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MSR study of the intermediate heavy-fermion system CeRugi
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Zero-field (ZF), longitudinal field(LF), muon spin relaxatiofuSR), and transverse fielTF) muon spin
rotation (uSR) measurements have been carried out on a polycrystalline sample GeRESiata show a
sharp increase in the muon relaxation rate below the temperaturg(A2Xus * at T=4.2 K), justifying the
transition to the magnetically ordered state. From the LF measuremefits- 42 K, we found that the
magnetic fields on the muoB,, , produced by the cerium magnetic moments are mainly static: The external
longitudinal field of 150 G practically recovers muon spin polarization. In the paramagnetic phase the polar-
ization has an exponential form in the whole range of temperatures<20<K300 K, but LF experiments at
T=20 K show that there is a static contributior70%). This situation is discussed within the framework of
the double-relaxation model. Hysteresis B-H) observed in the TF experiment and the results of magneti-
zation measurements agree with ferromagneticlike ordering b&low11.6 K. The width of the field distri-
bution obtained in the TF experiment corresponds to the ordered m@the66—0.05ug, depending on the
assumed muon sit€S0163-18207)02617-9

[. INTRODUCTION series might belong to a relatively rare family of compounds
where the Kondo effect and ferromagnetiéon a more com-
The CaX, series of cerium ternary intermetallic com- plicated magnetic ordecoexist®
pounds, wherd is a transition metal an denotes Si, Ge, The aim of the present work is to provide more informa-
and Sn, exhibits interesting properties, such as heawytion on the magnetic properties of CeRu8bm muon spin
fermion or Kondo-lattick behavior[CePtSj with the elec- relaxation (uSR) measurements. TheSR method is ex-
tronic specific heat coefficient=1700 mJ/mol R (Ref. 2], ~ remely sensitive to both static magnetic ordemp to
mixed valencé, and spin-fluctuating behavior observed in 0.001ug) and spin dynamic$10°~10" Hz) and is widely
CeNiSj, (Ref. 4 and CeRhSi5 A recent report on CeRugi  USed in investigation of the HF systéfh.
(Ref. 6 has shown that this compound crystallizes into a
structure which is different from the CeNpSiype common
for other compounds of this series and has the NdRiype Il EXPERIMENT
monoclinic crystal structure of thB2,/m space group. The The sample was synthesized by a method described
temperature dependence of resistiR§T) has a sharp rapid elsewher€. The x-ray phase analysisesolution was better
decrease below;~11 K8 The temperature dependence ofthan 5% and x-ray microanalysigwith a resolution of
the magnetic susceptibility(T) can be described by the 2-3 9% did not detect any traces of extrinsic phases. X-ray
Curie-Weiss law at temperatures 68<K <300 K with Curie  analyses were performed with a DRON-Zfe Ka radia-
constantC=1.22<10"* emu/g Oe. The effective moment tion) device using ClKK « and CuKav lines and germanium
deduced from the Curie constant was found toihe=1.7  as the internal reference. The observed reflections were iden-
ug & which is sufficiently smaller in comparison with that of tified by comparing the patterns with the ASTM catalog. A
the free C&" ion and those found for other Ce-based heavy-‘Camebax” microanalyzer was employed to perform local
fermion (HF) compounds. A sharp upturn in th€T) curve, x-ray spectral analyses of the sample using titanigam,
spontaneous magnetic moment, and hysteresis of the fiegermaniumK «, and niobiumL « lines. The x-ray investiga-
dependence of magnetization was observed bdlgwThe  tions show that the crystal structure of the CeRu&im-
low-temperature electronic specific heat coefficigntl00  pound is of the NdRuSitype. The density calculated from
mJ/mol K is markedly enhanced and a shakgshaped the x-ray data is approximately 9.485 gfrand the lattice
anomaly confirms the presence of a magnetic transition gtarameters are found to e=4.4781) A, b=4.0931) A,
T,. The data obtainéd allow one to conclude that CeRySi ¢=8.3025) A, and 8=102.533).
with the NdRuSj-type crystal structurénew for the C& X, The presentiuSR measurements were performed on the
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FIG. 3. Examples of the muon spin polarization function ob-
tained in the LF experimertf =4.2 K). Solid lines are the fit to Eq.

(3.

tion is well fitted by a single exponent function

P(t)=P(0)exp — At). (1)

v 12 5. 4 6 6 7 8 9 P(0) was determined in TF experiment®% T.. Below the
Curie temperaturel -, the relaxation function consists of
two parts: a fast- and a slow-relaxing component, and rea-
sonable fit was obtained using the formula

FIG. 1. Time dependence of muon spin polarizati@) at
T=4.2 and 25 K. Solid lines show the fit to Eqg€l) and (2),
respectively. , .
P(t)=P(0)[ 5eXp(— Agast) + 38XP(— Agiont) |- 2

muon channel of the LNP JINR phasotron using the Specry;s fynction is usual for a polycrystalline sample when the

for.m ofacylmder with d|mens!op§ 306 mnt. Thg cyl'mder spin. Figure 2 presents temperature dependences of relax-

axis was directed along the initial muon polarization. The o1 rates: Squares are aboveT. [Eq. (1)] and circles

sample was mounted in a He/Now cryostat. The tempera- are As, below T¢ [Eq. (2)]. The inset show4\ in the para-

ture was stabilized to better than 0.1 K. Magnetization Me3agnetic phase. The relaxation rate of the slow-relaxing

surements were carried out with the superconducting quar};'omponent/\ ow [EQ. (2)] does not exceed the value of the

tum.interference deviceSQUID) magn_etomete(QLllan.tum relaxation ra?gwin the paramagnetic region.

Design, MPMS-$at low temperatures in a magnetic field up | o qitidinal field(LF) measurements were performed be-

t0 50 kG. low T¢ (at T=4.2 K) and aboveT ¢ (at T=20 K) in order to

probe the dynamics of the magnetic field. Several examples

. RESULTS of experimental polarization are presented in Fig. 3. One can

Zero-field(ZF) uSR measurements were performed in theS€e that the longitudinal field of 150 G practically recovers
temperature interval 4.2 KT<300 K above and below the fast depolarization of the muon spin. At qu same time a
Curie temperature. In both regions the muon spin polarizaf—sn:?” Polréze]figgséduﬁll villéy&~0.0_3(15)t,uz Ve)?sﬁ_f\égn
tion function P(t) has a nonoscillating fornfFig. 1). In the In the field o - e LE experiment above (at 1=

: it -1
paramagnetic region 20KT <300 K, the polarization func- K) also shows the residual depolarizatian-0.0255) us

(up to 4.2 kG. At 20 K we obtain this value even in the first
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FIG. 2. Relaxation rates vs temperature: squ#seg also in- FIG. 4. Muon spin polarization functions measured in the lon-

se) are A aboveT: [Eqg. (1)] and circles are\;,s below T [Eq. gitudinal field of 58 G in an ascending and descendiafger LF
2] =400 G field scan(T=4.2 K).
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FIG. 5. agow [EQ. (3)] vs the longitudinal fieldT=4.2 K). The
solid line is a guide to the eye.

nonzero measured longitudinal figld85 G). Below T we
found hysteresislike behavior of the relaxation rate. Figure

gitudinal field of 58 G in an ascending and descending fiel
scan. The recovery of the amplitude of a slow-relaxing com
ponent versus the longitudinal field is presented in Fig. 5
The fit was obtained using the formula,

P(t) =P(0)[ @as€XP — Atast) + AgioneXP — Agiont) |- 3

TF measurements were performedTat4.2 and 20 K.
Figure 6 presents the field dependence BfH) and relax-
ation rates af =4.2 K [zero-field cooledZFC)] and T=20
K. One can see the hysteresis in tiige 1) versus transverse

external field dependence. We do not insist on the absolute

value of B-H) due to the problem of the precise determina-
tion of the external field near the sample. Error bars 8+ (
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FIG. 6. (a) (B-H) [the error bars present only statistical errors
(see the teyi and (b) the exponential relaxation rate vs the trans-
verse external fieldZFC). Circles and squares are the data at
T=4.2 and 20 K, respectively. The solid line is a guide to the eye
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FIG. 7. Experimental polarizatioff =4.2 K) after switching off
the transversal field kG). The solid line is the fit to Eq4).

) in Fig. 6(a@) show only statistical errors. The demagneti-

. T ) X J’;ation factor is not included in the data in the figure either. In
shows muon spin polarization functions measured in a lon

the ordered phaséT=4.2 K), the A(H) slope is much
teeper than above the Curie temperatiire 20 K), indicat-
ing magnetization of the ferromagnetic sample. The relax-
ation rate in the field~100 G (ZFC) equals 0.3us 1, but at
the same temperature and field in the field cooling experi-
ment(100 G it was found to be 0.54s™ %
After switching off the transverse field of 5 kG at=4.2

K, the polarization function has a typical static foffig. 7).

But this form is not simple, and a reasonable fit was obtained
only for the function

P(0){a;exp(— At)coq wt+ ¢)

+a,[ 1/3+2/3(1—\t)exp — A1) ]}, 4
with A=2.5 us ! and w=1.1 radfs.

Figure 8 presents the field dependence of magnetization at
different temperatures.

IV. DISCUSSION

In the paramagnetic region we have to take into account
two different features of polarization. The first one is that the
exponential time dependence of polarization is clear evi-
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FIG. 8. Field dependence of magnetization at different tempera-
tures.M =40 G corresponds to 0.2%/Ce.
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dence for the dynamical origin of muon spin relaxation. ThepolarizationP(t) has neither an oscillation form nor a typical
existence of this contribution can also be deduced from theninimum expected in the case of a pure static field distribu-
residual depolarization 0.02Gs ! in LF measurements at tion.
T=20 K. As we did not see the static picture even at 20 K, The relaxation rate in TF experiments reflects the aniso-
we think this dynamics to be due to the fluctuating Ce mo-tropic part of the magnetic field on the muon, which depends
ments, and it cannot be attributed to some diffusion featuresn mutual orientation of the external field and crystallo-
(at temperature§ <100 K). In the paramagnetic state the graphic axes. One of the main contributions comes from the
main contributions to the Ce moment fluctuations are RKKYdipole fields. When a polycrystalline sample is magnetized,
and/or dipole interactions and Korringa scattering of the conthe anisotropy of the dipole fields broadens the magnetic
duction electronwe do not consider slowing down at tem- field distribution on the muon. The relaxation rate is minimal
peraturesT=20 K). However, the Korringa mechanism in the fully demagnetized state of the sample beldw.
makes the temperature-dependent contribution proportion&flagnetization in domains has a tendency to be directed
to T~L. So we can conclude from the data given in Fig. 2 thatalong easy axes, and thus the dipole fields on the muons in
this contribution is small. A small decrease in the relaxationdifferent crystallites are close. The external field magnetizes
with increasing temperature at~100 K (Fig. 2 probably the sample which actually leads to an isotroffichere is no
originates from the beginning of muon diffusion. From thetexture in the samp)eadistribution of magnetization over the
absence of a LF dependen@ T=20 K), we can evaluate crystallographic axes and, hence, to the increasing magnetic
the fluctuation frequency by the formula field inhomogeneity. One can s@€ig. 6(b)] that below the
Curie temperature the relaxation reaches its maximum at
H~1 kG, which means that at this field the sample is fully
211 magnetized. This field value coincides with the beginning of
W ' the slope change in the magnetization cufi#g. 8), but
differs dramatically from the LF results, where we found
practically full recovery of polarization at, .~150 G (Fig.
where v g=y/2m,. HereH g as v>6x10" Hz. The second 5). On the other hand, one can see the increase of magneti-
feature of polarization is the decoupling of muon spin fromzation(Fig. 8) above 1 kG with a relatively large slope of the
the nuclear field in LF experiments. Thus the relaxationorder of 2.7510 3ug/kG. This increase cannot be con-
above the Curie temperature in CeRuiSidue to the static nected with increasing of the Ce local moments. Indeed,
nuclear dipolar moments and fast-fluctuating Ce electronievhen the sample is fully magnetized, the main contribution
moments. The phenomenological form of polarization in thisin the muon spin relaxation is dipole broadening, which is
case is the product of the exponent and the static Kuboproportional to the value of the Ce moments. Such a large
Toyabe function, which is different from our data. A possible slope does not correspond to SR [Fig. 6(b)]. Thus we
explanation may be found in the fact that Ce momentsan conclude that the linear increase in magnetization above
couple not only muons, but also nuclear momeftiie so- 1 kG is connected with polarization of conduction electrons,
called double-relaxation modéf In this case we should re- which does not contribute to the muon spin relaxation rate.
place the static Kubo-Toyabe function in relaxation by the The lack of information about the muon site and type of
dynamic Kubo-Toyabe functio®XT(Ay, v t), where»§'  magnetic ordering in this compound does not allow precise
:ZAIZ\lCe/VCea and Ayce is the rms field component at the determination of the ordered moment. But if we take into
nuclear due to the Ce electronic mometitsSo, if »&f  @ccounta wide distribution of the magnetic field in this com-
>Ay, We get clear exponential relaxation: pound, we can approximately estimate the ordered magnetic
moment to b&€0.005—0.0%5ug . One can see from Fig. 8 that
the saturation moment extrapolated to zero magnetic field

2A2 A2 (T=0) agrees with above estimation.
P~ex;{ —( Cey —GQH (5) In summary, our results agree with ferromagnetic like or-
Pce ¥ dering of CeRuSibelow 12 K. From the LF measurements

(T=4.2 K), we found that the magnetic fields on the muon,
Following the above assumption, we can attribute the reBM,_produceql by the cerium magnetic moments are mainly
sidual relaxation in LF experiments, 0.025 %, to the first stat_lc. The width of the field distribution obtained in TF ex-
term in Eq.(5) (158 o) periments corresponds to the ordered r_noment

(0.005—-0.0%ug , depending on the assumed muon site. The
Joresence of muon spin relaxation in high longitudinal fields
below and abovd . indicates the existence of cerium mo-

ent fluctuations. The exponential form of spectra abbye

and decoupling of the muon from the static nuclear moment
in LF experiments at the same time may be understood in
terms of the double-relaxation mod?l.

A sharp increase in the relaxation rékgg. 2) below 12 K
unambiguously shows that this relaxation is due to the ele
tron moments. In the static limit this relaxatié®42 us ! at
T=4.2 K) corresponds to the rms magnetic field on the muo
A of the order of 5 G. The lack of precession beldw
indicates that B)<A.

LF measurements give evidendegigs. 3, 4, and bthat
the magnetic field distribution is close to the static lirfzit
the_time scala§10 us defined b)_/lthe muon Iifetir_r)eT_he ACKNOWLEDGMENTS
residual relaxatiom~0.0305) us - in a high longitudinal
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