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Among the large class of A-site ordered perovskites of stoichiometry AC;B,0,, the rare-earth (R) ruthenates
RCu3Ru40; (R = La, Pr, Nd) are interesting compounds due both to Ru-4d-derived electronic correlations
and to unconventional crystal-electric-field effects of the R ions. Here we report on detailed investigations of
these compounds utilizing x-ray diffraction, neutron scattering, magnetic susceptibility, and electrical resistivity
measurements as well as heat capacity and nuclear resonance experiments. A broad range of external parameters
is scanned and depending on the specific technique, temperatures range from 100 mK to 730 K in external
magnetic fields up to 14 T. In this work LaCu3;Ru Oy, serves as reference compound with a nonmagnetic
A site, characterized in detail recently [S. Riegg et al., Phys. Rev. B 93, 115149 (2016)]. All compounds
investigated reveal heavy-fermion behavior with a 7% dependence of the low-temperature electrical resistivity
and significantly enhanced Sommerfeld coefficients. Toward low temperatures, the compounds with R = Pr
and Nd are dominated by the magnetic moments of the R ions, which occupy crystallographic positions with
point-group symmetry 7). The crystal-electric-field effects are clearly visible especially in heat capacity and
inelastic neutron scattering data from which the crystal-electric-field parameters are derived. The ground state
of the Pr** ion is identified as a triplet (Ff")), whereas for Nd** it is a quartet (I'¢7). Evidence for lowering of
the 7), symmetry is observed at the Pr site at temperatures below 10 K, suggesting the formation of orbital order.
Moreover, the spin-lattice relaxation derived from ®*Cu nuclear quadrupole resonance indicates characteristic

temperatures close to 7 K and 350 mK, probably related to orbital and magnetic order, respectively.

DOI: 10.1103/PhysRevB.102.235136

I. INTRODUCTION

Transition-metal compounds of the perovskite-related su-
perstructure AC3B40; are derived from the parent perovskite
ABQOj by substituting three-fourths of the A-site cations by
Jahn-Teller active ions. As described by the Glazer notation
[1]1 ataTa™, the octahedra are rotated around (111) such
that the bond angle B-O-B is lowered to approximately 140°
compared to 180° in the ideal perovskite. This tilting imposes
a profound modification of the anionic environment of three-
fourths of the original A site and leads to the appearance of a
new crystallographic C site which implies a doubling of the
unit cell in all three directions while leaving the cubic sym-
metry intact [2]. Thereby, the C-O distances undergo serious
changes, eventually resulting in an almost square-planar co-
ordination similar to the CuO; planes in the high-7; cuprates
[3.4].
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A more general derivation of the 1:3 A-site ordered
perovskites is given by a group-theoretic approach which
regards the structural formation as a phase transition from
the archetype perovskite (Pm3m) to the respective AC3B,01,
structure [5]. A set of order parameters is used to describe this
transformation.

The AC3B40;, compounds drastically change their phys-
ical properties when chemically substituted in any position,
which gives rise to a large variety of fascinating material char-
acteristics. For example, CaCu;Ti4O;, has been extensively
studied with respect to colossal dielectric properties [6,7],
whereas CaCu3zMnyO1; is a ferromagnet with an ordering
temperature as high as 7. = 360 K and high magnetoresis-
tance [8,9].

CaCusRu40/, was reported to exhibit heavy-fermion (HF)
properties [10,11] and was originally interpreted as a di-
rect analog to conventional f-electron HF systems as well
with localized magnetic moments of Cu®>" ions and itinerant
Ru-derived d electrons exhibiting strong Ru-O hybridization
[10]. Localized and itinerant electrons were supposed to be
coupled antiferromagnetically by the Kondo mechanism [12].
However, the formation of the HF state by the Kondo effect

©2020 American Physical Society
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at the Cu site has been questioned in favor of correlations
within the Ru band states by a systematic investigation of the
series ACuzRu40;;, (A = Na, Nays5Cag s, Ca, Cagslags, La)
[13] and detailed NMR measurements of CaCusRusOy, [14].
Additionally, CaCuzRu40;, shows non-Fermi-liquid (NFL)
properties below 2 K [11] and has been characterized as
the first example of an intermediate-valence system among
transition-metal compounds [15]. A further key result was
obtained by site-sensitive NMR experiments probing strongly
enhanced effective masses at the Ru site concomitantly with
reduced masses at the Cu site. This strongly supports the
hypothesis that the HF formation takes place at the Ru site. Ti
substitution in LaCusRu40;, corroborated the Kondo effect
at the Ru*" spins to be the driving force of the electronic
mass enhancement similar to conventional 4 f-electron-based
heavy-fermion compounds [16].

In this work we focus on the metallic ruthenates
RCu3Ru40, (R = La, Pr, Nd), which were originally char-
acterized as Pauli paramagnets displaying valence degeneracy
[17]. Moreover, they show enhanced Sommerfeld coefficients
indicative of strong electronic correlations [10,13]. From the
lanthanides only La, Pr, and Nd [18-20] can be substituted at
the A site of ACuzRu40;, since smaller ions seem to desta-
bilize the structure.! Structural studies on RCuszRusOp, (R =
La, Pr, Nd) as well as data on transport properties, magnetic
susceptibility, spectroscopy, and magnetic resonance have
been published previously [3,13,16-36]. Here we report de-
tailed low-temperature properties including structural details,
local and bulk magnetism, electrical resistivity, and specific
heat. We find typical correlated electron behavior, however
with a specific and interesting interference of correlated band
states with low-lying crystal-electric-field (CEF) levels. The
CEF will be of fundamental importance for the magnetic
low-temperature properties of the investigated compounds.
In addition, in HF compounds the size of the CEF splitting
has to be compared with the characteristic temperature of the
electronic correlation effect. As detailed in the seminal work
by Lea et al. [37] more than 50 years ago, praseodymium
and neodymium compounds can behave drastically different,
even in cubic symmetry: Pr** with total angular momentum
J =4, in a cubic CEF splits into a nonmagnetic singlet, a
nonmagnetic doublet, and two magnetic triplets, providing
the realistic possibility to find compounds with zero magnetic
moment at low temperatures and hence a nonmagnetic ground
state; Nd®* with J = 9/2 in cubic symmetry splits into one
magnetic doublet and two magnetic quartets and hence always
will exhibit a finite magnetic moment even at the lowest tem-
peratures.

The properties of PrCuzRu40;, turned out to be naturally
in line with recent investigations on compounds with rare-
earth ions in 7}, point-group symmetry. The R ion in this
compound is surrounded by 12 oxygen ions, similar to the
filled skutterudite compound PrTa;Alyy in which the R ion

'Note that the ionic radius of Nd** (127 pm, coordination 12)
seems to be the smallest possible one. Sample preparation with Sm>*
and all heavier (i.e., smaller) R ions is not successful under ambient
pressure. Furthermore, Ce** seems to be oxidized to Ce*™ (114 pm,
coordination 12) during preparation.

is surrounded by 12 Al ions [38]. Here the CEF leads to a
nonmagnetic I's doublet ground state of the Pr ion. Therefore,
PrTa,Alyy is a good playground to investigate antiferro-
quadrupolar (AFQ) ordering. Exotic quadrupolar phenomena
in non-Kramers doublet systems are also observed in the
cases of PrT»Zn,y (T = Ir, Rh) and PrT7Alyy (T =V, Ti)
[39]. In particular, the PrRh;Zn,y becomes superconducting
below T = 0.06 K [40]. Furthermore, the discovery of heavy-
fermion superconductivity [41] and adjacent AFQ order [42]
in PrOssSb;, suggested a new type of superconducting (SC)
pairing mechanism. The observed SC transition temperature
T. = 1.85 K in PrOs4Sby; is considerably higher than that of
LaOs4Sby, (T; = 0.74 K). This fact indicates that the super-
conductivity involves 4 f electrons of Pr [43]. In this case the
ground state of the Prion is a singlet (I';). Another fascinating
compound is PrPd3S4. Recently, it attracted much attention
as a possible candidate for the formation of unconventional
fermionic quasiparticles [44]. Here the site symmetry is also
Ty, and it is expected that the Pr ground state is degenerate and
therefore may undergo quadrupolar ordering [45].

After presenting the experimental results obtained in
RCu3Ru401; (R = La, Pr, Nd), we will provide the theoretical
background for the crystal-field analysis of the R ions at the A
site and discuss the cases of Pr’* and Nd**. We will especially
concentrate on PrCusRu40O1,, where we will argue that at low
temperatures the degeneracy of the ground-state triplet I'y of
the Pr** ion is further lifted by a crystal lattice distortion or
a cooperative orbital order effect. This conclusion is based on
heat capacity, magnetic susceptibility, Cu nuclear quadrupole
resonance (NQR) relaxation, neutron scattering data, and the
calculated CEF energy-level scheme for the Pr’t (3H,) state.

II. EXPERIMENTAL DETAILS AND RESULTS

Polycrystalline samples of RCuzRusO;, (R = La, Pr, Nd)
were synthesized by solid-state reactions [18] and char-
acterized by x-ray powder diffraction (XRD) with Cu K,
radiation, using a position sensitive detector (STOE Stadi P).
Additional structural investigations were performed by neu-
tron powder diffraction (NPD) on the high-resolution powder
diffractometer for thermal neutrons [46] at the Paul Scherrer
Institut, Switzerland (A = 1.1545 A). The samples were filled
in cylindrical vanadium cans and mounted in a cryostat capa-
ble of 1.6 K < T < 300 K. Both XRD and NPD data were
analyzed by Rietveld refinement [47] using the FULLPROF
program suite [48]. Magnetic measurements were performed
with a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design MPMS5 XL) in applied
fields up to 5 T and in the temperature range 1.8 K < T <
400 K, extended with the oven option up to 730 K.

Four-point electrical resistivity was measured on pressed
and sintered ceramics for 2 K < T < 300 K in zero field and
in magnetic fields up to 14 T in different cryomagnets (Oxford
Instruments Teslatron/Quantum Design PPMS). Both a DC
(current source and nanovoltmeter: Keithley 2400 and 182)
and an AC technique (resistance bridge: Quantum Design
Model 7100, f = 1 Hz) were applied. In addition, measure-
ments down to 100 mK have been performed in a *He/*He
dilution cryostat using an AC resistance bridge (Linear Re-
search LR700).
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The heat capacity was investigated in a physical proper-
ties measurement system (Quantum Design PPMS) in the
temperature range 1.8 K < 7 < 300K in zero field and in
external fields up to 9 T. The specific-heat measurements were
extended down to 100 mK in a *He/*He dilution cryostat
using a relaxation method [49].

Nuclear quadrupole resonance measurements were per-
formed using a phase-coherent pulse spectrometer and spin-
echo techniques. The irradiation frequencies for the +1/2 <
+3/2 transition of the ®*Cu isotope were in the range of
18.8 MHz < vy < 18.92MHz for 0.1 K < T <20 K. Low
temperatures were achieved in a top-loading *He /*He dilution
cryostat (Oxford Instruments Kelvinox TLM) with the sample
inside the mixing chamber. The spin-lattice relaxation rates
1/T; were obtained by inversion-recovery pulse sequences,
where T = 3 us was the length of the inverting pulse.

Inelastic neutron-scattering experiments were carried out
in the temperature range 1.6 K < 7 < 200 K on the time-of-
flight (TOF) spectrometer IN4 at the Institut Laue Langevin,
France. An incident neutron wavelength of 2.181 A was uti-
lized corresponding to an energy of 17.19 meV. An empty can
and a vanadium standard have been additionally measured to
account for background and detector efficiency, respectively.
The raw data were corrected in a standard way employing
the LAMP program package [50] converting TOF to energy
transfer and a constant wave vector (Q) or energy-transfer
(w) mapping finally resulting in the dynamic structure factor
S(Q, w). The large-angle detector bank of the spectrometer
covers a range of wave-vector transfers of 0.75 Al <0<
5.2 A" in the elastic channel for the selected wavelength.

A. X-ray and neutron powder diffraction

The crystal structure of RCuzRus01;, (R = La, Pr, Nd) (see
Fig. 1) can be considered as a 2 x 2 x 2 superstructure of the

FIG. 1. Unit cell of PrCu;Ru4O;, at room temperature derived
from NPD including plots of the thermal ellipsoids (99.9% probabil-
ity level). The octahedra depict the tilted RuOg units. On the right
cell face, the CuOy plaquettes are indicated by yellow/green planes.
In the other investigated compounds the Pr site is occupied by La or
Nd.
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FIG. 2. Powder-diffraction patterns of PrCuz;Ru,O,, derived
from (a) x-ray- and (b) and (c) neutron-scattering experiments at
various temperatures. Measured (open red circles) and calculated
(black line) intensities, as well as their difference (blue line at the bot-
tom, shifted to negative values for clear depiction) and corresponding
Bragg-peak positions (green vertical bars) are shown.

parent perovskite ABOj3. It is described by the cubic space
group Im3 (No. 204) and atomic positions of R = La, Pr, Nd
at (0,0,0), Cu at (3,0, 0), Ruat (4, 3, 1), and O at (x, y, 0).

X-ray powder diffraction at room temperature (RT) reveals
single-phase material without any indications of impurities.
Figure 2(a) shows the corresponding diffraction pattern of
PrCuszRu40;, which is also representative for the La and
Nd compound with respect to purity. Excellent agreement
between observed and calculated intensities is achieved as
indicated by low x? and Bragg reliability factors summarized
in Table I along with the cell parameters for all compounds
under investigation.
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TABLE 1. Lattice constant a, oxygen positional parameters x and y, and reliability factors Rpgge, Rps Rup, Rexp, and x* of RCuzRusO,

(R = La, Pr, Nd) resulting from the XRD and NPD Rietveld refinements at given temperature 7 .

A Method T (K) aA) x y Rorge (%) Ry (%) Rup(%)  Rep (%) X2

La XRD RT 7.48340(4)  0.17177(110)  0.30228(91) 9.37 7.72 10.8 7.84 1.89
La NPD 175 7.47545(1)  0.17381(13) 0.30675(13) 4.23 6.24 7.90 4.47 3.12
Pr XRD RT 7.45203(6)  0.17264(114)  0.30310(88) 4.63 10.5 143 112 1.63
Pr NPD 175 7.45736(1)  0.17329(17) 0.30557(16) 7.67 9.95 11.9 7.10 1.96
Pr NPD 292(1)  7.46275(1)  0.17369(17) 0.30586(16) 3.67 7.02 9.22 7.09 1.69
Nd XRD RT 7.46001(6)  0.17829(169)  0.30821(177) 4.74 9.43 12.8 13.25 0.93
Nd NPD 175 7.45557(1)  0.17236(16) 0.30548(15) 5.38 6.12 7.86 4.28 3.38

Neutron powder diffraction measurements reveal neither
structural phase transitions nor magnetic Bragg peaks, the lat-
ter implying the absence of long-range magnetic order down
to T = 1.6 K, as exemplarily documented by the comparison
of the NPD patterns for PrCusRu4O,; taken at RT and 1.6 K in
Figs. 2(b) and 2(c). The diffraction patterns were analyzed by
Rietveld refinement; the corresponding calculated values are
listed in Table I. That the rare-earth compounds investigated
do not order down to at least 1.5 K also becomes evident
from the magnetic susceptibility measurements, which will be
discussed in the next section.

The structural parameters derived from the neutron data
correspond well with data reported in the literature [18-20].
As indicated by the refined anisotropic displacement factors
listed in Table II and plotted in Fig. 1 for PrCuz;RusO,,
the oxygen atoms feature a preferred vibrational direction
within the faces of the unit cell demonstrating the rotation
of the RuQOg octahedra around (111). Ru and Cu have small
anisotropic displacements only, Ru along the cell diagonal
(111) and Cu along the main cell axes (100), while Pr is
confined to an isotropic displacement due to local symmetry
restrictions [52,53].

The temperature-dependent lattice parameters and oxygen
positions of RCuszRusOi; (R =La, Pr, Nd) are shown in
Fig. 3. The experimental data can be described utilizing the
phenomenological model

a(T) = ao[1 +a®/(®" — 1)],

TABLE L. Anisotropic displacement factors U/

cif

where a is the lattice constant at 0 K, « the high-temperature
thermal expansion coefficient, and ® the characteristic Ein-
stein temperature [54]. We would like to point out that in
all RCu3zRuys0, systems investigated in the course of this
work, the direct crystallographic environment of the Ru ions is
quite similar and not significantly influenced by the different
rare-earth ions. This stems from the fact that the ruthenium
ions are embedded within oxygen octahedra and the outer
electronic configuration of the rare earth ions is rather similar.
As documented in Fig. 3, the lattice constants and thermal
expansion are very similar for all three compounds. In ad-
dition, the Ru-O distances are the same for La, Pr, and Nd
(1.99 + 0.005 A) and the RuOg octahedra are not distorted,
as documented by the site symmetry in the relevant space
group.

A good description of the thermal expansion is achieved
with the resulting parameters listed in Table III. This detailed
investigation of the temperature dependence of the lattice
parameter has been motivated by findings in CaCu3;Ru4O15,
which have been interpreted in terms of a volume anomaly
driven by a valence instability [15]. No similar effects can
be detected for RCuzRu40;, (R = La, Pr, Nd). The insets of
Fig. 3 demonstrate that the oxygen position remains almost
constant with respect to temperature, manifesting a Ru-O-
Ru bond angle of approximately 140°. Note that the derived
values of © significantly differ from those obtained from
specific-heat data. This is due to the fact that temperatures

of RCu3Ru40y, (R = La, Pr, Nd) according to the conventions given by Grosse-Kunstleve

and Adams [51] They were derived from the refinement of the NPD patterns at temperature 7 for each constituent atom with corresponding
crystallographic site and local symmetry [52,53].

T (K) Atom Site  Symmetry ULl (A?) U2 (A?) U3 (A?) U2 (A?) UL (A?) U2 (A?)
175 A=Lla 2a m3. 0.0026(4) U, U 0 0 0
175 Cu 6b mmm.. 0.0029(6) 0.0059(6)  0.0016(6) 0 0 0
175 Ru 8¢ 3. 0.00236(16) Uy, U, —0.0002(3) Un Un
175 0] 24g m.. 0.0037(3) 0.0042(4)  0.0045(4) 0.0006(3) 0 0
173(1)  A=Pr 2a m3. 0.0058(10) Uy, Uy, 0 0 0
173(1) Cu 6b mmm.. 0.0020(8) 0.0025(7)  0.0019(8) 0 0 0
173(1) Ru 8¢ 3. 0.00132(18) Uy Uy, 0.0001(2) U U,
173(1) 0] 24g m.. 0.0054(5) 0.0047(4)  0.0020(4) 0.0022(4) 0 0
175 A=Nd 2a m3. 0.0014(5) Uy, U, 0 0 0
175 Cu 6b mmm.. 0.0016(7) 0.0039(7)  0.0004(7) 0 0 0
175 Ru 8¢ 3. 0.0013(2) Ui, U, —0.0002(3) Un Un
175 0 24g m.. 0.0024(4) 0.0028(4)  0.0030(5) 0.0003(4) 0 0
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FIG. 3. Temperature-dependent  lattice  parameter a of

(a) LaCu;Ru4012, (b) PI'CU3R1.14012, and (C) NdCll3Rll40]2,
resulting from the Rietveld refinements of the NPD measurements.
The solid lines (dashed where no data are available) are fits to the
thermal expansion. See the text for details. The insets show the
refined positional parameters of oxygen expressed in fractional
coordinates (x and y).

are fitting parameters corresponding to effective values and
taking into account all acoustic and optical phonons. Details
about the evaluation of thermal expansion data can be found
in Ref. [54].

B. Magnetic susceptibility

The magnetic susceptibilities and the inverse susceptibil-
ities of all three R compounds, as measured in an external
magnetic field of 1 T, are shown in Fig. 4 together with the
data of CaCuzRusOp, [11]. A rough first inspection makes
clear that the Pr and the Nd compound are characterized by
Curie-Weiss (CW) laws, dominated by the rare-earth ions.

TABLE III. Lattice parameters ao, high-temperature thermal ex-
pansion coefficient «, and Einstein temperature ® of RCu;Ru 01,
(R =La, Pr, Nd) as resulting from the fit to the temperature-
dependent lattice constant. See the text for details.

Compound ap (A) o (1070 K1 0 (K)
LaCus;Ru;01, 7.47275(3) 7.74(21) 390
PrCu;Ru,O1, 7.45463(3) 7.56(5) 389(11)
NdCu;Ru;0p» 7.45271(6) 8.46(39) 390

10 ACu,Ru,0,, (a)_
uH=1T

 (emu/mol)

400 500

= )
>

S
§ g
© 200 250 g
S =
= &

(b)
O 1 1
0 250 500 758

T(K)

FIG. 4. (a) Temperature-dependent magnetic susceptibility x of
polycrystalline RCuzRu,0;, (R = La, Pr, Nd) in a semilogarithmic
representation and (b) its inverse in an external field of 1 T. The data
of CaCu3;Ru 0y, are included for comparison (up to 400 K from
Ref. [11], extended to 730 K). The data of the inverse susceptibility
of RCuzRus0y, (R = Pr, Nd) have been calculated by subtraction
of the reference compound LaCu;Ru 0. The solid lines are fits
according to a (single) Curie-Weiss law (R = Pr, Nd) and a double
Curie-Weiss law (R = La) [16]. See the text for details.

The La and Ca compound can be viewed as pure correlated
metals, but only the Ca compound reveals a broad cusp in
the magnetic susceptibility close to 180 K, which earlier was
identified as the characteristic temperature 7*, indicative of
the onset of spin or charge fluctuations, and roughly can
be identified with the Kondo temperature [11]. In canonical
Kondo or valence-fluctuation systems it documents the tran-
sition from localized electronic states at high temperatures to
itinerant band states at low temperatures. In the La compound
this specific anomaly indicating a characteristic temperature
T* is missing. In the Pr and Nd compound these anomalies
possibly are screened by the large paramagnetic contributions
from the rare-earth ions. In these cases where a character-
istic temperature cannot be identified by an anomaly in the
magnetic susceptibility, one can estimate the characteristic
temperature by the high-temperature CW behavior: One as-
sumes as a rule of thumb [55] that T* = |0cw/|/4, which in
the Ca compound gives the right order of magnitude for the
characteristic Kondo-type temperature. Here we speculate that
spin fluctuations with a characteristic temperature 7* also
exist in all the rare-earth ruthenium compounds; however, the
Ru valence in these compounds seems to be relatively stable
down to low temperatures.

Turning now to the Pr and Nd compound, it is clear
that these are dominated by the local magnetic moment
of the R ion. To arrive at some definite conclusions, the
temperature-dependent susceptibility of the La compound
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(which describes the influence of the d electrons of Cu
and Ru ions) is subtracted from the Pr and Nd data, re-
spectively. The remaining contribution is attributed to the
susceptibility of the R ion. In Fig. 4(b) we show the inverse
of the difference susceptibility Ay = x(RCuszRusO;5) —
x (LaCuzRu40y,) vs temperature, where R stands for Pr and
Nd, respectively. A CW fit for 7 > 300 K reveals paramag-
netic moments of 3.71ug /Pr3Jr and 4.20ug /Nd3+ (free-ion
values 3.585/Pr’t and 3.63u5/Nd*"). Note that the result-
ing CW temperatures have no significance and stem from
details of the CEF levels. With decreasing temperature, the
data begin to deviate from a linear dependence, which also is
attributed to CEF effects of the R ions [56].

For PrCu;Ru,40, the slope of the inverse magnetic suscep-
tibility [see Fig. 4(b)] begins to deviate from the free-ion value
roughly below 170 K, which indicates an overall CEF splitting
of at least this value. The inverse magnetic susceptibility of the
neodymium compound [Fig. 4(b)] begins to deviate at slightly
higher temperatures below roughly 220 K. This fact indicates
that the population of the CEF levels in NdCuszRu40; is
evenly distributed above this temperature and that the total
splitting is of the same order of magnitude or slightly higher
than in the praseodymium system.

Now we focus on the low-temperature behavior of the mag-
netic susceptibilities, which in the Pr and Nd compound are
dominated by the lowest-lying CEF levels. When comparing
the increase of the inverse susceptibilities starting from zero
temperature, the slopes of the inverse susceptibilities allow an
estimate of the effective moments and hence give some hints
about the possible ground states of the magnetic ions involved.
The Pr compound exhibits a significantly stronger increase
giving an estimate of e & 1.8 /Pr’*, implying a nontriv-
ial ground state, different from the nonmagnetic singlet often
found for non-Kramers ions. To clarify its nature we investi-
gated the magnetic susceptibility applying different magnetic
fields as shown later in Fig. 19. The experimental data and
corresponding modeling will be discussed in Sec. III B. The
slope for the Nd compound is more moderate and gives an
effective moment e &~ 2.8up /Nd3Jr reduced with respect
to the high-temperature value as typical for the ground-state
doublet or quartet of Kramers ions.

C. Electrical resistivity

Figure 5 shows the electrical resistivity of polycrys-
talline RCu3zRu;sO, (R =La, Pr, Nd). Metallic conduc-
tivity (dp/dT > 0) is observed in the entire temperature
range with a quadratic temperature dependence p(T) = po +
AT? for T < 25K, characteristic of a Fermi-liquid (FL)

1.O-ACu3Ru4012
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FIG. 5. Temperature-dependent AC and DC resistivity p of poly-
crystalline RCuzRu 0y, (R = La, Pr, Nd). The inset shows the data
ina p vs T? representation.

behavior. The absolute values of the La compound correspond
well with those reported in the literature [20,21]. The Pr
and the Nd compound exhibit higher (residual) resistivities
than LaCusRu4O,;, but all three compounds roughly reveal
the same residual resistance ratios (RRRs) of approximately
2. Fits of the low-temperature data (not shown) yield resid-
ual resistivities and coefficients as listed in Table IV. An
estimate of the Kadowaki-Woods ratio reveals values ap-
proximately 10-50 times lower than the universal value of
10~> © cm mol® K?/J? usually found in HF compounds [57].

The low-temperature resistivity is shown in Fig. 6 for
PrCu;Ru40, [Fig. 6(a)] and NdCus;Ru40,, [Fig. 6(b)] for
various magnetic fields. As evident from the inset in Fig. 6(a),
deviations from FL behavior in the Pr compound become
obvious below 4 K in zero field where a steplike decrease
signals the freezing out of magnetic scattering of the conduc-
tion electrons by thermal depopulation of the first excited CEF
level and populating a ground state bearing a small magnetic
moment [58-60]. As a result from the Zeeman splitting of
the CEF levels, this step becomes strongly smeared out with
increasing field [see Fig. 6(a)].

In the Nd compound a steplike decrease of the resistivity
might also be present in zero field, though at temperatures
below 2 K for which no data are available; however, a steplike
decrease similar to that in the Pr compound evolves upon
application of moderate magnetic fields (at around 2 T) and
becomes almost fully smeared out for 14 T. Compared to
PrCuzRu40)», the effect in the Nd compound is much stronger
and extended to higher temperatures. Moreover, the deviation
from FL behavior is different from that in the Pr compound as
it is positive for uoH < 4 T and suppressed to negative values

TABLE IV. Residual resistivity po and the coefficient A of the quadratic contribution resulting from the FL fit to the resistivity data of
RCu3Ru40;; (R = La, Pr, Nd) according to po(T) = py + AT>. The Kadowaki-Woods ratio A/y> and the residual resistance ratio (RRR) are

also listed.

00 A AJp? RRR
Compound (1073 Qcm) (1076 Q cm/K?) (1075 Q@ cmmol® K2/J%) o(T =273K)/p(T = 4.2K)
LaCu;Ru;015 0.313(1) 0.0184(16) 0.095 2.4
PrCu;Ru,Oy» 0.364(1) 0.0195(1) 0.022 22
NdCu;Ru40;» 0.474(1) 0.0148(13) 0.039 22
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FIG. 6. Temperature-dependent AC and DC resistivity p of
polycrystalline (a) PrCu;Ru,0O,, and (b) NdCu3;Ru,0,; in various
magnetic fields. The inset in (a) shows the normalized DC resis-
tivity p/po of the Pr compound. The dashed curves are fits to a
quadratic temperature dependence and illustrate deviations of the
low-temperature experimental data from this behavior.

for higher magnetic fields. Indeed, a magnetic transition at
0.6 K identified in NdCu3zRu4O;, by NQR recently [61] could
be the driving force behind this.

D. Heat capacity

The heat capacity in the representation of C/T vs T of
RCu3Ru40¢; (R =La, Pr, Nd) is shown in Fig. 7 in the
temperature range 2 K < 7 < 300 K, shifted for clear de-
piction (see the caption for details). In the inset a C/T vs
T? representation nicely illustrates the FL behavior accord-
ing to C(T) = yT + BT?. Corresponding fits are indicated
by solid lines and the resulting parameters are documented
in Table V. LaCuzRu4O(, exhibits a quadratic tempera-
ture dependence down to lowest accessible temperatures. Its

TABLE V. Sommerfeld coefficient y, Debye coefficient 8, and
Debye temperature 6 resulting from the fit according to conven-
tional Fermi-liquid behavior C/T =y + BT? as shown in the inset
of Fig. 7.

CIT (J mol™ K?)

FIG. 7. Temperature-dependent specific heat C in the represen-
tation of C/T vs T of polycrystalline RCu;Ru,0;, (R = La, Pr,
Nd) including fits (solid curves) to a Debye-Einstein model of the
phononic contribution (data in the main frame have been shifted for
clear depiction: Nd, +0.1 and Pr, +0.2 Jmol™! K~?). The inset is
a representation of C/T vs T2. The solid lines in the inset are fits
according to conventional FL behavior. See Tables V and VI and the
text for details.

specific heat also does not depend on external magnetic
fields (not shown). For PrCus;Rus4O;, and NdCu3Ru40O;, the
Fermi-liquid behavior can only be observed down to ap-
proximately 15 K due to a strong upturn related to CEF
effects, which will be discussed later. All compounds exhibit
enhanced Sommerfeld coefficients characteristic for strong
electronic correlations. In comparison with the compounds
ACu3RusO1; (A =Na, Ca) which have been intensively
studied [3,10-15,17-19,21-24,26,27,29,32,62-74], their lan-
thanide homologues show considerably higher values: 295,
178, and 135 mJ/mol K? for RCuzRu;0;, (R = Pr, Nd, and
La), respectively (see also Refs. [13,21,25]). Note that the
enhanced Sommerfeld coefficients of the Pr and the Nd com-
pound may partly result from contributions of low-lying CEF
levels. Both the Debye temperature derived from the coeffi-
cient B via 0p = y/12R7*/58 and the Sommerfeld coefficient
y obtained from the low-temperature data have been fixed
for the numerical fit of the specific-heat data up to room
temperature. It includes one Debye term
/T
Cp = a x 9R(T /6p)’ / xte" /(e — 1)dx
0

and two Einstein terms

Ceria = (b1, by) X 3R(O1 g2/ T )%™ /T /(%121 — 1),

TABLE VI. Debye temperature 8, and Einstein temperatures 6g;
and g, including weighting factors a, by, and b, resulting from
numerical fits according to a Debye-Einstein model. See Fig. 7 and
the text for details.

14 B Op
Compound (1073 J/mol K?) (10~* J/mol K*) (K) Compound a x 6p (K) by x 6 (K) by X O (K)
LaCu;Ru 04, 135 4.06 169 LaCu3;RuyO1; 1 x 169 6.5 x 243 10.0 x 594
PrCu3;Ru40,, 295 4.22 166 PrCu;Ru Oy 1 x 166 5.5 x 234 8.9 x 563
NdCu;Ru,0 178 4.54 162 NdCus;Ru,0¢ 1 x 162 6.1 x 231 9.5 x 572
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FIG. 8. Temperature-dependent specific heat C of polycrystalline
PrCus;Rus0y;. (a) Experimental zero-field raw data (gray squares)
which have been corrected for nuclear (C,., purple stars), electronic
(Ca), and phononic contributions (Cyy) resulting in the data set of
green circles. Subtraction of the reference compound LaCu;Ru,O,,
results in data represented by blue triangles. (b) Data corrected for
the contribution of the reference compound LaCu3;Ru,Oy; in various
magnetic fields. See the text for details.

with the weighting factors a, by, and b, and the Einstein
temperatures 0g; and Og,. The weighting a of the Debye term
is set to one, corresponding to three degrees of freedom, which
account for the contributions of three acoustic phonon modes.
The resulting fit parameters are listed in Table VI and describe
the experimental data very well (see the solid curves Fig. 7).
The sum of the weighting factors theoretically should give
the total number of constituents in the formula unit, i.e., 20,
but reaches only 17.5, 15.4, and 16.6 for the La, Pr, and Nd
compound, respectively. The reason for this might be the ex-
istence of further modes at elevated temperatures not included
in the fit. The Einstein temperatures exhibit reasonable values
at around 235 and 575 K.

A closer look at the specific heat of PrCusRusO;; is
provided in Fig. 8(a). Here the experimental zero-field data
(gray squares) clearly show a Schottky-like anomaly at
around 2 K, which is obviously related to the transition
between low-lying states. The contribution of the CEF
becomes even more obvious when subtracting electronic,
phononic, and nuclear specific heat. Below 20 K this
is done by using the fits according to FL behavior

(see Fig. 7 and Table V) as well as by calculating the
nuclear contribution to the specific heat (purple stars, only
significant well below 0.4 K). The latter includes both
literature values [75] of isotope content, nuclear spin I,
nuclear magnetic moment w, quadrupole moment Q and
compound-specific parameters, namely, an isotope-specific
electric field gradient V,, and a global internal magnetic
field By, = 11.3 T. The subtraction has been carried out
with the parameters 8 and y from Table V, V,,(Cu — 63) =
V..(Cu — 65) = V..(Pr — 141) = 0.73 x 10%2 V/m?, and
V..(Ru —99) = V..(Ru — 101) = 0.43 x 10?*> V/m?. The
values of V., are taken from NQR experiments on the
homologue compound CaCu3Ru4O;, and serve here as
an upper bound [11]. The resulting data set (green circles)
features a pronounced maximum at 1.6 K and vanishes toward
0.1 and 20 K.

To account also for CEF contributions at higher tem-
peratures the specific heat of the reference compound
LaCu3Ru40y; is subtracted from the experimental data of
PrCusRu401,. Here, another Schottky peak is evident with a
maximum at 53 K (blue triangles). When applying magnetic
fields, the Schottky anomaly at 2 K continuously shifts to
higher temperatures with increasing field, a consequence of
the Zeeman splitting of the 4 multiplet. This is illustrated
in Fig. 8(b), which shows the specific heat corrected for the
contribution of the La compound in various magnetic fields.

Turning now to NdCu3Ru40,, a similar behavior can be
observed. However, the splitting to the first excited level is
even smaller than in Pr**, as can be seen in Fig. 9(a) from the
specific heat, although low-temperature data are not on hand
and only the onset of a peak in the experimental zero-field data
(gray squares) is visible. Due to the fact that this peak emerges
from low temperatures upon increasing magnetic fields [see
Fig. 9(b)], one can extrapolate its maximum to roughly 1 K.
This is in good agreement with recent findings of magnetic
order at T = 0.6 K [61]. For a more distinct evaluation of the
CEF contribution, the electronic and phononic fractions of the
specific heat have been subtracted from the experimental zero-
field data for T < 20 K with 8 and y from Table V. The result
is shown by the data set of green circles which represents
the high-temperature shoulder of the above-mentioned peak
vanishing at around 20 K, similar as in PrCusRu4O1;.

Also for the Nd compound, the specific heat of the
reference compound LaCuzRusO;, is subtracted from the
experimental data in order to account for CEF contributions
at higher temperatures. An additional Schottky peak becomes
visible with a maximum at 69 K (blue triangles).

On increasing magnetic fields, the anomaly continuously
shifts to higher temperatures, even stronger than in the Pr
compound but with constant amplitude. This is illustrated in
Fig. 9(b), which shows the specific heat corrected for the con-
tribution of the reference compound LaCu3Ru4Oy; in various
magnetic fields.

The behavior of the specific-heat maxima with respect to
the magnetic field is shown in Fig. 10 for the Pr and the Nd
compound. Data are derived from specific heat corrected for
the contribution of LaCu3RusO;, [see Figs. 8(b) and 9(b)].
The Pr compound exhibits a quadratic dependence (Tiax o
H?) originating from the nonlinear dependence of the ground-
state sublevels upon magnetic field typical for non-Kramers
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FIG. 9. Temperature-dependent specific heat C of polycrystalline
NdCu3;Ru404,. (a) Experimental zero-field data (gray squares),
which have been corrected for electronic (Cg) and phononic con-
tributions (Cyy) resulting in the data set documented by the green
circles. Subtraction of the reference compound LaCu3;Ru4O;; results
in data represented by blue triangles. (b) Data (solid symbols) cor-
rected for the contribution of the reference compound LaCu;Ru,04,
in various magnetic fields. See the text for details.

ions. In contrast, the peak positions of the Nd compound show
a linear dependence upon magnetic field as usual for the linear
Zeeman effect of Kramers doublets. However, also for the Nd
compound, the degeneracy of the ground-state quartet seems
to be slightly lifted, as indicated by the nonzero intersection
with the temperature abscissa.

E. NMR/NQR

Figure 11 documents Cu NMR spectra of LaCu3Ru Oy,
[Fig. 11(a)] and PrCuzRu4O;, [Fig. 11(b)] obtained at
50.25 MHz. For both compounds, the Cu spectra show
splittings of the central nuclear transitions —1/2 < 41/2,
which are described by the interaction between the nuclear
quadrupole moment Q and the electric field gradient at the Cu
site up to second-order perturbation theory [11]. Simulated
spectra are added at the bottom of each frame in Fig. 11 (light
gray area). For PrCusRu4Oy;, the singularities of the powder
spectra are almost smeared out, indicating an increased den-
sity of magnetic inhomogeneities compared to LaCuzRusOy5;.
Nevertheless, at T ~ 2 K the resonance frequencies vngr of
the %*Cu transitions for pure quadrupole interaction at zero

A
fant ~
[ H
N
T 4
o
3
A=
a Nd
e Pr

Tmax (K)

FIG. 10. Field dependence of the experimental peak maxima
Tax Of the lowest CEF transition of PrCuzRu,O;, (half filled cir-
cles) and NdCu3;RusO,, (half filled triangles). The peak maxima
are derived from specific-heat data corrected for the contribution of
LaCu3;Ru,0y; [see Figs. 8(b) and 9(b)]. The data include estimated
error bars for Pr (broad maxima) as well as fits (solid/dashed curve)
corresponding to a quadratic/linear dependence of Tp,,, with respect
to H for Pr/Nd. The regression line for Nd is extrapolated to zero
field.

applied magnetic field were found to be vngr = 19.55 and
18.83 MHz in LaCu3Ru40/; and PrCu3Ru,0y;, respectively.
In LaCuszRu40O;; an additional Cu signal is observed, also
exhibiting a split central transition [highlighted by the dark
yellow area at the bottom of Fig. 11(a)]. This splitting directly

@  LaCuRu0,, NMR

(b) ' 'Pr(lluaR'u401'2 I50.25|'\/IHz

Cu spin-echo intensity (arb. units)

1.6 KI 5cy , ?3Cu ,
4.0 4.2 4.4 4.6 4.8
n,H (T)

FIG. 11. NMR spectra of the —1/2 <> +1/2 transitions of the
Cu isotopes %Cu and %Cu at @ = 50.25 MHz in (a) LaCu3Ruy0,
and (b) PrCu;Ru 0y;. The light gray areas at the bottom of each
frame indicate the spectra simulation of the quadrupolar perturbed
Zeeman splitting. In LaCu3;Ru,O,, an additional Cu signal is ob-
served, also exhibiting a split central transition highlighted by the
dark yellow area at the bottom of (a).
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FIG. 12. NQR spin-lattice relaxation rate 1/7y(T) of ®Cu in
(a) LaCuzRu 40, and (b) PrCuz;Ru,0O;,. The solid line in (a) in-
dicates a Korringa law 1/T\T =1.2s7! K. Additionally, the
Korringa law 1/T,T = 0.44 s~ K~! of CaCu3Ru,0, is indicated
by the dash-dotted gray line taken from Ref. [11]. The solid line
in (b) is a fit to a power law for 0.35 K < T < 7.5 K. The inset
shows the temperature dependence of the stretching exponent 8 for
LaCu3;Ru,0y; (solid triangles) and PrCuz;Ru Oy, (open circles). The
black (dashed/dotted) curves are drawn to guide the eye.

measures the strength of the so-called quadrupole coupling
between the nuclear quadrupole moment Q and the surround-
ing electric field gradient. From the spectrum simulations in
Fig. 11(a) it turns out that the quadrupole coupling constant
of this additional Cu signal is by a factor of 0.61 smaller than
the quadrupole coupling constant of the majority Cu spectral
line. This result strongly resembles the case of YBa;Cu3Og.s,
where in-chain Cu(1) sites differ by the identical factor of
0.61 from planar Cu(2) sites with respect to their quadrupole
coupling constants [76]. Therefore, the additional Cu signal in
our NMR spectra indicates the existence of a second species
of copper ions with the identical site symmetry, but a different
valence state in LaCu3Ru4O1; corroborating the results of the
x-ray absorption near edge structure (XANES) measurements
[33].

Figure 12 shows the temperature dependence of the spin-
lattice relaxation rate 1/7; of LaCuzRusOy; [Fig. 12(a)] and
PrCu3;Ru40, [Fig. 12(b)] in a double-logarithmic represen-
tation. The values for 1/7; are obtained by irradiating the
+1/2 <> £3/2 NQR transitions of ®*Cu at zero magnetic
field as described in Ref. [11]. The spin-lattice relaxation
exhibits a temperature-dependent stretching exponent B(7T),
which is given in the inset of Fig. 12. In the case of
LaCusRuy401; alinear behavior 1/7; o T is observed, as indi-
cated by the solid red line in Fig. 12(a). Such linear behavior

hallmarks a Korringa law, which is an identifying character-
istic of Fermi-liquid properties in LaCuzRu40;,. Compared
to CaCuzRusOq, [11], where a linear behavior was found
for temperatures 5 K < T < 20 K [dash-dotted gray line in
Fig. 12(a)], the Korringa constant in LaCu3Ru40;; is about
three times larger, which implies about +/3 times larger effec-
tive masses m*. The same enhancement by a factor of around
/3 is obtained from heat-capacity measurements for the Som-
merfeld coefficients y given above. Deviations from the linear
behavior of the Korringa relaxation rate in LaCuzRu4O, ap-
pear below 1 K [dashed line in Fig. 12(a)]. Similar effects
have been observed in CaCu3zRu40;, and have been inter-
preted as evidence for NFL effects [11]. In CaCu3Rus01;
these effects set in below 10 K, while in LaCu3zRus0;, NFL
behavior certainly is much weaker and significant deviations
from Fermi-liquid behavior appear below 1 K only. It is
accompanied by clear deviations from pure exponential relax-
ation (8 = 1). At lowest temperatures significant stretching is
indicated by g = 0.7.

The spin-lattice relaxation in PrCuzRu4Oj, is consider-
ably faster and exhibits a completely different temperature
dependence [Fig. 12(b)]. At elevated temperatures (7 K <
T < 20K) the spin-lattice relaxation rate 1/7} is roughly
temperature independent but strongly increases toward lower
temperatures (7" < 7 K). This behavior signals strong spin
fluctuations driving the nuclear relaxation. The divergence
toward low temperatures tentatively follows a power law
1/T7 « 77978 [red solid line in Fig. 12(b)]. This is close to
the critical exponent v = —0.7, which is given theoretically
for the three-dimensional Heisenberg model in the vicinity
of a magnetic phase transition [77]. As critical exponents
are defined only in a narrow temperature range around 7¢,
the power law of 1/71(T") in PrCuzRu40, rather documents
an extended fluctuation regime. At T =~ 350 mK, 1/7; shows
a maximum. Concomitantly with this anomaly in 1/7], the
stretching exponent S(7) exhibits a minimum at the same
temperature, as indicated in the inset of Fig. 12. The co-
incidence of a maximum in 1/7;(T) and an accompanying
minimum of the stretching exponent S(7") at the same tem-
perature resembles the case of Li;_,Zn,V,04 [78], where an
identical behavior indicates the transition into a spin-glass
state. For PrCusRuy4O1,, however, a magnetic freezing tran-
sition around 350 mK cannot be identified by heat-capacity
measurements. Therefore, the maximum of 1/7,(T) rather
documents a slowing down of electronic spin fluctuations of
timescale t, which is probed by the nuclear frequency w of
the NQR experiment, where wt ~ 1 with @ = 27 x vNQR.

Comparing the values of the Cu NQR relaxation rates in the
La and Pr compound, one concludes that a cross relaxation
of the Cu nuclear moment occurs via the Pr ground state.
Obviously it should be a doublet or triplet. Its degeneracy is
lifted around 7 = 10 K in a small energy interval A < kgT'.
The temperature dependence of the relaxation rate will be
proportional to the probability difference of up and down
transitions [79], i.e.,

A A
Woplexpl — ) — 1| =const| 1 + —+--- ). (1)
P ke T kpT

The maximum of the relaxation rate at 7 = 0.35 K can be
interpreted as a signature of the ordering of magnetic moments
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FIG. 13. Contour plot of the dynamic structure factor S(Q, w) of
PrCus;Ru4Oy; for (a) 1.5 K and (b) 150 K. Intensities are shown by a
suitable color coding on a logarithmic scale to indicate increasing
intensities from green via yellow and orange to light red above
the background level shown in blue. The dashed lines mark the
dispersionless intensities as described in the text. Selected nuclear
Bragg-peak positions (dark red spots) are indicated by their Miller
indices.

of the Pr ions. This assumption is supported by the recent ob-
servation of magnetic ordering in NdCusRusO; at 7 = 0.6 K
[61].

F. Inelastic neutron scattering

To get some more detailed information on the CEF split-
ting, we performed additional inelastic neutron scattering
measurements on PrCuzRus01,. A color-coded contour plot
of the dynamic structure factor S(Q, w) of PrCuzRu O,
is shown in Fig. 13 for 1.5 K [Fig. 13(a)] and 150 K
[Fig. 13(b)]. Both contour plots span momentum transfers
of approximately 1A~! < Q <5A~! and energy transfers
from —10 meV to approximately +15 meV. The red riff
around zero-energy transfer originates from incoherent scat-
tering with dark red spots corresponding to nuclear Bragg
reflections. Additional magnetic scattering is color coded to
indicate increasing intensities from green via yellow and or-
ange to light red above the background level shown in blue. At
both temperatures dispersionless excitations can be observed
in the energy range investigated, which obviously correspond
to CEF excitations. At 1.5 K a relatively weak intensity is
present at 3.5 meV while well-defined CEF excitations are
visible close to 8 and 9.5 meV. At 150 K only the strongest

PrCu3Ru 4O i

T=

| ——1.5K
4 —— 50K
—— 100K
—— 150K

Q=1.5A"
2t dQ=0.1A"

intensity (arb. units)

P,

s d
-10 -5 0
ho (MeV)

FIG. 14. Dynamic structure factor S(Qo, @) of PrCus;Ru,0; for
fixed scattering angle (momentum transfer) Qy = 3.5 A" and a
width of dQy = 0.2 A~ for various temperatures. Positive values
of w mean energy loss of the neutrons and vice versa.

excitation at 8 meV remains, which can also be observed at
the energy gain side.

The detailed evolution of these excitations with tempera-
ture is shown in Fig. 14. Representative constant Q scans at
a momentum transfer Q = 3.5 A~ for selected temperatures
between 1.5 and 150 K indicate a splitting of the excitations
at 1.5 K due to a change in symmetry. They get weaker with
increasing temperature and eventually vanish such that only
the excitation centered at 8 meV remains for 7 = 150 K. This
excitation roughly corresponds to a temperature scale of 90 K
and represents the splitting of the Pr ground state Fil) to the
first excited state I'»3 in the cubic crystal field. The additional
splittings visible at 1.5 K indicate the substructure of the
Pr levels due to further distortion arising from quadrupolar
ordering effects.

At this point we would like to comment on possible contri-
butions of phonon scattering in the Q scans investigated. Due
to the magnetic form factor, the magnetic intensity decreases
with increasing wave vectors and phonon scattering should
gain increasing importance. Evaluating the form-factor effect,
we find that it could be of the order of 30% in the Q range
investigated, but is hardly visible due to the fact that Fig. 13
utilizes a logarithmic intensity scale. The fact that the phonon-
induced background is not very important is documented by
the constant Q scans shown in Fig. 14, which show very little
temperature-dependent background due to phonon scattering.
We safely can conclude that phonon scattering does not influ-
ence any of the conclusions drawn in this paper.

III. THEORY AND DISCUSSION

A. Cubic crystal field

As mentioned in Sec. IT A, RCu3Ru40;; (R = La, Pr, Nd)
crystallizes in a body-centered-cubic lattice with space group
Im3 (Ths) of which the site of the R ion (and thus the CEF
symmetry for this site) is represented by the cubic point group
m3 (T;). According to calculations by Lea et al. [37], the
Hund’s rule ground state of Pr3* (3H,) in a cubic CEF is split
into a nonmagnetic singlet I'y, a nonmagnetic doublet I'»3,
and two magnetic triplets I'4 5. In the case of Nd* (%1 /2) this
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CEF causes a splitting into one magnetic doublet I'¢ and two
magnetic quartets Fél‘ .

For a long time it was believed that the same Hamiltonian
is applicable to all five cubic point groups [37,80]. However,
a reinvestigation of the CEF for the point groups 7 and Tj
shows that this belief is incorrect due to a new nonvanishing
term [81]. Although the degeneracy of each sublevel does not
change as compared to those of the point group O;, some
eigenfunctions and eigenvalues are affected and therefore the
J-manifold diagrams shown in [37] are not relevant in our case
(T3). Note that the symbols of the irreducible representations
used below are those according to Ref. [81].

Starting from the CEF Hamiltonian,

Ha =) BPCY. @
k.q

4
k) — YO o,
& =\mr E,- 010, 1) 3)

are operators of the CEF acting on 4f electrons and BX) are
quantities which in a superposition model [82,83] are calcu-
lated as

where

BY =3 aVR)CUO;. @), @)

J

with the so-called intrinsic CEF parameters a*)(R ;). The in-
dex j is running over 12 nearest-neighbor oxygen atoms and
8 next-nearest-neighbor ruthenium atoms (Rp;.o = 0.262 nm
and Rp;r, = 0.323 nm), while contributions from more dis-
tant ions are expected to be negligible. The oxygen atoms
form a slightly distorted icosahedron around the R ion with
a ratio of the cartesian edge coordinates b/a = 1.766 and
1.774 for Pr and Nd at T = 1.6 K, respectively [the ideal
value b/a = (1 + \/5)/2 ~ 1.618]. In contrast, the ruthenium
atoms form an ideal cubic configuration. Since the crystal-
lographic differences between the Pr and the Nd compound
are marginal, one expects the intrinsic CEF parameters to be
roughly the same for both R ions (Pr and Nd). The expressions
for the CEF parameters are

By =By =0,
a* + b* — 3a2h?
(a® + b2)?

— Za¥ (Rpra),

By = 74" (Rg.0)

B =0,

2a° — 15a2h* — 15a*b* + 2b°
(@ + b?)}

+ 24" (Rpra),

33105
= 8 a

6) _ 7 p(6)
B, = _\/;BO ’

a2b2(a2 _ b2)
(@ + )}

(Rr-0)

9

(6) 5 p6)
B® = —/3BY. )

Note that in the case of the ideal icosahedral symmetry [80]

a(l ++/5)
2
a +b* —3a% =0,

a> + b
a—p =3

b= = 16]8a,

33%p°

BY = —a®(Rp.0)—5—5. 6
V=" Reo)y s )

Therefore, we expect B, < 0. The situation concerning the

sign of the parameter B(()4) needs some consideration. Def-
initely a™® (Rg.0) > O since the effective electric charge of
oxygen and the exchange charge, located at the R-O bond,
have the same signs [83,84]. A CEF analysis performed on
HoRh on the basis of inelastic neutron scattering [85] showed
that a® (Ryo.rn) > 0 and therefore the second term in B(()
is negative. Taking into account that the factor (a* 4 b* —
3a?b*)/(a® + b*)?* is just about 0.08, we conclude that the sign
of Bg‘) can be negative in RCuzRu4O; (R = Pr, Nd).

For calculating the relevant wave functions of the respec-
tive energy levels, it is useful to separate the Hamiltonian [Eq.
(2)] into two terms and write H. = Hq + H,. Here H; has
a form as for conventional cubic (tetrahedral and octahedral)
symmetry:

(6)
0

M =By [cg*) +/ 3+ C(?):|

+ B [C{f’) - f; (c® + c(_f’i)]. (7)

Its wave functions are well known. For the point group 7;
one has additional terms due to the lack of umklappung and
a fourfold symmetry axis compared to Oy, [86]. These terms
are represented by #, and were found to occur in RT4 X, and
RPd;S,4 [81]:

Hy = BY [cg"’) +C9 -+ CSGQ)}. ®)

Note that for perfect icosahedral symmetry B;ﬁ) = @Bg’).
This relation illustrates the relative importance of the term H,
in our case.

Since the R-Ru distance is relatively large (about 3.2285 A)
the contribution related to a®(R-Ru) is small with respect to
those related to a‘® (R-O). From Eq. (5) it follows that we have
just two a priori unknown parameters, namely, B(()6) and Bg”.
Its values are determined on the basis of the above-described
experimental data and amount to B((;D = —720+£ 10K and
B(()G) = —620 £ 40 K. Details of the corresponding data anal-
ysis x (Pr) are given in Sec. III B. They might be of general
interest for the analysis of CEF effects concerning R ions in
related compounds.

1. Pt

In the case of Pr, singlet, doublet, and triplet states cor-
respond to irreducible representations I'j, I'»3, and Ff‘l’z),
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4
11/2

758 K

156 K
0
Pr3+ PFCU3RU4O12 Nd3+ NdCUgRU4012
free ion free ion

FIG. 15. Level schemes of Pr’* and Nd** free ions and in
RCu3Ru,0¢; (R = Pr, Nd) with corresponding R-site symmetry 7;,.
Transition energies of the free ions were taken from Ref. [88]. Split-
tings to the ground state (0) are given in the unit Kelvin.

respectively [81,86,87]. Applying the point group method and
diagonalizing H., we get the energy levels E,

Ey = —56b4 — 80bg,
E»3 = —8bag + 64bg,

E{" = 12byy — 8bsy — 4P,
E = 12byy — 8bey + 4Py,

C))

with P, = \/ (10b49 — 3bgn)? + 60(bgy)?. Here we have intro-
duced the abbreviations

1
bun = B(4),
0T 31210

4 x 17
bep = —— " __B©® 10
0= 9121 x 130 (10)
p AT
2T 9121 x13 2"

Using Eq. (5) and the ratio b/a = 1.766, we get bg, =
1 .250@1960. Thus, the crystal-field Hamiltonian H,, has only
two parameters, namely, by and bgy. Based on the experi-
mental data obtained, the dominant CEF excitation at 8 meV
between the I'4 triplet and the I',3 doublet detected by neutron
scattering and the evolution of the magnetic susceptibility
performed in Sec. IIIB and keeping in mind that intrinsic
parameters a*) have to be approximately equal to those of Nd,
we get byg = —2.0 K and bgp = —3.0 K. The resulting energy
scheme is given in Fig. 15. The ground state is found to be the
triplet Fil) and its wave functions are given by

1 1
1) = clﬁ[ﬁm — -] - Czﬁ[l—?ﬁ) + V7101,
1 1
0) = clﬁ[m —-2)] +Czﬁ[|4) — |—4)],
1 1
|-1) = —clﬁ[ﬁ|—3> — 1) +c2ﬁ[|3> +V71-1)1,

an

where
c1/c2 = =2~15bgy /(10b49 — 3beo + Pr2). (12)

The first excited state is the doublet I'»3 and its wave functions
are given by

1
= —{-V1 4) 4+ |—4
16) m{ V10(0) + V7[14) + -4},

1
= —[2) +1-2)], 13
le) ﬁ[|>+| )] (13)

while the wave functions of the other CEF levels can be
written using orthogonality relations.

2. Nd*+

In the case of Nd, doublet and quartet states correspond to
irreducible representations I's and Fél7'2), respectively [81,87].
By diagonalization of H., we get the energy levels E,

Es = —28d, + 32ds,

EG(,;) = Tdy — 8dso — v (En)? +240(dey)?,  (14)

ES = Tdyy — 8dgo + v/ (E12)? + 240(de>)?,
with
(E12)* = (10ds9 — 2deo)* + 2(25ds0 + 28deo)*.  (15)

Here we have introduced the abbreviations

4xTx 1T 4
d4()=— 0

9x113x13

52 x17x 19 ©)
o0 = 3 (o

V21
d62 = 12657d60

Since the intrinsic CEF parameters a(R) and a‘®(R) for
Nd are approximately the same as for Pr, one expects the
following relations:

dyo(Nd) ~ 1.1b4o(Pr),
dgo(Nd) = 2.5bgy(Pr). (17)
The first two wave functions of the ground-state quartet are
given by
TSy 3) = 0.026|—2) 4 0.139|—3) + 0.199| 1)
+0.468|3) — 0.849|2),
T, 1) = —0.365|3) — 0.7083) + 0.246|1)
+0.510|—-3) 4 0.212|—3). (18)
The set of functions for the upper quartet |Fg), mg) can
be written according to orthogonality conditions. The wave
functions of the doublet I'5 are the same as for the state I'g in

generalized cubic symmetry [37,89]. The calculated energy-
level diagram is shown for both Pr** and Nd** in Fig. 15.

B. Data analysis

To extract the cubic crystal-field parameters we evaluate
the magnetic susceptibility data using the expression for the
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ACu3Ru4012
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%10.1 . = A=Pr b, =-2K :
=

107
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T (K)

FIG. 16. Temperature-dependent magnetic susceptibility of
RCu3Ru40y; (R = Pr, Nd) in a semilogarithmic representation and
associated fits (solid curves) according to Eq. (A6) with the fitting
parameters byy and bgj in addition to a Curie-Weiss law.

generalized susceptibility [Eq. (A6)] derived in Appendix
A, the information from inelastic neutron scattering, and
also specific-heat data. For PrCusRu;0O1, neutron scattering
reveals a splitting of 8 meV between the I'y ground-state
triplet and the I"y3 excited-state doublet. This is also indicated
by the Schottky anomaly centered at 53 K in the specific
heat. In NdCu3;Ru4O1, a similar Schottky anomaly appears at
69 K indicating a somewhat larger splitting between the I'g;
ground-state quartet and the excited ['s doublet.

Figure 16 shows the fitting of the susceptibility data for
PrCus;Rus0O;; and NdCuszRu 0, with the same parameters
Bg and Bg in addition to a Curie-Weiss law for the Cu-
Ru spin system with Ocw(Nd) = —1000 K and Ocw (Pr) =
—1600 K and a Curie constant C = 4.54 emu K/mol accord-
ing to Ref. [16] for LaCu3Ru4O1;.

Note that subtraction of the susceptibility data of
LaCu3Ru,01; as reference yields larger effective moments for
Pr’* and Nd** than theoretically expected. Thus, fitting the
rare-earth contributions obtained after subtraction by Eq. (A6)
results in large deviations at high temperatures. Therefore,
we evaluated the original data taking into account the Cu-Ru
spin system by an additional Curie-Weiss law with the same
Curie constant as for LaCuszRu4 O, but using the Curie-Weiss
temperature as the fit parameter. By this procedure we obtain
a satisfactory description of the susceptibility data of both
rare-earth compounds with cubic crystal-field parameters in
agreement with the excitation energy between the ground state
and the first excited state (see Fig. 15). However, deviations of
the fitting for temperatures below 50 K and the appearance
of additional excitations in the inelastic neutron scattering
measurements at low temperatures make it necessary to take
into account local distortions of lower symmetry, which in the
PrCuzRu40;, compound results in a singlet ground state.

Clear evidence for local symmetry lowering is provided
by the specific-heat data which is shown in Fig. 8. The peak
at 2 K indicates splitting of the triplet ground state of the
Pr ion. Two reasons for this are possible: first as a result of
the lowering symmetry of the crystal lattice and second as
an effect of the electric field induced by orbital ordering of
quadrupole moments at low temperatures in the sublattice of

PrCusRu4012

0 10 20
T(K)

FIG. 17. Calculated temperature-dependent specific heat C (con-
tribution of the CEF only) of PrCus;Ru Oy, for various magnetic
fields based on the local distortions described by Eqgs. (19) and (20).
See the text for details.

Pr ions. Such quadrupolar phenomena were found in other
Pr compounds too, e.g., evidence for strong quadrupolar pair
interactions in rare-earth palladium bronzes RPd;S; [45],
multipolar ordering due to antiferro-octupolar interaction
at T. = 7.5 K in Ce(Pd,Pt);S4 [90], simultaneous antiferro-
quadrupolar and ferromagnetic transitions at 7, = 6.3 K in
CePd;S4 [91], and antiferroquadrupolar ordering at 3.5 K
above the Néel temperature Ty = 0.7 K in DyPd;S4 [92].
These orbital ordering temperatures correspond quite well
to the respective one found in PrCusRusO, (T = 7 K; see
Fig. 12). In order to get more information about splitting and
the ground state, we apply the effective Hamiltonian method
[89] and introduce an effective moment [ = 1 for the triplet
ground state of Pr. The effective Hamiltonian with a minimal
set of parameters (just two), which allows us to reproduce
basic features of temperature and magnetic field dependences
of the specific heat, is written as

My = D32 — I+ D] +iE'(I7 = 17), (19)

with D =1.5K and E’ = £4.5 K. The energy levels are
given as
E,=D-2|E'|=-7.5K,

E, = —2D = 3K, (20)
Ey=D+2|E'| = 10.5K.

Equation (19) can be interpreted as a result of local dis-
tortions of the 4 f-electron density of Pr in the (a, b) plane,
which is oriented toward a couple of nearest oxygen positions,
forming a dumbbell-like pattern. Our choice of the coordinate
system is displayed in Fig. 1. The distortion is uniform along
the ¢ axis (one can speculate about ferro-ordered quadrupolar
components), but in the (a, b) plane it can be an alternating
pattern of p, and p, orbitals as well since the sign of the
parameter E’ is lost during the averaging procedure of the
powder sample.

The calculations of the theoretical CEF specific heat for
various magnetic fields is shown in Figs. 17 and 18 for Pr and
Nd, respectively. Qualitatively, they are in good agreement
with the experimental data [see Figs. 8(b) and 9(b)]. Figure 17
shows that a splitting of the I'y ground-state triplet into three
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FIG. 18. Calculated temperature-dependent specific heat C (con-
tribution of the CEF only) of NdCu;Ru4O;, for various magnetic
fields based on the local distortions described by Eqgs. (19) and (20).
See the text for details.

singlets allows us to understand the decreasing amplitude of
the Schottky anomaly to low fields in PrCusRu4Oy, and the
resulting nonmagnetic ground-state singlet. This gives rise to
the quadratic field dependence of the Schottky maximum in
PrCu;Ru40y; (see Fig. 10).

Figure 19 depicts the low-temperature magnetic suscepti-
bility of PrCuzRu4Oy, in fields up to 14 T. The data have
been corrected for the contribution of the reference compound
LaCuszRuyOj, (1 T data set) and clearly show a significant
field-dependent splitting below approximately 10 K. The solid
lines have been calculated using the same parameter values
as for the specific heat. The susceptibility is suppressed with
increasing field and even for small magnetic fields exhibits a
saturation toward absolute zero, which is naturally interpreted
as evidence of a dominating Van Vleck-type contribution for
a singlet ground state. Finally, we have to mention that the

PrCusRu4012
MoH =

= = T
g o o — 2T
= I A ——A4T
3 v
501 !
X

110
T(K)

FIG. 19. Temperature-dependent magnetic susceptibility Ay of
PrCu;RusO;; in various magnetic fields in a semilogarithmic
representation (symbols). The data have been corrected for the con-
tribution of the reference compound LaCu3Ru4O4, (1 T data set). The
corresponding theoretical modeling is represented by solid curves.
The arrow indicates evolution with increasing magnetic field. See
the text for details.

overall splitting of the ground-state triplet, which we used to
reproduce the low-temperature specific heat and susceptibil-
ity, amounts to 18 K, which is only about half of the value
found by neutron scattering, 3.5 meV. The reason may be that
the real distortion depends on temperature, which is not taken
into account by our model and hence an average value of the
splitting is anticipated. This may also explain why our model
only provides a qualitative description of the low-temperature
specific heat and especially why the experimental Schottky
anomaly of PrCusRu;0, does not reveal the substructure
visible in our simulation in Fig. 17.

IV. CONCLUSION

We have studied the structural, magnetic, thermodynamic,
and transport properties of the A-site ordered perovskite
compounds RCuzRusOq; (R = La, Pr, Nd) in a wide range
of temperatures (0.1 K < 7 < 750 K) and magnetic fields
(noH < 14 T). In general, all three compounds exhibit heavy-
fermion properties, i.e., an enhanced Sommerfeld coefficient
of the specific heat and a quadratic temperature dependence of
the electric resistivity, due to strong correlations of the Ru 4d
electrons. In contrast to CaCuzRusO1,, no indications of a
valence transition have been detected [15]. This corroborates
the stability of the Ru** valence in the whole temperature
regime, in agreement with the observed Curie-Weiss law of
the magnetic susceptibility of LaCu3Ru401,, which we could
now verify up to 7 = 750 K. At the same time this proves the
localized nature of the Ru spin.

The magnetic properties of PrCuzRusO;; and
NdCu3;RusOj, at low temperatures are dominated by the
paramagnetism of the R ions. Subtraction of the susceptibility
of the La compound from the data of the Pr and Nd compound
approximately reveals the proper g values for Pr’" and
Nd**, respectively. Special attention was given to the
low-temperature anomalies of magnetization, specific heat,
and resistivity in both compounds and their dependence on
magnetic field. To analyze them, we studied in detail the
peculiarities of CEF effects of the R ions within the point
group symmetry 7;,. We have demonstrated how the energies
and wave functions for Pr and Nd multiplets can be obtained
in an analytical way and constructed the complete energy
schemes for the ground-state multiplets. The experimental
data from neutron scattering, specific heat, and magnetic
susceptibility could be successfully interpreted on the basis
of this level scheme. The ground states consist of a triplet
for Pr’* and a quartet for Nd**. For both compounds the
excited state is a doublet with an excitation energy of 8§ meV
for Pr and somewhat higher for Nd. At low temperatures
local distortions presumably due to orbital ordering result in
a further splitting of the ground-state multiplets. In the case
of Pr this gives rise to a singlet ground state.

ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungsge-
meinschaft via FOR960 “Quantum Phase Transitions” and
the collaborative research center TRR80 “From Electronic
Correlations to Functionality.” Part of this work was based
on experiments performed at the Swiss spallation neutron
source SINQ, Paul Scherrer Institute, Villigen, Switzerland.

235136-15



A. GUNTHER et al.

PHYSICAL REVIEW B 102, 235136 (2020)

Thereby we particularly acknowledge D. Sheptyakov for as-
sisting the SINQ experiments. We also thank D. Vieweg and T.
Wiedenmann for experimental support. The authors are grate-
ful to S. G. Ebbinghaus for fruitful discussions and support.
The work of M.V.E. was supported in part by the Russian
Science Foundation (Project No. 19-12-00244). The work of
R.M.E. was done within the framework of fundamental re-
search AAAAA18-118030690040-8 of FRC Kazan Scientific
Center of RAS.

APPENDIX A: GENERALIZED SUSCEPTIBILITY AT LOW
MAGNETIC FIELDS

We consider the Hamiltonian for a R ion with total spin Jy
exposed to an external field B and to the exchange interaction
Iy; with [ surrounding magnetic ions given by

H = He + Heo + gusIB+ > IuGod)),  (Al)

l

with the crystal field H.,, spin-orbit interaction Hg,, Zeeman
term, and exchange interaction, respectively. Here up denotes
the Bohr magneton and g the Landé factor. Then the energy of
state |i) up to quadratic terms in the magnetic field B can be

written as
E; =€ — a;B, — ¢;B:. (A2)

Here, for brevity, we introduce the molecular field parameter
1= Zl Inl(le) and

a |:1 Iy, :|(|J|)
i = - LJz[1),
sHte (guB)?
¢ = (gus)’
<i|Jz|j)(j|Jz|i>|: I i|
1-— . A3
XZ €j — € (g1s)? A9

J
Then the susceptibility is calculated via the free energy F =
-0 . exp(—E;/O) as

PF 1 5
Xz = _a_Bf = 6;%01'4-22[:@01'

- g Z a; pi Z a;Pi,
i i

(A4)

where

Zy = Z exp ( ) (A5)

The first term in Eq. (A4) corresponds to a Curie-like contri-
bution, the second is the generalized Van Vleck term, and the
third one vanishes in our case. Taking into account that the
coefficients a; are dependent on y,,, we arrive at a generalized
Curie-Weiss-Van Vleck expression

() (X, pilil:]0)> +260 3, ; p AR
0 + 21 3, pililJeli)? +210 Y, ; p; TEIUEER

' (A6)
Equation (A6) without the molecular field parameter / has
been derived previously [93]. From refined evaluation of the
low-temperature data we found / = 0.1 K for Pr and I =

0.05 K for Nd. This is of the order of the magnetic dipole
interaction between the rare-earth spins.

®

x(T) =

APPENDIX B: MAGNETIZATION AND SPECIFIC HEAT

The magnetization per Pr ion is calculated via the free
energy

M,(T,H,) = OF(T, Ha) (B1)
o ’ o - 8Ha E)
where
—E;(Ha)
F(T,H,) = —kgT In (Ze tsT ) (B2)

and E;(H,) are the eigenvalues of the total Hamiltonian
Hy + Hp + Hsz + H4. Averaging the magnetic susceptibility
over all possible orientations (H, = H, = H, = H), i.e., the
surface of an ellipsoid gives the simple expression

N [M(T,H) + My(T, H) + M (T, H)]

T,H)= , (B3
x (T, H) 3 i (B3)
with Avogadro number N. The theoretical heat capacity is
1 oF (T, Hy)
C(T,H) == _ B4
(T,H) 3 E 3T (B4)

o
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