PHYSICAL REVIEW B 89, 064418 (2014)

£

Magnetism of Pd;_,Ni, alloys near the critical concentration for ferromagnetism

G. M. Kalvius,"* O. Hartmann,? R. Wippling,” A. Giinther,> A. Krimmel,® A. Loidl,*> D. E. MacLaughlin,* O. O. Bernal,’

G. J. Nieuwenhuys,® M. C. Aronson,”® R. P. Dickey,” M. B. Maple,” A. Amato,® and C. Baines®
'Physics Department, Technical University Munich, 85747 Garching, Germany
2Department of Physics and Astronomy, Uppsala University, 75120 Uppsala, Sweden

3Experimental Physics V, Center for Electronic Correlations and Magnetism, University of Augsburg, 86159 Augsburg, Germany

4Department of Physics and Astronomy, University of California, Riverside, California 92521, USA
SDepartment of Physics and Astrononty, California State University, Los Angeles, California 90032, USA
SLaboratory for Muon-Spin Spectroscopy, Paul Scherrer Institute, CH-5232 Villigen-PSI, Switzerland

TCondensed Matter Physics and Materials Science Department, Brookhaven National Laboratory, Upton, New York 11973, USA

8Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794, USA
Department of Physics, University of California, San Diego, La Jolla, California 92093, USA
(Received 4 November 2013; revised manuscript received 31 January 2014; published 20 February 2014)

We report results of a muon spin rotation and relaxation («SR) study of dilute Pd,_,Ni, alloys, with emphasis
on Ni concentrations x = 0.0243 and 0.025. These are close to the critical value x, for the onset of ferromagnetic
long-range order (LRO), which is a candidate for a quantum critical point. Additional control data were taken for
pure nonmagnetic Pd, and for an alloy where ferromagnetism is well established (x = 0.05). The 2.43 and 2.5
at.% Ni alloys exhibit similar SR properties. Both samples are fully magnetic, with average zero-temperature
muon local fields (B'°(T=0)) = 2.0 and 3.8 mT and Curie temperatures Tc = 1.0 and 2.03 K for 2.43 and 2.5
at.% Ni, respectively. The temperature dependence of (B') suggests ordering of Ni spin clusters rather than
isolated spins. Just above T¢, the temperature where LRO vanishes, a two-phase region is found with coexisting
separate volume fractions of quasistatic short-range order (SRO) and paramagnetism. The SRO fraction decreases
to zero with increasing temperature a few kelvin above 7. This mixture of SRO and paramagnetism is consistent
with the notion of an inhomogeneous alloy with Ni clustering. The measured values of T extrapolate to
X = 0.0236 £+ 0.0027. The dynamic muon spin relaxation in the vicinity of 7¢ differs for the two samples: a
relaxation-rate maximum at T¢ is observed for x = 0.0243, reminiscent of critical slowing down, whereas for
x = 0.025 no dynamic relaxation is observed within the ;SR time window. The data suggest a mean-field-like

transition in this alloy.
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I. INTRODUCTION

Palladium is a highly exchange enhanced paramagnet close
to a ferromagnetic instability. A ferromagnetic state with
long-range order (LRO) can be achieved by alloying with
3d elements, in particular, Ni. Consequently, most studies of
the PdNi system concentrated on the mechanism of magnetic
moment formation (see, e.g., Refs. [1] and [2]). Of particular
interest is the critical Ni concentration x. for the onset of
ferromagnetism. In an early study [3], a value of ~2.6 at.%
Ni was reported. Later work, based mainly on low-field
magnetization data, used linear extrapolation and found critical
compositions of 2.3 at.% Ni and 2.5 at.% Ni (Refs. [4] and [5],
respectively). Quasielastic neutron scattering in Pd (1 at.%
Ni) [6] revealed short-lived spin fluctuations (paramagnons)
and a Q dependence of the magnetic scattering that essentially
follows the Ni magnetic form factor.

Pd;_,Ni, in the regime close to x. is a prime candidate
to exhibit a quantum critical point (QCP), provided structural
and magnetic disorder are small. A QCP is characterized by
the interplay between thermal and quantum fluctuations when
an energy characteristic for the order parameter fluctuation

PACS number(s): 76.75.+i, 75.40.—s, 36.40.Cg

exceeds the thermal energy. Microscopically, the peculiar
properties in the quantum critical regime, such as fractional
power laws in thermodynamic quantities, can be ascribed to
unconventional elementary excitations. The standard (Fermi
liquid) model of metals fails in this realm. For example, the
specific-heat coefficient y = C/T oftendivergesas T — 0, as
opposed to the asymptotic Fermi-liquid result C/T = const.
The temperature-dependent part of the electrical resistivity
varies proportionally to 7 with m less than the Fermi-liquid
value of 2. The presence of non-Fermi-liquid (NFL) behavior is
considered a hallmark of a magnetic QCP in metals. T. Vojta [7]
has reviewed rare-region effects at quantum phase transitions
in disordered metals.

An investigation of Pd;_,Ni, in the low-Ni-concentration
limit using electrical resistivity, specific heat, and magnetic
susceptibility measurements [8] indicated NFL behavior, and
suggested the presence of a QCP at x., = 0.026 % 0.002). This
value was established by fitting the Curie temperature T¢(x)
to the expected behavior T¢ o (x — Xer)/*. The canonical
behavior expected for a pure ferromagnet at a QCP was
observed for the electrical resistivity (p o< T°/3), the specific
heat (C/T o —InT), and the magnetic susceptibility (x =
xo — x1T¥*) [9]. In contrast, similar studies with respect
to a ferromagnetic QCP under compositional tuning per-
formed for Pd doped with Mn [10] or Fe [11,12] revealed
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inhomogeneous magnetization, and are viewed as magnetic
cluster systems [13].

Only one muon spin rotation/relaxation (1t SR) investigation
of PdNi alloys has been reported [14]: a study of alloys with
3.3 and 5.8 at.% Ni, well within the established ferromagnetic
regime. The principal subject of that study was again the
question of magnetic moment formation in an impurity system.
The characteristic behavior of critical spin fluctuations was
observed when approaching T¢ (20.5 and 90 K, respectively)
from above in weak transverse fields, but no muon relaxation
at all was observed in zero-field data above or below T¢. The
authors attributed this unusual result to rapid muon diffusion,
so that in zero field muons average over magnetic domains with
random magnetization orientations. In pure Pd, our results are
consistent with rapid muon diffusion as observed earlier [15],
but in PdNi alloys, we find the expected behavior for a station-
ary muon in an ordered magnetic material (Sec. III). Muons are
localized by very light doping (~100 ppm) in bcc V and Nb and
in fcc Al so that Ni-induced localization in Pd is not surprising.
An overview of muon diffusion in solids is given in Ref. [16].

The aim of the present uSR investigation was to gain
information on atomic-scale magnetic properties of PdNi
alloys near a possible QCP. 1SR is a useful technique in part
because it samples the magnetic field B'*° at the muon site due
to its local magnetic environment (within a few lattice sites)
and is therefore not dependent on coherent diffraction from a
periodic structure. Thus wSR can give unique information on
magnetism even in disordered systems with only short-range
order (SRO) (e.g., spin glasses). By the same token, uSR
normally cannot determine magnetic correlation lengths di-
rectly [17]. We use the terms LRO and SRO qualitatively, based
on indirect information: LRO denotes the situation where
magnetic moments are correlated over long enough distances
to yield a well-defined magnitude B'°°, whereas for SRO the
local disorder leads to a spread in B'* that dominates the
response of the muon [17]. The two cases can be distinguished
by the shapes of their spectra as discussed in Sec. III C.

Other useful features of SR include a unique spectral
window (the megahetrz frequency range) for slow spin
dynamics, and the fact that in cases of coexisting magnetic
phases one can derive the volume fraction of each phase
directly (i.e., without corrections such as the Debye-Waller
factor or saturation effects) from the strength of its SR signal.

The major results of this work come from two dilute alloys
with compositions close to x.;, which were prepared indepen-
dently and investigated in independent SR experiments by
independent subgroups of the present authors. The structure of
the paper is as follows. After describing the samples and their
preparation and reviewing the #SR technique in Sec. II, we
briefly discuss results for pure Pd metal and a Pd (5 at.% Ni)
alloy in Secs. III A and III B, respectively. These were studied
in order to get a feeling for uSR in definitely nonmagnetic
and well-developed magnetic alloys in the PdNi series. In
Sec. I C, we discuss the data analysis procedures and the
basic experimental findings for the case of a 2.43 at.% Ni
alloy, for which the experimental data are somewhat more
complete. In Sec. III D, we present the results for a 2.5 at.%
Ni alloy, for which the bulk magnetic, transport, and thermal
properties have been well characterized [8]. We then compare
the properties of the two closely related materials. The results
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with respect to the local magnetic properties and moment
dynamics are discussed and summarized in Sec. IV.

II. EXPERIMENT

Our high-purity palladium sample (99.994% purity with 3
ppm Fe) consists of a stack of thin foils that had been used
previously for studies of muon diffusion [15]. The 5 at.% Ni
and 2.5 at.% Ni samples were ~1-cm-diameter buttons from
the batch used previously for bulk property measurements [8].
They were prepared from high-purity (5N) starting materials
by an argon-arc technique. The samples were remelted several
times and finally annealed for 5 days at 1000°C. X-ray
diffraction and microprobe analysis confirmed the absence of
spurious phases. The Pd (2.43 at.% Ni) sample was prepared by
remelting the constituents many times, followed by a 48 hour
anneal at 1200°C and a subsequent quench in ice water.
The compositional homogeneity of the arc-melted pellets was
investigated using an electron microprobe. We found that
the Ni concentration was slightly elevated near the surface
of the pellets, but uniform within the resolution limit of the
microprobe (~5%) for most of the pellet interior.

For details of the time-differential SR technique, we refer
the reader to monographs and review articles [16,18-21].
Briefly, spin-polarized (usually positive) muons are stopped
in the sample (usually at an interstitial site) and decay via the
reaction ut — et + v, + V,,. The decay positrons are emitted
asymmetrically, preferentially in the direction of the muon
spin at the time of decay. The goal of the experiment is to
determine the time evolution of the muon spin polarization
function G(¢), which contains information on the magnitude,
static distribution, and fluctuations of the local magnetic field
B! due to neighboring currents and/or magnetic moments in
the sample. The quantity measured is the time dependence of
the positron count-rate asymmetry,

A1) = A(0)G(1), ey

where A(0) is the initial asymmetry (typically 0.2-0.25). The
total field B, at the muon site is given by B, = B! + B,
where B™™ is the internal field due to the external field BS;
Bi" =£ B if macroscopic effects such as the demagnetizing
field are significant. Magnetic properties of the system are
inferred from the effect of B'°° on the muon spin.

uSR data were taken between 0.02 and 300 K in weak
transverse fields, longitudinal fields, and zero field (TF-
uSR, LF-uSR, and ZF-uSR, respectively) at the General
Purpose Spectrometer (GPS) (2-300 K) and Low Temperature
Facility (LTF) (0.02-2 K) of the Paul Scherrer Institute (PSI),
Villigen, Switzerland. Weak transverse fields were generated
by auxiliary Helmholtz coils, and the longitudinal field at the
LTF spectrometer was supplied by a superconducting split-pair
magnet. At the GPS veto counters eliminate the background
signal from muons that do not stop in the sample, a feature
that is not available at the LTF.

The incident muon beam, with muon spins parallel to the
beam direction, is passed through a “separator” with crossed
electric and magnetic fields before stopping in the sample, in
order to remove unwanted particles (mostly positrons) from the
beam. The separator magnetic field also rotates the muon spin,
so that for LF-4SR experiments the muon spin is unavoidably
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Asymmetry

FIG. 1. (Color online) TF-uSR asymmetry data for Pd (5 at.%
Ni) at various temperatures in a transverse external field B{* = 3 mT.
Solid curves: fits (see text).

tilted a few degrees away from the external longitudinal field
B¢ [22]. This slight tilt is useful, as it provides a small
but measurable precession signal in the spectrometer “side”
counters that gives the magnitude Bg“ of the internal field.
It is particularly useful for studies of “soft” ferromagnets in
low B§*, where the high permeability and consequent large
demagnetization field can reduce or even cancel BiLm [23].

III. RESULTS

A. Pure Pd

Data were taken between 0.02 and 2 K using the LTF
spectrometer. Zero-field data gave a relaxation rate 0.008 ps™!

Pd(5 at.% Ni)

PHYSICAL REVIEW B 89, 064418 (2014)

at all temperatures measured, consistent with previous re-
sults [15]. This is essentially the minimum value that can
be measured reliably due to the finite muon lifetime, and is
considerably smaller than the value ~0.03 us~! expected from
105pd nuclear moments [15]. TF-uSR data in a field of 7 mT at
0.02 K, however, gave a markedly larger rate of 0.044(2) us~!.
The likely explanation is a slight inhomogeneity of the
external transverse field. Our results confirm the previous
conclusions [15] that pure Pd is nonmagnetic and that the
muon diffuses rapidly in it.

B. Pd (5 at.% Ni)

A concentration of 5 at.% Ni in Pd is well above the critical
value for the onset of ferromagnetic order. Data were taken
between 10 and 270 K using the GPS spectrometer. TF-uSR
asymmetry data in a transverse external field B = 3 mT are
shown in Fig. 1. The asymmetry data at 270 and 71 K exhibit
the weakly damped muon spin rotation in B$** characteristic
of a paramagnetic sample. In contrast, the signal at 66 K
resembles those observed at low temperatures in zero field
(Fig. 2). This is expected if the temperature is below T¢, so
that for external fields less than the saturation value the high
permeability results in a demagnetizing field that cancels the
external field (cf. the discussion in Sec. II). Thus the TF data
show that 66 K < T¢ < 71 K, compared with 62.7 K obtained
from the ac susceptibility [24].

Figure 2 displays ZF- and LF-uSR (B{* =50 mT)
asymmetry data in the ferromagnetic state. Separate rapidly
and slowly relaxing ZF signals are observed, the amplitudes
of which are 2/3 and 1/3, respectively, of the total. This
clearly indicates that the muons experience static or quasistatic
(slowly varying on the muon time scale) local fields and hence
do not diffuse [25]. The reason for the two relaxation rates is as
follows [26,27]: consider a sample for which B° is static (i.e.,
due to frozen magnetic moments in the sample) and randomly
oriented (e.g., in a powder). For a given muon site where the
total field B,, makes an angle  with the initial muon spin S, (0),
the muon spin component S, (0)cos6 parallel to B does
not precess, while the perpendicular component S,,(0) sinf
precesses at the angular frequency y,, B,,. The projection of the

Asymmetry

10K

Time (us)

FIG. 2. (Color online) ZF- and LF-uSR asymmetry data for Pd (5 at.% Ni) in the ferromagnetic phase. Solid curves: fits of the OMAG

function [Eq. (2)] to the data.
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nonprecessing muon spin component onto the initial muon spin
direction, which is also the axis of the LF-uSR counter system,
is 5,,(0) cos? 6; this gives the “longitudinal” contribution to the
LF-uSR signal.

In a randomly oriented polycrystalline sample in zero
external field (ZF-uSR), the longitudinal contribution to
the initial signal is proportional to the “powder average”
(cos?6) = 1/3. The remaining 2/3 of the initial signal is due
to the transverse (precessing) muon spin components noted
above. This transverse contribution is damped at the relaxation
rate A7, which is usually dominated by the static distribution of
B'°¢. The relaxation rate A of the longitudinal contribution is
due solely to fluctuations of the electronic magnetic moments
that generate a stochastic time dependence to B*°(¢). Often
Az < A7, in which case transverse relaxation dominates at
early times and longitudinal relaxation at late times. Then the
relaxation function has a characteristic “2/3 — 1/3” structure,
as seen in the ZF-pSR data of Fig. 2.

For both zero and nonzero external field, the data of Fig. 2
were fit with the muon spin polarization function

Gomac(t) = (1 — fr)exp(—=Art)cos(y,(B,)t + ¢)
+ fLexp(—=Art) 2

appropriate to an ordered magnetic (OMAG) material. Here,
At and A, are the transverse and longitudinal relaxation rates
discussed above, ¢ is a phase factor, y,, = 2w x 135.5 MHz/T
is the muon gyromagnetic ratio, (B,) is the spatial and
temporal average of B, and f; is the fractional amplitude
of the longitudinal component. In a randomly oriented poly-
crystalline sample in zero external field, we expect f; = 1/3.

Fits to the zero-field asymmetry data for 65 and 10 K
using the OMAG function yield the parameter values given
in Table 1. The transverse damping rate is too large to allow
the development of more than one oscillation period (Fig. 2).
At 10 K, the half-width at half maximum A B = At /¥y of
the local field distribution is 19 mT, which is 63% of the mean
local field (B'*¢) = 30 mT. At 65 K, the ratio A B'°°/(B*°) is
the same as at 10 K. Thus the ferromagnetic order is far from
uniform, since strong local spin disorder is present independent
of temperature below T¢.

The ZF-uSR asymmetry data in Fig. 2 clearly show that
A depends on temperature; values are given in Table 1. This
is in contrast to the temperature independence of A, in the
ferromagnetic regime reported in Ref. [14]. According to
the present data, however, the ordered spin system shows
the expected evolution toward the static limit when the
temperature is reduced.

The fits to the LF-u SR data and their interpretation will be
discussed in Sec. III C 3. We note here that in a longitudinal
external field B, the resultant total static local field (B,) =

TABLE 1. Transverse muon relaxation rate A7, longitudinal
relaxation rate A;, and mean muon local field (B'°) from fits to
ZF-uuSR asymmetry data below 7¢ in Pd (5 at.% Ni).

T(K) Ar (us™h) A (us™h) (B'*)(mT)
65 47402 0.12£0.02 85+0.5
10 165+1 0.04£0.01 30.£3.
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FIG. 3. (Color online) TF-uSR asymmetry data from Pd
(2.43 at.% Ni), T =20 mK, B$ = 10 mT. Curve: fit to the sum
of sample and background signals.

(B'°) + B is “decoupled” from (B'°°) and becomes nearly
parallel to S,,(0) for B, > (B'°°). This increases the average
(cos? 6) and hence the late-time longitudinal signal, as can be
seen in Fig. 2.

C. Pd (2.43 at.% Ni)
1. Transverse-field data

In Fig. 3, TF-uSR asymmetry data for Pd (2.43 at.% Ni)
taken at 20 mK in a transverse external field B = 10 mT
are shown, together with a fit to the sum of two terms: a
damped oscillatory signal from the sample, and an undamped
background signal from a fraction of muons that miss the
sample and stop in the silver cold finger. Such a background
signal is commonly observed in SR experiments, unless a
veto system is used as in the GPS. In the data of Fig. 3 from
the LTF, the background signal contributes about 12% of the
total asymmetry. The existence of an oscillatory signal from
the sample shows that BS* enters the bulk of the material. The
field at the muon sites in the sample is ~4% higher than in the
cold finger, reflecting the large susceptibility of the 2.43 at.%
Ni alloy at low temperatures [28]. Figure 12 in Sec. III D shows
the separation of analogous TF asymmetry data into a sample
and a background signal for the case of Pd (2.5 at.% Ni).

In our ZF and LF data from the 2.43 at.% Ni alloy,
discussed below, no “silver background” signal was evident.
The least-squares fits, which included a fraction fa, of silver
background as a free parameter in the fitting, invariably yielded
fag = 0 and were unacceptable if fa, were fixed at the value
from the TF data. This is surprising, given the substantial
background signal seen in TF-uSR (Fig. 3). The sample was
unusually large and thick, however, and in ZF- and LF-uSR
evidently collected essentially all the muons. The difference in
TF-uSR can be attributed to bending of the muon beam in the
10 mT transverse field, so that the beam spot moved by a few
millimeters. This would have been enough to implant some of
the muons in the cold finger.

2. Zero- and weak longitudinal-field data, T < T¢

Data were taken in zero field at 20 mK and in a weak
longitudinal field B{* = 1.1 mT in the temperature range
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Pd(2.43 at.% Ni) T=20 mK
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FIG. 4. (Color online) Asymmetry data from Pd (2.43 at.% Ni),
T =20 mK. Circles: external field B{* =0 (same data in both
panels). (a) Squares: By = 1.1 mT, indistinguishable from data for
B = 0. Curves: fits of OMAG function [Eq. (2)]. (b) Curve: best fit
of static Lorentzian Kubo-Toyabe (SLKT) function [Eq. (3)] to data
for B{* = 0. The fit is noticeably worse than in (a).

0.02-1.4 K using the LTF. The weak field was necessitated
by the presence of a small amount of trapped magnetic flux
in the LTF superconducting magnet in later experiments; this
produced a ~100 T remanent field of unknown orientation at
the sample, capable of precessing the muon spin. The 1.1-mT
longitudinal field ensured that the total resultant external field
was sensibly parallel to the muon spin, thereby quenching
such unwanted precession. Data were also taken in the GPS
over the temperature range 1.56-4.5 K in essentially zero
field (S10uT), since the resistive magnet of the GPS has
no remanent field.

At 20 mK, the data for B{* =0 and 1.1 mT, shown in
Fig. 4(a), are indistinguishable. This is additional evidence for
ferromagnetism, since full cancelation by the demagnetizing
field is expected for BY* less than the saturation field B**. The
analysis of the zero- and weak longitudinal-field asymmetry
data poses a problem, however. As shown in Figs. 4(a) and 4(b),
the data can be fit by either the OMAG function or the zero-field
static Lorentzian Kubo-Toyabe (SLKT) function [29,30]:

Gsikr(t) = 5(1 — M) exp(—At) + 5, 3)

appropriate to a Lorentzian distribution of field components
(B, i = x, v,Z, with mean zero and half-width at half-
maximum A /y,, [31]. Both OMAG and SLKT functions fit all
dataup to ~1.4 K. The physical meaning of the two approaches
is different, however; the SLKT function is based on a
spin-glass-like SRO configuration of the magnetic moments,
whereas the nonzero value of (B'°°) indicated by the OMAG
function implies an average component over the sample and
hence (disordered) LRO. The difference between these two
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FIG. 5. (Color online) Zero-field and weak-longitudinal-field
asymmetry data from Pd (2.43 at.% Ni). (a) Temperature 7 = 20 mK,
external field Bj = 0-10 mT. (b) B{* = 1.1 mT, T = 0.02-1.0 K.
Curves: OMAG fits.

limits is essentially whether the correlation length is short or
long, and hence is not a sharp distinction.

The OMAG fit in Fig. 4(a) represents the zero-field data
noticeably better than the SLKT fit in Fig. 4(b), both visually
and in terms of the goodness of fit parameters [reduced x> =
1.08 (OMAG), 1.24 (SLKT)]. Nevertheless, a decision as to
which of the two approaches is the proper one cannot easily
be made solely on the basis of the zero-field asymmetry data.
Considering the fact that a 10 mT transverse field enters the
sample (Fig. 3), one might assume that ferromagnetism is
not present, but this would not be correct if B is small.
Moreover, data taken in longitudinal fields up to 10 mT, shown
in Fig. 5(a) for T = 20 mK and discussed further below, give
unsatisfactory results when analyzed with the SLKT function,
but can be understood if ferromagnetic order is assumed.

Based on these considerations, together with more conclu-
sive evidence from longitudinal-field data discussed below
in Sec. IIC3, we used the OMAG function [Eq. (2)] to
analyze all asymmetry data for By = 1.1 mT up to 1 K.
Data at representative temperatures together with their fits are
presented in Fig. 5(b).

The temperature dependencies of the parameters obtained
from these fits are shown in Fig. 6 for 7 < 1 K. Figure 6(a)
gives (B'°°(T)). The solid and dashed curves give the mean-
field order parameters [32] for / = 1/2 and J = oo (classical
magnetic moments), respectively (for 3d transition-metal ions
J = §). Atintermediate temperatures, the data lie significantly
below both these curves. The dotted curve is a fit of
the phenomenological power law (BIOC(T)) = (BIOC(O))[I —
(T/Tc))P to the data, with (B°¢(0)) = (1.94 £0.02) mT,
Tc = (1.00 £0.02) K, and g = 0.59 & 0.04. The fit is quite
good, but at low temperatures the curve is not as temperature-
independent as the data, and the fit value of (B'°(T)) is
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Pd(2.43 at.% Ni) B™ =1.1mT
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FIG. 6. (Color online) Temperature dependencies of parameters
from OMAG fits to LF-uSR data from Pd (2.43 at.% Ni), B; = 1.1
mT, T =0.02-1 K. (a) Average local field (B'). Solid curve:
mean-field order parameter, S = 1/2. Dashed curve: mean-field order
parameter, S = oo. Dotted curve: power law (see text). (b) Transverse
relaxation rate Ar. (c) Longitudinal relaxation rate A,. Dashed
line: approximate minimum measurable rate due to muon lifetime.
(d) Fraction f; of longitudinal (late-time) polarization.

somewhat higher than the value (1.86 = 0.02) mT obtained
from the OMAG fit at 20 mK [Fig. 4(a)]. The exponent g is
not far from the mean-field critical value of 1/2, but should
not be considered a critical exponent since data far from T¢
were used in the fit.

Figures 6(b) and 6(c) give the temperature dependencies
of Ay and A, respectively. The T =0 value of A (0) =
(1.54 4 0.05) ps~! leads to a field distribution width A B =
(1.81 +0.06) mT. Thus AB' &~ B'°° indicating that the
ferromagnetism is strongly disordered. With increasing tem-
perature Ay decreases somewhat but increases again near T¢,
indicating that a distribution of static or quasistatic fields is still
present near the transition. Below T¢, A; decreases rapidly
with decreasing temperature, and becomes too small to be
measured accurately below ~0.5T¢. As expected from the
discussion of Sec. III B, the longitudinal fraction f;, shown
in Fig. 6(d), is &~1/3 at low temperatures, and then increases
toward 1 as T — T and the static local fields become smaller
than Bint,

uSR is a highly local probe, and SR data from a spin
glass and a strongly disordered weak ferromagnet are quite
similar. This is primarily due to the fact that in systems
with orientational disorder (SR is insensitive to whether the
disorder is local (spin-glass-like) or macroscopic (domains,
grains in a powder). The main difference between a magnet
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with LRO magnetism and a spin glass is in the distribution of
local-field magnitudes, which is more sharply peaked around
its average in the former than in the latter. Disorder in an LRO
magnet will blur this distinction, and it is quite understandable
that in dilute PdFe alloys both the SLKT and the OMAG
functions are able to fit the ZF-uSR data below the spin
freezing temperature. We treat this question in more detail
in the next section.

Below ~0.5 K, A, is near or below the minimum measur-
able value ~0.01 us~! imposed by the muon lifetime [dashed
line in Fig. 6(c)], indicating that the ferromagnetic spin system
is essentially in the static limit. We shall see in Sec. IIIC4,
however, that regions of frozen electronic-spin magnetism
persist up to ~2 K.

3. Longitudinal-field data, T < T¢

The evidence for LRO from the ZF data discussed in
Sec. ITI C 2 is suggestive but not compelling. Here, we consider
LF-uSR data taken at 0.02 and 1 K, which are crucial for
the conclusion that LRO is present in the 2.43 at.% Ni alloy
sample.

A proper fit in terms of the longitudinal field “decoupling”
of the SLKT function [27,30], discussed briefly in Sec. III B,
could only be achieved by allowing the internal decoupling
field B to be a free fit parameter. In the normal Kubo-Toyabe
model [26,27], the decoupling field is the external longitudinal
field BS*' and not a fit parameter. It is found that Bi™ from the
SLKT fits is always significantly less than Bj*'. Figure 7(a)
shows the longitudinal field asymmetry data at 20 mK for
B = 5.0 mT, for which the fit value of BI" is 2.9 mT (fit
not shown). The results for 1 K are quite similar. Any problem
with the field controlling electronics was ruled out by test
measurements. This unusual behavior is intrinsic to the sample,
implying that the SLKT description, and with it a spin-glass-
like magnetic ground state, cannot be correct.

We therefore analyzed the longitudinal field data using
the OMAG function appropriate to LRO, and in addition
determined BiLnt from side-counter precession frequencies as
discussed in Sec. II. In Fig. 7(b), B‘Z“ from side counters and
SLKT fits are plotted versus B$*, together with (B,) from
OMAG fits. It can be seen that the side counters yield Bi" ~ 0
for B§* < 2 mT, indicating that Pd (2.43 at.% Ni) is indeed
a ferromagnet, with B%* about this value. Above ~2 mT, all
three internal fields are smaller than BZ’“, with the SLKT fit
values showing the largest discrepancy.

We attribute the reduction of BiL‘“ to the demagnetizing field.
In general, B is given by [21]

B — (1 — _4mDxv

where D is the sample demagnetization factor and xy is the
volume susceptibility. From measurements on our roughly
ellipsoidal Pd (2.43 at.% Ni) sample, D = 0.75 in longitudinal
field. From Ref. [5], in Pd (2.5 at.% Ni), xy = 0.024 at
24 K, 4r Dyy =~ 0.23, and the internal longitudinal field
BZ“ ~ (.81 B{*. This should be taken only as a crude estimate,
because the susceptibility is presumably different in the present
case, but even so a proportionality with this coefficient [dashed
line in Fig. 7(b)] reproduces the side-counter fields fairly well.

)Bexl , (4)
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FIG. 7. (Color online) LF-uSR data from Pd (2.43 at.% Ni), T = 20 mK. (a) Asymmetry data (points) and SLKT function (curve) for
B{* = 5.0 mT. (b) Dependence on external longitudinal field Bj* of internal field Bi"1 from side counters (circles) and SLKT fits (triangles),

and total static field (B,) from OMAG fits (squares). Solid line: B“‘l

B, Dashed line: Bi" = 0.81B™ (see text).

The difference between side-counter and SLKT fields (and, Eq. (7) to
to a lesser extent, OMAG fields) cannot be attributed to the locw
demagnetization field, however, and must be thought of as P/ ( BIOC) _ l Ar(B*) )
inapplicability of the SLKT fit function. Lor N [)@T + (Bloc — { Bloc>)2]2
Pratt [33] has treated the case where B! is constant in N
where

magnitude but randomly oriented in a polycrystalline sample.
His result for the dependence of the longitudinal signal fraction

f1 on applied longitudinal field B, (the “decoupling curve”) N =
is
11 =172 |b+1
by==-+— — 1 5
L T TSI ©)

where b = B; /B'° (B, = BiLm in a ferromagnet). Pratt notes
that a general distribution of magnitudes can be accounted for
by calculating the average of f(b):
fiE(BL) = / dB"* P(B*) f(BL/B"),  (6)
where P(B'*) is the distribution function for the local field
magnitudes.
When the field components follow Lorentzian distributions

with half-width A7 and zero mean, the corresponding function
P o:(B'°) for the field magnitudes is [29,34]

4 )¥T (BIOC)2
[)\2 + (Bloc)2]
where fields are given in frequency units (y,, = 1). With this
distribution, f; ®(Br) from Eq. (6) gives the same numerical

result as the general formula for the SLKT polarization
function GL'(¢) in nonzero By, [29]:

PLor(Bloc) (7)

1 (BL) = G”(By.t—00)
—1——f [Q( )i|]0(BLt) ®)

Here, Q(t) = exp(—Xrt) is the transverse-field relaxation
function for a Lorentzian distribution, and jj(x) = cosx/x —
sin x /x2.

Recognizing that P (B'*) has a nonzero average, we
nevertheless reserve the designation “(B'°°)” for cases where
the distribution is narrower. An interpolation formula for
nonzero (B!°°) can be written simply by generalizing

(Bloc>
AT

<Bloc>
A

2
)[% + tan—1<<Bl°°>/Ar>]}

(10)

2

for normalization. We know of no theoretical justification for
Eq. (9), but it goes to the correct limiting forms for (B'¢) = 0
(SLKT) and (B"°) > Ay (“Pratt)” well-defined B'°°). From
our previous discussion, we expect this “broadened OMAG”
form to describe the experimental data.

Figure 8 compares the decoupling curves f; (B ) from the
SLKT, broadened OMAG, and Pratt models with experimental
SLKT and OMAG fit results to LF-uSR asymmetry data
from Pd (2.43 at.% Ni) at T = 20 mK. In order to facilitate
the comparison between the model curves and experimental

Pd(2.43 at.% Ni) T= 20 mK

1_0 I T T T T I T T T T I T T T T I T T T T I
o I
= I
S
S I
© L
[T
g 05 P .
R SLKT ((8°y=0) — |
g OMAG y,(B"*°/A.7=1.03 ]
- I Pratt K-T (A;=0) — - —- |
0.0 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I

0 0.5 1
B/Byy3

1.5 2

FIG. 8. (Color online) Dependence of the longitudinal (late-
time) fraction f; of the muon polarization on longitudinal field
B; in Pd (2.43 at.% Ni), T =20 mK. Values of B, are scaled
by By, defined by f1(By/3) =2/3. Points: f; from broadened
OMAG (circles) and SLKT (triangles) fits. Curves: SLKT (dashed),
broadened OMAG (solid), and Pratt (dash-dot) models.
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results, By for each curve has been scaled by the value B3
for which f; = 2/3. For both OMAG and SLKT fits, f; is
obtained from the observed late-time asymmetry. In Fig. 8, the
values from the OMAG and SLKT fits lie on the same curve,
as they should because the late-time behavior does not depend
on details of the early-time relaxation. The internal fields from
the side counters are used as the experimental values of By,
although the results are not very different if the external fields
are used.

The data clearly lie between the SLKT and Pratt K-T
decoupling curves, and are in reasonable agreement with
the broadened OMAG prediction for y, (B'°) /A = 1.03, the
value from the ZF OMAG fit values of (B'°(0)) and A7(0).
Note that this agreement requires no adjustable parameters.

It can be seen in Fig. 8 that the slope at By /B3 =1
becomes steeper as (B'°°) /A increases, i.e., the relative width
of the distribution of B'°° becomes smaller. Pratt noted [33]
that this shape dependence could be a useful complement to the
early-time depolarization functions in determining the form of
the microscopic field distribution, and we have analyzed our
data in this spirit.

4. Zero- and longitudinal-field data, T 2 T¢

ZF-11SR in the paramagnetic state of a homogeneous ferro-
magnet above T¢ is expected to be dominated by exponential
dynamic muon spin relaxation:

G (1) = exp(=4,1), an

where the relaxation rate A, is inversely proportional to the
fluctuation rate v ¢ of the paramagnetic spins in the “motionally
narrowed” limit (A,/v;)"/? < 1 [21]. This is not what we
observe in Pd (2.43 at.% Ni), however. Asymmetry data from
the 2.43 at.% Ni alloy for temperatures in the neighborhood
of T¢ are shown in Fig. 9. The decay is not exponential at and
above T¢, although it becomes more nearly so at 1.4 K and
above. A sum of rapidly- and slowly-relaxing exponentials

G(1) = — fo)exp(=Art) + frexp(—irt)  (12)

Pd(2.43 at.% Ni)
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FIG. 9. (Color online) ZF- and weak LF-uSR relaxation func-
tions [asymmetry data normalized to A(0)] from the 2.43 at.% Ni
alloy at and above T¢. Filled symbols (T < 1.4 K): LTF spectrometer,
B =1.1 mT. Open symbols (T > 1.4 K): GPS spectrometer,
B{* = 0. Solid curves: fits of Eq. (12) to the data.
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FIG. 10. (Color online) LF-uSR  asymmetry data in Pd
(243 at.% Ni). (a) T=10K. (b)) T=14 K. (¢c) T =156 K.
Curves: fits of Eq. (12) to the data.

provides good fits to the data over the entire temperature
range T > T¢. Figure 10 gives LF-uSR asymmetry data
at representative fields for 7 = 1.0, 1.4, and 1.56 K. The
observed decoupling is evidence that the initial relaxation
is static or quasistatic in origin, i.e., that static electronic
magnetism persists above T¢.

Figure 11 gives the temperature dependence of the parame-
ters obtained from these fits for 7 in the range 1-5 K. Results
for 0.5K < T < 1 Kfrom Fig. 6 are also shown. Surprisingly,
A7 increases sharply above 1 K; in a paramagnetic state with
no static magnetism both the mean (B'°°(T)) and the static
contribution to Ay would vanish. Clearly, static magnetism
persists to ~1.4 K, above which the early-time fraction of the
signal is too small to determine A7.

Longitudinal relaxation becomes considerably stronger in
the neighborhood of T¢, where A, increases with decreasing
temperature and goes through a cusp at ~7¢. This behavior
is expected from slowing down of critical spin fluctuations
as T¢ is approached, but critical dynamics are not normally
accompanied by static magnetism above T¢. The weak
relaxation above ~2T¢ is due to rapid Ni spin fluctuations
(strong motional narrowing), whereas below ~0.57 the weak
dynamic relaxation [Fig. 6(c)] reflects static or nearly static Ni
spins [35].

Figure 11(d) shows that the longitudinal fraction f;
increases with increasing temperature through 7. We consider
two scenarios for this behavior. In the “inhomogeneous”
picture, the disorder is meso- or macroscopic in scale, with
separate SRO and paramagnetic regions. Muon spins in the

064418-8



MAGNETISM OF Pd,_,Ni, ALLOYS NEAR THE ...

2 ——
3 - Pd(2.43 at.% Ni) (a) |
= 1 r ;
8 L _ J
Q [ ]
0 F——— I% | i —

~ b 4t ©]
2 et ;
~ C ]
< E . R
YTA 0 From T ) ) N
02 =

2 g i, © 3
F 0T E o= : E
00 BETo——1————-— - alrnlerin o

T 1 T —

- 1.0 g——————;::;v—— —v——v-—-v—g
0.5 _v - (d)_

0.0 H———rd ' ]

0.5 1 2 5

Temperature (K)

FIG. 11. (Color online) Temperature dependencies in the neigh-
borhood of T¢ of parameters from OMAG fits to weak LF- and
ZF-uSR data from Pd (2.43 at.% Ni). Filled symbols (T < 1.4 K):
LTF spectrometer, B; = 1.1 mT. Open symbols (7 > 1.4 K): GPS
spectrometer, Bf*' = 0. (a) Average local field (B'¢). (b) Transverse
relaxation rate Ar. (c) Longitudinal relaxation rate A,. Dashed line:
minimum measurable rate due to muon lifetime. (d) Fraction f; of
longitudinal (late-time) polarization.

SRO fraction exhibit static or quasistatic relaxation, whereas
muons in the paramagnetic fraction are dynamically relaxed,
and f;(T) represents the increase in paramagnetic volume
fraction with increasing temperature. A 100% paramagnetic
fraction is reached between 1 and 2 K, above which a single
exponential fit (with a very small relaxation rate) suffices.
Alternatively, in the “homogeneous” scenario, the scale of the
disorder is microscopic, and the muon sites are statistically
equivalent. Then f; (T is due to decoupling by Bf* = 1.1 mT
as (B'°°(T)) falls below this value. For temperatures in the
range of the GPS (open symbols in Fig. 11), the sample is
entirely paramagnetic, and f; is essentially unity.

It is not easy to distinguish between these pictures. The
observed decoupling up to 1.56 K (Fig. 10) is evidence that
the initial relaxation is static, and the data are consistent with
this static magnetism occupying the entire sample volume. A
necessary condition for the homogeneous scenario is that the
increase of f;(T') begins at the temperature where B'°°(T') falls
below B{*'. From Figs. 11(a) and 11(d), it can be seen that this
is roughly the case. For example, at 1.4 K, A7 /y, B ~ 2 and
fL = 0.85, consistent with the decoupling curves of Fig. 8.

This is, however, not sufficient to establish the homoge-
neous scenario, and support for large-scale inhomogeneity
comes from the fact that A shows no sign of decreasing above
Tc. Furthermore, as discussed below in Sec. III D 3, in the 2.5
at.% Ni alloy the behavior above T¢ ~ 2 K is essentially the
same as described above, except scaled to higher temperatures.

PHYSICAL REVIEW B 89, 064418 (2014)

Since these data were taken in the GPS with B{*' =0, the
homogeneous scenario for f7(7), which requires an external
longitudinal field, is not applicable. This in turn suggests the
inhomogeneous picture for the Pd (2.43 at.% Ni) sample. We
conclude that segregation of SRO and paramagnetic regions
most likely sets in at ~7¢ for both samples, with a rapidly-
decreasing SRO volume fraction with increasing temperature.

D. Pd (2.5 at.% Ni)

Data were taken from this sample over the temperature
range 0.02-30 K using both the LTF and the GPS. Since the
sample was not particularly large and the LTF spectrometer
is not equipped with a veto system, a background signal was
present in the LTF. In order to determine this background signal
accurately, we mounted the 2.5 at.% Ni alloy button on pure Pd
foils. In transverse field measurements, the background signal
was seen as an almost undamped oscillation.

1. Transverse-field data

Asymmetry data taken at 20 mK in a transverse field B =
7 mT are shown in Fig. 12, together with a fit to the sum
of damped (sample) and undamped (background) oscillatory
signals. The background signal contributes about 12% of the
total asymmetry, and has been subtracted for further analysis
of the zero- and longitudinal-field data. The existence of an
oscillatory signal from the sample shows that B enters the
bulk of the material. The field at the muon sites in the sample is
~2.5% lower than in the pure Pd foils surrounding the sample.
This is probably due to strong demagnetization, since B may
not be much larger than B,

2. Zero- and longitudinal-field data, T < T¢

The analysis of ZF- and LF-uSR data from the 2.5 at.%
Ni alloy was carried out as for the 2.43 at.% Ni alloy. One
encounters the same situation as before: the zero field data can
be fit satisfactorily by either the SLKT or the OMAG function
but, as for the 2.43 at.% Ni alloy, the LF-x SR data cannot be
reproduced properly within the SLKT model.

We therefore used the OMAG function to analyze all spectra
up to 2 K with complete success. A zero-temperature value of

Pd(2.5 at.% Ni) ]

0.2+
> 0.14
@
IS
€ oo/
)
<
-0.1-
0 1 2 3
Time (us)

FIG. 12. (Color online) TF-uSR asymmetry in the 2.5 at.% Ni
alloy at 20 mK and B§" =7 mT, fit to the sum of sample and
background signals. Solid curve: sample signal; dashed curve:
background signal; dash-dot curve: sum signal. For details see text.
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FIG. 13. (Color online) Data: reduced local field vs reduced
temperature for Pd (2.5 at.% Ni) (filled points). Curves: mean-field
magnetization for § = 1/2 (solid curve) and oo (dashed curve).

(B¢(0)) = (3.8 4+ 0.1) mT was found. At 2 K, the OMAG
fit returned the very small value (B') = (0.3 £0.15) mT.
Extrapolating smoothly to (B'°°) = 0 results in Tc = (2.03 £
0.03) K. In Fig. 13, the reduced local field (BIOC(T))/(BI"C(O))
is plotted versus reduced temperature 7/7¢, together with
the mean field magnetization curves for ferromagnets with
S =1/2 and oo.

For the transverse relaxation rate, the fits yield Ay = (3 &
0.5) us~! independent of temperature, which gives a field
distribution width AB,, ~ 3.5 mT. This value is comparable to
the saturation value of the mean local field, meaning that here
as well the ferromagnetic spin structure is strongly disordered.
The resulting strong damping again prevents the development
of a full oscillatory pattern. For all temperatures below T¢, the
fit values of the longitudinal relaxation rate are well below the
minimum measurable value of ~0.01 ps~!. This means that
immediately below T¢ the ferromagnetic spin system is in the
static limit, a quite abnormal behavior. The difference between
this behavior and the observed maximum in Az (7) near T¢ in
the 2.43 at.% Ni alloy [Fig. 11(c)] may be due to considerably
faster spin fluctuation rates in the 2.5 at.% Ni sample, leading
to motional narrowing and suppression of Aj .

3. Zero-field data above T¢

As noted in Sec. IIIC4, in a homogeneous ferromagnet
one expects to observe paramagnetic behavior above T¢, i.e.,
only dynamic relaxation, which is described by an exponential
relaxation function. Asymmetry data from the 2.5 at.% Ni
alloy above 2 K are shown in Fig. 14. It is apparent that for
the asymmetry data at 4, 6, and 8 K a single exponential fit is
not appropriate. As for the 2.43 at.% Ni alloy (Sec. IIIC4), the
data are well fit by the sum of two exponential components,
one rapid and one slow. It is again found that the fraction of
the slow component increases with increasing temperature. A
100% paramagnetic fraction is reached between 8§ and 15 K,
where a single exponential fit suffices. By interpreting the
relative intensity of the rapidly relaxing signal as the relative
volume fraction of a SRO state, and accordingly that of
the slowly relaxing signal as the relative volume fraction of
the paramagnetic state, one obtains the ©SR-based schematic
magnetic phase diagram shown in Fig. 15.
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FIG. 14. (Color online) ZF-uSR asymmetry data from the
2.5 at.% Ni alloy above 2 K. The spectra at 4, 6, and 8 K were fitted
with the sum of rapidly- and slowly-relaxing exponential components;
the data at 15 and 30 K with a slowly relaxing exponential only. The
data were obtained using the GPS spectrometer.

Above T¢, the relaxation rate of the paramagnetic fraction is
very low, i.e., Ni spin fluctuations are rapid. No increase in rate
is observed when approaching T¢ from above. This, together
with the evidence noted above that the ferromagnetic spin
system enters the static limit immediately below T, suggests
that, unlike the situation in Pd (2.43 at.% Ni), the transition is
mean-field-like, i.e., without critical fluctuations. Equivalently,
the dynamic critical region is either too narrow to be visible or
is obscured by a distribution of transition temperatures.

The ZF-uSR experiments on the 2.5 at.% Ni alloy differ
from those on the 2.43 at.% Ni sample in that all spectra for
T > 2 K were taken with the GPS spectrometer in true ZF, so
that there is no possibility of the homogeneous “decoupling”
scenario that requires an external field. Thus the data indicate
that the rapidly-relaxing component is due to a quasistatic
SRO fraction, with the slowly relaxing component due to a
free paramagnetic fraction, i.e., the sample is inhomogeneous
on a length scale (longer than a few lattice parameters) such
that a given muon relaxes rapidly or slowly depending on
which fraction it occupies. This, in turn, suggests that the
same scenario is applicable to the 2.43 at.% Ni alloy.

Pd(2.5 at.% Ni)
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FIG. 15. (Color online) Schematic phase diagram of the mag-
netic states of Pd (2.5 at.% Ni).

064418-10



MAGNETISM OF Pd,_,Ni, ALLOYS NEAR THE ...

TABLE II. Curie temperature T¢, crossover temperature 7, to
paramagnetic region, 7 = 0 mean local field (B'*°(0)), T = O trans-
verse relaxation rate A7 (0), ratio y,, (B'°(0)) /A7 (0), and experimental
and calculated values of the product pegc in Pd;_,Ni,, x = 0.0243
and 0.025.

X 0.0243 0.025
Te(K)* 1.00 £+ 0.02 2.03 + 0.03
T,(K)° ~2 ~12
(B¢(0))(mT)" 1.86 + 0.02 3.840.1
Ar(0) (s~ 1.54 £ 0.05 3.0+£05
Vi (B (0)) /A7 (0) 1.03 £ 0.03 1.1£02
(PefrCexp 0.010 0.019
(Petr€)eatc® 0.022 0.024

*From (B'(T¢)) = 0 (Sec. 111 C 2).
"From f; = 1, cf. Figs. 11(d) and 15.
‘From OMAG fits to ZF data, T = 20 mK.
4From Eqgs. (14) and (15).

°From Eq. (16), using values from Ref. [5].

IV. DISCUSSION AND SUMMARY

a. Muon diffusion? Muon diffusion in pure Pd combined
with trapping-detrapping effects at the Ni impurities [15,16]
are possible complications of the p©SR studies. However,
the onset below T of a static field (B°) in the 2.4 and
2.5 at.% Ni alloys is qualitatively similar to the behavior in
the well-established ferromagnet Pd (5 at.% Ni), so that muon
diffusion does not appear to be appreciable in any of these
alloys. Quenching of muon diffusion by disorder is a common
phenomenon [16,18,21].

b. Comparison of alloys close to x.. tSR properties from
experiments in the 2.43 at.% Ni and 2.5 at.% Ni alloys
are summarized in Table II. The values of T¢ are in good
agreement with previous reports [4]. Since these alloys have
Ni concentrations very close to the critical value and their
1SR properties are similar, they can be discussed together.
The lower values of T¢, (B'°°(0)), and A7 (0) in the 2.43 at.%
Ni alloy compared to Pd (2.5 at.% Ni) are in agreement with
the lower Ni concentration. It is remarkable, however, that
these quantities differ by a factor of 2, while the change in
Ni content is quite small. This high sensitivity of magnetic
parameters to the Ni concentration indicates that we must
indeed be close to x. but not below it. From the data in
Table II, a linear extrapolation of T¢(x) to Te(xe) = 0 yields
Xer = 0.0236 £ 0.0027, in reasonable agreement with values
derived from resistivity and magnetic measurements [3-5,36].

c¢. Ni clusters for T < T¢? Both dilute samples are weak
ferromagnets, since they can be easily magnetized in low
external fields even in polycrystalline form. The muon local
field is strongly disordered, reflecting corresponding disorder
in the spin system. The saturation values of the local fields are
extremely low.

We next consider implications of our data for the magni-
tudes and distribution of static magnetic moments in these
alloys. If we consider a model with randomly-oriented static
moments on all Ni sites, the spin-glass calculation of B'°® by
Uemura et al. [34] is appropriate. The Lorentzian distribution
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of field components [31] leads to the result
Ar = (1/2)"?¢ Amax . (13)

where ¢ is the concentration of magnetic impurities and
Anmax/¥, is the width of the (Gaussian) distribution of B!*
when all lattice sites are occupied by magnetic ions; Ap,x
is due to the dipole-dipole interaction and scales as peg /a3,
where p. is the effective moment in Bohr magnetons and a is
the lattice parameter [34]. For CuMn alloys with an effective
moment of Sitp, Amax = 1400 ps™! assuming an octahedral
muon site in the fcc Cu lattice [34]. Pd metal is also fcc; the
muon site is unknown, but we assume it to be the octahedral
site as in Cu. Scaling the value of Ap,x, we find

Ar (us™') =231 perc (Pd). (14)

In the ferromagnetic case, yM(BIOC) must be considered in
addition to A7, as discussed in Sec. III C 3. From Table II
these two quantities are comparable in the 2.43 at.% Ni and
2.5 at.% Ni alloys. Thus we use

172 (15)

A= (A7 +7i(B™)?)
as a crude estimate to obtain (pefrC)exp from Eq. (14). Values
are given in Table II.

Assigning a moment to each Ni atom (¢ =~ x) leads to
Pett = 0.5—11 5. We note, however, that in good solid solutions
such as PdNi statistical clustering is inevitable. There is
considerable evidence from a number of studies [5,37—40]
that isolated Ni atoms are nonmagnetic and only Ni clusters
become ferromagnetic, and that the effective moment per
cluster is much larger than 1pp. From their detailed inves-
tigation of magnetic properties of dilute PdNi alloys, Kouvel
and co-workers [5,39] concluded that (1) for Ni concentration
x < 1.8 at.% only statistical Ni clusters containing 3 or more
nearest-neighbor nickel atoms, with concentration c3., bear
moments with p> ~ 17145 [39], and (2) for Ni concentrations
in the range ~1.8-3 at.% Ni some pairs of Ni atoms, with
concentration c,, are also magnetic with moments pJ; ~
12.2up [5]. At ~2.5 at.%, Ni approximately half the pairs
are magnetic: ¢, ~ 0.5¢;, where ¢, is the concentration of
pairs sharing one and only one nearest-neighbor bond. It has
been concluded from neutron studies of ferromagnetic PdNi
alloys [1,41] that the concentration of polarization clouds is
less than that of the Ni atoms. Hence one deals with statistical
Ni clusters in PdNi.

Using the values reported in Ref. [5], which assumes only
statistical Ni clustering, calculated values of the “effective”
value

(PeftC)cale = Pt €3+ + PlCa (16)

are given in Table II. Two features stand out: the experimental
and calculated values are comparable, but the concentration
dependence of (pefrC)cate is considerably smaller than that
of (pefiC)exp- We conclude that the uSR data are in general
agreement with the cluster picture, but that the details of cluster
magnetism are not captured quantitatively.

For both dilute alloys, the spontaneous muon local field
(B'°°(T)) below T¢ falls below the mean-field prediction for
low spin values. For the 2.5 at.% Ni alloy, (B'°°(T)) resembles
the classical “Langevin” mean-field magnetization curve
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(Fig. 13). This could be additional evidence for clustering,
since large total cluster moments would be expected to lead
to classical behavior. For Pd (2.43 at.% Ni), (B'°(T)) falls
below the classical limit [Fig. 6(a)]. This may be an indication
that a mean-field picture does not hold here or, alternatively,
that the additional loss of static magnetism with increasing
temperature is due to “shedding” of spins by the clusters as
T¢ is approached. Such behavior might be expected if Ni-Ni
exchange couplings are broadly distributed, with a significant
portion of the weaker couplings smaller than kpTc.

d. Cluster formation; percolation for T Z Tc. In the transi-
tion region above T¢, the ;SR data suggest separate regions of
SRO (fast relaxing signal) and paramagnetism (slowly relaxing
signal). This is again an indication of clustering of Ni in the
Pd matrix. Small-angle neutron scattering on the 2.5 at.% Ni
alloy also indicates that clustering is present [42]. A similar
picture has been invoked for the magnetic clusters formed
by the giant moments in Fe doped Pd [13]. We also note
that the spread of coexistence of SRO and paramagnetic ©SR
signals is narrower in the 2.43 at.% Ni alloy (~27¢) than in the
2.5 at.% Ni alloy (~4T¢). This indicates that besides a lower
number of Ni clusters, the clusters have smaller volumes at
lower Ni concentration. Such a tendency is partially captured
by randomly formed clusters, but not with the rather large
difference found experimentally.

Below T¢, where the magnetic moments are fully cor-
related, only one wSR signal is seen with full intensity,
implying that matrix and clusters must be treated here as a
single entity. We noted in Sec. IIIC2 that in the presence of
considerable short-range disorder the main difference between
LRO and a spin glass is the existence of an average spontaneous
magnetization in the former. PdFe and PdMn alloys form
spin-glass ground states, the latter exhibiting ferromagnetism
at low concentrations [10,12]. The different behavior of the
PdNi system might be due to details of the percolation
process [43,44], perhaps associated with the lack of moment
on isolated Ni atoms.

We have noted that statistical clustering is always present
in solid solutions such as PdNi. It is often assumed that for
the existence of a QCP at x., a homogeneous alloy is needed.
However, magnetic, thermal, and resistivity measurements [8]
carried out on the identical sample of Pd (2.5 at.% Ni) as used
in the present £SR work have shown that this sample clearly
exhibits non-Fermi-liquid properties that are commonly taken
as indicators for quantum critical behavior. This raises the
question of whether homogeneity in Ni distribution is a
stringent condition for a QCP or, alternatively, if NFL behavior
reflecting a QCP is also a characteristic of the cluster state. In
this regard, it should be noted that a percolation approach also
generates non-Fermi-liquid values of transport exponents [44].
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Our results do not give a definitive answer to the question of
whether a quantum critical point is present. SR experiments
concerned with a QCP are scarce; a recent example is a
study of CeRhSi; [45]. This heavy fermion antiferromagnet
(AFM) becomes superconducting at pressures P > 12 kbar,
with AFM vanishing at P, = 23.6 kbar. This loss of LRO is
considered a magnetic QCP. The uSR data show that T¢(P)
and (B'°°(P)) both vanish at P. Although we did not reach
x.r exactly, there is evidence for such disappearance in our
data, since (pefiC)exp decreases more rapidly than expected as
x — x¢ (Table II).

No information on spin dynamics is given in Ref. [45].
The present study suggests that for x = 0.0243, slightly above
Xcr, Ni spin fluctuations exhibit critical slowing down as T¢
is approached from above, i.e., more or less the expected
behavior for a normal transition. For x = 0.025, the Ni spin
fluctuations are apparently too rapid to relax muon spins in
the available time window. The absence of critical slowing
down together with the mean-field behavior of (B'°°) suggest a
mean-field-like transition in this alloy. All spins exhibit a static
component immediately below T¢, as in an ordinary transition.

Further work, both theoretical and experimental, is needed
to understand the curious properties of the PdNi system. In
particular, it would be desirable to study alloys with less than
2.3 at.% Ni, in order to approach x., from below. Future work
should also explore the Griffiths-phase [46] scenario for the
“paramagnetic + SRO” region of Fig. 15, as discussed in,
e.g., Ref. [7].

Note added in proof. We have become aware of an
alternative treatment of quasistatic muon relaxation in a
partially-ordered internal field by Larkin ef al. [47], which
we find reproduces the results of our OMAG analysis with
only minor quantitative differences.
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