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ESR-STM of a single precessing spin: Detection of exchange-based spin noise
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Electron Spin resonance scanning tunneling microsd@8R-STM is an emerging technique which is
capable of detecting the precession of a single spin. We discuss the mechanism of ESR-STM based on a direct
exchange coupling between the tunneling electrons and the local precessir®y $génclaim that since the
number of tunneling electrons in a single precessing period is sm&0), one may expect a net temporary
polarization within this period that will couple via exchange interaction to the localized spin. This coupling will
randomly modulate the tunneling barrier and create a dispersion in the tunneling current which is a product of
a Larmor frequency component due to the precession of the single spin and the dispersion of the spin of the
tunneling electrons. This noise component is spread over the whole frequency range for random white noise
spin polarization of electrons. In the opposite case where the power spectrum of the spins of the tunneling
electrons has a peak at zero frequency an elevated noise in the currentvall appear. We discuss the
possible source of this spin polarization. We find that for relevant values of parameters the signal-to-noise ratio
in the spectral characteristic is 2—4 and is comparable to the reported signal to noi$é Fatiomagnitude of
the current fluctuation is a relatively weak increaing function of the dc current and magnetic field. The
linewidth produced by the back action effect of tunneling electrons on the precessing spin is also discussed.
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There is a growing realization that the technique of elec- We find that a direct Heisenberg exchange interaction be-
tron spin resonance scanning tunneling microsc®$R-  tween the localized spin and conduction electrons is capable
STM) is capable of detecting the precession of a single surof producing a modulation of the tunneling current. The
face spin by modulating the tunneling current at the Larmoqualitative difference compared with the previous models is
frequency. This technique was successful in measuring Lathat we consider temporal fluctuations of the spin polariza-
mor frequency modulations in defects in semiconductoition of the electrons that are tunneling between the tip and
surfacesand in paramagnetic moleculeéhe increasing in- surface. The spin-orbit interaction is irrelevant for this con-
terest in this technique is due to the possibility to detect angideration. We argue in this paper that although the spin po-
manipulate a single spih. larization of the tunneling electrons is zero in the long time

The alternative technique that allows one to detect singldimit, it is not zero on the scale of the period of the preces-
spin is the optically detected magnetic resonaf@®MR)  sion, typically 1l ~2 ns. On this time scale there are very
spectroscopy in a single molecildn comparison, ESR- few electrons that pass nearby the localized spin. There ex-
STM has the unique ability to correlate spectroscopic inforists a temporary spin polarization of the tunneling electrons
mation with spatial information, detected at the atomic level which may interact through an exchange interaction with the
It also allows one to manipulate the position of the spinlocalized spin center.
centers at the atomic levél. It is important to point out that the ESR-STM technique

There have been several proposals for the mechanism @erforms anoise spectroscopye do not drive the single
detection. One is a polarization of the mobile carriersspin with an external coherent rf field, and we are basically
through spin-orbit coupling and modulation of the LDOS asdetecting an incoherent phenomentme avoid here the
a result of the precessiénAnother one is the interference question of the meaning of this concept on a single-particle
between two resonant tunne"ng Components through thLevel). There have been several demonstrations in the past of
magnetic-field-split Zeeman levelsBoth of these mecha- detecting magnetic resonance with noise spectrostuis.
nisms rely on a spin-orbit coupling to couple a local spitm ~ argue that it is possible to get a noise-related signal from an
the conduction electrons and have assumdpin p0|ariza- exchange interaction between the tunneling electrons and the
tion of tunneling electronsRecently, however, Durkan and localized surface spin center.

Welland® observed a strong signal in a system with a sub- The overlap of the electron wave function in the tip and
stantially smaller spin-orbit coupling than what was assume@urface, separated by a distant:és exponentially small and

in the calculation§:” Motivated by these experiments we IS given by aspin-dependertunneling matrix element
addressed a question: what is the role ofdivect exchange _
interaction between the localized spin and the tunneling elec- - [®=IS(t)o
trons. The exchange interaction has a tremendous influence F=F0ex;{ I
on the physics of conducting substances when magnetic im-

purities are presefand it is natural to ask here: Does ex- Where we consider the spit) in the magnetic field||z,
change interaction play a role in ESR-STM also? precessing with the Larmor frequeney =gugB, I" is un-
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derstood as a matrix in spin indexds,is the tunneling bar- >
rier height, ® is typically few eV, and we assumé

=4 eV, and®,=%2%/8md’ is the energy related to the dis- Tip
tance between tip and surfadé’ The exchange term in the

exponent is small compared to the barrier height and we can

expand the exponent ihS. Explicitly [' can be written as

Bl z
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.
[=Tgexf — (/Pg)*] coS"( " \! 3) Tawelvgvurent. & 7HI
2P q)O clectrons - lr
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where I'y describes spin-independent tunneling in the ab-
sence ofJ. Note that the dynamics of the spin is now ab- _ _
sorbed in the time dependence of the unit Vemot)s FIG. 1. (COlor) Schematics of the ESR-STM eXperIment. The
=nS. Let us now give a simple qualitative description of the fluctuations in the spin polarization of the tunneling electrons at the
effect we address here. Leaving aside the constants we sB@€ scale of the precessiof, will be nonzero and will scale as

that the tunneling conductance has a part that depends on th&. N=1/e1oT is the average number of electrons tunneling be-
localized spin tween the tip and surface during one precession cycle. Once the tip

is positioned close to the localized spin, the exchange interaction
Sl(t)~n(t)o(t), (3)  between the localized spin and the tunneling electrons will modu-
late the tunneling current. The conditions in which this random
and in a scalar produat(t) o(t) =n*(t) o(t) + n*(t) o*(t) modulation will create as, peak are discussed in the text.
+nY(t)a¥(t) only a transverse part, which depends on the . ) )
x,y components of the localized spin and the spin of thevhere the result is normalized to the dc current magnitude.

tunneling electrons, will describe precession in a magnetig\e find that the magnitude of the fluctuation (%)) is

field (B||z is assumed We will focus on the transverse on the scale of a few percent of the dc current for experi-

terms below. To make the argument as simple as possible W@entally relevant values of the parameters; see(E). If

will assume at the moment that the spi(t) is a simple  the spins of the tunneling electrons are totally uncorrelated,
periodic  function of time, ny(t)=n, cost).n(t)  this noise component will be smeared over the whole fre-

=n;sin(w.t), with periodT=27/w_ . It is convenient to in-  quency range. However, as we show below, if some tunnel-
troduce a time average of the current ovér Al  ing electron spin polarization exists, a strong noise peak will

= 1/NEiN:15I (t}), where the sum over=1 .. .N is over the  appear atw, .

number of electrons that will tunnel between the tip and We argue that this simple mechanism is in agreement with
surface in timeT, with an average\I_=I0T, which is depen- several experimental observations, such as the intensity of

dent on the dc current in the systdg the signal and the signal’s linewidth. From E&) we can
immediately conclude that the mean square fluctuation of the

1 N spin-dependent current isveeak increasing function of both
Al=g 21 o (t)n*(t) + (x—y). (4)  the magnetic field and dc curremtith power %:
=
This term represents the fluctuations of tunneling current due ((A12))Y2~(1,B) Y2 (7)

to the interaction with the single precessing spin. Then the ) ] o ]
dispersion of the current, which depends on the precessing e will now give a derivation of the results. Consider the
EiNj=1nx(ti)nx(tj)[Ux(ti)Ux(tj)]- If the spin-wave functions close to the ma_gnetlc site, we assume that the Heisenberg
of the tunneling electrons are not correlated between differéXchange coupling between conduction electrons that tunnel
ent tunneling events, we find across the barrier gnd the localized spnnS |s.typ|callly on

the order of a fraction of eV. Hence the effective barrier, seen

N 2 - by the tunneling electron, will depend on the spin of the
(2 oX(t)ny(t;)) | +(x—y)~N. (5) conduction electron.
i=1 Let us first discuss the relevant time scales of the prob-

lem. Forlo=e/7e=1 nA current the electron tunneling rate
S 1/re~ 10" Hz. The electron precession frequency at field
B~200 G is abouts /2r=500 MHz, T=2x10""° sec. Per
single precession cycle there are abNut 20 electrons that

2 — tunnel between the tip and the surface. As we indicated

(Al%) N 1 - O )
> ~((nx)2>:2+(x—>y)~:, (6) above, the fluctuation of the electron spin is appreciable,
0 N N ~(N)Y2~4, for such a small number of electrons.

Therefore the dispersion of the current due to the exchang
interaction between the localized precessing spin and th
spin of the tunneling electrons is
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(a) Spin-dependent tunnelinge model the effect of the electrons. This current fluctuation will give a peak at the
Heisenberg interaction as a spin-dependent tunneling barridrarmor frequency once there exists some spin polarization in
For practical purposes we can assume that the precessifige tunneling current on a time scale of the relaxation time of
localized spinS(t) is slow compared with the typical tunnel- the single spin. For finite spin polarization, the size of the
ing time of electrons. noise component will be larger also. Thus the value of 10 pA

The Hamiltonian we consider describes a spin-dependeigpresents a minimal intensity. Actual signals will increase
tunnneling matrix element between the tip ¢lectrode and  jth the degree of spin polarization of the tunneling elec-

the surface R electrodg: trons.
(b) Back action effect of the tunneling current on the spin
H=>, e(k)c! (K)c (k) +(L—R) One can use the tunneling Hamiltonian, E8), to estimate
k,a

the decay rate of the localized spin state due to the interac-
tion I'y. To second order this calculation is equivalent to the
+> c[a(k)FaﬁcRB(k’). (8 Fermi golden rule calculation and we have 74/
ik’ =7TIN Ng eV. Similarly, the dc tunneling currerl is
We assume that the magnetic field is along zteis: B||z. given by the tunneling rate of conduction electronss,1/
The tunneling current operator will contain a spin- =7Ty3N,_NR eV, whereN, y is the density of states at the
independent part that we omit hereafter and a spin-dependepkrmi level of the tip and surface, respectivElyDne finds,

part by combining these two equations,
si(t)=Tn(t)e, 9)
where T';= y,sin{(JF2®) (P/P,)*?]. We introduced a 1 1713 1
renormalizedy,=T"gexp — (®/®,])Y] that determines the EZT_e?:MlO P (12)
0

dc current at a given biag: |,=yoV. The current-current
correlator, normalized to dc current, is then

This result has a simple interpretation: The electron tunnel-
S ) 1P ing rate 1#,~ 10 Hz gives the attempt rate for the tunnel-
sinh 55 (P/®o) ing electrons. The probability to flip the localized spins is
proportional tol'2, which gives Eq.(12) for the linewidth.
% S (iRt e (et We estimate T,=4x10° Hz. This estimate is within an
Sz ( o (Hal(t)). order of magnitude of the reported linewidth.Given the
uncertainty in the parameters used we believe this is a rea-
(100 sonable result; for example, if we takie=0.05 eV, we will

We explicitly separate the averaging over the dynamics ofing ((A12))Y?/1,~1072 and the linewidth will change by
the localized spifAB) and the averaging over the ensemblefactor of 4, 14~10° Hz. The linewidth will increase with

of the tunneling electron&B. For the spin dynamics we use the increased spin polarization of tunneling electrons. Future
(N¥(t)n*(t"))~cod w (t—t')Jexp(—y|t—t’|) and similarly for  experiments will help to clarify the linewidth dependence on
y component. For the averaged-over-timecurrent-current  J,B, and other parameters.

(sl(si(t))

2
IO

correlator we will have a result similar to E¢LO) with &l In the above discussion, we have assumed that the dynam-
— Al [see definition in Eq(4) and abové This brings an ics of the local spin is controlled by the magnetic field only
additional factor of IN. and no decoherence mechanism, except back action, is in-

To estimate the magnitude of the current fluctuations dugluded. In practice there are other sources of dephasing of a
to the coupling to the localized spin we will tak@ Precessing spin that will add to the back action effect of
~0.1 eV. This is typical for an exchange interaction in semi-tunneling electrons and details will depend on the specific
conductors and metald.The barrier heightb=4 eV, spin  Material. In this context we point out that the ESR linewidths
S=1/2. To estimatab,=#2%/8md? we assume a typical tun- are quite narrow for magnetic centers in semiconductors and

neling distanced=4 A. This yields®,=0.1 eV. For these insulators even at room temperatures, typ.ically few M#z.
parameters we find In the case of a single spin the linewidth will be narrower as
the inhomogeneous broadening is not an issue in this case.
2 1/2 For any source of decoherence, be it back action scatter-
((A19)) 2 [3JS . ; . , . . )
N T r<_(¢/¢0)1/2)20_01 (12) ing or interaction with the environment, the localized spin
lo N 20 will be scattered from the ground state and produce mixed
states with nonzergs,),(S,), required to have precessing
andI';=0.02y,. The magnitude of the fluctuation is in the spin. No phase coherence between different precessing spins
10 pA range for a tunneling current df=1 nA and is is required as we are looking at the single site.
within the observed range? This is a magnitude of the fluc- (c) Spectral density of the currerithe Fourier transform
tuating current in the time domain due to the exchange interef the current-current correlator will give a power spectrum
action between the precessing single spin and the tunnelingf the current fluctuation, Eq10):
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s 2 direction. One may think of such a polarization even in the
inl,(_(q)/cbo)llz) } absence of a paramagnetic tip. The time-independent compo-
20 nent of the single spiriwhich is in the z direction may
introduce a transverse polarization in points where the spin
x S ﬂ«ni)z_ o2, (13) polarization changes from parallel to antiparallel. Such a
i 2m T4 “1 phenomenon occurs, for example, with a dominant quadru-
polar exchange interactions whefegyoes through zero as a
: function of distancé? Further work is required to understand
n(t) fluctuations and ¢')%=1v,/[(w)?+ 3] is the power the mechanisms of polarizing the tunneling electrons.
spectrum ofc'(t) which we approximate as a Lorenzian at  As a direct outcome of this analysis we discuss the pos-
zero frequency with the width given by the maximup,  sible use of a paramagnetic tip. A tip of this sort can be

(I12)
12

i=Xy,z

where((n')2)=y/[ o— w )?+ y?] is the power spectrum of

=max(y,7,). We get for a spectral power density prepared by evaporating a thin magnetic layer off Work-
5 ing with such tips may enable a more well-defined experi-
2\ 12| J_S 1/2 ¥m ment where the spin polarization of the tunneling electrons
(Io)=1g| sin (P/Dy) > (14 , : .
29 (w— )%+ 5, will be dependent on the type of paramagnetic material de-

H ft it th bscript i for simolicity. Wi posited on the tips.
ereaiter we omit the subscript in yy, for simplicity. We There are many possibilities to modify the tip material,

gszg?aﬁ trgg{]‘g ?7 ?Ond%r;: ghc:: 'Sn:izgfm E?N;?Iat: (terc]:ltsru rT%‘rom working with a antiferromagnetic tip, to a supercon-
p2 Y P P ducting(at low temperaturegip (for example made by Nb
(Ighof®))=2elgAw. We have

to take advantage of the Meissner effect, and to create a
signal with stronger intensities.
Urey In this paper we have shown that the temporal spin polar-
(0—w)?+y? ization of tunneling electrons can interact through the
(15 Heisenberg exchange interaction with the precessing spin.
We have shown that such a mechanism can create an el-
evated noise level at the Larmor frequency with an intensity
and linewidth which are comparable to what is detected ex-
. _ Sim_(E((D/q)o)llz) i22_4, (16) perimentally. _ o . _ _ .
(IZhof @) 20 TeY The potential scientific merit of this technique is very
_ ) ) large. Several milestones have to be achieved on different
and we see that signal is large and certainly detectable and &in systems to bring this technique to maturity: Detection of
close to what has been_obsgrved expenmenta(l)ly. We ysed e hyperfine couplings, observation of ESR-STM signal
~1lrs=1 MHz for A linewidth and ¥,=10'Hz and  fom well-defined defects or atoms on the surface, and ob-
sSin{(JS2P) (P/Po)~]=0.02 for our values of the param- geryation of spin-spin interactions from neighboring spins.
eters. We also point out that the above analysis could b@gier a|l these results are shown it might be possible to prove
equally applied to other configurations—say, the current inpat the ultimate goal, a single spin, could be indeed de-

(15 ?

<I§hot(w)>

JS
i 12
smr( 5 (P/dy) )

At the Larmor frequency we find that signal-to-noise ratio is

2

(%)

nanostructures with no STM tunneling current. tected. It also would be very interesting to observe the effect
In order to get a well-defined signal ai atransverse of an external excitation field on the sign@xcitation and
spin polarization must exist in the tunneling currélongi-  saturation. Successful achievement of these milestones will

tudinal components cannot interact with the time-dependerfigsyit in a very powerful technique with a broad range of
components of the single spinThere are several possibili- appications.

ties in which such a polarization might be created: The first

obvious possibility is due to the absorption of a paramagnetic This work was supported by the U.S. Department of En-
atom or cluster on the tip. The magnetic moment at the edgergy, by the German Israeli Foundation for Research and
of the tip will feel a strong magnetic anisotropy which will Development(GIF), and by the Israel Science Foundation
tend to force it in the direction of the easy axit neces- (ISF). Y.M. wants to express his gratitude to the theory group
sarily in thez direction. Such a paramagnetic tip can be aat Los Alamos for their kind hospitality. We acknowledge
source of spin-polarized tunneling electrons in the transversaseful conversations with Y. Nazarov and B. Spivak.
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