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Previous specific heat and resistivity measurements have established a preliminary phase diagram for the
evolution of magnetic order in heavy-fermion materials Ce2MxIr1−xIn8, M =Co, Rh; a possible quantum critical
point (QCP) was postulated for Ce2IrIn8. Zero-field muon spin relaxation studies in Ce2RhIn8 find very rapidly
damped oscillations below the Néel temperatureTN=2.8 K, indicating a broad field distribution consistent with
the presence of an incommensurate magnetic structure. In Ce2IrIn8, and in samples in which several percent of
Ir is substituted by Co or Rh, muon spin relaxation spectra reveal the onset of a Lorentzian field distribution,
with zero mean, characteristic of disordered spin freezing. The onset temperature for this freezing depends on
composition; it is smallest, but still nonzero, in Ce2IrIn8, ruling out a QCP. The evolution of magnetism in the
temperature-composition phase diagram indicates that the type of magnetic ordering depends systematically on
the degree of Ce-M hybridization and the local Ce environment.
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I. INTRODUCTION

Materials in the CenMIn3n+2 series of heavy-fermion com-
pounds have demonstrated a wide range of magnetic and
unconventional superconducting behavior.1 Of particular in-
terest has been the temperature-doping phase diagrams2

showing overlapping magnetic and superconducting regions
for n=1 and M =Co, Rh, and Ir. Here, recent muon spin
relaxation smSRd (Ref. 3) and other experiments4 in
CeRh0.5Ir0.5In5 have demonstrated microscopic coexistence
of magnetic and superconducting order. Also of considerable
importance are temperature-pressure phase diagrams and
measurements of the thermal conductivity and microwave
impedance in CeCoIn5, for example, which show similarities
to the generic cuprate superconductors.5–7 Underlying the
physics of these unconventional superconducting systems is
the role of possible quantum critical behavior8 in shaping the
materials’ properties.

The CenMIn3n+2 materials form tetragonal structures
which may be viewed asn layers of CeIn3 sandwiched be-
tween layers ofMIn2. This is illustrated in Fig. 1. The cubic
parent material CeIn3 has antiferromagnetic(AFM) order be-
low TN=10 K with a Ce moment of 0.48–0.65mB.9 Below
TN=3.8 K CeRhIn5 has an incommensurate antiferromag-
netic structure in which Ce moments with magnitude
0.75s2dmB spiral 107° per unit cell along thec axis with
ordering vector(1/2,1/2,0.297).10 Both CeIn3 (Ref. 11) and
CeRhIn5 (Ref. 5) become superconducting with the applica-
tion of pressure, which destroys the AFM state. This has
given rise to the hypothesis that superconductivity in these
systems occurs near an AFM quantum critical point(QCP).

After extensive research on the single-layern=1 com-
pounds, recent attention has turned to examining the physics
of the n=2 materials. Transport, susceptibility and thermo-
dynamic measurements of theM =Co, Ir and Rhn=2 com-
pounds have established a preliminary phase diagram for the
evolution of magnetism across temperature-composition
space.12 This is shown in Fig. 2, where one sees that the
signature of a magnetic transition atT=Tm has a minimum
for Ce2IrIn8 and a maximum for Ce2RhIn8. The magnetic
structure of the Ce moments in Ce2RhIn8 was first deter-
mined to be commensurate AFM,13 but subsequent neutron

FIG. 1. Structures of CeIn3, CeMIn5, and Ce2MIn8. Two pos-
sible muon sites in Ce2MIn8 are indicated by the arrows.
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diffraction experiments have identified magnetic peaks asso-
ciated with both commensurate and incommensurate
ordering.14 The temperature dependence of the specific heat12

shows progressively smaller and broader peaks asTm ap-
proaches zero, hinting at the existence of a possible quantum
critical point at theM =Ir composition.

We have performedmSR experiments on several compo-
sitions of Ce2Ir1−xMxIn8, M =Co, Ir, and Rh, to investigate
the evolution of magnetic order in these systems and, in par-
ticular, to search for possible small electronic magnetic mo-
ments near theM =Ir composition. Absence of magnetic or-
der would be consistent with a true QCP. ThemSR
technique15 is particularly suitable for such an investigation,
having a sensitivity high enough to detect an ordered mo-
ment as small as 0.001mB.

II. EXPERIMENTAL TECHNIQUE

All samples were single crystals grown at Los Alamos
from stoichiometric mixtures of Ce and Ir, Rh, or Co in an In
flux. Single crystals grown this way form flat plates with the
c axis normal to the crystal face.16

Conventional time-differentialmSR experiments were
carried out with the GPS and LTF spectrometers at the Paul
Scherrer Institute, Switzerland, and the M15 and M20 chan-
nels at TRIUMF in Vancouver, Canada. ThemSR technique
involves the implantation of fully spin-polarized positive
muons which are trapped at interstitial sites. The time depen-
dence of the muon spin polarization is monitored through the
anisotropic distribution of positrons produced in the parity-
violating weak decay of the muons. In general the magnetic
moment of each muon has a component transverse to the
local field B and a longitudinal component parallel toB.
Each muon’s magnetic moment precesses aboutB at a fre-
quencyvm=gmB=2p3135.54 MHz/T3B, and the damp-
ing rate of the transverse component of spin polarization is
proportional to the rms width of the local field distribution.
The relaxation rate of the longitudinal spin polarization is
proportional to the spectral weight of transverse fluctuations
of B at the muon Larmor frequencyvm.18

III. EXPERIMENTAL RESULTS

A. Ce2RhIn8

Ce2RhIn8 exhibits AFM order atTN=2.8 K; the magnetic
structure of this material, as well as the field-temperature

phase diagram,17 is still under investigation. We collected
zero-field mSR spectra on Ce2RhIn8 at temperatures from
1.65–4.0 K in the GPS spectrometer on a single crystal flat
plate measuring about 83830.5 mm, with thec axis along
the beam and thea axis vertical. The muon spin was in the
ac plane, about 50° from thec axis. Spectra shown in Fig. 3
were collected with positron detectors for up-down muon
decay asymmetries. Low-temperature datas0.022–1.1 Kd
were acquired in the LTF on a mosaic of several crystals,
each with itsc axis normal to the crystal faces, but not ori-
ented in theab plane. Muons in the LTF were implanted with
their spins parallel to thec axis and longitudinal relaxation
spectra were recorded with backward-forward counters.

At T=4.0 K the muon spin relaxation function is de-
scribed by a Gaussian Kubo-ToyabeGKTstd= 1

3 + 2
3s1

FIG. 4. Temperature dependence of the total magnetic amplitude
oi sAoscdi +AL, the magnetic relaxing amplitudeAL, the nuclear
Kubo-Toyabe amplitudeAKT, the inhomogeneous relaxation rates
s1 and s2, and the magnetic spin lattice relaxation ratelL in
Ce2RhIn8 from fitting the zero field mSR spectra to Gz

=AKTGKTstd+Gmstd, whereGmstd is given by Eq.(1).

FIG. 2. Temperature-composition phase diagram of magnetic
transition temperatureTm in Ce2Ir1−xMxIn8, M =Co, Ir, Rh from
specific heat data(dots) (Ref. 12) and zero-fieldmSR data(squares).

FIG. 3. Zero field muon spin polarization signals in Ce2RhIn8 at
temperatures(from top to bottom) T=4, 3, 2.8, 2.7, 2.6, 2.4, 2.2,
and 1.65 K. The solid lines are fits as described in the text. Inset:
Close examination of the first 0.5ms of data reveals two very rap-
idly damped oscillating components.
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−Dn
2t2dexps−Dn

2t2/2d, whereDn/gm=0.25 mT is characteris-
tic of In nuclear dipolar fields.19 On cooling highly damped
oscillations become evident belowTN (Fig. 3). A longitudinal
field of 20 mT resulted in a complete decoupling from the
internal field (see Fig. 7 for Ce2IrIn8), indicating19 a broad
field distribution resulting from electronic moments which
are static on time scales of microseconds. A broad distribu-
tion of fields is also consistent with an incommensurate mag-
netically ordered structure between about 1.5 K andTN.14

Our choice of fitting function belowTN is guided by sev-
eral issues. First, Ce2RhIn8 is known to possess incommen-
surate AFM order betweenTN=2.8 and 1.6 K. Below 1.6 K
an additional commensurate component also develops.14

Magnetic order generally results in finite average fields at
muon sites, unlike random magnetic moments which pro-
duce a field distribution centered on zero. We know from
high transverse-field spectra(not reported here) that muons
occupy two sites in these materials, as in then=1
compounds.20 Although not yet determined, likely sites in-
clude the(1/2,1/2,0) site [in analogy with the dominant(1/
2,1/2,1/2) site in the n=1 materials20] and the s1/2,0,
,0.3d site between Ce atoms, as shown in Fig. 1. A trace of
two oscillations is seen in the firstms of the asymmetry plot
shown in the inset to Fig. 3. The lower frequency compo-
nent, strongly damped, results in the minimum att=0.7 ms.
The higher frequency component produces an inflection
point in the asymmetry att=0.2 ms. The spectra are very
similar to those observed in CeRh0.5Ir0.5In5 below 2 K,3

where two lines in zero field with frequencies differing by a
factor of about 3 are more clearly evident. Because the os-
cillating signals in Ce2RhIn8 are rapidly relaxed, it is not
possible to fit the asymmetry with two free frequency param-
eters at all temperatures. We found that fitting with a fixed
frequency ratio was feasible, however, and that a 1:3 ratio
gave a good fit at all temperatures, as in CeRh0.5Ir0.5In5. We
have thus fit the data in the ordered phase toGzstd=Gmstd,
where

Gmstd = o
i

sAoscdicossvmit + fdexps− si
2t2d + ALexps− ltd,

s1d

where i =1,2. In thecrossover region just belowTN, where
both nuclear dipolar and magnetically ordered signals were
observed, the relaxation was fit toGzstd=AKTGKTst ,Dnd
+Gmstd. The total asymmetry was measured well aboveTN in
weak transverse field and held fixed in fitting all the zero-
field runs. Also, the parameterDn was held fixed at lower
temperatures.

Figure 4 shows the temperature dependence of the frac-
tionsAL, oi sAoscdi, andAKT, and the ratess1, s2, andl. The
transition is rather sharp. The temperature dependence of the
lower frequency is shown in Fig. 5. Note that there appears
to be a break in the trend of the frequency data between 1.1
and 1.7 K. This is qualitatively consistent with neutron dif-
fraction experiments14 which show a different magnetic
structure forT above and below 1.6 K.

B. Ce2Ir 1−xMxIn8

Zero field spectra were collected with the TRIUMF M15
dilution refrigerator with thec axis parallel to the muon
beam momentum and initial muon spin direction. Represen-
tative longitudinal spin relaxation spectra, from positron de-
tectors for backward-forward asymmetry, recorded in
Ce2IrIn8 are shown in Fig. 6.

Samples with 5% Co or 5, 10, and 25% Rh substituted for
Ir displayed qualitatively similar relaxation functions and
temperature dependencies. At temperaturesù1 K in Ce2IrIn8
the relaxation function follows a Gaussian Kubo-Toyabe
form characteristic of nuclear dipolar fields. On cooling, an
additional magnetic relaxation mechanism is apparent. No
coherent precession signal—as seen in Ce2RhIn8 and indica-
tive of a nonzero average field from ordered magnetism—
was found in any of these samples. Application of longitudi-
nal fields showed that these magnetic signals completely
decouple between 20–40 mT for the pure Ir- and

FIG. 5. Temperature dependence of the muon precession fre-
quency in Ce2RhIn8.

FIG. 6. Temperature dependence of the zero field muon spin
relaxation spectra in Ce2IrIn8. As the temperature is lowered the
spectra change from the Gaussian Kubo-Toyabe form, characteristic
of nuclear dipolar broadening, to two-exponential relaxation(corre-
sponding to two muon sites), indicating magnetic freezing with a
broad distribution of local fields. The dashed line indicates the non-
relaxing background fraction arising from muons stopping in refrig-
erator parts.

RANDOM SPIN FREEZING IN Ce2MIn8… PHYSICAL REVIEW B 69, 214415(2004)

214415-3



Co/Rh-doped samples(see Fig. 7). Here, “decoupling” re-
fers to the loss of relaxation when the applied field is signifi-
cantly larger than the local static field distribution. Relax-
ation from fluctuating fields does not generally vanish in a
longitudinal field unless the muon Larmor frequency is at
least comparable to the characteristic fluctuation rate. Thus,
the observed magnetic relaxation is from a static(on a time
scale ofms) distribution of local fields.19

At low temperatures the spectra are very well described
by the product ofGKTst ,Dnd times the sum of two exponen-
tials Gmstd given by

Gmstd = A1exps− l1td + A2exps− l2td, s2d

plus a nonrelaxing signal due both to muons stopping in
silver parts of the dilution refrigerator(this background frac-
tion is indicated by the horizontal dashed line) and a longi-
tudinal component of the muon spin which is parallel to the
local static magnetic field. Although there is clearly a nonre-

laxing longitudinal component, the spectra do not determine
if the polarization function eventually recovers at long times
to 1/3 of the initial amplitude, which would be indicative of
an isotropic local field distribution, or whether the polariza-
tion remains small at long times indicating static fields pre-
dominantly in thea-b plane. The value ofDn was again
determined from high temperature data and held fixed at low
temperatures.

Figure 8 shows the temperature dependencies ofl1 andl2
in Ce2IrIn8, together with their ratio. One immediately sees
that the ratio is independent of temperature, and that the
temperature dependencies ofl1 and l2 also extrapolate to
the same onset temperature. Also, the ratioA1/A2 was kept
temperature independent in fitting. We interpret this to mean
that the two relaxation components correspond to the two
muon sites, which see the same field distribution, but with
hyperfine fields differing by about a factor of 12. The larger
ratel2>4 ms−1 (whose signal has an amplitude of about 1/3
of the total) corresponds to a local field widthDB of about
6 mT, completely consistent with a decoupling field of be-
tween 20–40 mT>53DB.19 The Co/Rh-doped samples
show very similar results, i.e., the magnetic relaxation is well
described by the sum of two exponentials, and all the spectra
exhibit decoupling in fields>20–40 mT. Data for the doped
samples is shown in Fig. 9.

Table I shows the rough onset temperatureTm for the
observed magnetic relaxation, as well as the low-temperature

FIG. 7. LongitudinalmSR spectra in Ce2IrIn8 at 0.02 K for
fields of 0, 2, 8, and 20 mT applied parallel to the muon spin. A
nonrelaxing component partly from muons stopping in silver refrig-
erator parts is subtracted from the spectra shown.

FIG. 8. Temperature dependence of the zero-field relaxation
ratesl1 andl2 in Ce2IrIn8 obtained by fitting the magnetic relax-
ation to Eq.(2), as described in the text. Above about 0.4 K the two
rates are too small to resolve. Both relaxation rates extrapolate to
zero at about 0.6 K and their ratio is constant.

FIG. 9. Temperature dependence of the zero-field relaxation
ratesl1 andl2 in Ce2sIr , MdIn8, M =Rh, Co, obtained by fitting the
magnetic relaxation to Eq.(2), as described in the text.

TABLE I. Extrapolated onset temperatures of magnetic relax-
ation and lowT linewidths in Ce2IrIn8 andsCo,Rhd-doped samples.

Sample Tm,K l2sT→0d ,ms−1

Ce2IrIn8 0.6 3.6(4)

Ce2Ir0.95Co0.05In8 0.75 2.9(3)

Ce2Ir0.95Rh0.05In8 0.8 3.5(5)

Ce2Ir0.90Rh0.10In8 ,0.8 2.3(6)

Ce2Ir0.75Rh0.25In8 ,1.4 2.4(2)
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exponential linewidth for the larger of the two ratesl2. One
sees that the onset temperatures roughly follow the trend of
the specific heat data in Fig. 2, although clearly the onset
temperature of themSR rate in Ce2IrIn8 is not zero.

In Ce2RhIn8 belowTN, where long-range order is present,
the frequencies and linewidths of the two oscillating signals
differ by the same factor of approximately 3. It is not sur-
prising that a Lorentzian distribution of local fields from dis-
ordered moments in Ce2IrIn8 results in a different ratio
(12:1) in relaxation rates.

IV. DISCUSSION

The purpose of this study was to investigate the magnetic
properties of the Ce2MIn8 phase diagram(M =Ir, Co, and
Rh), particularly in the region where specific heat and sus-
ceptibility show a minimum in the magnetic ordering tem-
perature nearM =Ir, indicating a possible QCP. We find a
well-defined signature of magnetic order corresponding to a
finite, static local field in Ce2RhIn8. There is also an indica-
tion of a change in magnetic structure between 1.1 and
1.7 K, the latter in qualitative agreement with recent neutron
diffraction experiments.14 In all of the other materials we
find no coherent precession of the muon spin and, hence, no
magnetic order with a finite local field at the muon sites.
Instead, we observe a freezing of the local magnetic field
characterized by a static, exponential relaxation function, im-
plying a Lorentzian local-field distribution, with zero mean,
similar to that seen in spin glasses.21 The line shape is not
identical to the characteristic isotropic spin-glass function,21

however, which contains an initial exponential relaxation fol-
lowed by a dip and a return to one third of the initial asym-
metry at long times. Here the relaxation is just a simple
exponential.

An exponential muon spin relaxation results from a local
field distribution which is broad compared to the mean mag-
nitude. Usually, such a distribution results from the presence
of a low concentration of randomly distributed moments so
that most muons, far from these moments, would see nearly
zero field, while the few muons close to the moments would
sense a high field. For the dilute Co- or Rh-doped systems
one could imagine local magnetic clusters of Co- or Rh-rich
regions having relatively large Ce moments(because
Ce2RhIn8, for example, is magnetically ordered) with the rest
of the volume containing small or zero Ce moments. We
crudely estimate the concentration of randomly dispersed full
Ce momentssJ=5/2d necessary to produce the measured
Lorentzian linewidth s<0.5−5.0ms−1d to be about
0.1–1.0% of the available Ce sites.22

An alternative scenario could in principle be dense Ce
moments with a broad distribution of moment sizes. In this
case, the observed field spreads for the two muon sites of
DB>0.6–6.0 mT correspond to an average Ce moment of
>0.002–0.02mB, assuming dipolar Ce-m+ coupling for the
muon at the(1

2, 1
2, 0) site, for example. For Ce2IrIn8, whose

counterpart in the single-layer CeIrIn5 is nonmagnetic(and
thus inclusions of this material yield no magnetic islands),
the necessary field distributions could possibly be accounted
for by defects, vacancies and strain, which might yield a

distribution of moment sizes through nonuniform Ce-Ir hy-
bridization (see discussion below).

We emphasize that the finding of spin freezing in Ce2IrIn8
is particularly important because, if the magnetism is intrin-
sic, then a QCP is definitively ruled out. Even if the source of
the magnetic freezing observed here is extrinsic(e.g., due to
defects/strain) this could easily cause the non-Fermi-liquid
behavior observed in transport23 in this material, thus mas-
querading as a signature of a QCP. In this regard it is worth
noting that the residual resistivityr0 in Ce2IrIn8
s<25 mOhm cmd is much larger than in CeIrIn5 (a few
mOhm cm) and is at least 503 greater than in La2IrIn8. This
larger0 could likely be caused by the spin freezing observed
here.

Finally, we wish to point out a correlation in the
CenMIn3n+2 class of materials which could shed some light
on this investigation. First note that apparently the degree of
hybridization in then=1 compounds between the Ce and
d-spin atoms increases as one goes from Rh to Ir to Co.
Thus, CeRhIn5 is an AFM, while CeIrIn5 and CeCoIn5 are
superconductors with critical temperatures of 0.4 and 2.2 K,
respectively. It has also been noted that this progression in
hybridization follows the trend of an increasing
c-axis/a-axis ratio.1 Furthermore, there is a clear structural
progression in the series of materials, namely, that along the
c axis each Ce atom in CeIn3 has two nearest-neighbor(NN)
Ce atoms, while in CeIrIn5 each Ce atom has two NN Ir
atoms and in Ce2IrIn8 each Ce atom has one NN Ce and one
NN Ir atom. This progression could be interpreted to corre-
late well with the existence of long-range AFM in CeIn3, no
spin ordering in CeIrIn5 and random-spin freezing in
Ce2IrIn8. (Note also that in Ce2RhIn8 the degree of hybrid-
ization is sufficiently small that long-range AFM can exist in
this structure.) In the dense-moment hypothesis described
above for Ce2IrIn8 the small-moment spin freezing might be
due to Ce-Ce interactions between only partially delocalized
Ce moments, in a structural setting where each Ce atom has
on average both a Ce and an Ir NN along thec axis, but a
NN Ce in thea-b plane. Defects or atomic-site interchange
could introduce the necessary randomness, and strain could
change thec-axis/a-axis ratio in parts of the sample allow-
ing small magnetic moments to develop. The presence of a
small second phase with a slightly differentc-axis/a-axis
ratio has apparently been identified24 as the likely cause of
the zero-resistance anomaly1 above the bulk superconducting
transition temperature in CeIrIn5. Thus, these systems appear
to be interesting ones in which the relative degrees of
localization/itinerancy in Ce systems can be systematically
investigated by changing the local Ce environment.
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