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Scaling of Kondo spin relaxation: Experiments on Cu-based nonlocal spin valves with Fe impurities
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The relation between the Kondo spin-relaxation rate 7, ! and the Kondo momentum-relaxation rate 7,5~ is
explored by using nonlocal spin valves with submicron copper channels that contain dilute iron impurities. A

1

linear relation between 7, ' and 7,5~

is established under varying temperatures for any given device. Among

20 devices, however, 7,x ~! remains nearly constant, despite variation of z.x ! by a factor of 10. This surprising
relation can be understood by considering spin relaxation through overlapping Kondo screening clouds and
supports the physical existence of the elusive Kondo clouds.

DOI: 10.1103/PhysRevB.104.085101

I. INTRODUCTION

The Kondo effect [1,2] has captured attention for decades
because of its complex many-body physics. In metals with
dilute magnetic impurities, the signature of Kondo effect is
the low-temperature increase of resistivity resulting from the
antiferromagnetic s-d exchange interaction between the impu-
rity spin and the conduction electron spins of the host metal.
A popular but controversial physical picture is the Kondo
screening cloud, which is an electron cloud surrounding the
impurity site with an overall spin polarization opposite to the
impurity spin. At temperatures well below the Kondo temper-
ature T, the net spin of the Kondo cloud completely screens
the impurity spin, forming a Kondo singlet state. Its spatial
extent £k is given theoretically by Avg /kpTk in the ballistic
transport regime and //iD /kpTy in the diffusive regime [3,4],
where vp is the Fermi velocity, kp the Boltzmann constant,
and D the diffusion constant.

Consider Fe impurities in Cu host (Tx = 30 K) as an
example. The &k is 400 nm in the ballistic regime and
~100 nm in the diffusive regime. The average distance be-
tween Fe impurities at 1 part per million (ppm) in Cu is
~20 nm and significantly smaller than &x. This leads to
a somewhat unsettling implication that Kondo clouds from
neighboring impurities overlap substantially even at a very
low concentration [5]. The size and configuration of Kondo
clouds are challenging to probe experimentally, because
the spin density is extremely dilute: ~ 1 Bohr magneton
per (100nm)* volume. The physical existence of Kondo
clouds has been questioned [3,6,7]. Recently, Borzenets
etal. [8] found convincing evidence for micrometer-sized
Kondo clouds in a semiconductor quantum dot [9] system.
However, evidence for Kondo clouds in metals is still lacking.

In recent years, the Kondo effect crosses paths with
spintronics. In the Cu channels of nonlocal spin valves
(NSLVs) [10,11] with dilute Fe impurities, the spin-relaxation
rate 7,~! is found to increase at low temperatures, com-
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plementing the Kondo effect’s low-temperature increase of
the momentum-relaxation rate 7,~! [12-15]. Here 7, and
7, are the spin-relaxation time and momentum-relaxation
time, respectively. For spin relaxation in general, Elliott-Yafet
(EY) [16,17] and Dyakonov-Perel (DP) [18] models give ex-
plicit relations between 7,~! and z,~!. The EY spin relaxation
is caused by weak spin-orbit coupling between energy bands,
and 7,~! is proportional to 7,~!. The ratio 7./7, is the spin-
flip probability «. The DP spin relaxation originates from
spin-orbit coupling, caused by inversion symmetry breaking,
between two spin subbands within the same energy band, and
the 7,~! is inversely proportional to 7,~'. The Kondo spin
relaxation, however, is caused by s-d exchange interaction
instead of spin-orbit effects.

In this work we use a systematic method to extract the
Kondo spin-relaxation rate 7,k ! and Kondo momentum-
relaxation rate 7,x~! from each NLSV device. A relation
between 7, ! and 7.5 ~! is established by using a set of 20
NLSVs. The 7,4 ! is independent of 7.5 !, as the latter varies
over a substantial range. We provide a qualitative explanation
of this unusual relation by considering the spin density and
charge density of overlapping Kondo clouds as well as the
spin and momentum-relaxation processes through the clouds.

II. SAMPLE PREPARATION AND MEASUREMENTS

Our NLSVs are fabricated by two-step electron-beam
lithography. Each NLSV includes a spin injector Fj, a spin
detector F;, and a Cu channel, as shown in Fig. 1(a). Mag-
netic electrodes F; and F,, made of Nig; Fe g alloy (permalloy
or Py), are patterned in the first step, and Cu channels are
patterned in the second step. The materials are deposited by
electron-beam evaporation. The widths of F; and F, are 160
and 120 nm, respectively, and the thickness is 35 nm. Before
the deposition of Cu, low-energy ion milling is performed to
clean the surface of Py and a 3-nm AlOy layer is deposited.
The Py/AlOy/Cu interfaces have been shown to provide a
higher effective spin polarization than the Ohmic Py/Cu in-
terfaces [19,20]. The distance L between F; and F, varies
from 1 to 5 um with 1-um increments. All Cu channels are
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FIG. 1. (a) Scanning electron microscopy image of a NLSV.
Plots of (b) R, vs B, (¢) AR, vs T', and (d) pcy vs T for device 11-43
(L =3.0um).

500 nm wide and 300 nm thick to prevent the suppression
of Kondo clouds [7,21]. This work involves data from two
sample substrates (chips 11 and 12) with ten devices on each.
Devices on the same substrate undergo identical fabrication
conditions.

The measurement configuration is shown in Fig. 1(a). A
low-frequency AC current, [, is driven from F; to the up-
per end of the Cu channel, and the nonlocal voltage V,;
is detected between F, and the lower end of the channel.
The root-mean-square value of the AC current is consistently
0.3 mA in all nonlocal measurements. Figure 1(b) shows the
nonlocal resistance R; = V,;; /1, as a function of magnetic field
B applied parallel to F; and F, stripes. The high and low
states of R, correspond to the parallel and antiparallel states of
F; and F, magnetizations, respectively. The difference is the
spin signal [22]

2
_ Pe pCu)"Cuefﬁ’ (1)
ACu

where P, is the effective spin polarization of F; and F,, pcy
the Cu resistivity, Acy the Cu spin-relaxation length, and Acy
the Cu channel cross-sectional area. AR,(T) of each NLSV
is measured from 5 to 100 K, and Fig. 1(c) shows the data
of device 11-43 (device 43 on chip 11). As T decreases,
ARy initially increases, reaching its maximum at 30 K, and
then decreases. This feature is well documented [23-26]
for NLSVs and convincingly attributed to the Kondo ef-
fect [12-15,27,28].

The resistivity pc, of a given NLSV is deduced from its
Cu channel resistance Rc,, which is obtained by sending in
an AC current of 0.1 mA through the channel and measuring
the voltage difference between F; and F,. The pcy(T) for
device 11-43 is shown in Fig. 1(d), with pcy = 0.43 u2 cm
at 5 K and pc, = 2.60 u2 cm at 295 K. The ratio of the two
values (6.1) is the residual resistivity ratio (RRR). The inset of
Fig. 1(d) shows the low-temperature portion of pc, (7). The
low T increase of pc, indicates the Kondo effect from dilute
magnetic impurities in Cu.

ARy

The coexistence of the resistivity upturn and the spin sig-
nal downtown at low temperatures unequivocally points to
the Kondo effect. The former is a telltale sign of Kondo
physics [2], and the magnitude of the upturn is proportional
to the impurity concentration [28]. The latter was initially
interpreted as being related to high surface spin-flip prob-
abilities [23], but later works show strong evidence of the
Kondo effect [12—-14,27]. The Cu resistivity changes little
below 30 K, and so should the surface scattering probability
for electrons. Therefore the substantial decrease of spin signal
below 30 K cannot be accounted for by a high surface spin-flip
probability. In addition, as we show later in the text, both the
pcu(T) and 7,~'(T) data can be fitted well by well-established
Kondo physics formulas.

Previous work on NLSVs reported different spin signals
measured on the opposite ends of the F, stripe [29]. How-
ever, such a difference is not present in our NLSV devices.
The average Acy (>2pum as shown in the next section) is
significantly greater than the width (500 nm) of the Cu chan-
nel. Variations of spin accumulation across the channel width
are negligible.

III. DATA ANALYSIS

Next we extract the average P, and A¢, values of devices
on the same substrate. AR; versus L is plotted for ten de-
vices on chip 11 at 30 K in Fig. 2(a). Fitting Eq. (1) to the
plot yields Acy = 2.6 £0.1 um and P, = 0.066 £ 0.003. The
average pc, used in this process is deduced from the linear
fitting to the R¢, versus L data in Fig. 2(b). In this manner,
the average P, and A¢, are obtained between 5 and 100 K
and shown in Fig. 2(c) and its inset, respectively. Acy(7")
resembles AR (T') in Fig. 1(c) and reaches its maximum of
2.6 um at 30 K. Ac, decreases to 2.2 um at 5 K because
of the enhanced Kondo spin relaxation. The plot of P.(T)
shows a rather flat trend at around 0.07 within the temperature
range of our measurements. For NLSVs on chip 12, we obtain
Acu =2.1£0.2um and P, = 0.064 £ 0.006 at 30 K. The
trends of Acy(T) and P,(T') are similar to those of chip 11.

As suggested by previous works on Py/Cu NLSVs, the
Kondo effect originates from Fe impurities [12—14,27,28].
The maximum Ac, occurs at 30 K, which is the Kondo tem-
perature Tx for Fe impurities in the Cu host. Data analysis
of 7,"(T) and 7,”'(T) later in the text is also consistent
with Tx = 30 K. The Fe impurities are likely introduced in
the fabrication processes. When the Py surface is ion milled,
Fe atoms are removed and deposited on the sidewalls of
the resist. When Cu is evaporated, the vapor flux of Cu
transfers momentum to the Fe atoms on the sidewalls and
redeposits them into the Cu channel. In some of the previous
works [12,15,27,28], Fe impurities are concentrated near the
Ohmic Py/Cu interfaces, and as a result, the spin polarization
P,(T) is suppressed at low T'. In our devices the Fe impurities
are located throughout the Cu channel. This is evident from
the low-T upturn of pcy(7T'), the low-T downturn of Acy(T),
and the flat trend of P,(T).

It is noticeable that data points disperse around the fit-
ted lines in Figs. 2(a) and 2(b). For the two devices with
L =3 um, for example, data points of AR, are above the
fitted line and those of Rc, are below. These indicate
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FIG. 2. (a) Spin signal AR, and (b) Cu resistance R, vs channel length L for NLSVs on chip 11 at 30 K. (c) Fitted average P, and Ac,
(inset) as a function of T'. (d) Ac, vs T for device 11-43. The solid lines are fitting lines. The vertical axis of (a) is on a log scale.

variations of P,, Acy, and pc, between devices. Here we ex-
plore a method to extract the Ac, value from each NLSV. For
a given NLSV on chip 11, the pc, is obtained directly from
its Cu resistance. The fitted P, values and uncertainties shown
in Fig. 2(c) provide the range of P, for devices on chip 11
at various temperatures. The Ac, of the NLSV at a specific
T is then calculated from ARy, P,, and pc, by using Eq. (1),
and the uncertainty of Ac, is properly propagated from the
uncertainty of P, and the measurement uncertainty of AR;.
Acu(T) for device 11-43 is shown in Fig. 2(d) with a maxi-
mum Acy, = 3.0 £ 0.1 um at 30 K. In this manner, Ac,(7") are
obtained for all 20 NLSVs.

In Fig. 3, Acy versus pcy at 30 K is plotted for all
20 NLSVs on chips 11 and 12. As p¢, increases from 0.44 to
1.0 u2 cm, Ag, clearly decreases from 3.0 to < 2.0 wm. This
trend is qualitatively consistent with the Elliott-Yafet model.
Since several spin-relaxation mechanisms with different spin-
flip probabilities are involved, the decrease of Acy is slower
than a 1/pc, dependence, which would be the case for a fixed
spin-flip probability.

The spin-relaxation rate t,~'(T') is calculated from Acy(T')
by using the relation Ac, = +/Dt,, shown in Figs. 4(a)
and 4(b) for devices 11-33 and 12-32, respectively. D =
%Upzl'e is the diffusion constant, and vy = 1.57 x 10® m/s
is the Fermi velocity of Cu. 7, can be derived from pc, by
using the Drude model pcy = m/ (z.ne?), where n = 8.47 x
1028 m—3 is the Cu electron density, and m and e are electron
mass and charge, respectively. With a decreasing T, 7,
initially decreases, reaches its minimum at around 30 K, and
then increases upon further cooling. This resembles the Kondo

effect’s low-temperature increase of pcy, as shown in the in-
sets of Figs. 4(a) and 4(b). The low-T increase of pc, of 11-33
is much smaller than that of 12-32, indicating a lower impurity
concentration in 11-33 [28]. However, the low-T increases
of 7,~! of the two devices are surprisingly comparable. This
provides the first hint of an unusual relation between Kondo
momentum relaxation and Kondo spin relaxation.

To establish an overall trend, the low-7T upturn of 7,7}
is plotted versus that of pc, for all 20 NLSVs in Fig. 5.
Strikingly, while Apc, varies by more than an order of

|
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% 25 |-
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FIG. 3. The spin-relaxation length vs resistivity for NLSVs on
chips 11 and 12.
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FIG. 4. Spin-relaxation rate 7,~' vs T for (a) device 11-33 and (b) device 12-32. pc,(T) plots are shown in the insets. (c) 7,7 vs T,z ! for
T < 30 K for the two devices. The slopes of the linear fittings are compared with ax values obtained from fittings with Eq. (2). (d) t; " vs

7. ! plots. The solid lines are fitting lines.

magnitude  between 1.2x10™*uQcm and 1.6 x
1073 uQcm, Az, is confined between 0.003 and 0.0045
ps~!, with no apparent dependence on Apc,. While Apc,
scales with the additional momentum-relaxation rate from the
Kondo effect, At,~! scales with the additional spin-relaxation
rate from the Kondo effect. Note that Apc, and Atz,~!
are extracted directly from pc,(7T) and z,”'(T) curves
without any fitting. pcy(7) is measured by the lock-in
method with long-time averaging, and the uncertainty is
<5 x 1073 uS2 cm. The uncertainty of 7,~'(T') mainly comes
from the uncertainty of P,(7). In the Supplemental Material
(Note S1) [30], we show that the uncertainty of P.(7") moves
the entire 7,~'(T) curve up or down but induces only small
uncertainties in At,~!. While it is an intuitive assumption that
T, ! is proportional to T.x~!, Fig. 5 clearly demonstrates a
different and unusual scaling.
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FIG. 5. The low-temperature increase of Cu spin-relaxation rate
At,~! vs the low-temperature increase of Cu resistivity Apcy.

In the following we show that the pc,(T') and 7,~'(T) data
can be fitted by well-established models and the quantities
of T,x~! and 7, ! can be extracted. Applying Matthiessen’s
rule to spin relaxation, the total z,~' is given by 7,7!
Tydef |+ Tspn ' + Tk ', where Ty ger ™', Ty ', and Tk~
are the spin-relaxation rates attributed to defects, phonon,
and Kondo effect, respectively. Defining fe’defil, T, ,,;,’1, and
T.x ! as the corresponding momentum-relaxation rates and
Qe Opp, and ag as the associated spin-flip probabilities, we
have

1

1 1 1 1
= Olgef + app +ax )]
o) et (M) Tek(T)
It is well justified to assume a linear relation between 7,~! and

7,~! for defects and phonons, because the EY mechanism is
dominant. We will show later that 7, ! is also proportional
to .5~ under varying T'.

The 7, ! of each type (total, defect, phonon, or Kondo) is
linked to the corresponding p by the Drude model. The defect
resistivity pgef is T independent, and the phonon resistivity
can be described as pp;(T) = AT? at low T, where A is a
constant related to the Debye temperature [31]. The Kondo re-
sistivity can be described by a phenomenological formula [9]

3

72 §
ox(T) = ;OKO<—K 2> )
T?+ Ty
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where Ty = Tx/~/2'/5 — 1, s = 0.225, and Tx = 30 K. From

T = Toder ' + Tepn |+ Tk ', the total resistivity is

ocu(T) = paet + AT + p(T). )

Fitting Eq. (4) along with Eq. (3) to the measured pcy(T)
data below 20 K yields pqef, A, and pgo. The fitting does not
work well for 7 > 20 K, because p,,(T) = AT is only valid
at low T. For the data of 11-33 and 12-32 in the insets of
Figs. 4(a) and 4(b), the fitted values of pgo are 0.0013 and
0.0067 €2 cm, respectively. pxo or Tox0 ! represents the pg
or T,x ! value at T << T.

Despite the small magnitudes of pkg, the fitted values are
of high confidence. The curves are fitted well by Eq. (4).
The three terms have distinct temperature dependence and
can be clearly resolved. With an increasing T, pgef remains
a constant, pox(T) decreases, and p,;(T) = AT? increases.
The fitted pger ranges between 0.4 and 1.0 ©2 cm among 20
devices. Such variations, which are temperature independent,
have no impact on the low-7 upturn and fitted px¢. The fitted
pko varies by a factor of 10 between 0.001 and 0.01 ©Q2cm
and shows no apparent dependence on pger.

To extract ager, &y, and ag, we fit Eq. (2) to the ;= '(T)
data by using the empirical data of Teﬁdefil, T, p;fl(T), and
T,k '(T) obtained from the measured pc,(7) and fitting.
More specifically, Tg’def_] can be obtained from the fitted pger
and 7,5 ~'(T') from the fitted pxo and Eq. (3). For 7, ,,~'(T)
we use the relation p,,(T) = pcy(T) — paet — px (). We do
not use p,;(T) = AT, because it significantly deviates from
the experimental data when 7" > 20 K. The empirical data
sets Of T, ger ', Tepn (T, and T, ' (T) are substituted into
Eq. (2). The fitting procedure automatically adjusts the pa-
rameters Qdef, ®pp, and ag until the generated 7,” 1(T) curve
provides the best fit to the experimental t,~!(7') data. The best
fits for ag are 0.30 £ 0.03 and 0.066 £ 0.006, and the best
fits for ap,y, are (8.4 £0.3) x 10~*and (9.3 £ 0.4) x 10~ for
devices 11-33 and 12-32, respectively. While the a,;, values
are comparable, the ax values are quite different. Again, the
results point to the unusual scaling for Kondo spin relaxation.

We should justify the assumed linear relation T (T) =
axTex " (T) under varying T in Eq. (2). In Fig. 4(c), 7,~!
is plotted versus 7,x~' between 5 and 30 K for the two
NLSVs, and we observe clear linear dependences. At T <
30 K, the variation of t,~! should be dominated by Tk L,
because Ty qf ' is T independent and T, ,, ' is negligible
compared to T, ~'. Therefore Fig. 4(c) confirms the linear
relation between (7)) and t.x~'(T) under varying T. In
addition, the slopes of the linear fittings to the 7,~' versus
T,k ! data are very close to the fitted ax values using Eq. (2).
Similarly, the linear relation for phonons between T, ph‘l(T)
and re,,,h’l (T) is also verified in Fig. 4(d). The data of r&,ph’l
is obtained by subtracting adefte,def’l and agT.x ! from the
total 7,~!. The slopes of the fitted lines are the same as the
fitted c,, values by using Eq. (2).

Next we demonstrate the unusual relation between ¢~
and 7.5~ under a varying impurity concentration Cg, which
is proportional to pxo or T.xo~' [28]. Figure 6 shows the
fitted ax versus pgo for all 20 NLSVs. Strikingly, ox de-
creases drastically from 0.44 &£ 0.05 to 0.045 % 0.004 as pgo
(x Tk~ 1) increases from <0.001 Q2 cm to >0.009 12 cm.
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FIG. 6. Kondo spin-flip probability ax vs Kondo resistivity
Pko- Inset: Phonon spin-flip probability o, vs 100-K phonon
resistivity Pph, 100K -

As a comparison, the inset of Fig. 6 shows o, versus pp;, 100k,
which is the pp, at 100 K, for all NLSVs. o, remains
nearly a constant and independent of pp; 100k, as expected
for processes governed by the EY mechanism. The aver-
age oy, (~8.5 x 107*) is in good agreement with previous
works [15,26,32]. The average oger is 3.2 X 10~*, and the data
are shown in the Supplemental Material (Note S2) [30].

The decreasing trend in Fig. 6 suggests that the relation
between T~ ! and T.x0 ! is not linear, where t,xo~" is the
value of T, ! at T « T. Figure 7(a) shows T, obtained
by using the definition T ~' = axTexo ™', versus T.xo~!.
While 7,x0~! varies by a factor of 10, Teko ! stays nearly
constant, clearly defying a linear dependence. This relation
obtained from the fitting method is quite consistent with the
At,~! versus Apc, dependence, which is extracted directly
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FIG.7. (a) Kondo spin-relaxation rate T,o ' vs Kondo
momentum-relaxation rate T.xo~' from 20 NLSVs. (b) Fe impurity
concentration Cg. Vs pko. (c) Illustration of the Kondo medium. The
gray scale indicates the spin density, and the white arrows indicate
the polarization directions of the domains.
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from the experimental pc,(7T) and 7,~!'(T) curves and shown
in Fig. 5.

The few previous theoretical treatments of Kondo spin
relaxation assume a linear relation and yield a constant ag
of 2/3 [2,28]. The high spin-flip probability is a reflection
of the antiferromagnetic nature of the exchange process. The
relations shown in Figs. 6 and 7(a) deviate from this prediction
and have been neither anticipated nor addressed previously.
These plots with horizontal error bars are available in the
Supplemental Material (Note S3) [30]. Based on previous
theoretical works, Kim et al. showed explicitly that the ex-
pression of pxo Or Tk~ ! is proportional to the impurity
concentration Cg. [28]. The Cg. for each NLSV can be ex-
tracted from the temperature 7, that corresponds to the
minimum of the fitted pcy(7T) curve [27,33]. The range of
Cre in our devices is between 1 and 12 ppm, which is sig-
nificantly lower than the 100-200 ppm by Hamaya et al. [14].
Figure 7(b) shows the extracted Cg, versus pg for all NLSVs.
Therefore Fig. 7(a) suggests that Kondo spin relaxation re-
mains nearly constant as the impurity concentration increases
by one order of magnitude. The interactions between impurity
spins should be negligible because Cg is very dilute and
<12 ppm, as shown in Fig. 7(b).

IV. PHYSICAL PICTURES

The unusual scaling can be understood by considering the
Kondo clouds, which act as momentum-scattering barriers as
well as spin-scattering barriers for conduction electrons pass-
ing through them [34]. While .5~ should be proportional to
the average charge density, T, ' should be proportional to the
average spin density of the cloud. 7, ~! may also be related to
the relative orientation between the conduction electron spin
and the polarization direction of the cloud.

The size of a single Kondo cloud is & = /D /kpTx =~
100 nm for diffusive Cu channels. The average distance be-
tween Fe impurities is 10 nm < dg. < 20 nm, estimated from
the Cge of our NLSVs, and obviously & > dg.. Therefore the

Kondo clouds from adjacent impurities overlap and form a
continuous medium in the Cu channel. The charge density of
overlapping clouds should simply add up. However, the spin
density may cancel out, because the polarization directions of
the clouds are random. Figure 7(c) is a cartoon illustration
of the spatial distributions of spin density and polarization
directions of the Kondo medium. Domains with random
polarization directions are formed in the medium around
impurity sites.

When a conduction electron traverses through the medium,
T.x0~) or T,k0 " should be proportional to the average charge
density or the average spin density of the medium, re-
spectively, along the electron’s path. The influence of the
polarization directions on T,x0~ ! can be neglected, because
the traversing electron passes through many (~10*) randomly
oriented Kondo domains within the time of tyko. A higher
Cre leads to a higher charge density and a higher T.x0” !, but
not necessarily to a higher spin density or 7~ because
of the cancellation effect of overlapping clouds. The exact
trend is challenging to predict without precise knowledge of
the spatial distributions of spin and charge densities of the
Kondo medium. From Fig. 7(a), we infer that the average
spin density of the medium maintains a nearly constant value
within the range of 1 ppm < Cg. < 12 ppm, corresponding to
10 nm < dg. < 20 nm. The red curve in Fig. 7(a) is a guide to
the eye with the assumption that T,xo ™' — 0 as Txo~! — 0.
We speculate that the initial slope of the curve, representing
ok in the limit of t,xo~' — 0, should be the theoretically
predicted 2/3 [2,28].

V. CONCLUSIONS

In conclusion, we extract the Kondo momentum-relaxation
rate T,xo~ ' and the Kondo spin-relaxation rate Toko ! from
Cu-based nonlocal spin valves with Fe impurities. While
Texo ! is tuned by a factor of ten by varying Fe concentrations,
T,ko~ | remains nearly constant and defies a more intuitive lin-
ear dependence on T.x0~!. Such a relation can be understood
by considering spin relaxation through overlapping Kondo
clouds and provides evidence for the Kondo screening clouds.
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