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Probing the Schottky barrier with conduction electron spin resonance
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The Schottky barrier of a heavily doped Si layer covered with a metal film is investigated using conduction
electron spin resonance, which is utilizedsitu in UHV to continuously monitor the metal overlayer devel-
opment from a fractional monolayer through multiple layers. Measured increases in linewidth are compared
with calculations based on a kinetic theory. For Al and Ag, the data can be explained both by flat-surface and
island models, even though for Al only a flat-surface model with smooth surfaces is compatible with the
experiments. In contrast, for Cu and Al-Cu bilayers, the data unambiguously favor the rough-surface island
model.[S0163-1827)05320-4

I. INTRODUCTION interface are speculdsmooth interfacesor diffuse (rough
interface$. The theoretical results from the different inter-
We report a detailédstudy of the Schottky barrier using face models are sufficiently distinct that experimental data
conduction electron spin resonan@@ESR.>"° CESR stud- can be seen as favoring the island scenario. The combination
ies of electron transport across the metal semiconductor if experiment and theory provides a tool for studying the
terface complement other techniques that probe the Schottlgffects of the Schottky barrier on the electrons transporting
barrier such as |-V, capacitance, ballistic electron emissiorharge and spin across the interface.
spectroscopyBEEM),® etc., but CESR is uniquely useful
because it is applicable to varying dopant levels from the
regime of a Schottky barrier to the formation of an Ohmic Il. EXPERIMENTAL DETAILS
contact, and because it provides information from fractional
through multimonolayer metal coverages. Moreover, it mea- The Si:P samples consist of a thin region,200 A thick,
sures the spin transport across an interface, which may Beeavily n doped with phosphorusng=3x10%° cm~3) lo-
relevant in developing spin-related devitemd optoelec- cated at the Si surface and a much thicker, less heavily doped
tronic processe®.Previous CESR studies of electron spin region (p<5x10'° cm %) extending from the heavily
transport across an interface include bilayers of twodoped region to a depth of3 wm. The thin, heavily doped
metal$'° and a metal film covered with fractional monolay- region has a very high concentration to ensure that, when a
ers of a second, nonmagnetfcor magneti¢? material. In  metal layer is deposited on the Si:P surface, the Schottky
this paper we study silicon heavily doped with phosphorudarrier is narrow enough to allow sufficient tunneling into
and covered with Cu, Ag, or Al. the metal. The other, much thicker, doped region is included
We measure the change in the linewidth of the CESRn order to provide a large source of conduction electrons to
absorption signal in a specially prepared thin phosphorusassure a sufficiently strong CESR signal. The dopant profile
doped Si(Si:P) layer when additional spin relaxation chan- of the less heavily doped region was characterized by sheet-
nels are introduced following evaporation of a metal onto theresistance measurements on a test substrate and was found to
free Si surface. Conduction electrons in Si, which diffusebe roughly Gaussian, i.e.,
toward and subsequently impact on the metal, may undergo
spin relaxation via two general processé€l) impact fol-

lowed by reflection(either specular or diffugeor (2) impact Np(X)~5x 10Y cm~ 3~ (K118 pm)2
resulting in tunneling across the interface. For those elec-
trons that do tunnel across the interface, there are five sub- for 0.02 um<x<3um. (1)

sequent spin relaxation opportunities before returning to the

Si: (i) during the tunneling proces§j) scattering from im-

purities in the bulk metal(iii) reflection from the metal free The Si:P samples were prepared for the UHV system by

surface|iv) reflection at the Si-metal interface when impact- the following standard procedure. First they were cleaned for

ing from the metal side, an@) when tunneling back into the 10 min in a 5:1:1 solution of HO:H,0,:NH 4OH heated to

semiconductor. All these processes are not independent, a@*5 °C. After rinsing in deionized water they were further

the general spin transport, including the tunneling probabilicleaned for 10 min in an 8:2:1 solution of,@:H,0,:HCI

ties across the interface, may be characterized by a minimurso heated to 705 °C. Following another rinse in deion-

independent set of parameters after taking into accourized water, the samples were dipped in a dilute solution of

charge conservation and detailed balance condifich®kef.  HF to remove the thin oxide layer built up during cleaning

9). and to hydrogen passivate the Si:P surface. This hydrogen
A theoretical study is made of the spin disorientationpassivation inhibits future oxide growth.

probability. These spin relaxation processes dependi)n We have measured the C, O, and $SiBuger peaks of

whether the metal film is flat or consists of islands &gl samples that were exposed to air for different periods of time

whether the reflections off the metal surface and metal-Safter following the above preparation procedure. We found
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FIG. 1. Change in CESR absorption linewidth for typical Si:P samples measured as a function of thickhgsfr deposited Cu, Ag,
and Al.

that after an hour of air exposure the surface oxidation andavity where the CESR absorption line was measured after
carbon contamination was typically a monolayer or less. Theooling the sample to a temperature of 77 K. During the
typical time to load a sample into the UHV chamber after theCESR measurements the sample was always under UHV
HF dip is only about 4 min, and the load lock pressure(~10 % Torr) conditions. A detailed description of the
reaches 10° Torr within 15 min. UHV apparatus within situ sample preparation and CESR
We note thatin situ heat treatments of the Si:P samplescapability may be found in the thesis of Anderbétg.
were attempted in order to provide cleaner surfaces before
meFaI depqsmon. However, the heat treatment was found to Il EXPERIMENTAL DATA
be impractical, as it severely depleted the phosphorus dopant
concentration near the sample surface at the temperatures The change in the Si:P CESR linewidtbH) was studied
required to remove oxygen and carbon contamination. as a function of metal layer thickness, from submonolayer
The metal(Cu, Ag, or Al) was evaporated from an MBE coverages up to film thicknesses of 200(#ig. 1). While a
oven onto the Si:R111) substrate at room temperature. The good reproducibility of data was observed for Cu, the Ag and
evaporation pressure was typically less than 1@orr. The Al data showed more scatter. For all cases the linewidth
mass-averaged metal film thickndsg was measured using showed no further increase for thicknesses greater than 60 A.
a quartz crystal microbalance. The stability of the systeniNote that each curve shows a threshold thickness before any
was such that the deposition was done in increments as sméithewidth increase is observed, followed by a relatively rapid
as 0.1 mass-equivalent monolay@¥ote that all experimen- increase, then a plateau at a final value. A summary of rep-
tal thicknesses are averaged-mass equivgleAfter metal  resentative experimental data for each metaligiess than
evaporation the sample was transportedsitu to a TE;p, 60 A is shown in Fig. 2. Important qualitative features are
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FIG. 2. Comparison of theory with measured changes in CESR !
absorption linewidthéH for typical Si:P samples measured as a Pun
function of thicknesd.,, for deposited Cu (), Ag (@), or Al I
(O). The dashed Ilines are theoretical results using P N
D=9.5x10"* m?/s, vps=1.8<10° m/s, andL=1 um assuming 0 0 10 20 30 0 50

rough surfaces and islands. The calculation is normalized to match L (A)

the experimental value ofH atL,,=100 A. The other parameters m

areho= 103 22, and 22 A andlo,=3, 5,.anpl 7 Afor Cu, Ag, and FIG. 3. Change of CESR linewidth for three samples of Cu-Ag
Al, respectively. The_error bars shown indicate the range of plateaBilayers on Si:PL,, is the total metal thickness. The initial Cu
values oféH for multiple samples. thickness is 3, 6, and 9 A, respectively, for the three samples,

. . . shown as the beginning of an arrow. The first deposit of Ag on each
that(i) the width of the CESR resonance peak increases fl’Orgample increases the total thicknessdA and results in a line-

~10G f_or the initial Si Sample _t0_1__5—25 G for Fhe_ S"”_‘eta' width increase shown at the tip of an arrow. After the second Ag
system in the bulk satqratlon limiii) the bulk limit typi- deposition, the total metal thickness is 50 A for each sample.

cally occurs for metal thicknesses of a few tens of angstroms,

Lm=15 A for Cu andL,~ 50 A for Ag and Al, and(iii) the tively added Cu penetrates to the Si slab and ends up defin-
sharp onset for broadening does not occur until & mas§ug the Schottky barrier. An initial 60-A Al layer, on the
averaged metal thicknedsy, reaches the onset thickness gther hand, is sufficient to protect the Al-Si interface from
Lon=3, 5, and 7 A for Cu, Ag, and Al, respectively. the added Cu.

To give further insight into the evolution of the Schottky
barrier, the CESR linewidth was also studied with metal bi-
layers on the Si:P surface. In these experiments a metal is
evaporated on the Si:P surface to a given thickness, resulting |n our theory we calculate the increased CESR width by
in an increase of the CESR linewidth. A second metal isconsidering the metal layer as a source of spin scattering for
subsequently deposited over the first and the CESR linewidth conduction electron in the Si slab colliding with the metal-
monitored as a function of the thickness of the second metakemiconductor interface. There is a small net spin polariza-
We studied both Cu-Ag and Al-Cu bilayers on the Si:P surion due to the Pauli susceptibility in the applied magnetic
face. field for resonance-3 kG. The probability for electrons at

Figure 3 shows the results for Cu-Ag bilayers on three
Si:P samples. The samples had an initial layer of Cu evapo-

IV. THEORY OF CESR LINEWIDTH

rated on them, with thicknesses of 3, 6, and 9 A, respec- 14 Cu A
tively. This was followed b 3 A of Ag on each sample @ 12
(marked by arrows in Fig.)3then capped with Ag for a total (é 10 B
bilayer metal thickness of 50 A. Note that the Cu-Ag curves S 5
closely follow the pure typical Cu curve, indicating that the T A
Cu interface is already defined with gr8 A of Cu on the w 6 Al C
Si:P surface. 4

Figure 4 shows the results for Al-Cu bilayers on three 2
Si:P samples. Al is first evaporated to a selected thickness
(and 5H is measurey followed by successive depositions of 2040 60 80 100
Cu. When an initial 10 A of Al deposit is covered with Cu L _(A)
(curve A), SH rises rapidly, similar to that of pure Cu "
samples(represented by the shaded regiowith 20 A of FIG. 4. Change of CESR linewidth for an initial film of Al

initial Al (curveB) there is a |_GSS rapid_ rise, but as with 10 A deposited on Si followed by successive Cu deposititysis the

of Al the plateau value obH is essentially that of pure Cu. total metal thickness. The initial Al thickness is 10, 20, and 60 A for
In contrast, when 60 A Al is covered with Cigurve C)  curvesA, B, andC, respectively. The steps in the solid curves are
6H simply approaches the pure Al bulk value. This suggestsghanges after waiting periods of the order of one day. The shaded
by means of the island model in Sec. V B, that for initial regions cover the various samples for pure Cu and pure Al. Due to
layers thinner than a few tens of angstroms, Al islands magample variations, the initiaiH of the solid curves does not always
form and only partially cover the Si surface, so that consecukie within the pure Al region.
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the Fermi surface to tunnel into the metal depends on theherews is the total spin-disorienting collision rate, consist-
nature of the Schottky barrier and the angle of incidenceing of a bulk term due to spin scattering in the bulk metal,
These electrons eventually return to the Si slab with or with-estimated from CESR défaand two surface terms due to
out having suffered a spin-scattering collision in the metaispin flips at the free metal surface and at the metal-Si inter-
layer. When the time of the electron residing in the metal isface.

short, this can be viewed as spin-polarized electrons in the Si The time dependence of the tunneling rate from the metal
slab scattering off the metal-semiconductor interface with &ack to the semiconductor arises from the momentum scat-
probability e for spin disorientation in the process. We thus t€rings suffered by the electron in the metal region. We make
need a theory thaf) relatese to the increase in the CESR & Simple model of the time dependence as follosfore

: : N the spin-polarized electron in the metal suffers a momentum
absorption peak width, an@) gives the dependence efon > I~ . . X )
the metal film thickness. Clearly, the spin-flip rate dependscoms—'on’ the probabl_hty for tunneling _back into the Si slab is

stT and the tunneling rate backTstimes the frequency of

on the structure of the interface through which the electron%’itting the metal-Si interface, i.e.. for<7, the (Drude
- s 1.C.y _Ty

pass. We study the consequences(fpflat metal surfaces >
momentum-relaxation tim¥, w,(t)=w;=Tvem/(4Ly). The

and metal films consisting of islands afid) specular and , .
diffuse electron reflections in the metal film. factor of 4 comes from the traversal time across the thickness

L, and back at the average speed normal to the surface,
which is half the Fermi speedg, in the metal.After the
spin-polarized electron suffers a momentum collision, it is
For a Si:P slab of thickneds where the conduction elec- assumed to have an equal probability to be anywhere on the
trons have a probabilitg for suffering a spin-disorienting metal Fermi surface. Then, for 7, the principle of detailed
collision at the interface once the metal is added, the inbalance across the Si-metal interface yields the return tunnel-
crease,8’H, of the peak-to-peak widthAH, of the deriva- ing rate, o(t)=fw,(t<7), where f=6(Krs/kem)?, the
tive of the resonance signal due to surface scattering, assurhermi radiuskgg of Si being much smaller than that of the

A. Linewidth in terms of spin disorientation

ing a Lorentzian signal, 18 metalkg, .
From Egs.(3) and(4) one then obtains the disorientation
11 €VFs probability
S'H= — , (2
23 v L(1+evel/8D) ﬁ < W, f o, oot (5
€= - S .
wherev g is the Fermi velocityD is the isotropic diffusion otos \otos fortos

coefficient, andy is the gyromagnetic constant of the elec- The terms in this expression can be understood as follows.
tron in Si. The prime ind'H is used to distinguish it from The overall factor of the tunneling probability signifies tun-
SH=AH(L,)—AH(L,,=0), the increment of linewidth neling being the prime driving mechanism for the loss of
from zero to finite metal layer thickness, which the experi-spin information. Of course, there would be no loss of spin
ments record(cf. Fig. 1) and which, for comparison, the information should all the electrons then return to the semi-
theory calculates as SH=6"H(L,)— 8 H(L,=0). conductor without suffering any spin-disorienting collisions.
AH(L,,) can be related to the transverse spin-relaxation timd he first factor inside the square brackets is the fraction of
T,, which is in turn equal to the spin-lattice relaxation time the electrons returning to the semiconductor region with dis-

T, for cubic materials. oriented spin whemo momentum-scattering collisions oc-
cur. The second term in the brackets represents the difference
B. Theory of spin disorientation probability made to the spin loss of the returned electrons due to mo-
_ mentum scattering in the metal.
1. Model of flat interface To obtain the thickness dependence explicitly we use

To find the spin-disorientation probabilit; we first con- _
sider an ideal metal film, with both surfaces smooth, provid- 0= 0p T UEm 7/ (4lm), ©)
ing specular reflections for the electron. Thenjs deter- Where oy, is the bulk spin-disorientation rate in the metal,
mined by the probability of the electron tunneling from Si 7 is the sum of the spin-disorientation probability at the free
into the metal layer andhot returning with the same spin metal surface and at the metal-Si interface, abg\ A ¢, is

direction, the traversal time across the metal layer and back, as de-
scribed above. To make the competing physical causes obvi-
o ous, we introduce the spin scattering length v /4wy, in
e=TH1- o dta(t)P(1) |, 3 the metal layer. Then
T : : . — pt+Lp/A
where T=(v, T)/{v ) is the tunneling probability into the e(L)=T—
metal averaged over the Si Fermi surface, anft) is the m T+ p+Ly/A
rate at timet for tunneling back from the metal to Si. The _
proba_lblllty P(_t) for the |n|t|aIIy_ spln-polanzed electr_or_l to % (1-H)T e*wa(A/LmKiﬂ I
remain polarized and to remain in the metal after tims fT+p+Ly/A
governed by the rate equation @
dp The physical origins of the terms afe from tunneling, »
H“[“’t(t““’s]P' P(O=1, @ from the interface and surface spin scatterings, BpdA
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from the bulk spin scattering proportional to the metal layermation of the the onset layer. We also assume that the Si
thicknesd.,, in units of the spin scattering length. The factor electrons do not significantly spin scatter off the deposited
f is a measure of the detailed balance between the metal amdetal atoms, which is supported by estimates with adsorbed
the semiconductor. In the present study the spin scatteringtoms on metal surfacé$Guided by the structural studies
rate in the metals is much lower than the momentum scattelf adsorption of Ag on a $111) surface?® we construct an

ing rate, i.e.,.w,7<1. Note thatw,7A = Tv g /4 is the mean empirical formula for the island heigl(L ) given by

free path. The mean-free path limited tunneling or surface

spin scatteringw,7A(T+ 7) competes with the thickness h(Lm)=V(Lm—Lonhg for Lon<Lm<Lontho, (13)
L .in the exponent. When the thicknegg is increased to thﬁe_, a square-root dependence on the average thickmess
regimeln/A> wp7(T+ 7), Eq. (7) simplifies to nus the onsegtto a maximum growth of height, that de-
LA pends. on _the spe_cific m_etal. We assume that the electron
E(Lm):T"—m. (8)  tunneling into an island is not affected by the side walls,
fT+n+Ln/A which should be valid if the lateral dimension of the island is

It is then readily seen that the spin disorientation probabilit))arger than the Si Fermi wavelength, i.e., about 10 A. By the

has two plateaus as the metal layer thickness increases: definition of the m_ass—averaged r_netal layer thlcknb!§s
the mass of the uniform layer of thicknesg— L, covering

e(Lm)~ﬂ/(fT_+ n) whenL,/A<7, (99  the whole Si sample surface is the same as the islands of
heighth(L,,), which, therefore, must occupy the fraction of
e(Ly)~T when L, /A>fT+7. (100  the surface n—Lo)/h(Ly). Then the effective surface-

] . scattering probability is found for the islandévhen
The rise between the fir$Eq. (9)] and secondEq. (10)] | < <L,+h,) within our model to be
plateaus comes from the competition between the bulk spin

scattering in the metal versus tunneling and surface scatter- €=V(Lm—Lon/hoe( V(L= Lo ho+ Lon), (14)
ing. The second plateau demonstrates that spin information

in the semiconductor is lost via electron tunneling throughwhere we are taking the area with metal thicknegg to
the Schottky barrier. Sincé is small, the first plateau is have no spin scattering and the area with metal thickness of

almost at the same height as the second. the island plus the onset layer to have the same spin disori-
The formula fore(L,,) in Eq. (7) is derived for specular €ntation probability as a uniform layer of the same thickness.

reflections(smooth interfacgs For diffuse scatteringrough ~ After the islands are filledl(>Lon+ o), the spin disorien-

interface$ we take it to mean that any reflection would ran- tation probability returns to

domize the electron momentum. This is equivalent to putting _

7=0 in Egs.(5) and(7), which means that Ed8) is appli- e=¢€(Lm). (19

cable forall film thicknessesL, in the diffuse scattering Thys when metal islands are present the observed thickness

case. Thus, in the case of diffuse scattering, a transition igependence of will result from a convolution of the thick-

€(Ly) from the small thickness valug/(fT+7) to the  ness dependence of the island structure andftiesurface

large thickness valu& occurs forL ,~A(fT+ 7). spin-disorientation formula(L,,) in Eq. (7).
The transmission probability is evaluated usingi) the
standard expressions for the Schottky barrier and the deple- V. APPLICATION OF THEORY
tion width,'” (ii) an isotropic effective masans=0.45m, TO MEASURED SYSTEMS
(my being the free-electron masfor the electron in the
more heavily doped Sijii) the free-electron model for the A. Flat surfaces
metal, and (iv). the boundary conditions at the metal- e model the Si:P sample with varying phosphorus-
semiconductor interfact, doping concentration as a two-slab system with a thin layer

e 11 (L=200 A, np=3%x10?° cm 3, me=0.45m,) next to the
s rm metal forming part of the Schottky barrier, and a second
/ o layer of wuniform doping concentration L1 pm,
5! (2M5) = Y/ Mo (12 np=5x10" cm 3, my=0.41m,) representing Si in the less
for the envelope functionys in Si and the metal wave func- heavily doped region in which CESR is observ&ds found
tion ¢, and their slopes at the boundary. Note the factor oty calculating the tunneling probability from the less-doped
1/2 in the matching of the slopes in the second equation. lglab through the heavily doped thin layer ballistically into the
comes from the Bloch wave nature in the semiconductometal film and by averaging over the Fermi sphere corre-
versus the simple plane-wave approximation of the electrogponding to the lower densityp=5X 10 cm™3. Listed in
in the metaf® Table | are the results fof as well as input for its
computationt’ the Schottky barrier heighib,, and the deple-
tion width wy. The ballistic approximation in the heavily
From the measured variation 6H with the thickness of doped silicon layer is based on mobility data estimates of the
the adsorbed metal layer at the initial stdf&. 2), we infer ~ mean free path for the electron there to be about 200 A, i.e.,
that an onset distanck,, exists for the ultrathin film in close to the thickness of the layer. If the transport were not
which the bulklike metal has not yet been established andallistic, we would treat the tunneling from the Fermi sea of
that growth of three-dimensional islands occurs after the forthe heavily doped layer through the space-charge layer. This

2. Island model for the interface
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TABLE |. Parameters used. proximately corresponds to the values efFor the metals
considered here the criterion,,/A>fT+ 5 is apparently
Cu Ag Al not fulfilled for L,,<<100 A (see Table)l, and the experimen-
Ve (10° mi9 @ 1.57 1.39 2.03 tally observed plateaus are not expected to correspond to the
7 (10892 21 20 0.65 seco.nd plateag dlscussed. in Sec. IV B.l' However, (EQ.
wpl(10710g)D 1.4 0.23 71 predicts a rapld.chgnge ia(L,,) for thicknesses around
D, (eV) 0.58 0.78 0.72 wp7A(T+ 5) (which is seen from Table | to be less than 25
wy (R) © 17.4 19.8 19.1 A for our metal3 from the smallk, value
T 25x102  89x103 9.0x103 T(ntLn/A)/(T+7) to the  largek,,  value
fd 0.013 0.016 0.0077 T(p+L/A)(fT+n+L,/A). For Cu, Ag, and Al films
. 6.9x10°3 48x10* 6.6x10°° the mean free path,rA ranges from 800 to 300 A at 77 K.
n/(fﬂ 7) 0.96 0.77 0.49 For our sampled is found to be of order 0.01 and larger
A (1076 m) 55 8 360 thann. Thusw,7A(T+ 7)~ w,7AT corresponds roughly to
wpTA(=veml4) [A] 820 700 330 the metal thickness for which the experimental curve would
wpTAT (A) 21 6.2 29 be expected to rise towards the platéaee the last row of
Table ). Note thatw,7AT (= v, T/4) is the film thickness
*Ref. 16. for which the average time an electron spends in the metal
PRef. 15. film before returning to the semiconductor equals
EREf- 17. , s For Cu,w,7AT is estimated to be 21 A. Thus, the model
f=6(kes/kem)®, Krs=6.3¥10 AL with specular reflection off flat surfaces is not in agreement
‘Harmonic mean of data from Ref. 22. with the rapid onset of the plateau in the experiment. From

Eq. (8) and the parameters listed in Table | we also find that
would change the tunneling probability and, therefore, thea model with diffuse scattering off flat surfaces cannot ac-
scale of theSH versus metal film thickness without other- count for this rapid onset. In the next subsection, we explore

wise changing thé. ., dependence significantly. the consequences of the island formation at the interface for
The diffusion coefficienD in the thick layer required for Ln< 20 A. _
Eq. (2) is estimated from mobility datéusing six conduction For Al and Ag the flat-surface model with specular reflec-

valleys in S). The bulk limit of the linewidth increase, tions can account for the thickness dependence observed in
SH(L,,—) (Table I, case I,e=T_),21 is approximately 3  the experiment. For Al, flat surfaces with diffuse scattering

times larger than the corresponding experimental plateau vatould be ruled out, while for Ag, whera (fT+ 7) is only
ues. In Table II, case II, we consider the possibility that at~ 50 A, the diffuse scattering formula E(p) predicts a rise
the plateau every tunneling electron may not be spin disorito a plateau for a value &f,, of the same magnitude as in the
ented before returning to Si. Table | shows that for Cu andxperimental curve.
Al, when the plateau value is first reachéd,/A <7, i.e.,
spin scattering in the bulk metal is negligible compared to
spin scattering at the free metal surface and metal-Si inter-
face. This indicates that the observed plateausHnfor Cu We compare the calculated thickness dependenagHof
and Al are not the true bulk limit. Assuming that the free using the island model E¢14) and rough surfaces with the
surface dominates the surface spin scattering, we used tifeeasured data in Fig. 2. The dashed lines are the results of
experimental valuéd of 7 for the metal surface. In this applying this model witthy= 10, 22, and 22 A for Cu, Ag,
limit, the first plateau height is given by E€9), independent and Al, respectively, wheréH(100 A) is normalized to the
of the metal thickness. The estimates are shown in Table experimental data. Note that the Ag value fgyis close to
For Al, the calculated values fatH in Table Il, case I, are that found in Ref. 20.
in better agreement with experiment than for case I, but such While the flat-surface model can also account for the ex-
is not the case for Cu. perimental data in Ag and Al, there is additional evidence for
The linewidth increaséH is sensitive to the parameters the presence of islands in data taken for Al-Cu bilayer
ves,D, and the silicon thicknesk, whose values are only Samples shown earlier in Fig. 4. The bilayer data suggest in
known approximately. For the dependencesbfon L, itis  agreement with the pure Al results above, that for initial Al
better to consider the ratiéH (L ,)/ 5H( plateau), which ap- layers thinner than a few tens of angstroms, Al islands par-
tially cover the Si surface. This is also in qualitative agree-
ment with previous studies using Auger electron spectros-
copy for Al on cleaved $111).23

B. The island model

TABLE Il. Plateau values fordH in units of Gauss. For the
theoretical estimates we use,=1.8x10° m/s andL=1 um.

_ —4 2 -
D=9.5x10"" m%/s D=c C. Significance of the theoretical results
Case Cu Ag Al Cu Ag Al o ) o
— The spin disorientation probability involves both charge
I e=T o 46 21 22 73 26 26 transport and spin scattering. For charge transport, our theory
I e=Tnl(n+fT) 45 12 70 13 includes in a simple way tunneling through the Schottky bar-
Experiment 125 91 7.1 125 9.1 7.1 rier and the momentum scattering in the metal. The sources

of spin scatterings include the far metal surface, the metal-
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semiconductor interface, and the metal bulk. For flat surfaces By comparing the experimental data with our model cal-
the major thickness dependence of the spin disorientationulations we find that for Ag and Al the data can be ex-
arises from whether the film is thick enough to assure that aplained both by flat-surface and island models. In contrast,
electron that tunnels into the metal film suffermamentum-  for Cu and Al-Cu bilayers, the data unambiguously favor the
scatteringcollision before tunneling back into the Si slab. rough-surface island model. _

The same effect is also present in the island model, but then While our theory is thus able to account for the experi-

dence of the island structure. requires, in addition to the CESR experiments, separate char-

While the roughness of the approximations for the trans_acterization measurements of the surface structure. Modest
nodification will allow the measurement of magnetoresis-

port and spin scattering quantities needed rendered it impolin q K localizati diti ; ind dent
sible to assess the accuracy of our calculated results for t gnce under weak localizalion conditions for an independen

increase of CESR linewidth, the error in our estimate of thequantifcative determination of the spin (elaxation by atoms
’ deposited on the free surface of a thir 100 A) metal

thickness dependence for smooth and flat surfaces is relat?ﬁin 24
to the accuracy of our estimate of the ratio gf-T to A practical, and most important, extension of this CESR
Lm/vem7. Both 7 and » come from experimental measure- technique would be to utilize selected alkalNa, K, and
ments while the tunneling raf€ (andvg,,) are calculated. Rb) for the metal depositions. These metals can have ex-
All four quantities should be correct within an order of mag-tremely long spin relaxation timesT¢~10"’ sed at low
nitude. However, the more important point is that the theorytemperatures, which would allow meaningful measurements
together with the measurements provides a distinction bewith much thicker films, and also provide direct separation
tween the consequences of the flat interface model and islarif spin relaxation at the interface and that at the free metal
formation. In this way we establish that the experimentalsurface. The long ', also allows one to observe both the Si:P
results favor the island model, providing a key understanding@nd alkali-metal CESR lines, and the rangegjofalues avail-
of the physical cause of how the balancing of the bulk and®ble can then be exploited to determine the tunneling prob-
interface-surface processes works in an appropriate interfa@plilities by studies of the motional narrowing.
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