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Spin-glass phase transition revealed in transport measurements
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We have measured the resistivity of magnetically doped Ag:Mn mesoscopic wires as a function of temperature
and magnetic field. The doping has been made using ion implantation, allowing a distribution of the dopants in the
middle of the sample. Comparison with an undoped sample, used as a reference sample, shows that the resistivity
of the doped sample exhibits nonmonotonic behavior as a function of both magnetic field and temperature,
revealing the competition between the Kondo effect and the RKKY interactions between spins. This proves that
transport measurements are still a reliable probe of the spin-glass transition in nanoscopic metallic wire doped

using implantation.

DOLI: 10.1103/PhysRevB.102.024206

Spin glasses are one of the most fascinating states of mat-
ter. They have attracted the interest of a large community for
several decades, as it is one of the most fundamental problems
in condensed matter physics [1]. A spin glass appears when
magnetic atoms are randomly diluted in a nonmagnetic metal-
lic host. As the spatial distribution of the spins is random,
the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interactions
between the spins [2], which depend on the distance between
them, are also random: This leads to frustration between the
magnetic moments. It is this interplay between disorder and
frustration which is at the basis of the formation of a spin glass
below a transition temperature 7T, . It has been shown recently,
using a very tricky experiment, that this subtle scenario for
the formation of a spin glass is actually the real one [3]. The
very nature of the ground state is still heavily debated and may
consist of an unconventional state of matter with remarkable
behaviors [4]. Let us mention, however, that spin glasses
may also appear in insulating systems [5,6]: This peculiar
situation will not be discussed in this paper as it is focused on
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transport measurements. Finally, it is worth mentioning that
spin glass models have also been applied to sociology, biology
[7], economy [8,9], and games [10] and are deeply connected
to mathematics (topology) [11].

The spin-glass transition itself is quite subtle to detect. In
contrast with other phase transitions, there is, for example, no
divergence of the specific heat at the transition temperature,
but rather a cusp in the (low-frequency) magnetic suscepti-
bility [6]. This has been the most commonly used technique
to detect the transition down to very low concentrations of
magnetic impurities [12]. More surprising is the onset of
irreversibility in the glassy phase: magnetization measured
during a cooldown under magnetic field [field cooled (FC)
procedure] is completely different from the magnetization
obtained when the magnetic field is applied after cooling
the sample [zero field cooled (ZFC) procedure]. This dis-
crepancy between these two measurements appears exactly
at the spin-glass transition temperature [13,14]. This onset of
irreversibility is one of the most characteristic signatures of
the spin-glass transition.

Another way to probe the spin glass state and the spin
glass transition consists of measuring transport properties.
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Historically, people were interested in measuring Kondo ef-
fect as a function of the concentration of magnetic impurities.
For high doping levels, they observed deviations from the
well known logarithmic Kondo-like increase of the resistivity:
Below a certain temperature, the resistivity exhibits a broad
maximum followed by a subsequent decrease [15—-18]. Such
a behavior was interpreted as a transition to a spin-glass state
as spin-spin interactions become predominant. This interpre-
tation was supported by theoretical work [19] which relates
the maximum in the resistivity at a temperature 7, to the
spin-glass transition. Another natural way to detect changes
in the spin configuration of a metal consists of measuring the
anomalous Hall effect [20,21]. As interactions between spins
become predominant, anomalous Hall resistance exhibits a
broad maximum followed by a rapid decrease as the number
of free (unfrozen) spins becomes smaller and smaller [22]. A
more subtle and difficult way to probe the spin-glass phase
consists of measuring the resistance noise of a metallic spin-
glass sample [23]. Finally, it should be stressed that the most
striking feature of the Kondo physics has also been observed
in transport measurements: The onset of irreversibility has
been observed in field-cooled (FC)/zero-field cooled (ZFC)
resistivity measurements [24].

The question of the existence of a spin-glass transition
for small systems has been largely addressed theoretically
using numerical simulations. Using state-of-the-art computing
facilities [25], it has been shown that samples as small as
30 x 30 x 30 spins already exhibit a spin-glass transition
[26-28]. Experimentally, the situation is much more complex:
In a mesoscopic sample (i.e., containing few spins), magnetic
signals become too small to be detected, even using the
most sensitive techniques like SQUID measurements. It is thus
tempting to use fransport measurements to detect the spin-
glass transition, as resistivity measurement can easily be per-
formed on nanometer-size samples. This technique has been
used in the past to measure the temperature dependance of the
resistivity of Kondo systems [29]: The idea was to detect the
effect of the finite size of the sample on the development of
the Kondo cloud and thus on the screening of the magnetic
impurities by the conduction electrons.

Metallic spin glasses are usually obtained by dilution of
magnetic impurities in the host metal. Below a critical con-
centration at which an alloy is formed, impurities will end
up in interstitial positions and the crystal structure of the
host metal is preserved. The main problem of this technique,
however, is that impurities may move during the evaporation
and form clusters. Determination of the actual concentration
and actual spin of the impurities are then sometimes delicate.
An alternative technique consists of implanting ions in the
metallic host [30]. This technique allows us to control per-
fectly the dose implanted [31] and to avoid any clustering
as energy barriers forbid any displacement of ions at room
temperature. Two points, however, differ between these two
techniques: During an implantation, the concentration of the
ions through the thickness of the sample presents a gaus-
sian distribution. Very few ions are present at the surface
and spin glass physics should not be modified by surface
effects as it has been sometimes alleged. Moreover, ions are
implanted at high energy: Damages are thus induced in the
crystalline structure of the host metal. As RKKY interactions
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FIG. 1. Electron micrograph of the sample. The wire is 18 um
long, 200 nm wide, and 50 nm thick. Several voltage probes are set
along the wire distant by 2 um.

are mediated by conduction electrons, spin glass transition is a
many impurities problem: The equivalence between these two
implantation techniques, from a physical point of view, is an
interesting and sensible question.

In this paper, we report on transport measurements on
nanometer-size mesoscopic Ag:Mn spin glasses at very low
doping level. Doping has been obtained by ion implantation
technique. Measurements have been performed down to very
low temperature (50 mK) and up to high magnetic field (8 T).
We show that the behavior of the resistivity can be perfectly
explained by an interplay between the Kondo effect and a
spin-glass phase transition. This proves that our mesoscopic
samples exhibit a phase transition similar to what is observed
for macroscopic samples and that the implantation process,
although producing crystalline defects, does not change the
spin glass physics in such confined geometries. The observed
transition temperature is identical to the one detected pre-
viously on macroscopic samples doped by standard dilution
techniques and with the same doping level using magnetic
measurements.

Samples have been fabricated on a silicon/silicon ox-
ide wafer using standard electron-beam lithography on
polymethyl-methacrylate resist. Geometry of the sample con-
sists of a long (length L ~ 18 um) and thin (width w ~
200 nm, thickness t &~ 50 nm) wire (see Fig. 1). Several con-
tacts have been put along the wire, in order to measure the
resistance over different lengths and to thermalize properly
the electrons along the wire [32]. Silver has been evaporated
using a dedicated electron gun evaporator and a 99.9999%
purity source with no adhesion layer. Samples have then been
implanted with Mn>* ions of energy 70 keV. This energy has
been chosen after numerical simulations based on calculations
using the SRIM software [31] in order to ensure that ions will
end up in the sample following a gaussian distribution whose
maximum lies in the middle of the sample thickness. This
technique of implantation allows us to avoid clustering or
migration of the Mn?* ions as no further annealing has been
performed on the samples. The ion dose, measured via the
current of the implanter, has been chosen in order to give
a final ion concentration in the wire of 500 ppm. For this

024206-2



SPIN-GLASS PHASE TRANSITION REVEALED IN ...

PHYSICAL REVIEW B 102, 024206 (2020)

13.32
E 0.002
C
~ 13.29F £ 0.001
= |3
g 0.000
Q 13.26f 1 3 4 5
T—1/2 (K—l/Z) /
13.23 | e J
0.1 10

1
T (K)

FIG. 2. Resistivity as a function of temperature for the pure Ag
sample. Inset: low temperature part (7 < 1 K) plotted as a function
of 1/4/T. The red line is a fit of the data using Eq. (1).

concentration of magnetic impurities, the number of spins in
a section of the wire is approximately 450. This number is
quite small (typically a 15 x 30 network of spins) and can be
reasonably compared with the dimensions of state-of-the-art
numerical simulations. Finally, note that some samples have
been left unimplanted (pure) in order to be used as reference
samples.

Samples have been cooled down in a dilution fridge whose
base temperature 7 is ~50 mK and equipped with a two-axis
superconducting coil of maximum magnetic fields B, =8 T
(out-of-plane field) and B,, = 1.5 T (in-plane field). Trans-
port measurements have been carried out using an ac lock-in
technique at a frequency of 11 Hz in a bridge configuration
and a very low ac current in order to avoid any overheating of
the sample. In particular, we have kept eVys < kgT with Vg
the drain-source voltage, e the charge of the electron, and kg
the Boltzmann constant. We have seen no dependance of the
resistivity on the frequency of the excitation up to our experi-
mentally accessible possibility (=100 kHz). The signal is am-
plified using an ultra-low noise homemade voltage amplifier
(voltage noise S, = 500 pV/+/Hz) at room temperature. All
the measuring lines connecting the sample to the experimental
setup consist of lossy coaxes which ensure a very efficient
radio-frequency filtering and thus a good thermalization of the
electrons in the sample [33-35]. At 4.2 K, the resistance of
our samples is R & 10 2 for the pure samples and R =~ 30 Q
for the doped ones.

The resistivity of the pure sample as a function of temper-
ature is depicted in Fig. 2 (a small magnetic field of #1000 G
is applied in order to cancel the weak localization correction
[36]). At high temperature, the resistivity is dominated by
electron-phonon interaction and thus decreases rapidly with
decreasing temperature. At low temperature, one observes a
slight increase of the resistivity; this is typical of mesoscopic
samples, in which electron-electron interactions modify the
density of states at the Fermi energy [36]. The resistance R of
the sample as a function of the temperature T is then given by:

R(T) = 0.7821 Rl _ «
= V. o — ﬁ’

Rx L
where Ly = «/hD/kgT is the thermal length, D the diffusion
coefficient, Ry = h/e2 the quantum of resistance with / the
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FIG. 3. Resistivity as a function of temperature under zero field
of the Ag:Mn spin glass sample doped at 500 ppm. Inset: The black
curve is the same data on a logarithmic scale, while the green curve
has had the electron-electron interaction contribution subtracted.

Planck constant and e the charge of the electron, and A, a
constant related to the screening parameter of the Fermi liquid
theory [36]. For silver, A, &~ 3.1. The inset of Fig. 2 shows
the resistance of the pure sample as a function of 1/+/T. As
expected, we observe a nice linear behavior down to 50 mK,
proving that the electrons are indeed cooled down to the
lowest temperature [37].

The same measurements on the doped wire are depicted in
Fig. 3. The behavior is clearly different: At low temperature,
one observes a pronounced minimum, followed by an increase
of the resistivity and an abrupt decrease at very low temper-
ature. The temperature dependence of the resistivity can be
separated into four terms:

8p(T) = 8peph(T) + 8pe-e(T) + 8 pe-mag(T) + 8 pui(T) (2)

corresponding, respectively, to the electron-phonon interac-
tion, electron-electron interaction, and electron-magnetic im-
purity contribution to the resistivity (which is absent for the
pure sample). The term 8, (T") corresponds to the quantum
correction to the conductivity (weak localization).

This magnetic contribution arises from two distinct phe-
nomena. The first one is the well-known Kondo effect while
the second corresponds to the formation of a spin-glass state.
It has to be noted that those two effects do not emerge from
the same processes. The Kondo effect is due to the scattering
of conduction electrons off up-down degenerated magnetic
impurities in the single impurity limit. The typical energy for
this process is the Kondo temperature Tx. Such a behavior has
been extensively studied and leads to a logarithmic tempera-
ture dependence of the resistivity [38] as the temperature is
reduced.

In order to fit the data, we use Hamann’s law [39] which is
a high (T > Tx) temperature expansion for the resistivity in
the Kondo regime:

PKondo(T') =

pl(iondo 1 _ 11’1 (T/TK) 3
2 VIn2 (T Ti) + 728(S + 1)
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FIG. 4. Resistivity of the spin-glass sample as a function of
temperature and after subtraction of the electron-electron interactions
contribution to the resistivity. Left panel: orange line is a fit using
Hamann’s law [Eq. (3)]. Black line is the same fit but adding a
power law to take into account the phonon scattering at “high” T'.
Right panel: same data but restricted to the 0.05-5.5 K temperature
range. Green line is a fit using Vavilov’s equation [Eq. (5)] which
describes the emergence of the spin-glass phase and the correspond-
ing decrease of the resistivity. The different arrows indicate Tk as the
Kondo temperature, Ty, as the spin-glass transition temperature, and
T,, as the temperature of the maximum in the p(T').

with S the spin of the magnetic impurities and pgondo a
constant given by:

0 4 hcimp

— o Cimp 4
PKondo ne? kF ( )

with n the electronic density, ¢imp the concentration of mag-
netic impurities, e the charge of the electron, and kg the
Fermi wave vector. Resistivity of the sample as a function of
temperature is depicted in the left panel of Fig. 4. The orange
line is a fit for T > 4 K using equation (3), with the fitting
giving S = 5/2 and Tx = 40 mK. These values are in good
agreement with those found in the literature [40] for diluted
manganese ions in silver.

At “high” temperature (from 4 K to 15 K) the main con-
tribution to the resistivity is due to the electron-phonon
scattering. To take into account for this scattering, we have
added to Hamann’s law a power law a7”. Remarkably, this
combination of Kondo effect and electron-phonon scattering
describes the experimental data very well between 4 K and
15 K.

At “low” temperature (below 4 K), the resistivity deviates
from this simple Kondo description as the spin-glass behavior
starts to be prominent. Indeed, at those temperatures, RKKY
interactions between magnetic impurities are no more negligi-
ble, leading to a progressive lift of the up-down spin degener-
acy. The density of spins c¢jyp involved in the Kondo processes
is thus lowered, leading to a decrease of the resistivity. In this
regime, the diffusion mechanisms are completely different
and much more complex to calculate. This is related to the
appearance of the spin-glass state which is fundamentally very
complicated to apprehend. Recent theoretical works have been
able, however, to obtain an analytical expression for p(7)
by simplifying the RKKY interactions to interactions within
impurity pairs [41,42]. In the limit where Ty, > Tk, as in our

case, this leads to:

A Ty
= (1 —as22), )
In“(T/Tx) T
where A is a constant and «g a constant which depends on
the spin S (for S = 5/2, ag = 2.33). The temperature of the
maximum in the p(7T") curve, corresponding to the transition
between the high temperature phase and the spin-glass one, is
then given by:

p(T)

os
)

In the right panel of Fig. 4, we have plotted the low tem-
perature part of the resistivity of the spin-glass sample. The
green line is a fit using equation (5) with Tx = 40 mK. The
fit is in rather good agreement, keeping in mind that equation
(5) is valid only in the proximity of T;;. From this we obtain
that two parameters are A = 0.124 and Ty, = 500 mK. This
value of Ty, is in perfect agreement with those obtained using
magnetization measurements on macroscopic samples at the
same doping level [12] (see especially Fig. 3 in this reference).
This suggests that even for such small systems, a spin-glass
transition appears at the same temperature as for macroscopic
systems. It must be stressed, however, that only a complete
study including measurements of thermodynamic quantities
(specific heat, magnetization) could unambiguously lead to
this conclusion. Such measurements are, unfortunately, very
difficult on such small samples. The two arrows on the right
panel of the Fig. 4 indicate the spin-glass transition tempera-
ture Ty, (left arrow) and the temperature corresponding to the
maximum of the p(T) curve T, (right arrow). Using equation
(6) with the parameters determined above, we obtain the
theoretical temperature of the maximum 7, ~ 1.5 K, which
is precisely what is observed experimentally. Considering
Fig. 4, one can see that these resistivity measurements can
be very well described considering the system as a metallic
spin glass at low temperature and as a Kondo system at
high temperature. It should be noticed than between 2.5 and
3.5 K, experimental data deviate from both fits. This region
corresponds to the range of temperature where Kondo effect
and RKKY interactions compete with almost equal strength
and no theoretical approach is able to completely describe this
mixed behavior.

Finally, in order to characterize the effect of the magnetic
field on the resistivity of the sample, we have performed high
field magnetoresistance measurements at different tempera-
tures. For this purpose, we use the zero field cooled (ZFC)
protocol: The sample is cooled down under zero field and the
magnetic field is applied at low temperature. The relative vari-
ation of the resistivity, Ap/py = (p(B) — p(B =10))/p(B =
0), has been plotted in Fig. 5 for temperatures down to
200 mK (i.e., T <« Ty) and up to 20K (i.e., T > Tg,). At
high temperature (T >> 10 K), curves are perfectly superim-
posed and the magnetoresistivity is perfectly quadratic in B,
as can be seen in Fig. 6. In this regime, the resistivity is
dominated by electron-phonon scattering, and one recovers
the classical quadratic magnetoresistance of metals. In order
to extract the magnetic contribution to the magnetoresistivity,
we have subtracted the high temperature contribution in Fig. 6
from the data in Fig. 5. The result, plotted as a function of

T
Ty T ln 2. (6)
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FIG. 5. Relative magnetoresistivity of a 500 ppm spin glass sam-
ple for different temperatures.

the normalized magnetic field ugB/kgT, with g the Bohr
magneton, is depicted in Fig. 7.

For temperatures larger than 1.5 K, all the curves are rather
well superimposed. This means that, in this range of tem-
perature, the resistivity depends only on the ratio ugB/kpT,
which is proportional to the polarization, i.e., the number of
free spins [19,43] (Curie’s law). As mentioned above such
behavior is typical of the Kondo effect as it is a single impurity
process.

Below 1 K, however, we observe strong deviations to this
behavior, showing that Kondo physics is not the good descrip-
tion anymore. Note that this is the temperature at which the
p(T) exhibits a maximum (see Fig. 4). It is quite surprising
that deviations from Kondo physics appear at such high tem-
perature as compared to the spin glass transition temperature.
We would like to stress, however, that recent measurements of
universal conductance fluctuations on mesoscopic spin glass
wires suggests that spin-spin interactions already play a role
well above T, [30]. Whether this is due to the nature of
the transition itself or to the reduce dimensionality of these
mesoscopic samples is still an open and intriguing question.

Similar behavior can be observed on the temperature de-
pendance of the resistivity under magnetic field. This mea-
surement is depicted in Fig. 8. As we have seen previously,
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FIG. 6. Relative magnetoresistivity of a 500 ppm spin glass sam-
ple for temperatures larger than 10 K plotted as a function of B
(left panel) and B? (right panel) (same data as Fig. 5). Blue curve
represents data measured at 10.1 K when the relative magnetoresis-
tance starts to be positive (see Fig. 5). Green curve represents data

measured well above 10, i.e., far in the saturated regime (it has been
shifted for a sake of clarity).

(Ap/po)mag (0/0)

HeB/ksT

FIG. 7. Relative magnetoresistivity of a 500 ppm spin glass sam-
ple as a function of the normalized magnetic field for different
temperatures. The classical B? contribution has been subtracted.

under zero field, the competition between Kondo physics
and spin-spin interactions leads to a broad maximum in the
po(T) curve. Under magnetic field, the maximum observed
in the p(T) curve is progressively suppressed and shifted
towards higher temperatures. This is due to the fact that the
field progressively suppresses the up-down degeneracy and
thus the Kondo effect. The slope of the logarithmic increase
in p(T) becomes weaker: The maximum amplitude in the
resistivity thus decreases [43]. Moreover, the shift of the o(T)
maximum is explained by the fact that, since Kondo effect
is reduced, spin-spin interactions become dominant at higher
temperatures; note that this still applies even when magnetic
field becomes larger than the typical spin-spin interaction
energy B > kpTg,.

As a final point, we would like to stress that such a
characterization of nanoscopic spin glass wires fits naturally
into recent works on mesoscopic spin glasses. In this domain,
the goal is to probe magnetic configuration of the spins via the
dephasing induced on the coherent conduction electrons [36].
The most striking result, reproduced in several experiments
[30,44-47], of this exploration of mesoscopic systems is that
the configuration of spin glasses are unexpectedly robust
against the application of high magnetic fields B (uzB >
kpTss): Upon cycling samples under magnetic field of several
Tesla, universal conductance fluctuations are perfectly repro-
ducible, meaning that the spins are in the exact same configu-
ration before and after the application of the field. Our work,
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FIG. 8. Resistivity of a 500 ppm spin glass sample as a function
of temperature under different magnetic fields.
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if it does not shed new light on this strange and remarkable
experimental fact, gives some hints for its interpretation as it
excludes the hypothesis that it may be due to an absence of
spin glass transition in nanoscopic samples.

As a conclusion, we have measured the magnetoresistiv-
ity of a 500 ppm Ag:Mn mesoscopic spin glass wire as a
function of temperature and magnetic field. We have ex-
plored temperatures ranging from 50 mK (T ~ Ty < Ty,)
up to 10 K (T > Ty, > Tx) and magnetic fields up to 8 T
(B > kpTys > kpTk). Despite the small number of spins
in the section of the wire (typically 15 x 30 spins), we ob-
serve a signature of the spin glass phase transition revealed
by a maximum in the p(7) curve. Around this maximum,
data can be fitted using Vavilov-Glazman’s law for the low
temperature (spin-glass) part of the curve and Hamann’s
law for the high temperature (Kondo) part. Moreover, the

Ty and Ty extracted from these fits are in agreement with
those obtained by magnetic measurements on macroscopic
samples. These results are validated by magnetoresistance
measurements in which both the dominance of Kondo physics
and spin-glass behavior are observed in different range of
temperature. This, combined with the recent observation of
irreversibility in the resistivity of mesoscopic samples and
numerical simulations, proves that, even in such small sam-
ples, a spin glass phase transition appears when the tem-
perature is lower than the typical strength of the spin-spin
interaction.

We are indebted to H. Pothier and H. Bouchiat for the use
of their Joule evaporators. We thank T. Costi, L. Glazman, E.
Orignac, H. Bouchiat, E. Vincent, A. Rosch, and H. Alloul for
fruitful discussions.
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