ZKOT®, 2014, rom 145, Bein. 5, crp. 866870

© 2014

EVOLUTION OF THE 4f ELECTRON LOCALIZATION FROM
YbRh,Si; to YbRh,Pb STUDIED BY ELECTRON SPIN RESONANCE
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We report electron spin resonance (ESR) experiments on the Heusler alloy YbRhoPb and compare its spin
dynamics with that of several other Yh-based intermetallics. A detailed analysis of the derived ESR parameters
indicates the extremely weak hybridization, more localized distribution of the 4f states, and a smaller RKKY
interaction in YbRhoPb. These findings reveal the important interplay between hybridization effects, chemical
substitution, and crystalline electric field interactions that determines the ground state properties of strongly

correlated electron systems.
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1. INTRODUCTION

One interesting aspect of the heavy-fermion (HF)
compounds is the evolution from high-temperature un-
screened localized f electrons to itinerant heavy quasi-
particles with effective masses hunderds of times that
of bare electrons at low temperature [1]. Recent ex-
perimental and theoretical studies on the HF Yb-based
materials have revealed a rich physics of transport and
magnetic properties of these systems (see, e. g., Ref. [2]
for a review). In principle, the Yb systems are the
4 f-hole analogue of the Ce-based compounds [3] and
their ground state properties strongly depend on the
Yb valence and the strength of hybridization between
the 4f electrons (holes) and the conduction d-, p-, or
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s-electrons. The most essential role belongs here, on
the one hand, to the Kondo coupling that screens the
Yb or Ce magnetic moment and creates a paramag-
netic ground state with enhanced masses of quasiparti-
cles and, on the other hand, to the Ruderman—Kittel-
Kasuya—Yoshida (RKKY) exchange interaction, which
causes a magnetic ordering [4]. A key for understand-
ing the behavior of HF compounds is the interplay be-
tween both these phenomena. At a low value of Kondo
exchange, the conduction electrons are carriers of long-
range magnetic interactions, and the local moments of
f shells are ordered in the weak Kondo coupling limit.
With an increase in the Kondo effect, the ordered state
is suppressed, creating a screening of moments in the
strong Kondo coupling regime. As presented on the
Doniach phase diagram [5], a quantum phase transi-
tion occurs between these two regimes.
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The ESR technique could directly probe the local
moments of f electrons and their interaction with con-
duction electrons [6]. However, as a rule, no concen-
trated HF systems (including Kondo lattices) can be
studied using ESR because of a very fast relaxation
of the resonating spin, which leads to a huge ESR
linewidth, too broad to be observable and proportional
to the Kondo temperature. One expects the ESR to
be washed out by the Kondo effect because the lat-
tice of local moments is strongly coupled to conduc-
tion electrons. Therefore, it is necessary to dope small
amounts of ions with localized magnetic moments, such
as Ce3t or Gd3t, into the compound under investiga-
tion. Surprisingly, during the last two decades, the
low-temperature ESR signals have been detected in
some undoped Yb-based intermetallics, e.g., mixed-
valence compound YbCuAl [7], quantum critical sys-
tem YbRhoSis [8], its parent compounds YblrySiy [9]
and YbCoySis [10], and in several other Ce- and Eu-
based alloys [11].

Different theoretical approaches [12-15] show that
the narrow anisotropic ESR can be observed in some
dense HF compounds in a broad range of magnetic
fields as a result of hybridization between 4 f and con-
duction electrons in conjunction with ferromagnetic
(FM) fluctuations [16], which can significantly reduce
the ESR linewidth and make it observable. Finally,
very recent results of inelastic neutron scattering ex-
periments [17] explain the ESR mode in YbRh,Si, as
a mesoscopic spin resonance of localized droplets of
Yb?+t spins and conduction electrons due to a coherent
precession of the spin density, extending the distance
6 + 2 A beyond the Yb site. Such ESR absorption is
not caused by the purely localized Yb3* ions and is
not associated with correlated effects over long length
scales. In this work, the spin dynamics in YbRh,Pb
probed by ESR is compared to that of some relative
Yb materials.

2. EXPERIMENTAL PROCEDURE

Samples of YbRhoPb were obtained from Pb flux
as described previously in [18].  They crystallize
in a distorted Heusler alloy structure with dimen-
sions a = 4.5235(4)A and ¢ = 6.9864(6) A, and
a probable space group I4/mmm. The ESR spec-
tra (ESR linewidth AH = 600-2300 Oe) were taken
in the Bruker ESM/plus X-band (9.4 GHz) [19] and
in the EMX 1040 Q-band (34.1 GHz) spectrome-
ters. In both cases, we used the Oxford continuous-
flow liquid-helium cryostats in the temperature range
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Fig.1. Derivative of the absorption ESR signal at

T = 5 K at the Q-band frequency (34.1 GHz) in

YbRhoPb. Inset: The X-band (9.45 GHz) ESR spec-

trum at T = 4.2 K. The arrow indicates the parasitic
signal from the microwave cavity

42 K < T <25 K. Above 25 K, no ESR signal was
observed. A multiply twinned crystal structure of the
investigated small grains (1-2 mm? surface area), which
was established with a Bruker Smart charged-coupled
device X-ray diffractometer, has prevented an orienta-
tion of samples and an accurate determination of the
local symmetry of paramagnetic centers.

The X- and Q-band ESR spectra of YbRhyPb are
shown in Fig. 1 for 5 K. The intensity of the X-band
ESR spectrum was comparable with that of the cavi-
ty background signal, which is indicated by arrow on
the inset in Fig. 1. Its intensity was approximately
20-30 times smaller than that for YbRh>Si> as mea-
sured by identical experimental conditions on the sam-
ples of very similar size and weight [8,20]. The mea-
surements at the Q-band frequency allowed us to obtain
a higher resolution of the ESR line with a much better
signal-to-noise ratio.

No significant deviation from the linear behavior
was observed below 15 K for the temperature depen-
dence of the ESR linewidth AH at the Q-band fre-
quency (Fig. 2). On a further increase in tempera-
ture, the ESR lineshape was essentially distorted, and
this was accompanied by an even faster increase in its
linewidth. The temperature dependences of the ESR
g-factor are given in Fig. 3 for both frequencies.
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Fig.2. Temperature evolution of the ESR linewidth at
34.1 GHz in YbRhoPb. The dashed line is the theo-
retical curve obtained from Eq. (1)
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Fig.3. Temperature effective ESR g-factor dependence

for X-band at 9.45 GHz (triangles) [19] and Q-band at

34.1 GHz (squares) in YbRhyPb. Solid lines represent
the best fits using Eq. (2)

3. DISCUSSION

We suppose that the ESR signal in YbRhoPb orig-
inates from the hybridization of 4f Yb electrons with
conduction electrons in the presence of FM fluctua-
tions, as was also proposed for YbRhySis and YbIrsSis
[8,9]. In accordance to Refs. [8] and [20], the tempe-
rature dependence of AH of ESR spectra in YbRhsPh
at 34.1 GHz can be well fitted (see the dashed line in
Fig. 2) by the formula

AH = A+ BT + Cexp(—A/T), (1)
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where the measured Korringa rate B ~ 27 £ 2 Oe/K
is within the usual order of magnitude of ytterbium,
and the activation energy of the first excited Stark
sublevel of the Yb3T ion is A ~ 73.5 K. This value
of A corresponds very well to the estimation of the
first excited crystal electric field level of this ion, Ay
= 68 + 5 K, which has been derived after heat capacity
and magnetic susceptibility measurements in YbRh,Pb
[18]. The residual ESR linewidth A changes approxi-
mately from 420 to 470 Oe upon passing from the X-
to the Q-band experiments. Finally, the parameter
C' = 69.5+2 kOe (X-band) [19] or 9.0+£1 kOe (Q-band).
The exponential term is caused by random transitions
from the ground sublevel of the Yb3* ion to the first
excited crystal electric field level separated by the dis-
tance A [8]. This electronic mechanism of thermal
fluctuations can nicely explain the temperature depen-
dence of the effective ESR g-factor in YbRhyPb above
10 K (see Fig. 3), also with the same value A ~ 73.5 K,
using the expression

9(T) = go + Agoexp(—A/T),

(2)

where Agy = geze — 90, go and geze are respectively
the effective ESR. g-factors of the ground and first ex-
cited sublevels of the ytterbium ion. At the Q-band
frequency, Ago —2.23 and geze = 1.509 are found
to be more reasonable values than those reported af-
ter the fitting procedure of the X-band ESR spectra
in YbRhoPb (Ago —18.5 and geze = —15.1) [19].
A huge difference between both sets of the parameters
is caused by errors during simulation of the extremely
broad and weak X-band ESR signals in the tempera-
ture range between 13 and 20 K. Moreover, both these
Q-band values are in close agreement with the corre-
sponding fitting parameters obtained from the Q-band
ESR experiments on YbRh»Siy [8], Ago = —2.58 and
g5*°© 1.0. Recently, Ramires and Coleman [15]
showed that a very similar ESR, g-factor shift with tem-
perature in the another HF metal 5-YbAIB, can be un-
derstood as a result of the development of a coherent
many-body hybridization between conduction electrons
and the localized f states. This approach is related to
the intermediate value of the crystal electric field ex-
citations, which are comparable to the hybridization
strength.

Therefore, the ESR, of YbRhyPb can be associated
with the field-split ground-state doublet of the Yb3+
ions, as was also predicted in YbRhoSiz [8, 17], YbIrySis
[9], and YbRheP4 [21]. The localized droplets of the
Yb?+t spins, which were induced by a magnetic field,
are resonantly excited through crystal electric field in-
tradoublet transitions. The spin dynamics in YbRh,Pb
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at T' > 10 K can be attributed to the spin-lattice re-
laxation via the hybridized first excited crystal electric
field state of the Yb?t ion at A ~ 73.5 K. This con-
clusion contradicts the findings of the high-frequency
ESR studies at 360 GHz in YbRh»Si» [22], where the
strong broadening of the ESR response above 15 K in
YbRh>Sis was explained by the breakdown of the HF
state only because of a huge difference between the
positions of the Yb3t — the first excited state mea-
sured in YbRh,Siy by ESR technique and inelastic neu-
tron scattering (INS). However, an effective hybridiza-
tion of the 4f electrons with conduction electrons in
the strongly hybridized HF materials YbRhySi> and
YblrySis significantly broadens the otherwise atomi-
cally sharp f states (in contrast to the usual inter-
metallics YbRhsPb and YbRhgP4 with a much weaker
hybridization, for example). Therefore, the positions
of all excited states of Yb3* in YbRh»Sis and YbIr,Si,
have been estimated from the INS studies as an ex-
tremely small humps on a very broad (80-100 K) shoul-
ders [23,24]. The lowest part of such a shoulder only
can be involved in the electronic spin—lattice relaxation
and can be measured from the ESR experiments di-
rectly with a significant deviation from the central po-
sition of the shoulder [8,19]. By contrast, a very weak
extent of hybridization effects in YbRhyPb leads to a
more accurate determination of the first excited crystal
electric field level of Yb3* during ESR studies.

The hybridization strength strongly depends on
chemical composition. A comparison of the ESR data
in YbRhyPb, YbRh>Sis, and YbIrsSis, allows estima-
ting possible effects of the f—d—p hybridization on the
spin dynamics. Apart from the chemically inactive core
electrons, Si ([Ne|3s?3p®) and Pb ([Hg]6p?) are iso-
electronic. Indeed, the ESR measurements show very
similar spin-lattice relaxation processes in YbRh,Pb
and YbRh»>Si;. However, the extremely weak f—p
hybridization in YbRhsPb causes a very low inten-
sity of ESR signals, probably, as a result of a much
lower efficiency of the mixing between the 4f- and
6p-shells in comparison with the strong 4f-3p hy-
bridization in YbRhsSis. Further, the substitution
of Rh ([Kr]4d®5s?) by Ir ([Xe]5d"6s®), having one
d electron less than Rh, in YbIrySis leads to a re-
duced contribution of conduction electrons to the ESR,
relaxation mechanism in comparison with YbRhsSis
[9,20]. A vanishingly small RKKY interaction among
magnetic moments and a weakened f—d—p hybridiza-
tion with the absence of correlation effects among the
conduction electrons [18] suggest that relatively small
FM droplets of the Yb?*t moments are more local-
ized in YbRh,Pb than in the quantum critical sys-
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tems YbRh»Sis, YbIrsSis, and S-YbAIB,, in which the
most intense ESR signals have been observed. A pos-
sible close relation of quantum criticality to observa-
tion of a sharp well-defined f-electron ESR lines is one
of the unresolved problems in the physics of HF met-
als [15]. A delicate balance between the Kondo coupling
of the localized 4f electrons to the conduction elec-
trons and spin—orbit coupling compared with the crys-
tal electric field interaction can be tuned by doping or
by pressure and can lead to the appearance of a quan-
tum phase transition [25,26]. Thus, the substitution of
silicon with lead atoms by passing from YbRh»Sis to
YbRhsPb changes the f—p hybridization and a possi-
ble distance to the quantum critical point. We believe
that YbRhoPb belongs to the weak-coupling limit of
the Doniach phase diagram [5], and the small but fi-
nite temperature magnetic phase transition observed
in YbRhoPb [18] limits any non-Fermi liquid behavior
to very small reduced temperatures.

Several communications devoted to the detection
of ESR in a variety of dense intermetallics with a
possible strong f—d—-s—p hybridization effects have
been published during the last five years. The ESR
absorption has been found not only in the typical HF
materials such as YbBiPt, YbT2Znyg (T = Co, Fe)
[27], B-YDAIB, [6] or in the borides CeBg [13,28-30]
and EuBg [31] with strong low-energy FM fluctuations,
but also in the Kondo lattice CeRuPO and in the
alloy YbRh that exhibit a static FM order [16]. These
observations appear to be supported by FM corre-
lations, and a sharp ESR signals may exist in many
other intermetallic systems. The probable connection
between intense ESR spectra and quantum critical
effects should be a subject for further investigations.
Therefore, the ESR. technique can be a very powerful
tool in studying hybridization effects in different
itinerant ferromagnets in addition to methods such as
INS, X-ray-, and photoemission spectroscopy.
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