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Abstract
We have made extensive studies of a dilute U doped YRu2Si2 alloy using several
experimental techniques such as ac and dc magnetic susceptibility, dc resistivity
and microstructural investigations. The real part of the ac susceptibility shows
a maximum at around 6.75 K for f = 7 Hz. With increasing frequency, the
temperature of this maximum increases while, at the same time, the magnitude
of the maximum decreases, which is a typical spin glass behaviour. The
magnitude of the imaginary part shows frequency-dependent behaviour too.
We show that most of the imaginary part of the susceptibility, at least over the
range of the frequencies we used, comes from the conduction electrons. Zero-
field cooling and field cooling dc magnetization measurements also indicate
the presence of a spin glass transition at about the same temperature. We also
found that relaxation processes below the freezing temperature show ln(t + tO)

behaviour. We discuss our findings in light of the origin of the spin glass
behaviour and compare them with other similar studies.

1. Introduction

URu2Si2 is one of the most intensively studied heavy fermion compounds with a very weak
antiferromagnetic transition at 17.5 K with µord = 0.04 µB and a superconducting transition
around 1.2 K [1]. Although the superconducting transition itself is a very interesting subject,
the antiferromagnetic transition, in particular its nature, has drawn much more interest. With
the relatively moderate γ value (γ = 112 mJ mol−1 K−2), URu2Si2 is a strongly correlated
electronic system. However, it is surprising that theories based on a localized picture of 5f
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electrons seem to explain successfully most bulk properties, even at a quantitative level [2].
This localized picture was recently tested against an inelastic neutron scattering experiment
and seems to be in reasonably good agreement with the data, at least at a qualitative level [3].
It is important, therefore, to understand well the magnetic properties of the U single ions. Up
to now only a few investigations have been made on the alloys containing a small amount of U
dissolved in a nonmagnetic matrix like YRu2Si2 or ThRu2Si2 and found anomalous features at
low temperature [4–7]. In [4] and [5], these low temperature anomalies were explained in terms
of a two-channel Kondo model for both UxTh1−xRu2Si2 and UxY1−xRu2Si2 with x < 0.08,
i.e. single-ion properties. On the other hand, in [6] a scenario invoking proximity effects near
a quantum critical point was proposed as an explanation for the low temperature anomaly in
UxTh1−xRu2Si2 for x = 0.01. It is also to be noted that, for x > 0.1 of UxTh1−xRu2Si2, some
spin glass characteristics were reported [7]. An underlying fundamental question common to
all these investigations is why does U not produce the usual ordinary, single-channel, Kondo
effect, for example a logarithmic upturn in the resistivity in the dilute limit in the matrix like
YRu2Si2, although such a feature was observed in other dilute U alloys such as UxY1−xPd3

(x < 0.3) [8]. One can ask if the absence of the single-channel Kondo scattering is due to
the interactions which eventually lead to spin glass behaviour [7], or due to the multi-channel
scattering [5].

As a part of our experiments on URu2Si2, we have studied the alloying effects of URu2Si2
by doping both the U and Si sites [9, 10]. Among these experiments, Y doping is particularly
interesting because, in spite of its very weak nature, the antiferromagnetic transition is seen
to survive up to 70% Y doping [10]. In this paper we present ac, dc magnetic and resistivity
measurements together with microstructural investigations on a dilute U doped YRu2Si2 sample
in order to examine the properties of UxY1−xRu2Si2 at very low U concentrations and, if
possible, to shed light on the controversial reports in [4–7].

2. Preparation of the samples and microstructural investigations

Constituent elements were melted together on a water-cooled Cu heath under an Ar atmosphere.
Samples, encapsulated in evacuated quartz tubes, were annealed at 600 ◦C for two days and
then at 800 ◦C for five days. In this paper we show the results on two samples: YRu2Si2 and
(U0.08Y0.92)Ru2Si2.

Microstructural and elemental compositions of the alloy have been analysed using a
scanning electron microscope (SEM, Jeol JSM 5800) and energy dispersive x-ray spectroscopy
(EDXS, Oxford–Link ISIS 300). Both SEM and EDXS analysis have shown that, besides the
main phase, there exists a small amount of a secondary phase embedded in the matrix. One of
the micrographs is shown in figure 1. Quantitative analysis of the EDXS spectra from the matrix
phase has shown that it consists of 39.0 ± 0.8 at.% Si, 41.0 ± 0.4 at.% Ru, 19.3 ± 0.2 at.% Y
and 0.7 ± 0.05 at.% U. Consequently, the calculated formula of the alloy could be written as
U0.035Y0.965Ru2Si2. The secondary phase is found to consist of 33 at.% Si, 53 at.% Ru and
14 at.% U without Y. The nominal concentration of our sample corresponds to x = 0.08 and
in the following we used the nominal composition to denote this alloy.

Comparing this value with EDES analysis we estimated that there is about 7% of the
secondary phase with respect to the matrix phase. Image analysis of several SEM micrographs,
which represent the microstructure of the sample, indicates 7% of the secondary phase in
the alloy.

We also note that the Debye–Scherrer method of x-ray diffraction shows that two samples
form in a singe phase with little trace of a secondary phase.
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Figure 1. A backscattered electron micrograph of the dilute U doped YRu2Si2 alloy: grey (matrix
phase), white (secondary U-rich phase) and black (pores). (We note that this figure shows a
secondary phase more than the average value.)

3. AC susceptibility measurements and analysis of results

AC susceptibility has been measured using a CryoBIND susceptometer at f = 7, 28.4, 77 and
231 Hz with the driving field of 14 Oe. The dimensions of a YRu2Si2 sample, a nonmagnetic
parent compound, were a = 1.77 mm, b = 1.48 mm and c = 10.7 mm while those of a
magnetic alloy, (U0.08Y0.92)Ru2Si2, were a = 1.45 mm, b = 1.62 mm and c = 8.0 mm. The
measurements were performed with the driving field parallel to the long sample axis. The
absolute values of the susceptibility (in SI units) were determined by comparing the ac signals
of our sample to the signals of a Nb sample of similar dimensions in a superconducting state
(χ ′ = −1). The obtained values of the susceptibility were small (χ ′ ≈ 10−3 in SI units) and
therefore corrections to the demagnetization effect are negligible.

In figure 2, we show the real (χ ′) and imaginary part (χ ′′) of the ac susceptibility of
the (U0.08Y0.92)Ru2Si2. As one can see, there is a maximum in χ ′ at 6.75 K for 7 Hz.
With increasing the frequency to 231 Hz, the temperature of this maximum increases to
7.15 K and, simultaneously, the magnitude of the maximum decreases while χ ′ is virtually
independent of frequency above 10 K. These observations,consistent with the typical spin glass
behaviour [11, 12], indicate strongly the existence of a spin glass state at low temperatures. It
is also interesting to note that χ ′′ shows a step-like behaviour, which is again characteristic of
spin glass as pointed out in [11]. However, unlike those similar investigations the magnitude of
the imaginary part depends strongly on frequency in our case. In the analysis performed below
we explain this experimental observations using Landau–Lifshitz theory [13]. It is worthwhile
noting that our subsequent analysis of contributions from U ions to the imaginary part of the
ac susceptibility �χ ′′ shows a peak, which we ascribe to spin glass behaviour in agreement
with theoretical predictions [14].

For comparison, we show the ac susceptibility data for YRu2Si2 measured in the same
condition (see the inset of figure 2). Since YRu2Si2 is a nonmagnetic intermetallic compound
and a relatively good conductor, one expects that the ac susceptibility follows the predictions
of a theory on the propagation of low frequency electromagnetic waves in a conducting
medium [13]. According to this theory, ac susceptibility of a conducting medium can be
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Figure 2. The ac susceptibility of the U dilute sample versus temperature for several driving
frequencies. Inset: the ac susceptibility of the nonmagnetic compound YRu2 Si2 versus temperature
for f = 28.4 Hz.

expressed in terms of a penetration depth:

δ = (ρ/πµ f )1/2, (1)

where ρ is the resistivity, µ is the permeability of medium and f is the frequency. Since the
susceptibility of nonmagnetic materials is very small, we can replace µ with µ0. Substituting
the corresponding values into equation (1), one gets

δ ≈ 50(ρ/ f )1/2 mm, (1′)

where ρ is given in µ� cm and f in Hz. With the resistivity value of 1.47 µ� cm for YRu2Si2
at the lowest temperature, one has δ ≈ 11 mm at 28.4 Hz. For the U doped YRu2Si2 alloy, δ is
even higher since its resistivity is approximately 20 times larger at 2 K than the resistivity
of the pure YRu2Si2. Furthermore, δ increases with temperature since ρ increases with
temperature. As the cross sections of our samples are 1.77 × 1.48 mm2 for the nonmagnetic
sample and 1.45 × 1.62 mm2 for the doped one, one may assume safely that our experiments
were performed in the low shielding limit (a, b � δ). In this limit, ac susceptibility of a
cylindrical sample with a radius r in a longitudinal field is given by the following formulae:

χ ′ ≈ −(r/δ)4/12 (2a)

and

χ ′′ ≈ (r/δ)2/4. (2b)

Equation (2) explains why the measured signals of χ ′′ for the nonmagnetic sample were small
and χ ′ is almost zero.

If we approximate our samples with a cylindrical shape with the same size of cross section,
we get the following result:

χ ′′ ≈ (ab/31 800)( f /ρ), (2b′)

where a and b are in mm, f in Hz, ρ in µ� cm and χ ′′ in SI units (dimensionless). Thus χ ′′
is proportional to frequency and inversely proportional to ρ. Interestingly enough, our data
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Figure 3. The imaginary part of the ac susceptibility measured at f = 231 Hz, χ ′′ (full squares)
and 1/ρ (open squares) versus temperature for the magnetic alloy. Upper inset: the same plot
for YRu2Si2 (the ac susceptibility of YRu2Si2 was measured at f = 28.4 Hz). Lower inset: the
contribution of U ions to the imaginary part of the ac susceptibility, �χ ′′, calculated using equation
(3) (full squares) and an anomalous contribution to the resistivity �ρ (open squares) of the same
alloy. The line represents χ ′ in arbitrary units.

from the nonmagnetic sample show that it is indeed the case. In the upper inset of figure 3,
we show that χ ′′ measured with f = 28.4 Hz follows the temperature dependence of the
inverse dc resistivity over a wide temperature range (2–100 K). The value of [χ ′′/(1/ρ)]/ f
taken from the experimental results is 8.3 ×10−5 µ� cm s at 100 K while the calculated value
using equation (2b′) is 8.2 × 10−5 µ� cm s, in very good agreement with the experimental
results. Equation (2b′) also predicts that χ ′′ is proportional to f . If one divides χ ′′ for the
magnetic alloy at 12 K by frequency, one gets values 0.54 × 10−6, 4.0 × 10−6, 3.8 × 10−6

and 3.7 × 10−6 s for f = 7, 28.4, 77 and 231 Hz, respectively. Thus χ ′′ scales roughly with
frequency at the higher temperatures, except for the lowest frequency.

The proportionality between χ ′′ and 1/ρ is also found to hold down to 10 K for the
magnetic alloy. In figure 3 we plot χ ′′ measured at f = 231 Hz. At this frequency, we have a
better signal-to-noise ratio in our system and, more importantly, the ratio b/δ is approximately
the same as it is for the nonmagnetic YRu2Si2 sample at f = 28.4 Hz. The experimental value
of [χ ′′/(1/ρ)]/ f at 100 K for the U doped sample is 5.9 ×10−5 µ� cm s while the theoretical
value from equation (2b′) is 14.4 × 10−5 µ� cm s. We think that this difference between the
theoretical and experimental values comes mainly from a large uncertainty in determination
of the absolute value of the susceptibility and the resistivity. For example, our resistivity
measurement by the four-point method has about 10% of errors due to inaccurate determination
of the dimensions of the samples. However, a much larger uncertainty in fact comes from the
large porosity inside the sample, as seen in our SEM studies. In spite of these problems in
determining the absolute values of ρ and χ ′′, the Landau–Lifshitz theory is certainly able
to reproduce a linear relationship between 1/ρ and χ ′′ over the whole temperature range
measured, as one can see clearly in the upper inset of figure 3. This fact is important in our
further analysis of the results for the magnetic alloy.

As one can see in figure 3, there is also some disagreement between χ ′′ and 1/ρ below
10 K for the magnetic sample. In order to analyse this deviation, we assume that there are two
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contributions to the imaginary part of the susceptibility:

χ ′′ = χ ′′
e + �χ ′′. (3)

χ ′′
e , representing the conduction electron contribution to χ ′′, is given by the following equation:

χ ′′
e = k(1/ρ). (3a)

The constant k = χ ′′/(1/ρ) can be calculated at higher temperatures where equation (3a)
holds reasonably well. We think that �χ ′′ represents the magnetic contributions of U ions to
χ ′′. Unlike χ ′′,�χ ′′ shows a peak at lower temperature (5.8 K) than the peak in χ ′ (see the
lower inset of figure 3). Both facts are in agreement with theoretical calculations [14]. What
is also interesting is that there is an anomalous behaviour in the resistivity [10]. In the lower
inset of figure 3, we plot the anomalous contribution to the resistivity using the data published
in [9], �ρ (open squares). The peak in �ρ is located at slightly lower temperature than the
peak in �χ ′′, which we believe is partly due to the fact that �ρ is measured by a dc technique.

In order to analyse further the frequency dependence of the ac susceptibility, we have used
the Vogel–Fulcher law:

τ = τo exp[TA/(T f − T0)], (4)

where τo is the characteristic relaxation time and T0(T f ) is the peak position of χ ′ at f = 0
(nonzero f ). E A = kB TA is the characteristic energy scale of the activation barrier for a
relaxation process. The results of this analysis with τo = 10−13 s are shown in figure 4. The
parameters we obtained from the analysis: T0 = 4.4 K and TA = 66 K put our magnetic
alloy closer to amorphous AlGd10%, T0 = 3.8 K and TA = 74 K (a RKKY spin glass) than to
amorphous AlGd25%, T0 = 10.58 K and TA = 27.5 K (a frustrated spin glass) [15]. Since T0

is very close to T f , we can conclude that the effect of the RKKY interaction is relatively strong
in our magnetic sample. One can also compare the amplitudes of the RKKY interactions,
V0, by using the relation of E A ∼ V0x ′, where x ′ is the fraction of magnetic ions [15].
The ratios E A/x ′ are 110, 740 and 1885 for AlGd25%, AlGd10% and our sample (we used
x ′ = 0.035/5 for our sample), respectively. The ratio E A/x ′ for a canonical RKKY spin glass,
CuMn3.3%, is 1200. We have also calculated a relative change in the freezing temperature
per frequency: �T f /(T f � log f ) = 0.038. This value is about ten times larger than that
obtained for Cu1−x.Mnx. In spite of this last disagreement we may conclude that a strong
RKKY interaction leads to the observed transition of spin glass nature in our magnetic sample.
Here we can add that some quasicrystals have been reported to have spin glass transitions with
similarly large frequency dependence, as observed in our sample [16].

4. DC magnetic measurements

DC magnetic measurements were performed on a SQUID magnetometer (Quantum Design’s
MPMS5). The temperature dependence of the magnetic moment was measured for both zero-
field cooling (ZFC) and field cooling (FC) with a field of 100 Oe. We have repeated the same
procedure for 500, 1000 and 5000 Oe.

In figure 5 we show the results of dc magnetic measurements. Two things are noticeable
with respect to the nature of the magnetic transition: (i) irreversible points between the ZFC
and FC data and (ii) the temperature of the maximum of the ZFC curve. This temperature of
the maximum defined as a spin glass transition decreases with increasing field. The maximum
in the data taken with 100 Oe is located at 5.6 K, lower than the maximum in the real part of
the ac susceptibility taken with the lowest measured frequency [16]. Again this difference is
consistent with our previous conclusion that the transition we have been discussing all along
is indeed of a spin glass nature.
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Figure 4. The analysis of the experimental data using the Vogel–Fulcher law. T f is the position
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Figure 5. The temperature dependence of the magnetic moment was measured for both ZFC and
FC. Inset: the temperature of the maxima in the ZFC curves versus applied field.

5. Relaxation processes and analysis of results

As pointed out in [16], similar ZFC and FC effects can also be found in superparamagnets.
Therefore, we have performed some further experiments, which show that the relaxation
processes we observed in our sample are genuinely inherent for spin glass behaviour. The
sample was initially cooled down to 2 K in zero field. Then the field of 100 Oe was turned on and
the magnetization was measured immediately as a function of time. After each measurement,
the sample was warmed up to 35 K and then cooled to a target temperature for another relaxation
measurement. It took about 1 min to stabilize the temperature and switch the field on after
reaching the target temperature. One such m(t) curve is displayed in figure 6. We tried to
fit the data using a stretched exponential function [16] as well as an exponential function of
the form exp(−�/kT ) originally proposed by Néel for ideal superparamagnets with a single
energy barrier [17]. Neither of these functions can fit our experimental data well. We have
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Figure 6. The time dependence of the magnetization under a field of 100 Oe at T = 3.6 K. The
experimental curve (open squares) is fitted with a function m(t) = mO + S ln(t + tO ) (full curve).
The temperature dependence of the fitting parameters is given in insets (a), S (full squares) and
mO (open circles), and (b), tO (full circles). In inset (c) we expand the part of m(t) experimental
points where we can see that the stretched exponential function is not able to fit the experimental
data (lower curve). For clarity we omit the pure exponential curve, which fits the data much worse.

instead found that the following logarithmic function gives better agreement:

m(t) = m O + S ln(t + tO). (5)

We note that a similar temperature dependence of m(t) was seen previously in thermoremanent
as well as isothermal remanent magnetization processes of Au1−xFex (x = 0.02 and 0.07) [18].
In order to fit all our data, we need to introduce tO . The average value of tO is 1.6 min, about
the same size as the time delay in our measurement after reaching the target temperature. m O

is a linear function of temperature. In equation (5) the constant S, the so-called magnetic
viscosity, increases up to 3.6 K (the upper inset of figure 6), i.e. 0.6TM, where TM = 5.8 K
is the freezing temperature (T f ) for 100 Oe (figure 5). It is to be noted that in Au1−xFex the
maximum of S is also found to be located at 0.6Tf , in good agreement with our data.

6. Discussion and conclusions

We have shown that very dilute U in YRu2Si2 has a clear magnetic transition of a spin glass
nature. Thus our investigations are in agreement with [6, 7], where the spin glass behaviour
was indicated but not confirmed in the U doped ThRu2Si2 experiments. The effects due to
the transition are small, especially the magnetic contributions to the imaginary part of the
susceptibility (�χ ′′) and the corresponding contribution to the resistivity (�ρ). Regarding the
origin of the spin glass transition, we acknowledge that a possible effect due to the secondary
phase is certainly not easy to rule out. However, we believe that, because of the following
reasons, the spin glass transition is genuinely due to dilute U moments coupled through the
RKKY interactions. First, the fact that we observed a similar feature at low temperatures in all
our measurements makes this secondary phase scenario unlikely. In particular, the resistivity
would not be very sensitive to such a small impurity phase. Second, the frequency dependence
of the transition temperature is consistent with the conventional wisdom of the spin glass
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transition. However, that the peak in the ac susceptibility is rather broad compared with those
seen in other conventional spin glass systems may be due to inhomogeneity of the sample
composition. It may well be possible that, after long annealing, it becomes sharper.

In summary, we have performed an extensive study of a low U doped YRu2Si2 alloy
using several experimental techniques such as ac and dc magnetic susceptibility, dc resistivity
and microstructural investigations and we have found a spin glass transition in very dilute U
doped YRu2Si2. Our conclusion is based on the present knowledge and understanding of this
phenomenon and is supported by similar investigations on other systems. This transition is
mediated through the RKKY interaction between U moments, which is helped by the very
extended nature of the U 5f wavefunction.
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