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Observation of the conduction-electron spin resonance from metallic antimony-doped silicon
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Electron spin resonance has not previously been detected for barely metallic Sb-doped silicon. We report
preliminary measurements at 9.4 GHz in the temperature rangeTk4.2 K for two Sb-doped silicon
samples with concentrations close to the critical densitfor the metal-insulator transition. The peak-to-peak
linewidths were 21 and 45 Oe for the samplesatand 1.28, respectively. The results support Pifer’'s
assertion that the conduction-electron spin resonance linewidth is determined by the impurity spin-orbit inter-
action.[S0163-182€28)02123-1

Conduction-electron spin resonan@ESR has been ob- to accurately set the microwave phase §6rin our Si:As
served at low temperature§ €4.2 K) for heavily doped study® that was not possible here because of interference
Si:P (Refs. 1-7 and Si:As>®8but has not been reported, to between the Si:As hyperfine spectrum and the much broader
our knowledge, for metallic Si:Sb. Pifewas unable to see and weaker CESR signal of the Si:Sb sample. The field
CESR in Si:Sb, which he attributed to the broad linewidthmodulation amplitudeH,, at the sample was increased by
expected because of the dominance of the impurity spin-orbigmploying a lower modulation frequency of 35 Hz. Previ-
(SO) interaction in determining the linewidth. The interpre- ously four to eight sweeps were emplofddr the broader
tation of the CESR linewidth and its dependence on donoBi:As CESR lines; however here 256 swe€ps min each
density is of interest in providing a different viewpoint about were necessary to obtain satisfactory signal-to-noise ratio. As
the transport mechanisms oftype Si forn just aboven,, a result, it was not possible to carefully explore the tempera-
wheren, is the critical density for the onset of metallic be- ture dependence of the linewidth. The samples were pro-
havior atT=0. There have been transport results for Si:Shvided by the General Electric R&D Centdratch #197band
(Refs. 9 and 1pthat show some unusual features and theowere nominally uncompensated. They were etched with a
rists have suggest&d'? the impurity SO interaction might CP4 etch to remove surface-state resonances and to mini-
explain some of the features of the transport results for Si:Skhimize the asymmetric Dysonian line shape. The final thick-
Below, we report preliminary CESR results for two Si:Sb nesses were=0.063 and 0.065 mm. Unlike the Si:As study,
samples, one very close to the critical densityfor Si:Sb ~ where resistivity measurements were made on four bar
and the second 28% abowg. The results show larger line- samples between room temperat(Rf) and 4.2 K adjacent
widths than does Si:As and provide additional experimentato the thin rectangular slab used for ESR measurements, re-
support for showing the impurity SO interaction determinessistivity measurements were only made at RT. The donor
the peak-to-peak linewidthAH,,(n)<1/T;=1/755 for n  density is therefore not as accurately determined as for the
>n., whereT; is the longitudinal spin-relaxatiof8R) time  Si:As results.
and 7o is the SR time due to the SO interaction. Just as in  Figure Xa) shows the absorption derivatidy”/dH for a
the dilute limit for shallow donors, the results demonstrate2.98x 10'¥cn® Si:Sb sample frr=0.0137 Q cm) at
the increasing strength of the impurity SO interaction withT~1.92 K for a 100 Oe sweep. The peak-to-peak field
increasingZ of the substitutional donor. In addition, the re- modulationH,, was 3.6 Oe. The Dysonian line shape asym-
sults showrg> 7. Where 1f, is the elastic collision rate. metry ratio A/B~1.1+0.05 and the linewidth
The results do not support the notion of anomalous transpotiH,,~21*0.5 Oe. The valuéd,,/AH,,~0.17 was small
for Si:Sb for n>n_ and suggest the universality class for enough to ensure any modulation-induced broadening is less
Si:Sb should be the same as that for Si:P and Si:As. Althan 1%. The asymmetry correction4d ,, for this sample
though the preliminary results discussed below are not ashould be small. Daténot shown for the same sample taken
detailed as earlier studies, they represent the only CESR ret T=1.46 K show a slightly differenAH,,~21.6+0.5 Oe,
sults for Si:Sb in the metallic regime and provide additionalbut this is within the estimated error. Based on an estimate of
experimental evidence supporting Pifer's notion that the imthe conductivityo( T~1.9 K) of 15 S/cm from Ref. 9 this
purity SO interaction is responsible for the CESR linewidthleads to a skin depth~0.14 mm leading t¢/5~0.45, which
for Si:As and Si:Sb. translates to a\/B~1.08 in reasonable agreement with the

The measurements were made withXabband ESR spec- spectrum in Fig. (@. The g value was not measured with
trometer at 9.4 GHz featuring a T§ resonant cavity with a precision, but based on the nominal cavity frequency of 9.42
tiltable sample holdé? to optimize the cavityQ. A power of  GHz was within 0.25% of the value g=1.9987, as found
approximately 1 mW was incident on the cavity yielding afor Si:As metallic samples. Figure(d) shows a 500 Oe
microwave magnetic fiel8,~8 mG, which was well below sweep spectrum for the same sampleTatl.45 K, which
saturation. The weak broad signals for Si:Sb required exterindicates a weaker broad signal on the low-field side of the
sive signal averaging with a 1024-channel Nicolet signal av21 Oe width line. The center of this asymmetrical line is
erager. Although reference samplédute Si:A9 were used estimated to be between 40 and 60 Oe below the center of
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the same as for the broad line in Figbl In addition, there
is a second narrower line of linewidth about 45 Oe with a
(a) value close to 2.00; however the uncertainties in both quan-

tities are larger because of the overlap of the two lines and
50 Oe — ——'| also because of the large uncertainty in the baseline. The
center of the broader line is approximately 50 Oe below the
center of the narrower line, which is consistent with the re-
sults in Figs. 1a) and Xb). The broad lingAH,,=167+15
Oe), which contains most of the integrated intensity, is iden-
tified with the Cu background line from the cavity, while the
narrower line is attributed to the CESR of Si:Sh.

The g values of the Si:Sb CESR signals are consistent to
within 0.25% of the valuey=1.998 75-0.0001 obtained by
Fehet® for free carriers in Si:P, in addition to being in agree-
ment with earlier CESR results for Si:AsBecause of the
large linewidths, line-shape asymmetry, and overlap with the
background signal no effort was made to more accurately
determine theg values for these two samples. The 3.8
X 10'¥ cm?® sample was also measured with only 128 sweeps

250 Oe at 4.2 K and the linewidths were the same to within the
experimental errors. The overall behavior is the same as that
\//W for Si:As, but with larger values of the linewidth.
I Table | shows that the linewidth at~n. varies by a
factor of about 50 from Si:P to Si:Sb, whereas mt
_ o - ~1.2&, the donor dependence is a factor above 80. The

FIG. 1. Three_ absorptlon_ d_erlvatlve spectra _for two S':Sbchange in donor dependengearticularly striking from P to
samples. The vertical arrows indicate a magnetic flseld of 3330 OeAs) with just a 28% increase in donor density provides evi-
Each spectrum represents 256 sweésA 2.98x107%cn? SiSb  jance that there is a different mechanism for the SR rate
sample afT=1.92 K. The sweep was 100 Oe. The peak-to-peaky - “and linewidth for more metallic samples than for the

linewidth Wg; diﬁtermmed to be 2D.5 Oe.(b) A 500 Oe sweep for linewidth atn=n,; and for barely insulating samples. Right
the 2.98¢1 fem sample showing a background S."gnal Cemer.edat n. the linewidth can be explained by exchange and/or
approximately 40—60 Oe below the center of the Si:Sb CESR “ne'moticonal narrowina. which has been discussed by Anderson
(c) The absorption derivative for a 38L0*¥/cn?® Si:Sb sample at 9, y

T=1.93 K for a 500 Oe sweep. The magnetic-field modulation Wasand Weiss® The result forApr in this case is
2.22 times that used fdi) and(b). The peak-to-peak linewidth is
45+7 Oe for the Si:Sb CESR line. The broad background signal AHPPN M {weg], @)
from the Cu cavity has a width 16715 Oe. where M,, the second moment or mean-squared spread of
the spectrum about its center, has been given by Meier,

the sharper line corresponding togavalue between 2.023 Parks, and Halé as[ (sH)?+ 4/3 (I +1)(Ahpf/2)2] andyis
and 2.035. The halfwidth is between 80 and 100 Oe. Fhe 1.76x10’ rad/sec.(w., is the exchange and/or motional
value, the asymmetry, and the large linewidth suggest thisarrowing frequency. The first term M, is the linewidth
signal arises from the Cu cavity. Schultz and Lathhhave  SHof the individual hyperfine lines of the resolved hyperfine
reportedg~2.033 for high-purity Cu. spectrum in the dilute limit due to th&€’Si nuclei. 5H is of

In Fig. 1(c) the absorption derivative is shown for a 3.8 order 3 Oe. The second term results form the donor hyperfine
X 10*¥/cm?® Si:Sb sampldprr=0.0118Q cm) at T~1.93 K interaction with the donor nucleus of sginFor Si:Sb, there
for a 500 Oe sweep and field modulatibin,~8.0 Oe, more  are two isotopes with=3 and|= 3 for 12!Sh and!?3sb,
than double théd,, used for Figs. (a) and Ib). The spec- respectively. ThusM, is the weighted averageM,
trum now consists of two overlapping resonances, one broag 0.573Vl,( 121Sh)+0.42M,(12Sb). The exchange(or
and the smaller one a factor of about 4 narrower. The muclmotiona) frequencies, calculated using E@d) are shown in
broader line has a center very close to that for the wealable | and show a dependence that is qualitatively propor-
background line in Fig. (). The amplitude is consistent tional to the donor binding energies. There have been numer-
with the 2.22-fold increase ihl,, and theg value is nearly ous efforts to explain the temperature dependencatof,

TABLE I. Linewidth parameters for barely metallictype silicon.

AHpp(n=n) M, (e X 10710 AHpp(n~1.280) B(n=2n,)
Dopant (Oe) (0€) (rad/set (Oe (Oe)
Si:P 0.4 450 1.98 0.5Ref.H 0.76
Si:As 3.4 6 310 3.53 5.6 13.6

Si:Sb 21 13 295 111 45 9@st)
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for insulating samples in terms of a temperature-dependerithis 1/T; process for barely metallic Si arises from the ad-
exchange or motional narrowing,,= wy+ w,(T). Ochiai  mixture of the B-T, band into the ground states4A, band
and Matsuura’s resuftsuggesto, < T2 However, there has by the Anderson random potential.

been no general agreement on the mechanism for this tem- One can make a rough estimate of beyjp and 7., for the
perature dependence. Sachifevas suggested that electron 1.28; Si:Sb sample using the linewidth shown in Table |
interaction effects, which also contribute to the spin suscepand the scaling result 4/(n) ~ 1/7¢(2n¢)(n/n.— 1)P using
tibility x(T), provide the temperature dependenceAéf,, the same value op (0.995 found for Si:As? This estimate

. . —9 — —13

in the immediate vicinity ofn.. Meier, Parks, and Halé y|eljis :51093‘1%2( 10U _sec t:nd Tfi] 1'3? 1'0t' IseC'th(I)r
have concluded the experimental results for Ge:As are no£503|;e i f q T'ng” MliocHarac eristic fengS"Sb
consistent with a conventional hopping contributiondg [3D 7] one findslso/le 0. Hence, even for St
and this conclusion may also be true fotype Si. However, where the impurity SO interaction is much larger than for

. . . 2 .
the temperature dependencedfi,,(n,T) for n<n. is not fsrlz tﬁneir:t'”rﬁ)(psegismthre Ct?r;]eft'ghé nt10 ”SC"ZI';EQ thﬁ?ﬁy
relevant to the present discussion. The results suggests € impunty eraction to be small. ough these
SR results are for higher temperatures than some low-

much stronger density dependence for Si:Sb than for Si: 19,20
Although we believe the 2.9810'%cm?® Si:Sb is very close
to n. (within =£1.5%), a 3% error inn; toward the metallic
side could increase the linewidth by 4 Oe, suggestin
AHpp(n=n;) might be too large by this amount. This in turn

. . 0
would have the effect of increasingey by 23%, thus n>n, for Si:Sb is consistent with previous suggestiths

bringing the value closer to that for Si:P. . . . X )
The last column in Table I indicates the magnitude of thethat the CESR linewidth results form the impurity SO inter-

mechanism forn>n; given by Zarifis and Castnitras ?Icotls?an tiisoféastel?smf"r?n:hﬁ]s:-rez iﬁ;ﬁs'e-_rr:gt-l(l)nne;;wg:;r\ée%
AHppex=AHp(n) —AH(n=ng)=B(n/n.—1)°, where c fesu X 9 : wing

B is the excess linewidth at=2n.. B varies by roughly Qggga}tglst?atafg? Spir'%vq%se arLgsSI):(s:haalgges-umOt:)sr:atlhgte ggfrgf:y
factor of 100 from Si:P to Si:Sb, which is a factor of 2 ) . . ; 99 . .
tions to scaling theory from the impurity SO interaction will

greater than the variation OAHpp(n=n;). It has been be small and that Si:Sb as a metal-insulator transition system
demonstratétithat this strong donor dependence can be ex-

plained by the impurity SO interaction that splits the-T, should be in the same universality class as Si:P and Si:As.
states and is well documented from the Orbach spin-lattice- This work was supported in part by National Science
relaxation rate documented in the dilute limN{<0.01n.). Foundation Grant No. DMR-8306106.

temperature studié of Si:P, they still are in the same
regimekT/h>gugH/fi>1/7¢5. This suggests the physics
hould be the same. The shortest time scale is the elastic
ollision time 7, on the metallic side of the transition.
In summary, the observation of the CESR linewidth for
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