOmK, 
using the approximation that at any particular density the theoretical values are related 
by ,yPauli = X~.,~~(T/T,), we can easily estimate that the susceptibility has to fall by more 
than three orders of magnitude over these two orders of density change. A simple linear 
modellingofthisdependenceon alog-log scaleproducestherefore a x  - n-3'2behaviour 
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in Si: P at this temperature. This is a lower limit, since our sample is in the middle of the 
density range considered, where changes will be at their most rapid. The effect of stress- 
tuningshouldalso take into account the further feature thatn isconstant. In the analysis 
abovexdropped in spite of an incremein density. No such density increase occurs in the 
stress-tuning case; we may safely anticipate a x - IZ: dependence as a lower limit to the 
behaviour with respect to stress. A 4% decrease of n, should produce at a minimum an 
8% decrease of the susceptibility, and the change could be very much more (we estimate 
upto20%). Tosummarize, then, we haveexperimentalevidence thatin the just-metallic 
density range the susceptibility is extremely sensitive to dopant concentration [6], whilst 
our own estimations of the potential effects of stress on x in our sample imply a more 
modest, although still detectable, sensitivity. 

The tabulated data in table 1 on the variation of the area of the ESR line (column 2) 
then represents a new result; x is independent of stress, within experimental error, for 
stress just below n,, i.e. at constant n, whereas x is very sensitive to a minute change in 
n/n, at constant n, just above n,. Packing the donors closer together does not produce 
the same effect as expanding the donor wavefunction, when using the magnetic sus- 
ceptibility x as the characteristic physical property. In this context we should remember 
that the electrical conductivity does appear to move with stress in much the same way 
as with density [3]. The electrical and magnetic properties of the interacting electron 
fluid do not move together in this system. The charge and spin degrees of freedom are 
uncoupled. Within the context of the Bhatt and Lee [18] model of the insulating side of 
the transition, not so many electron spin singlets are created by tuning from below with 
stress as are created by increasing the density of donors. However, it has to be admitted 
that the measurement of the ESR area in the stress experiment is not as yet totally 
convincing as a negative result. If we ignore the error bars on the measurement of area 
then the drop in the area at the highest stress is about equal to the minimum theoretical 
prediction. Clearly the experiment needs to be refined, most easily by repeating the 
measurement at a higher stress. 

On the other hand. the fact that the line taken at the highest pressure has the smallest 
linewidth, is shifted to  the lowest field and has the highest intensity is a convincing 
demonstration of the admixing of higher excited states, having reduced hyperfine inter- 
action with the P nucleus, into the ground state by the stress. In an isolated impurity, 
however, a stress equal to our maximum stress, 0.15 GPa, would have reduced the 
hyperfine interaction by greater than 50%. Again the effect is less than expected. 

4. Conclusion 

In conclusion, we have explored to lower temperature than previous studies the electron 
spin susceptibility of a just-non-metallic Si: P sample. We produce evidence that down 
to 15 mK there is no saturation effect in the susceptibility, that it scaleswith temperature 
as x - T" with (Y = 0.47. and that the linewidth scales with temperature in exactly the 
same way. Comparison with theory is ambiguous; the best developed theory is for 
n > n, and it predicts the X-linewidth correlation rather well, but fails to explain the 
temperature variation of 2. Finally the stress behaviour indicates a surprising inde- 
pendence of x with respect to changes inn,. Exchange and Coulomb interactions in this 
highly disordered system are not simply tuned by stress in the same way as they are tuned 
by densitychanges. Acorrect description ofthe just-localizedelectron gasmay well have 
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to be based on a non-percolating metallic-island model, rather than on the amorphous 
antiferromagnet model. 
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