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We have measured spin Hall effects in spin glass metals, CuMnBi alloys, with the spin absorption
method in the lateral spin valve structure. Far above the spin glass temperature 7, where the magnetic
moments of Mn impurities are randomly frozen, the spin Hall angle of a CuMnBi ternary alloy is as large as
that of a CuBi binary alloy. Surprisingly, however, it starts to decrease at about 47, and becomes as little as
7 times smaller at 0.57;. A similar tendency was also observed in anomalous Hall effects in the ternary
alloys. We propose an explanation in terms of a simple model considering the relative dynamics between
the localized moment and the conduction electron spin.
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Spin glass is one of the magnetic ordering phases with
very complex structures, and has been studied for several
decades [1]. It typically appears when magnetic impurities
are randomly distributed in a nonmagnetic host metal.
Below a certain temperature, the so-called spin glass
temperature 7'j, magnetic moments at the impurity sites
start to order, but since their spatial distribution is random,
the Ruderman-Kittel-Kasuya-Yosida interactions between
the spins mediated by conduction electrons are also
random. Consequently, the ground state of the spin glass
is not a simple phase such as a ferromagnet or antiferro-
magnet but these two are intricately distributed and the
randomness induces a large frustration between the
spins. Since the spin glass can be regarded as a model
system of information science and also the brain [2],
it is important to understand the spin glass system more
deeply.

Among several spin glass materials, Mn-doped Cu
(CuMn) is one of the typical spin glass systems and has
been studied mainly by magnetization measurements [3—5].
The magnetic susceptibility shows a typical cusp at T,
under zero field cooling (ZFC), and it is constant under
field cooling (FC). However, some fundamental questions
still remain unsolved. While the magnetization is very
sensitive to the applied magnetic filed, the transport
properties are quite robust for the field [6,7], which is
different from another typical spin glass metal, AuFe,
where the magnetization is proportional to the Hall resis-
tivity [8—10]. Moreover, not only the complex ground state
in the spin glass but also spin fluctuations related to the spin
chirality [11] have not been fully understood yet. To reveal
such properties in the spin glass systems, another type of
measurement is highly desirable.
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In this Letter, we present spin transport measure-
ments in CuMn. Among several types of spin transport
measurements, here we chose spin Hall effect (SHE)
measurements using the spin absorption method in the
lateral spin valve structure. This method enables us to
estimate quantitatively the spin Hall (SH) angle, conversion
yield between charge and spin currents, and the spin
diffusion length on the same device [12—-14]. As a matter
of fact, CuMn does not show a clear SHE signal because
Mn is not a good scatterer for the spin current [15,20].
Thus, we added a heavy metal impurity in CuMn [20-23].
In the present Letter, we measured the SHE in CuMnBi
ternary alloy. We have already shown that Bi in Cu works
as a very good skew scatterer and the SH angle of CuBi is
very large [13]. When a pure spin current, flow of only the
spin angular momentum, is injected into the ternary alloy,
it is converted into a charge current at the Bi impurity site
through the inverse process of SHE. The converted charge
current also feels spin fluctuations at the Mn sites [see
Fig. 1(a)]. Surprisingly, the SH angle of CuMnBi starts to
decrease at about 47, and becomes 7 times smaller
compared to that of CuBi at 0.57,. This reduction stems
from randomized directions of conduction electron spins
due to the fluctuating Mn moments.

We prepared two types of devices to evaluate the SHE in
the spin glass system. One is for the SHE measurement
using the lateral spin valve and the other is for the
anomalous Hall effect (AHE) measurement with a simple
Hall bar structure. The latter measurement was originally
performed by Fert et al. using CuMnX (X, transition metal)
ternary alloys [20]. In their case, a small amount of Mn
was added in Cu. Thus, the interaction between the Mn
impurities could be ignored, and the localized moments at
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FIG. 1 (color online). (a) Illustration of ISHE in CuMnBi
ternary alloy. A pure spin current /g is converted into a charge
current /- at the Bi site. Red and blue arrows with green spheres
are spins of conduction electrons (|e|) and the shadows indicate
that the conduction electron spins are randomized by the
localized moments at the Mn sites. The curved arrows show
the motions of spin-up and spin-down electrons. (b) Scanning
electron micrograph of a typical device. The current leads and
voltage probes are for the ISHE measurement.

the Mn sites simply followed a Curie law and worked as
spin polarizers. In the present case, the concentration of Mn
is much higher than in Ref. [20]. As we will see later on, the
Mn impurities work as spin polarizers above a certain
temperature (7), while they interact with each other below
this temperature.

Figure 1(b) shows a scanning electron microscopy image
of a typical SHE device. It consists of two ferromagnetic
permalloy (Nig,Fe,q, hereafter Py) wires and a CuMnBi
middle wire. These three wires are bridged by a non-
magnetic Cu wire. Further details on the SHE device should
be referred to in the Supplemental Material [15]. In this
Letter, we have fixed the concentration of Bi at 0.5%,
which shows the largest SHE signal among CuBi binary

alloys [13], and changed the concentration of Mn from 0%
to 1.5%. To check the reproducibility, six different devices
have been measured for each Mn concentration.

We first measured the inverse SHE (ISHE) and direct
SHE (DSHE) in CuMnBi. When the electric current / flows
from the upper Py wire to the upper side of the Cu wire [see
Fig. 1(b)], the resulting spin accumulation at the interface
between the Py and Cu wires induces a pure spin current
(exactly the same but opposite flows of spin-up and spin-
down electrons) only on the lower side of the Cu wire. Most
of the generated pure spin current is then absorbed
vertically into the CuMnBi middle wire below Cu because
of its stronger spin-orbit interaction. Both spin-up and spin-
down electrons are deflected to the same direction by the
ISHE, and a voltage is generated to prevent a charge current
along the wire direction. By inverting the probe configu-
ration (i.e., IT< VT, I V™), we can also measure the
DSHE; with an electric current in the CuMnBi wire, the
spin accumulation induced at the interface between Cu and
CuMnBi can be detected as the nonlocal voltage between
Py and Cu. For the DSHE measurement, the positive field is
defined as the opposite direction to that in Fig. 1(b).

In Figs. 2(a)-2(c), we show the ISHE and DSHE
resistances (Rgyg = V/I) of CuggMn, 5Bijs measured at
T =10, 20, and 30 K. Rgpg linearly changes with
increasing the magnetic field H and is saturated above
2000 Oe, which is the saturation field of the magnetization
of the Py wire [12-14]. At any temperature, both the ISHE
and DSHE resistances have the same amplitude ARgyg,
which demonstrates the Onsager reciprocal relation in this
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FIG. 2 (color online).

(a)—(c) ISHE (closed square) and DSHE (closed circle) resistances (Rgyg) of CuggMn, 5Bijs measured at

T = 10, 20, and 30 K. For comparison, Rgyg of Cugg 5Big 5 (open square and circle) are also plotted in the same figures. The amplitude
of the SHE resistance ARgyg is defined in (b). Both Rgyg of CuggMn; 5Bij 5 and Cugg 5Bij) 5 are shifted along the vertical direction to see
the difference of their amplitudes clearly. (d) Magnetic field angle () dependence of ARgyg of CuggMn; 5Bigs at 7 = 10 K. The broken
curve shows —|ARgyg (6 = 90°)| sin 6. () |ARsyg| of CugsMn; sBij 5 (closed symbols) and Cugg 5Big 5 (open symbols) as a function of
T. The vertical broken line indicates the spin glass temperature 7', of CuggMn; 5Bij 5. The arrow shows the temperature (7*) at which
|ARgyg| starts to decrease. (f) Magnetizations of CuggMn, 5Bij 5 measured under ZFC (closed symbol) and FC (open symbol) at a small
magnetic field (H = 50 Oe) as a function of 7. From the cusp position (the vertical broken line), 7'y can be determined.
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system. We have also checked the field angle dependence
of ARgyg in Fig. 2(d), and found that it follows a sinusoidal
curve, typical of SHEs in nonmagnetic metals [14]. Most
remarkable is the temperature dependence of |ARgyg|.
|ARsyp| of CuggMn, 5Bigs increases with increasing 7,
while that of Cugg 5Bij 5 is basically constant up to 30 K. As
summarized in Fig. 2(e), the former reaches the latter at
50 K, and both have the same amplitude above 50 K. This
fact clearly shows that the large reduction in |ARgyg| of
CuggMn; 5Bi 5 below T* = 40 K originates from the addi-
tional Mn impurities.

We next changed the Mn concentration down to 0%.
Figure 3(a) shows SHE resistivities |p3hz| of CuMnBi
ternary alloys, obtained with a three-dimensional (3D) spin
diffusion model [13,14], divided by the resistivity induced
by the Bi impurities pg;. As demonstrated in our previous
works [12-14], in Cu-based alloys, p3D./pp; corresponds
to the SH angle o;P. Basically, |;P| has the same tendency
as |ARgug|: |aiP| of CuggMn, sBigs starts to decrease
at T* =40 K, while |a3P| of CuggsBiys is constant.
Interestingly, 3P| of CuggsMn; sBiys at 5 K is reduced
by a factor of 7, compared to that at 50 K and also |a;P | of
Cugg 5sBig5 at 5 K. With decreasing the Mn concentration
from 1.5 to 0%, T* is shifted to the lower temperature side,
and thus the total reduction of |a;P| at 5 K gets smaller.

In order to relate the reduction of |a;P| with spin glass,
we measured magnetizations M of CuggMn, 5Bij5 films
under ZFC and FC in Fig. 2(f). A clear cusp was observed
at 7 = 10 K in the ZFC measurement, while the magneti-
zation was saturated for FC. From the cusp position, we
can determine 7', of CuggMn, 5Biys to be 10 K, which is
consistent with that of CuMn binary alloys [3]. By
combining the SHE and magnetization measurements of
CuMnBi, we argue that the reduction of |a3P| already starts
at 4 times higher temperature than 7' (i.e., T* = 4T ) and
still continues at 0.5T .

What is the origin of the large reduction of |a;P| below
T*? One possibility is related to the spin diffusion of
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FIG. 3 (color online). (a) SHE resistivities of CuMnBi |p3P|,
obtained with the 3D calculation, divided by the resistivity
induced by the Bi impurities pg; as a function of 7. The Bi
concentration is fixed at 0.5%, while the Mn concentration is
changed from O to 1.5%. The broken line in the figure shows
|oiP| of CuggsBigs. (b) Spin diffusion lengths of CuMnBi 43P
obtained with the 3D calculation as a function of 7.

conduction electrons in the spin glass state, as observed in
electron spin resonance measurements with AgMn and
CuMn [24-27] where the spin relaxation of Mn moments
is detected. However, this possibility can be ruled out
for the following reasons: Based on the simple spin
transport model in the skew scattering regime [28], oy
1/(ppAn) but Ay < 1/py where py and A, are the
resistivity and the spin diffusion length of CuMnBi,
respectively. Thus, ay is independent of those parameters.
As can be seen in Fig. 3(b), the spin diffusion length 43P
estimated from nonlocal spin valve measurements [14]
decreases by a factor of 2 for CuggMn;sBigs as T
approaches 7'j, and shows much less temperature depend-
ence for other Mn concentrations. On the other hand,
pu shows a very small reduction (less than 1%) below T*
(see Fig. S3 in Ref. [15]). These temperature dependencies
of 1y and p,, completely fail to explain the large sup-
pression of ay of CuMnBi below 7™

The mechanism we then propose is that the relative
dynamics of the polarization of the electron spin s and the
localized moments leads to a random precession of s. This

reduces the converted charge current 7C (x 75 X §) strongly
because of the vector product. At high temperatures, the
Mn moments fluctuate quickly and for the spin current
the precession is negligible. As the spin glass freezes, the
dynamics slows and correlations of the Mn moments decay
with a characteristic frequency v(7T) which vanishes as a
power law as we approach T, from above, just as has been
seen in experiments with neutrons and muons on bulk spin
glasses [29]. This can be understood as the effect of
motional narrowing.

We now use a simple phenomenological model, as
previously used to model the broadening of the conduction
electron spin resonance in metallic spin glasses close to
freezing [30]. The polarization s precesses in an effective

time-varying magnetic field S"eff(t), as well as a constant
Sy that includes any applied external field: (Js/0t) =

5 % (So + Sei(7)). The instantaneous S (f) is random in
both direction and magnitude, with a distribution width
proportional to the s-d interaction, and fluctuates on a time

scale of v~!(T). For an appropriate choice of :S’eff(t), the
integration of the time-dependent equation for 5 defines the
Kubo-Toyabe model [31] as used in muon experiments.
For all frequencies, the skew scattered current is reduced
from the temperature independent ay to ay(s) where
(s) = G.[t = 7g,v = v(T)]. G, is the average spin corre-
lation with respect to its initial polarization. During the
skew scattering, that takes place in a time ¢ = 7y [32],

and the polarization precesses in S'Cff that varies with the
frequency (7). Well above T, we are in the motionally
narrowed limit of large v(7T') where G, is 1. For lower
temperatures, G, decreases with v(7) and ay is reduced
(see Fig. S8 in Ref. [15]).
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FIG. 4 (color online). (a) Hall resistivities p,, of

CuggMn, 5Bij 5, Cugg5Bijs, and Cug;Mn; measured with Hall
bars at 7 = 50 K. (b) Differential values of anomalous parts
ddp,/dH for CuMnBi as a function of T. In the inset, they are
plotted as a function of 1/7. The broken lines show the linear fits
to obtain ay.

As shown above, the SHE in spin glass depends strongly
on 7. However, it is quite robust for the applied magnetic
field. In the SHE measurements, there is no difference
between ZFC and FC even under H = 1 T. This fact looks
inconsistent with magnetization measurements [3] but is
consistent with the previous transport measurements [6,7].
In addition, recent SHE measurements [33,34] reveal that
homogenous magnetizations such as ferromagnetic and
antiferromagnetic states are irrelevant for the amplitudes
of SHE signals. This indicates that the spin fluctuations
severely affect ay(T) and the energy scale of the fluctua-
tions is significantly larger than the applied field. The spin
diffusion length, on the other hand, is also affected by the
fluctuating fields, but is less sensitive to them than ay(T)
[see Fig. 3(b)].

To support our findings in the SHEs in CuMnBi, we have
also performed the AHE measurements. When the Mn
concentration is low enough, Mn works as a spin polarizer
and its magnetization follows a simple Curie law, i.e.,
M & T~!. On the other hand, Mn does not work as a skew
scatterer [15,20]. Thus, to see the spin-dependent transport
in Cu-based alloys, an additional metal with stronger
spin-orbit interaction is needed, as detailed in Ref. [20].
Figure 4(a) shows a typical Hall resistivity of
CuggMn; 5Bij 5 at T = 50 K. As reference signals, we also
plot the Hall resistivities p,, of CuggsBiys and Cug;Mnjy
at the same temperature. VOnly for CuggMn; 5Bijps, an
anomaly can be seen near 0 T.

The anomalous part dép,,/dH can be extracted by
subtracting the derivation of p,, at zero field from the
one of normal Hall resistivity at 1 T. As demonstrated in
Ref. [20], by plotting dép,,/dH as a function of 1/T, ay; of
CuBi can be evaluated [see the inset of Fig. 4(b) and
Ref. [15]]. Tt is —0.23(£0.06), which is quantitatively
consistent with a;P determined by the SHE device [13]. As
we decrease T, the amplitude of |ddp,,/dH| increases
inversely proportional to 7', but it starts to decrease at the
exactly same temperature as 7 [see Fig. 4(b)]. A similar

tendency can also be seen in CuMnlr ternary alloys (see
Ref. [15] for more details).

Finally, let us discuss the difference between the two
typical spin glass materials, CuMn and AuFe. As men-
tioned in the introduction, in AuFe, both the magnetization
and the AHE show the same temperature and field
dependencies [10], while such behavior cannot be seen
in CuMn. This can be explained as follows. Mn has a
magnetic moment but it does not function as a skew
scatterer for conduction electron spins. Thus, an additional
skew-scatterer “X” is added and the interaction of the Mn
moments on spin currents occurs via the X site. Such an
indirect interaction makes the temperature 7% where the
SHE feels the effects of spin correlations. In AuFe, on
the other hand, the Fe impurity has both properties. With
such an on-site interaction, 7* = T, and a clear difference
between ZFC and FC can be seen even in the AHE
resistivities. Further investigations using different combi-
nations of host and impurity metals are needed to unveil all
the details.

In summary, we have studied the SHEs and AHEs in the
spin glass systems using the CuMnBi ternary alloys. The
SH angle |a;P| of CuggMn, 5Biys at T = 50 K coincides
with that of CuggsBips. With decreasing temperature,
however, it starts to decrease at 7* = 4Tg and becomes
7 times smaller at 0.57';,. With decreasing concentrations of
the Mn impurities, 7 shifts to lower temperatures. These
results suggest that the SHE could be exploited to probe
fluctuating spin states in complex spin structures such as
spin liquids.
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