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Overhauser shift of the electron spin resonance line of Si:P at the metal-insulator transition:
31p contribution
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The electron spin resonand¢&SR line of delocalized electron spins shifts upon saturation due to the
hyperfine interaction with the dynamically polarized nuclear spins. $Recontribution to the ESR line’s
Overhauser shift is separated for phosphorus doped sili§®) in the concentration range (2.7-7.3)

X 10*¥cm® covering the metal-insulator transition. The Overhauser shift profiles recorded VéPsnsclear
magnetic resonano®&MR) frequency are nonsymmetrical and vary with P concentration. With increasing P
content, their width decreases, the maximum increases, and shifts towards thé&'baraclear Zeeman
frequency. These data are compared with published results obtained by convetifospin-echo NMR and

an early Overhauser shift measurement for Si:P. Most remarkable is the continuous variation of the frequency
position of the Overhauser shift maximum across the metal-insulator transition region.

DOI: 10.1103/PhysRevB.66.075207 PACS nunt®er71.30:+h, 76.70-r

. INTRODUCTION the other hand the number 8% nuclear spinsl( 1/2, natu-
ral abundance 100%) in the sample is very small and*tRe
Phosphorus atoms have one electron more than Si atomRMR signal is hardly detectable. In the most elaboratt®l
These electrons are weakly bound in phosphorus doped silNMR analysis the observed nucleie associated with delo-
con and their wave function is spread over several latticgalized electrons(weak nonenhanced Pauli susceptibility,
constants. At P concentrations higher than a critical concemuclear Korringa relaxation?
tration (N;=3.52x 10'¥/cn®) the crystals become metallic. A unique possibility to learn more about the hyperfine
Below this critical concentration the crystals are semiconinteraction and therefore about the donor electrons close to
ducting and thus insulating at low temperature. The magnetighe metal-insulator transition is to analyze the Overhauser
properties near the metal-insulator transition in Si:P was alshift of the ESR line. If the ESR transition is partly saturated,
ready a fascinating area of research for a whole generation @fe nuclear-spin polarization is strongly increased by the so-
physicists> There exists a wealth of contributions to this called Overhauser effedt.In cw ESR experiments the fre-
subject by electron spin resonand&SR,*'® nuclear quency is kept constant, stabilized to the resonance fre-
magnetic resonancéNMR),>**~?" and double-resonance quency of the cavity, and the external static magnetic field is
techniques® 33 Just in the most interesting range of aboutswept. The enhanced hyperfine field due to the increased
2-0.7 times\, information about the hyperfine interaction nuclear-spin polarization results in a shift of the ESR line,
of the doping electron on the dopants site is rather onehe so-called Overhauser shift. In Si:P the resulting shift is
sided, however. towards the lower external fielglue to a positive resulting
For isolated donor electrons, the ESR line is split into twohyperfine field®) and represents the integral over the effect
lines by the hyperfine interaction with the cent?4# nucleus by 2°Si and 3'P nuclear spins. In order to separate the Over-
(I=1/2). At P concentration higher than about 10'%cm®,  hauser shift caused by the Si nuclear spins from that caused
which is still lower thanN,, the exchange interaction be- by the P nuclear spins, it is necessary to destroy the polar-
tween the nearest-neighbor electron spins is so large thiagations separatef?® This is possible, because the NMR
most of the electron spins are no longer localized around onftequencies are different:p/ vg;~2. Thus the hyperfine in-
P atom. As a result, in ESR experiments only degchange teraction at the P atom, as well as that of those Si nuclear
narrowed line is observed. Since there are not as manyspins which are near the P atoms, can be analyzed. Since the
nuclear spins parallel as antiparallel to the external field, theneasurement is based on ESR, the advantage of its better
electron spins still experience an average nonzero hyperfirgignal-to-noise ratio can be utilized. The technique can be
field. But for Si:P at thermal equilibrium, &ti>4 K, this  applied to conduction as well as exchange-coupled localized
field is at least seven orders of magnitude smaller than thelectrons. Thus, the local interaction at the donor site and its
external field B~3500 G) for 10-GHz ESR. Since the nearest-neighbor sites can be studied. Applications of meth-
nuclear Zeeman interaction is about a factor of 2000 smalleods based on this principle to Si:P in the semiconducting
than that of the electron spins, it should be easier to detectgion, withN=0.7N. andN=0.85\., were published pre-
the relative shift of the NMR line by the hyperfine interac- viously[2°Si2°-3! 31p (Ref. 30]. However, no detailed study
tion (paramagnetic shift or Knight shjftBut in the vicinity — covering the metal-insulator transition has been performed
of N, the ratio of P atoms to Si atoms is only about 1:14000up to now. Therefore, for this work, samples witk
A standard NMR spectrum of°Si nuclear spinsI=1/2, =(2.7-7.3x10¥cm® [N=(0.77-2.07N.] have been
natural abundance 4.7%) is dominated by the Si bulk and theeasured at 5-11 &
signal of the?®Si neighbors to the P atom is wiped out. On  We present results of a detailetdP Overhauser shift
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analysis of a family of Si:P samples with the phosphorus N3.55: ms/kHz | N5.1.3:
concentration range of (0.77—2.0N).. In the following, the T=5K % 4.03 | T=8K
samples are labeled according to their P concentration, e.g., s=0.63 105 32.3 | s=0.40
N5.1.3 is sample number 3 of P concentration 5.1 “14%Bws | 219 - ?‘2"55 -12dByyq
X 10'¥/cm?. The results of the microwave conductivity, ESR — 419 — ER

g factor, linewidth and saturation behavior, and the integral —— 839 — 516
Overhauser shift of the ESR line, obtained with the same

samples, have been published earlier as part | of the 4 _ 3

sequencé® A detailed analysis of simulations and measure- ‘E’ )

ments of the?*Si contribution to the Overhauser-shift has 2 =

been presented in part3.Some of the results will be com- = 1

pared to that of thé*P contribution in this paper. The struc- %0 0

ture of this paper is the following. Section Il gives the ex- 6.0 6.2 6.0 6.2
perimental details. In Sec. lll, the relevant theoretical Vnur [MHZ] Vxmr [MHZ]

relations are presented and the dependence of the change of G he Overh hif files of .55 at 5 K
the shift profiles on all external parameters is analyzed. A dF||\|5'11'3 Tt% Kver auserds _'t:] %r.?f'es to fsampl : |at't'
general discussion of the results and the conclusions af@'?" -+ @t o & measured with different it Sweep velocilies.

iven in Secs. IV and V, respectively. . . .
g P y hauser shift profiles show at each rf frequency the contribu-

tion to the Overhauser shift caused by @ nuclear spins
Il. EXPERIMENTAL DETAILS resonating at this frequency. In comparison to standard
Rectangular flat samples of areal.3-3.4 mm and NMR, in which thesignal amplitudereflects only the spec-
thickness 0.025-0.081 mm, i.e., less than the skin deptially distributed number of'P nuclear spins, for the Over-
were prepare@®3? For the ESR experiments aX-band hauser shift detected signal two additional pieces of informa-
Bruker ESP300E spectrometer with an ER4118 dielectridion enter theamplltude(_shlft): the_ respective field-parallel
resonator and an Oxford instruments cryostat was used. omponent of the hyperfine coupling constant and the degree
probe head was developed so that, in addition to the micro@f Overhauser enhancement of the respective nuclear-spin
wave field (9.8 GH2 for the electron spins, a radio- Polarization. All shift values reported below féi‘E are posi-
frequency power for théP nuclear spins£6 MHz) can Ve Thls means that t_he ESR Img sh|fts.to hlgher external
be applied. Because the probe head with the sample and tfg!d if the corresponding’’P contribution is eliminated by
RF coil is inserted into the higl ESR cavity, the loss of the NMR saturation. Thus, the dynamically polarizedP
quality factor had to be minimized. The degree of saturatioluclear spins must have a positive hyperfine field contribu-
of the ESR line was determined with the help of the ESR lingion to the ESR field.
shape®#2|t is given below by the saturation factor

_S—(S)
s=—=—,

% The typical form of *}P Overhauser shift profiles can be
whereS, is the average value @&, at thermal equilibrium. seen, e.g., in Fig. 1. Its asymmetric form is caused by the
At full saturation the two ESR energy levels have the samalistribution of hyperfine interactions within th&P system.
occupation and sdS,)=0, s=1. At thermal equilibrium The Overhauser shift profiles caused by tfiSi nuclear
(S,)=S, and therefores= 0. For additional experimental de- spins also show an asymmetric form of considerably smaller
tails see Ref. 32. width .23 By comparison to simulations it could be shown that

As a first step for the measurement of the Overhauser shithe distribution within the?®Si nuclear-spin system primarily
profiles, the ESR lindderivative at a constant microwave reflects the distribution of Si-P atomic distances. For e
power (Pesp is recorded and the line positioB¢) is de-  nuclear spins there is one electron spin per P atom, but the P
termined. The external static magnetic fieBy(.sJ is ad- atoms are distributed randomly in the crystaHence there
justed to this field Byes<=Bg) and held constantfield- are regions with higher and others with lower P densities.
frequency lock The ESR-signal amplitude at this field is Thus the asymmetry of thé'P Overhauser shift profiles
then detected, while the frequency of the radio-frequencyneans that the resulting hyperfine fields must be different in
field is swept through the resonance of tHe nuclear spins. regions with different local P densities. The spectra of a few
If the rf reaches the resonance frequency of some of the Blassical NMR measurements reported in the literature are
nuclear spins, their polarization is reduced or destroyed, dealso asymmetric up to the highest analyzed P-concentration
pending on the rf power. As a result the ESR line is partly(N=1.4x 10?%cm’).216-1820e refer here to Ref. 2 for a
shifted back By is no longer equal t®,,.s) and the ESR- detailed discussion of the relevant mechanisms for this
signal amplitude aB,;.ss changes. Using the known shape asymmetry.
of the “virgin” ESR line obtained in the first step, it is pos- In principle, it is possible to build up an Overhauser en-
sible to calculate from the ESR-signal amplitude at each rhanced nuclear-spin polarization via both the anisotropic di-
the corresponding back-shift of the ESR line. Thus, the Overpolar and the isotropic Fermi contact hyperfine interactfon.

I1l. ANALYSIS OF THE EXPERIMENTAL RESULTS

(1) A. A typical measured 3P Overhauser shift profile
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—— -10dB,,; be observed with increasii@y g in Fig. 2. This reveals that
N2.7: —— -120B,,, it is comparatively easier to saturate the NMR transitions
5 —— -14dB,q exhibiting small hyperfine fields.
) -160dB 5
% 4 -18dByq N5.1.3 C. Influence of the degree of ESR saturation
= 2 . : .
% The ESR saturation has two different effects on the elec-
0p< ) tron and the nuclear-spin system. As mentioned before there
6. ; E is a distribution of hyperfine interaction strengths within the
Vv [MHZ] = P nuclear-spin system. For each distinct group’®f nuclear
7 spinsi, characterized by the strength and type of hyperfine
P . interaction, the hyperfine field monitored by the electron
6.0 6.2 6.4 spins and therefore the contribution to the Overhauser shift is
VAMR [MHz] .
given by
FIG. 2. Change of the measured shift profileTat 5.3 K with g
increasing rf power (0 d corresponds to approximately 30 T i n;
g caeing it power (0" G corres PP Y AB =S hyelo1-sVl (O 1= 3)
) [0}

The resulting polarization and therefore the Overhauser shiftvhere yp is the gyromagnetic ratio of the P nuclear spins;
have opposite signs depending on the relative magnitudes ¢f,)=1,(1—sV;): |, is the average nuclear-spin polariza-
these two interactions. The sign of the shift in the profile oftion (1) in thermal equilibriums is the ESR-saturation fac-
the P nuclear spins of this study shows—not unexpectedly—tor, andV}, is the enhancement factor for tHéP nuclear-
that the Fermi contact interaction is the dominant interactiorspin polarization caused by the Overhauser efféf#;(0)|2

for the *'P nuclear spins in Si:P. The same is also true for thgs the electron Fermi contact density at the P nuclei of group

?%Si nuclear spins’ i; (n;/nyy) is the share of the P nuclear spins of graup
comparison to all P nuclear spins in the sample. The nuclear-
B. The dependence on rf sweep time and on rf power spin polarization is enhanced by the Overhauser effect.

Decreasing spin lattice relaxation tim&snd time con- Therefore the Overhauser shift increases with increasing
stants of building up the nuclear-spin polarization by theESR saturation and with it the amplitude of the Overhauser

Overhauser effed with increasing nuclear-spin resonance Shift profiles. The enhancement factdg is proportional to
frequency within the®¥P spectrum are reported in the litera- the ratioye/ e (ve is the gyromagnetic ratio of the electron
ture. This can be explained by the distribution of hyperfineSPing. The maximum possible enhancement for thie
interaction strengths. But experiments with different rf sweeguclear spins in Si:P is-1622, but it can be reduced by
velocities showedsee Fig. 1 that the 3P nuclear spins are Ieakage_ processéd.If the |§otrop|p_hyperf|n(_e mteygctmn
polarized quickly enough and the form of the profiles anapredc_)mlnates, the leakage is nggl|g|b!e. But if additional re-
lyzed in this work is not spoiled by time-dependent processeg:lxatlon paths for the nucl_ear spins exist, the enhancement of
[which was observed fof°Si (Ref. 33.] The same method the nuclear-spin polarization is reduced. _

as used foPSi in our earlier repoff was used to confine the ~ On the other hand, the ESR saturation affects via the hy-
time constants of the dynamftP nuclear-spin polarization. perfine interaction also the resonance of the nuclear spins.

It turns out that the time constants must be shorter than 1 msiNce they are subjected to an additional field, caused by the
which is our current instrumental limit. Hence these time€€Ctron spins, their resonance frequency is shifted by

constants are clearly shorter than the spin lattice relaxation

times reported by Alloul and Dellou¥®(2—16 m3, which is

in accordance with the advantage of the Overhauser shift

technique to monitor preferentially the strongly hyperfine in-

teracting nuclear spins. 8 .
The degree of nuclear-spin polarization, which is de- :vo(?xg(1—5)|¢i(0)|2), (5)

stroyed by the radio-frequency powelP(ur) for the

nuclear spins, depends dfyyg. Thus at constant micro- wherevg is the nuclear-spin resonance frequency caused by
wave power Pesg and the therefore constant ESR line w0y 0 1 clear Zeeman interacti¢B,)' = S)(1—s) is the
saturation, the magnitude of the Overhauser shift profile mévera e local electron-spin polarization a)(tal—s) is the
creases with increasinByyr (see Fig. 2. The increase of local 9 tibilitv. At trﬁ)' Ip i I, the elect .
the extremum has a saturationlike behavior ocal susceptbiiity. IS location, aiso the electron-spin

characteristics are important. They change from more Curie-
BPaMR like Iocglized bgt exch.ang'e—coupl'ed moments to Pguli-like
shim (3] delocallzed_ spins. W|th _increasing ESR saturation th_e
electron-spin polarization is reduced and as a result the shift
because the polarization of the nuclear spins can at best luf the nuclear-spin resonance frequency decreases. At total
reduced to zero. In addition, a shift of the peak position carsaturation of the electron spins1) Av;=0 and the posi-

8m five )
Avi=rg 3 BMESSSo(l—S)Wi(OH (4)

Shifty = O
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FIG. 3. The measured profiles of sampNd&.7 andN5.1.3 at . ) i
5.3 K for different degrees of ESR saturation. The figures on the G- 5. Height of the extremum of the Overhauser shift profiles,
right side show the same profiles normalized to the maximum. ~ €xtrapolated to rf power-x (Ogy) versus the ESR saturation fac-

tor. (a) For N2.7, N4.4, andN7.3.2a for different temperatures. To
tion of the Overhauser shift profile on the NMR frequencye”minat? the influence of the Curie law on the average nuclear-spin
scale is shifted to the resonance frequency by the bar olarzat|_on,the values hgve been converted to about 5(6.)“8
nuclear Zeeman interaction. 'folr varied P concentratior{The curve for samplN?.s.Za is very

The results of the measurements for samples? and similar to that of samplé&5.1.3 at small ESR-saturation facjor.
N5.1.3 at 5.3 K are shown in Fig. 3. The increase of the shift . . . . S
height with increasing degree of saturation can be clearly ™ @ shift-related quantityQspy) is derived, which is inde-
observed on the left side. On the right side the correspondinEe_”dent of Pyur [Eq. (2)]. The extrapolated shift peak
diagrams are shown with normalized height. In these diaheights multiplied with the temperature of the measurement
grams, the reduction of the width and the shift to a smalle@nd divided by the minimum temperatufgm,~5.3 K
frequency with increasing ESR saturation can be observeghould be independent @ffor each sample, if the Curie law
The effect is more clearly visible for samph2.7, because a 1S the only temperature-dependent process. The results_ of
higher degree of ESR saturation could be reached in thi82.7 andN7.3.2a seem to show a domination of the Curie
case. law at least for a small ESR-saturation fadieee Fig. %a)].

But in the curves ofN3.55, N4.4, andN5.1.3 additional
temperature-dependent processes are obséseed e.g., for
N4.4 in Fig. 3a)].

Each shift value of the Overhauser shift profile versus
NMR frequency is proportional to the thermal average
nuclear-spin polarizatioth, [Eq. (3)] and therefore propor-
tional to 17T (Curie law). The profiles of sampl&2.7 (see The shape of the P Overhauser shift profiles becomes in-
Fig. 4 seem to follow the Curie law within the accuracy of creasingly narrow with increasing P concentratidtig. 6,
the measurement. On the other hand, the heights of the préarge diagram In addition, the peak moves to smaller fre-
files of the samples with higher P concentration do not in-quencies. This means that the homogeneity of the samples
crease, as would be expected by the Curie law. Extrapolatingicreases with increasing P concentration and that P nuclear
the shift maximum at each ESR saturation factoP{gyg spins in regions with high P densities experience a smaller

D. Influence of the temperature

E. Influence of the P concentration

60 [B;H;Z] 6.4 60 %Hzlg 4 N [10"%/em’]

=04 oo —— N3'55 0.6 _ 1ol Tek ]24 6 8 =
£ ' ' g ‘\ i o o8 E
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FIG. 6. 3'P Overhauser shift profiles, measured with different P
FIG. 4. Overhauser shift profiles of samph2.7 (s~0.17), concentration®8 K (=13 dByur)- The profiles are normalized to
N3.55 (s~0.18),N5.1.3 (5=~0.18), and\N7.3.2a 6~0.14) at 5.3, the maxima. The heights are shown in the small figure above the
8, and 11 K <13 dByuRr)- legend.
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— o T-53K A ref? small in the observed samples, and the measurements pre-
it ] 4 T-8K . sented in this paper includg the majority of tA¥ nuclear
m: = > T- 11K - spins, however with a varying enhancement fa¢tme Eq.
Z @ ref® o ref"” 3]
. 10f ‘h With increasing ESR-saturation factor the ESR line is
& & shifted by a superposition of th&'P and 2°Si contribution
| s 1a (integral shiff%) to a lower magnetic field. Since the isotropic
a5 A VOB 1 hyperfine interactior(Fermi contact interactiondominates
2f & . Voo for the 3P and?°Si nuclei and the shifts caused BYP and
2 10 100 295 have opposite sign, the observed integral shift proves
N[10%/em?] that the influence of thé'P nuclear spins is larger than that

of the 2%Si nuclear spins. Since the electron wave function
FIG. 7. Relative shift of the position of th&P Overhauser shift has its center at the P atom, it is expected that the electron
profile peak versus P concentration in Si:P. The critical concentragensity is much larger at the P nuclei than at the Si nuclear
tion for the metal-insulator transition NC:352>< :I.O]'S/Crﬂ3 For Sp|ns |n the ne|ghborh00d But the Observed magn|tude of
comparison the results P NMR spin-echo experimenf&ef. 2, the 2°Si Overhauser shift profiles are much largep to 130
T=4.2 K;S”E;:slp NMR line of HePOs; Ref. 18, T=4.2 K (N G than that of the'P nuclear spins. For calculating the
=7.5¢ 101_ /Cf'g'J: 1.85 K);v5 ="P NMR line of GaP; Ref. 20, jnteqral shift it is necessary to sum up the contributions of all
T i L. oL e 177 42, 2 it s of') and 9 e s, Then e
) * : . : . 'small amplitude of the’P Overhauser shift profiles is over-
Ref. 30:T=1.3 K (vg , not mentioney given in the literature are come by the large width, which is at half maximum, a factor
also shown. ~22-50 larger than that of thé’Si Overhauser shift pro-
hyperfine field than P nuclear spins in regions with low Pﬂle’?‘he integral shift® and the extrapolated extremal heights
density. The amplitude of the maximum increases with in-of the 2°Si profiles® show a similar and simple temperature-
creasing P concentratiofiFig. 6, small diagram The ex-

. . . dependent behavior. It is dominated by the Curie law of the
trapolated maximal heightg 8 K versus the ESR-saturation P y

i . average nuclear-spin polarization. Only small deviations can
factor[Fig. 5(b)] show that the slope of the curves INCreases, shserved foN=4.4x 108 cn. This has been explained
with increasing P concentration.

. ; . by temperature-dependent leakage processes, which seem to
Figure 7 shows the relative shift of th&P Overhauser y b b 9ep

hift orofi K P tration. Th bars | gain more influence with increasing P concentration above
Shilt profile peak versus = concentration. The error bars 'nNC. In contrast, especially the results of tA# Overhauser
clude the standard deviatidiprofiles at severaPyyg and

I p 1) h b vzbadnd the deviati shift measurement of the sample8.55, N4.4, andN5.1.3
sma dEbSR (hs<f ) Ewe e?l'nh ana yzﬂ? n dt ed ebV|at|9n do not really support a proportionality toTL/Since the in-
caused by the fact that>0. The error introduce oy using tegral shift of the ESR line is nevertheless dominated by the
the start of the flank as refereneg was determined by

_ >! _ Curie law?® the deviation of the®'P profiles is likely to be
extrapolation of the peak position #=1. It is smaller than 5,564 by the distribution of local suceptibility and electron-

the accuracy of the determination &fpeq/ v - spin characteristics and the distribution of leakage processes.
A comparison of the Overhauser shift profiles of tHe
. . B 9 - -
V. DISCUSSION contribution with that of the?®Si nuclear spin§ shows the

whole NMR frequency spread of th&'P nuclear spins is

An important question for the interpretation of the Over- larger by a factor of=8—27 than that of thé®Si distribution.
hauser shift measurement is of course, whether 38 A factor of 2 can be explained by the relation of the gyro-
nuclear spins in the respective Si:P sample are monitorednagnetic ratios of thé'P and ?°Si nuclear spins. Since the
The electrons of interest originate from the dopant P atomselectron contact density at Si nuclear spins near the P atoms
However, the presence of conduction electrons or a miniis at least a factor of 10 smaller than that at the P nucleus
mum of exchange interaction between the “localized” elec-itself,?® the reduced width of theé®Si profile can be ex-
tron spins are required for the measurement. Then there jglained. Measurements of the susceptibility have shown a
only one motionally or exchange narrowed ESR line, and thelecreasing total electronic susceptibility with increasing P
kinetic energy or the exchange interaction serve as an energyncentration in the analyzed range’**~*'This seems to
reservoir for building up an enhanced nuclear-spinhave no striking influence on th&€Si Overhauser shift pro-
polarization®® Isolated P atoms are not integrated in thefiles dominated by the distribution of Si-P distané&sn
Overhauser shift measurement. The analysis of the ESR linesldition, it was observed that the hydrogenlike form of the
with increasing ESR saturatidh indicates that in the wave function does not change within the accuracy of the
samplesN2.7 andN3.55 there are still different regions, measurement in the range of P concentrations under consid-
where the electron spins do not communicate between theggation[ N= (2.7—7.3)x 10'%cm?].2® This fits to the result of
regions. But even at sampN2.7 no ESR signal could be Ref. 2 that the contact density at tf& nucleus does not
found, within the accuracy of the measurement, at positiongary substantially in the narrow concentration range studied
where ESR lines split by hyperfine interaction should bethere. Since the distribution of the hyperfine interaction
found. Hence the number of isolated P atoms must be verwithin the 3'P nuclear spins is caused by the random distri-
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bution of the P atoms in the sample and therefore by thesuch as rf sweep time, rf power, and ESR saturation are
inhomogeneity of the electron system, the change of the susnalyzed. On the basis of these insights the change of the
ceptibility has a significant effect on th&P Overhauser shift profiles with P concentration and temperature are analyzed
profiles. Because of the decreasing total susceptibility witrand interpreted.
increasing P concentration it is expected that in regions with The time constants for building up th&P dynamic spin
high P atomic density the local electronic susceptibility ispolarization are less than 1 ms. The shape of ¥t Over-
smaller than in regions with low P density in the sample.hauser shift profile is highly asymmetric like the spectrum of
This is confirmed by the narrowing of th#P Overhauser standard®P NMR 2! because it is dominated by the distri-
shift profiles and the shift of the profile peak to smalf8P  bution of hyperfine interaction strength reflecting the random
NMR frequencies for increasing P-concentration of thedistribution of P atoms and therefore the inhomogeneity of
sample, which is found in an increasing probability of re-the electron system. The change of local susceptibility de-
gions with relatively high P density. There is a clear differ- pending on the phosphorus concentration has a predominat-
ence to the behavior of th'*P NMR spectra in the same ing influence on the form of the profiles. The narrowing of
concentration rangebecause these reflect only the behaviorthe profiles and the shift of its peak show that the local elec-
of 3P nuclei, which sense conduction-band electron stategon susceptibility decreases with increasing local P density.
with a T-independent susceptibility. Only the decrease of theThis is in accordance with the change of the total electron
width and the peak shift of thé'P NMR in the metallic magnetic susceptibility plotted in Fig. 9 of Ref. 2. This ex-
range forN=6x 10'%cm?® parallels the®'P Overhauser shift perimental information merits a detailed theoretical consid-
results. Nevertheless the observed increase of the normalizedation.
3P NMR linewidth AH/(K)H,; (K), average Knight shift The relative peak shift observed by ti& Overhauser
with decreasing N was interpreted as an indication of arshift results and thé'P NMR results forN=6x 10 cm®
increasing distribution of, for the observed sit¢sOn the ~ shows a continuous variation from nonmetallic samples with
other hand, the results of the Overhauser shift analysis folN=2.5x10"%cm® to metallic samples with N=1.4
low more closely the total electronic magnetic susceptibilityx 10°%cm® with an asymptotic behavior with increasing P
that was plotted in Fig. 9 of Ref. 2 than the NMR data. Theconcentration. Whereas the results and conclusions from the
results of the peak shift obtained with the Overhauser shif!P NMR and3'P Overhauser shift analyses of Si:P in the
profiles show a continous variation from nonmetallic to me-metallic range foN=6x 10'%cm® are equivalent, the infor-
tallic samples and connect smoothly the pioneering Overmation content of both techniques is complementary for
hauser shift data foN=2.5x10"%cm?® (Ref. 30 and the lower P concentration. The Overhauser shift is confirmed to
NMR data in the metallic region with higher P be the appropriate method to survey the local hyperfine in-
concentratiof'”*®2%(see Fig. 7. Within the accuracy of the teraction near the metal-insulator transition, because the
measurement no jump &l is observable. exchange-coupled localized as well as the metallic delocal-
ized electrons contribute to the results.
V. CONCLUSION
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