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We report the evolution of the magnetic properties of Ce;Rh;_,Ir,Ing_,Cd, single crystals. In particular,
for Ceth0‘5Ir0A51ng (TN =2.0 K) and CethojIr0.5In7A79Cdo‘21 (TN =42 K), we have solved the magnetic
structure of these compounds using single-crystal neutron magnetic diffraction experiments. Taking the magnetic
structure of the Ce,RhlIng heavy-fermion antiferromagnet as a reference, we have identified no changes in the
q= (%, % 0) magnetic wave vector; however, the direction of the ordered Ce** moments rotates toward the ab
plane, under the influence of both dopants. By constraining the analysis of the crystalline electric field (CEF)
with the experimental ordered moment’s direction and high-temperature magnetic-susceptibility data, we have
used a mean-field model with tetragonal CEF and exchange interactions to gain insight into the CEF scheme and
anisotropy of the CEF ground-state wave function when Cd and Ir are introduced into Ce,RhIng. Consistent with
previous work, we find that Cd doping in Ce,RhIng tends to rotate the magnetic moment toward the ab plane
and lower the energy of the CEF excited states’ levels. Interestingly, the presence of Ir also rotates the magnetic
moment towards the ab plane although its connection to the CEF overall splitting evolution for the y = 0 samples
may not be straightforward. These findings may shed light on the origin of the disordered spin-glass phase on
the Ir-rich side of the phase diagram and also indicate that the Ce,MIng compounds may not follow exactly the
same Rh-Ir CEF effects trend established for the CeMIns compounds.
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I. INTRODUCTION

The Ce,,MlIn3,, 1, (M = Co,Rh, Ir; m = 1,2) family of
heavy-fermion (HF) intermetallic compounds present the
Ce** magnetic moments immersed in a conduction-electron
sea which exhibits a variety of magnetic and electronic
interactions, such as the long-range Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction and the Kondo effect. Both
depend on the exchange interaction between the f electron
and conduction electrons, Jy,, and are affected by the crys-
talline electric field (CEF) effects, allowing for parameters
such as pressure and doping to tune these competing inter-
actions. Such an interplay leads to intricate phase diagrams,
making it a vast playground for studying magnetic order,
disordered or glassy states, the onset of unconventional su-
perconductivity (SC), and quantum critical phenomena [1].

These compounds are tetragonal relatives of the cubic
Celns, since the layers of Celns are intercalated by m layers
of MIn, along the ¢ axis [2]. The evolution of the physical
properties of the Ce,Rh;_,Ir,In3z,, alloys has been thor-
oughly investigated. Transport measurements under applied
pressure and nuclear quadrupole resonance studies in the
Ce-115 (m = 1) compounds have shown that in Rh-rich com-
pounds the ground state (GS) tends to favor antiferromagnetic
(AFM) states [3-5]. Doping with Ir leads the system from an
incommensurate AFM state towards two different supercon-
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ducting phases, which are favored by pressure tuning and are
likely mediated by magnetic instabilities, despite their differ-
ent origins [4,6,7]. It has been shown that for intermediate Ir
concentrations the AFM state coexists with SC, going from
an incommensurate order to commensurate order [5,8]. Such
intricate properties sparked interest in the CEF scheme affect-
ing the actual GS of the monolayered CeMIns series [9-11].
Recent studies using inelastic-scattering techniques, with both
X rays [x-ray absorption spectroscopy (XAS)] and neutrons
[inelastic neutron scattering (INS)] [9,12,13], have probed
the GS wave function of Ce-115 compounds, obtaining its
admixing coefficients very precisely. These results revealed a
GS dominated by flatter orbitals in CeRhIns, which is the only
magnetic Ce-115 at ambient pressure. Hence it is strongly
suggested that the physical properties of the Ce-115 GS are
driven by the single-ion anisotropy associated with the orbital
distribution of Ce®*.

The bilayered Ce,MIng (m = 2: Ce-218) compounds have
also been studied under applied pressure [14]. Their structure
is more three-dimensional-like than that of the Ce-115s as
it encases a second Celns block and shows a Fermi surface
slightly more tridimensional than that of their monolay-
ered relatives [14,15]. For M = Rh, a superconducting dome
was found as pressure suppresses the AFM order, inducing
quantum fluctuations near a quantum critical point. Its mag-
netic structure at ambient pressure was determined through
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neutron diffraction, which found the magnetic moments to be
lying at an angle of 52° from the ab plane [17]. In the case
of the Rh-Ir alloys Ce;Rh;_,Ir,Ing, the Ir-rich compounds
present a disordered state of random spin freezing below the
transition temperature 7, resembling a spin-glass (SG) state,
as well as a superconducting dome in the Ir-doping phase
diagram, that can be suppressed by pressure [18,19]. Both
superconducting states found in the Ce-218 compounds have
lower critical temperatures than their Ce-115 analogs. How-
ever, their evolution with pressure is considerably different,
and the origin and suppression of SC in the Ir-rich compounds
remain unclear [18]. Growth reports of M = Co samples have
shown SC below 0.4 K; however, the structural defects marked
by the presence of spurious Ce-115 render these results unre-
liable [20,21].

Previous reports on Cd substitution in the In site showed
that for CeMIns, Cd tends to suppress superconducting states
in M = Co, Ir while favoring AFM ordering for M = Rh
[22,23]. Since Cd has one p electron fewer than In has, this
dopant may suppress the hybridization strength between f
and conduction electrons, ultimately tuning the ground state
of the material [16,24]. Interestingly, the SC reemerges in
the Cd-doped Celrlns under pressure, and recent neutron-
diffraction studies on this compound provide evidence that
the Ce®* magnetic moments lie along the structural ¢ axis
[7,25]. This magnetic structure is remarkably different from
both magnetic structures presented by CeRhlns, where the
magnetic moments lie on the basal plane [8].

For Ce,MIng, Cd doping enhances the antiferromagnetic
transition temperature 7y for M = Rh and induces a mag-
netically ordered phase over the spin-glass phase for M = Ir
[26]. Experiments on the Cd-doped Ce,RhIng under applied
pressure revealed that the Ce®™ magnetic moments rotate
gradually from 45° with the ¢ axis towards the ab plane up
to 0.6 GPa [27]. The ordered moment rotation is clearly a
CEF effect due to the anisotropy of the CEF GS, and it is
very important to investigate the role of dimensionality when
the tetragonal CEF tunes the ce’t (J = 5/2) GS doublet
(ITs) = [£1/2) or [TF) = VT —a?| £5/2) £a | F3/2),
a € [0, 1]) [28]. The effects of both Cd doping and applied
pressure on the M = Rh member of the Ce-218 series were
studied in a recent CEF investigation, since the moment rota-
tion is strong evidence that the CEF parameters of the system
are changing [27]. Based on the neutron-diffraction studies,
a detailed CEF study suggested that Cd acts as an electronic
tuning agent, which induces changes in the local density of
states of the Ce ions, lowering the energy of the CEF excited
states and thus flattening the orbital distribution of the GS,
favoring AFM order [9,27,29-31].

In this paper, we have investigated the evolution of the
magnetic properties of Ce;Rhy_,Ir, Ing_,Cd, (0 <x < 1,y =
0, 0.21) to gain further insight into the role of simultaneous Ir
and Cd doping in the Ce-218 family. We have performed neu-
tron magnetic diffraction (NMD) experiments to determine
the magnetic structure of pure and Cd-doped Ce,Rhg 5Ir( 5Ing
compounds. To further investigate the influence of Ir and Cd in
the CEF levels and GS of the Ce-218 compounds, a mean-field
model was used to analyze the magnetic-susceptibility data
of Ce,Rhy_,Ir,In779Cdy; (x =0, 0.5, 1). It consists of the
tetragonal CEF Hamiltonian of a Ce®" ion and anisotropic

interactions between local moments, fulfilling the role of
an effective RKKY interaction [9,29]. In particular, the mo-
ment’s direction was used as an experimental constraint in
the model (except for Ce,lrIng). From these results, we
were able to trace a possible trend for the CEF evolution
with the simultaneous Cd and Ir substitution in the Ce-218
series.

II. EXPERIMENTAL DETAILS

Single-crystalline samples of Ce;Rh;_,Ir,Iny79Cdg 2
(x=20,0.25,0.5,0.75, 1) and Ce;RhgslrgsIng were grown
by the indium-flux method [32,33]. The stoichiometry of the
transition metals Rh and Ir was determined through energy-
dispersive x-ray spectroscopy (EDS). The Cd concentration in
Ce-218 materials was determined in previous works [26,34].
The Cd-to-In ratio was determined through prompt gamma
neutron activation analysis at NG7 of the National Institute
of Standards and Technology (NIST) Center for Neutron
Research (NCNR), indicating that 13% of the nominal con-
centration of Cd in a given crystal actually incorporates into
said crystal. The tetragonal P4 /mmm crystal structure and the
lattice parameters were determined by x-ray powder diffrac-
tion. For the y = 0 and y = 0.21 compounds, no significant
change in the lattice parameters was found. The magnetization
measurements were performed in a commercial superconduct-
ing quantum interference device (SQUID)-vibrating-sample
magnetometer (VSM), and the specific-heat measurements
were performed in commercial equipment, using a small mass
calorimeter and a quasiadiabatic thermal relaxation technique.
Through resistivity measurements using the four-contact-
points configuration, the samples were screened and found
to be free of surface contamination by residual by residual
flux. Several crystals (about seven per batch) were screened
through specific-heat and resistivity measurements to con-
struct horizontal error bars for the alloyed samples, related to
the Ir-concentration inhomogeneity within a given batch. We
verified a 5% deviation from nominal Ir concentration in each
case (one standard deviation).

The NMD experiments were carried out on the BT-4
(Cetho_slrolslng) and BT-9 (Cetho_slro_sIn7.79Cd0.21) ther-
mal triple-axis neutron spectrometers at the NCNR. Selected
crystals previously screened with typical dimensions of 4 x
3 x 1 mm were aligned using the Laue method at the NCNR.
The samples were cooled in an Institut Laue-Langevin (ILL)
orange cryostat. The undoped sample was cooled in a *He
bottom-loading cryostat with a base temperature of 0.3 K,
while the Cd-doped sample was cooled in pumped He with
a base temperature of 1.7 K. Neutrons with incident energy
E = 14.7 and 35 meV (pure and Cd-doped, respectively) were
selected using the (002) reflection of a pyrolytic graphite
monochromator, and filters were used to avoid the higher
harmonics. Horizontal collimators in the configurations of 60-
42-42-100 (BT-4) and 40-47-40-80 (BT-9) full width at half
maximum (FWHM) were employed. For our experimental
conditions, no absorption corrections were employed. At the
employed energies, the neutron penetration length is longer
(about 2 mm) than the thickness of the samples, and the
obtained rocking curves for different domains indeed showed
no significant changes in the intensities.
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FIG. 1. Magnetic specific-heat data divided by temperature as a
function of temperature for the (a) pure and (b) Cd-doped (y = 0.21)
compounds. (c) Data adapted from Ref. [34] presenting the evo-
lution of Ty and Tyax as a function of the Cd concentration for
CesRhy 5Irg sIng_,Cd,. The dashed curves are guides to the eyes. x
evolution of Ty and the freezing temperature T, for (d) pure and (e)
Cd-doped samples, as a function of Ir concentration. (f) Sommerfeld
coefficient y roughly estimated from the data in (a) and (b), using
an entropy-balance construction. Vertical error bars indicate one
standard deviation.

III. RESULTS AND DISCUSSION

Figure 1 shows the magnetic specific heat per temperature
(cmag/T) as a function of temperature for several Ir concen-
trations, of the undoped [Fig. 1(a)] and Cd-doped [Fig. 1(b)]
CesRhy_,IrIng compounds. We obtained cpye by subtracting
from the total specific heat (c,) the lattice contribution ()
assumed to be identical to the specific heat of La,RhIng. Ty
is determined by a peak in cpa.. Moreover, the coherence
temperature Tyax is related to the maximum in electrical
resistivity p(T), obtained from peaks in the derivative of po(T)
[34]. The evolution of the characteristic temperatures 7y and
T, for the studied compounds is presented in Figs. 1(d) and
1(e). Ir-rich compounds have a lower ordering temperature,
indicating that Ir tends to suppress magnetic interactions, sim-
ilar to the trend exhibited in the Ce-115 series [22]. When
doping with a fixed Cd concentration of 2.6% in the Ir-
substituted compounds, one can see the enhancement of Ty
when compared with their undoped relatives. These results
are in good agreement with previous work [18,26,34]. The
presence of Cd in the system also suppresses the low-T su-
perconducting states for the Ir-rich compounds, similar to the
Ce-115 series [22,26]. One can clearly see in Fig. 1(c) that
Ty is enhanced as a function of Cd doping for fixed Ir con-
centration (x = 0.5). An unusual increase in Tyyax can also be
seen, which is not expected within the Doniach-type scenario
adopted to interpret the evolution of 7y in the series [35]. The
behavior of Tyax is in agreement with previous reports on the

pure Rh and Ir compounds (x = 0, 1) due to electronic tuning
[26,27].

From the data in Figs. 1(a) and 1(b), the Sommerfeld
coefficient y was estimated using an entropy-balance con-
struction in the vicinity of Ty, S(Ty — €) = S(Ty + €). The
same procedure was used around 7, for the Ce;IrIng com-
pound. Figure 1(f) presents the Sommerfeld coefficient as a
function of Ir concentration for two different Cd dopings.
Increasing the amount of Ir in the system roughly tends to
enhance the Sommerfeld coefficient overall, regardless of the
presence of Cd, due to the increase in the hybridization with
out-of-plane In atoms [36], in agreement with the scenario
observed in the Ce-115 compounds [37,38].

Once the grown batches were characterized for their
macroscopic and structural properties, single crystals of
Ce,Rhg 5Irg 5Ing and Ce,Rhg s5Irg5In770Cdg 2, were selected
and oriented to perform the NMD experiments.

The magnetic structures of the Ce;Rhln;79Cdg,; and
Ce,IrIny 79Cdg ) compounds were determined in previous in-
vestigations, using x-ray and neutron scattering [26]. There
were no changes in the magnetic propagation vector q =
(%, % 0) in either of the Cd-doped samples when compared
with Ce;Rhlng [17]. A staggered moment of 0.9(2) up per
Ce at 2.0 K, tilted 47(5)° from the ab plane, was found for
Ce;RhlIny 79Cdg 21. For CeyIrlny 79Cdg 21 a staggered moment
of 0.4(5) up per Ce at 2.0 K tilted 21(5)° from the ab plane
was observed [26]. The fact that the magnetic moments of
this series are tilted off plane could be reminiscent of the
cubic Celns, which presents q = (%, %, %) and consequently
their moments align along the [111] crystallographic direction
[39,40]. Since the Ce-218s are bilayered compounds, one
could argue that their crystalline environment holds resem-
blances to their cubic relatives, and this may be reflected by
their CEF properties and magnetic structure. In this paper,
we report new neutron-diffraction data obtained from the
Ceth0,5Ir0,51ng and Ceth0,5Ir0,SIn7,79Cd0,21 compounds.

Magnetic reflections were observed below Ty = 2 K and
4.3 K for the Ce,Rhg sIrg sIng and Cd-doped samples, respec-
tively. Their positions were reciprocal-lattice points forbidden
for nuclear scattering and consistent with the same AFM
structure as the previously investigated Ce-218 compounds,
characterized by the propagation vector q = (%, %, 0). Since
Ce;Rhy 51rg 5Ing presents a low-T SC state below 7, = 0.5 K,
we also investigated the (k,0,0), (0,0,7), and (2,0,1) di-
rections, as well as the (%, % %) peak, to rule out a possible
onset of incommensurability. Indeed, no intensity was found
at those positions.

Figure 2(a) displays the temperature dependence of the
integrated intensity of the (%, %, 1) magnetic Bragg reflection
measured for CCthOVSII‘()jIHg and Ceth()jII'OjIH7'79Cd0'21
by warming the samples in the temperature ranges between
T =03 K and T =2.8 K for the former and 7 = 1.4 K
and T = 4.8 K for the latter. The solid curves are a fit to the
data using the expression I /Iy = (1 — T /Ty)**, which yields
Iy = 750(30) counts/min, B = 0.35(5), Ty = 2.3(3) K for
the pure compound. Data analysis of the Cd-doped sample
considered a combination of two order-parameter expressions
due to the presence of different grains. The parameters of the
best fit were given by a 10% phase described by I = 650(20)
counts/min, 8 = 0.3(1), Ty =4.4(2) K and [y = 550(30)
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FIG. 2. (a) Temperature dependence of the neutron integrated in-
tensity (square of the sublattice magnetization) of the (%, %, 1) mag-
netic reflection measured for the pure and Cd-doped Ce,;Rhy 5Irg sIng.
The incident neutron beam energy was 14.7 and 35 meV, respec-
tively. Error bars indicate one standard deviation. The solid curves
are a fit to the data using the expression 7/Iy = (1 — T/Ty)*, in the
case of the undoped sample, and the data from the Cd-doped sample
were fit considering a combination of two order-parameter expres-
sions due to the presence of different grains. (b) 6 scans (sample
rotation) of the same reflection for both studied samples at 0.3 and
1.4 K, respectively. The solid curves are fits using Voigt functions,
to extract the integrated intensity. Their FWHMs are 0.36(4)° for
Ceth0A5Ir0A5Ing and 029(2)0 for Ceth0‘5Ir0‘5In7‘79Cd0'21 .

counts/min, 8 = 0.15(5), Ty = 4.1(2) K for the dominant
90% phase. These values of 7Ty are in agreement with
specific-heat measurements considering the uncertainty in Ir
concentration for each batch. The order parameters of these
transitions show a more three-dimensional (3D) Heisenberg-
like behavior, similar to that observed in the Ce-115s, for the
undoped sample, while the Cd-doped sample presented a more
2D Ising-like behavior [41].

Once the magnetic propagation wave vector is determined,
the magnetic-moment orientation of the Ce®* ion to the crys-
tallographic ¢ axis needs to be determined to fully solve the
magnetic structure of the studied compounds. As exemplified
in Fig. 2(b), the integrated intensities of the Q = (3, 3.1)
magnetic Bragg peaks were obtained using Voigt fits in the 6
scans. These magnetic peaks were first normalized using the
nuclear Bragg peaks (00/) for I =1, 2, 3, 4, and 7, (11/) for
1=1,2,3,4,5,and 6, and (22/) for [ = 0, 1, and 2. In barn
units, the cross section for magnetic scattering in a collinear
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FIG. 3. [ dependence [in reciprocal lattice units (r.l.u.)] of o(Q)
for the magnetic peaks Q = (3, 3, /) measured with (a) the neu-
tron energy of 14.7 meV at T = 0.3 K for Ce,Rhg;slrgsIng, for
reflections with & = % and h = %, and (b) the neutron energy of
35 meV at T = 1.4 K for the magnetic reflections with & = % of
Ce,Rhy 51rg 5In7.70Cdg 21 . The curves in each panel represent the best
fit using the model discussed in the text, and the errors bars represent

one standard deviation.

structure, using unpolarized neutrons, is given by [17,42—44]

2
Iu(Q) =(@) W F@P D (8e.0 — 0:0)F (Q)F (Q),
E,v

ey

where (yro/2)* = 0.07265 b/u3, (i) is the effective mag-
netic moment of the Ce** ion, f(Q) is the Ce’* magnetic
form factor [45], and F,(Q) is the vth Cartesian component of
the magnetic structure factor per Ce-218. The symmetry of the
Ce-218 structure leads the calculations to be made considering
the average (1 — (Q - 24)%) over possible domains, and the
result is given by [17]

m@ = (5

where Fy;(Q) is the magnetic form factor calculated for the
two Ce* ions of the unit cell along the ¢ axis and 2, is the
unit vector of the magnetic moment.

In this case, considering the magnetic moment with arbi-
trary orientation in relation to the ¢ axis, there are 16 magnetic
domains with tetragonal symmetry. Such symmetry does not
allow the NMD technique to determine its direction within
the ab plane [43,44], only the moment direction relative to
the unique ¢ axis. Taking into consideration all 16 domains
equally populated, the average term of Eq. (2) can be written
as [17]

2 A
) P QPIF @R = Q- 7)), )

cos? Q cos?n + 2 sin® Q sin’ g
5 . )
Here, Q is the angle of Q related to the orientation of the

moment within the basal plane and 7 is the angle between
the moment direction and the basal plane.

(1—(Q ) =1-

195137-4



EVOLUTION OF THE MAGNETIC PROPERTIES IN THE ...

PHYSICAL REVIEW B 102, 195137 (2020)

TABLE I. NMD parameters for Ce,Rh;_,Ir,Ing_,Cd,. The angle
n is in degrees, and the staggered moment (i) per Ce ion is in Bohr
magneton units (p.

X y Ty (K) n (deg) () (a)
0 0 2.8(1) 52(2)* 0.55(6)*
0.5 0 2.3(3) 20(3) 0.2(1)

0 0.21 4.8(1)° 45(3)° 0.90(5)
0.5 0.21 4.1(2) 0(3) 0.9(2)

1 0.21 3.8(1)° 21(5)° 0.4(5)
aRef. [17].

bRef. [26].

Figure 3 shows the [ dependence of the experimental
(%, %, [) and (%, %, /) magnetic intensities for the undoped
compound [Fig. 3(a)] and (%, %, 1) for the Cd-doped sample
[Fig. 3(b)], compared with the magnetic cross section o (Q) in
millibarns, calculated using the model discussed in Egs. (1)—
(3). The solid curve in each panel displays the best fit obtained

for the magnetic-moment direction for the h = k = % reflec-
tions, while the dashed curve represents the analog fit for
h=k=3.

2

The NMD results are summarized in Table I for the pre-
viously investigated Ce-218 samples [17,26], as well as the
present results for both Ce,RhgslrgsIng and the Cd-doped
CeyRhy s51rg sIn7.79Cdp 21 compounds. One can see that when
comparing the magnetic structure of each Cd-doped sample
with its pure relative, Cd tends to rotate the magnetic moments
towards the ab plane and, due to the larger ordered moments
(i) and higher Ty, enhance magnetic states, following the
trend observed for M = Rh Ce-218 compounds [27]. Surpris-
ingly, Ir doping seems to have a similar effect on the moment’s
direction, in contrast to the Ce-115 series, in which Ir rotates
the moments out of the ab plane [8]. As stated previously, Ir
doping is rotating the moments towards the ab plane and also
increasing the hybridization in this family, as can be seen by
the reduction of the staggered moment in Ir-rich compounds
in comparison to Ce;RhlIng, even in the presence of Cd.

These modifications in the magnetic structure of
Ce,Rhy_,IrcIng_,Cd, followed by drastic changes in the
GS properties of the compounds should be associated with an
evolution of the CEF effects along the series. This is clearly
shown by the Ce** moment direction change, which is only
affected by CEF effects [28]. In an attempt to investigate
such evolution and gain insights into the energy-level
separation and orbital character of the CEF levels in these
compounds [26,27], we have analyzed the high-temperature
anisotropy of the magnetic susceptibility. We note that fits
of macroscopic data are not unique and should be taken
with caution. In order to improve the accuracy of the fits,
we considered the direction of the ordered moments as an
experimental constraint. To perform this analysis, we have
used a mean-field model which has been previously applied
to other Ce-based HF compounds [46—48] and to both Ce-218
and Ce-115 compounds [27,29,49]. This theoretical model is
based upon the Hamiltonian [29]

H=Karm Y _Ji-Jj — 1 B+ BIOY + B{OY + B0}, (4)

iJ

TABLE II. CEF parameters and exchange interactions be-
tween nearest (Kpearest) and next-nearest neighbors (Knnn) for
Ce,Rh;_Ir,Ing_,Cd, compounds. Here, the interaction terms al-
ready account for the number of neighbors z as in zKapm, and it was
suppressed just for notation simplicity. The transition temperatures
T* stand for T, for Ce,lIrlng and Ty for the remaining compounds.
All quantities are in kelvins. Note that 1 meV = 11.605 K.

X y T* B B Bf  Kiaess K
0.5 0 203) -8.0 0.33 1.7 7.7 0.33
1 0 0.6(1) —6.1 0.24 1.2 10 0.15
1# 0* 0.6* -85 037" 1.8% 8.8¢ 0.48*
05 021 432 —-64 0.28 14 6.2 0.12
1 021 3.8(1) —6.2 0.26 1.3 6.9 0.34
4CEF speculation.

where the term Kapy > O represents the nearest-neighbor lo-
cal spin interaction J; j, which mimics the RKKY interaction,
the second term accounts for the Zeeman effect, and the re-
maining terms are the B’ CEF parameters and O} equivalent
Stevens operators [50]. They connect the angular momentum
operators to coordinate operators in spherical symmetry and
account for the CEF effects. For instance, for Ce** (J = 5/2),
the operator 0(2) = 3j§,i —J(J + 1) generally favors in-plane
alignment for positive Bg or along the c axis for negative Bg. A
standard mean-field approximation (J; - J; ~ zJ - (J)), where
z is the number of nearest neighbors, is employed, allowing
the interaction term of the Hamiltonian to be simplified to
zZKapmJ - (J). We considered two isotropic interactions be-
tween nearest and next-nearest neighbors.

The crystal-field parameters presented in Table II generate
CEF schemes in good agreement with the determined mag-
netic structure and the anisotropy of magnetic susceptibility
for the investigated samples, as seen in Fig. 4. The result-
ing CEF schemes are presented in Table III and depicted in
Fig. 5. The fits indicate that the compounds’ CEF GS is com-
posed of [I'7) = V1 —a?| £5/2) —a | F3/2) (« € [0, 1])
followed by the first excited doublet |1";r y = a| £5/2) +
/1 —a?|F3/2)and a|Tg) = | & 1/2) doublet.

As shown in Fig. 5, some general trends can be established
from these results. As suggested before, Cd doping favors
magnetic states through tuning of the electronic properties of
the system, lowering the CEF levels and possibly increasing

TABLE III. CEF scheme for Ce,Rh;_,Ir,Ing_,Cd,. A® stands
for the CEF energy of the ith excited state (in meV). The o parameter
is the contribution to the CEF GS, as explained in the text.

x y AD A® o
0 0 7(1) 23(1)° 0.64(5)*
0.5 0 3(2) 25(2) 0.64(5)
1 0 6(3) 18(3) 0.61(5)
1® 0 9(3)° 28(3)° 0.66(5)°
0 0.21 7(1)* 22(1)° 0.64(5)*
0.5 0.21 7(2) 212) 0.66(5)
1 0.21 6(3) 20(3) 0.64(5)

“Refs. [27,51].
CEF speculation.
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FIG. 4. Magnetic-susceptibility data obtained at ambient pressure in an applied field of 0.1 T parallel to the ¢ axis (open symbols)
and to the ab plane (closed symbols). The solid curves are the corresponding fits to a CEF mean-field model for (a) Ce,RhyslrgsIng,
(b) Ce,Rhy 5Irg 5In779Cdg 21, (¢) Cerlrlng, and (d) Ce,Irlng 79Cdg 1. The dashed curves in (c) correspond to a speculated CEF scheme explained

in the text. The n angles in the figures were used solely as a constraint in the CEF fit. Note that 1 emu/(mol Oe) =

the planar contribution of the low-lying CEF wave func-
tions. This decrease in the CEF overall splitting is directly
related to the moment rotation through single-ion anisotropy
[27]. From this viewpoint, it is reasonable to extrapolate the
Ce-115 trend in which Cd-doped Ce-218 compounds would
be unlikely to become superconducting, owing to a flatter
orbital distribution in the GS and a moment rotation towards
the ab plane.

When considering the effect of Ir in the Ce-218 com-
pounds, it could be naively expected from its Ce-115 relatives
that the Ir presence should rotate the magnetic moments

47 x 107° m3 /mol.

towards the ¢ axis, while increasing the Ising orbital contribu-
tion, enhancing the Kondo effect and consequently inducing
SC [9,11-13,31]. However, we see that Ce,Rhg 51Irg5Ing has
its ordered moments aligned 20° from the ab plane, lower
than pure Ce,Rhlng. This is followed by a Ty suppression,
appearance of a disordered phase, and induced SC with criti-
cal temperatures lower than its Ce-115 relatives. The best fit of
experimental data for Ce,IrIng samples presents a higher pla-
nar contribution to the GS wave function. Besides, as shown
in Fig. 5, the CEF levels of Ce,IrIng and Ce;Irln; 79Cdg; are
found to be lower than expected from the other investigated

E (meV) Ce,Rhing Ce,Rhg slrg sIng CeylrIng (fit)  Ce,lrIng (speculation)* E (meV) Ce,RhIn, ;0Cdg, " Ce,Rhy sIry sIn 20Cdy o, Ce,lrIn, 1oCdy 5,
28 = 22 —
25 e 21 _
23 I 20 e
A, =19(3) meV A, =15(1) meV
; = 14(2) meV
18 A, =16(1) meV A, =172)meV —— {2 A, = 14(3) meV
A, =12(3) meV
g _— 7 o — e —
g — - _ 6 [
oy A, =7(1) meV _ . o
A, =7(1) meV A =82) meV I A= 6(3) meV By et o A= 7@ meV A, =6(3) meV
0 —_— e — 0 — — _
GS: a=0.64(5) GS: a=0.64(5) GS: a=0.61(5) GS: a=0.66(5) GS: a=0.64(5) GS: a.=0.66(5) GS: a=0.64(5)
¢ ® 5 * © ¢ [ ¢ ®
¢ € Te o % : o e ¢ oYy ¢ &Yy
° % ¢ K %% © Spin-glass phase ® ,; ¢ % o o % o
Wk owm g #h e a4
; ®
¢ C¢ ¢ ¢ % ¢ ¢ Rh ; ¢ ° © % ¢ ¢ ¢ @
o 450 )
bW % me : h He mws A g
¢ Ir e © ©
® 00 ® ® OG ® : & ® J e ©
. ] e ¢ ¢ In(Cd) ;.," ‘ © A:t © »L OG- ©-0

FIG. 5. Proposed CEF schemes for Ce,Rh;_,Ir,Ing_,Cd, compounds, along with their magnetic structures. {Data extracted from Ref. [27].
For Ce,IrIng, we display both the CEF scheme originated from fit and the scheme marked as * that follows the trend discussed in the text.
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compounds. The changes in the CEF caused by this doping,
in contrast to the Ce-115 family, increase the | & 5/2) contri-
bution of the GS. This striking difference is interpreted, in the
context of our model, as an effect of the absence of Kondo
interactions. This effect is known to play a role at low temper-
atures for these materials, particularly the Ir-rich compounds.
Some consequences would be a lower 7y than expected from
interaction terms and masked energy splittings, on account
of the broadening of the energy levels caused by hybridiza-
tion. As such, the presented CEF schemes for Ir-substituted
Ce,RhIng_,Cd, should be taken cautiously. Nonetheless, the
fits are still able to provide some valuable information about
the CEF scheme, especially with the constraint of the known
direction of the magnetic Ce*" moments.

As previously discussed, the presence of a spin-glass phase
supplies us with very little information to use as physical
constraints. Thus the fitting of our data for pure Ce,lrIng
imposes a great challenge. The obtained crystal-field split-
tings A; between the GS and the first excited state and A,
between the first and second excited states do not follow the
expected Ce-218 trend for Ir [namely, the increase of A
(7 meV — 8 meV and for x = 1,6 meV) and A, (16 meV
— 17 meV in contrast to 12 meV (x = 1)] as Ir concentration
increases. Alternatively, if we assume a monotonic evolution
to the CEF effects by considering that the broadening of CEF
levels due to the Kondo effect could be masking the actual
separation of levels as the observed lowering of states, we can
tentatively extrapolate the aforementioned trend seen from the
other compounds (Ce,Rhlng, Ce,Rhg sIrg 5Ing, and the inves-
tigated Cd-doped compounds). The speculated CEF scheme
(identified by * in Fig. 5 and with footnotes in Tables II
and III) presents higher excited states which suit the trend
since the CEF levels are more energetic as the Ir concentra-
tion increases. The resulting curve corresponds to the dashed
curve in Fig. 4(c). It would fit the high-temperature magnetic
anisotropy nicely, while the deviation at lower temperatures
such as 60 K could be derived from the complexity of the GS
of this compound against the simplicity of our model. In fact,
recent angle-resolved photoemission spectroscopy (ARPES)
measurements on Ce,IrIng have found the coherent tempera-
ture of the material to be approximately 40 K, evidencing the
complexity of the interplay between different interactions at
the corresponding range of temperatures [52,53].

In addition to the evolution of y and (u), this evidence
seems to indicate that Ir substitution increases hybridization
dramatically. The CEF levels are broad enough that this can be
seen as an effective lowering of levels which induces the spin
rotation towards the ab plane. This is captured by our model
only in extremely hybridized cases such as Ce,IrIng_,Cd,
compounds. This broadening and consequent spin rotation
leave a smaller out-of-plane contribution to the anisotropy. At
first sight, by increasing hybridization, Ir substitution tends to
induce SC. However, the higher dimensionality of the Ce-218s
is reflected in their CEFs since the flatter orbital distribution
tends to favor an AFM GS, competing with the SC state.
This interplay may explain their lower 7.’s when compared
with the Ce-1135s, i.e., CesRhg s5Irg sIng has 7. = 0.5 K, while
CeRhy 5Irp 5Ins becomes superconducting at 0.8 K [4,18]. At
the same time, the 7.’s of the Ce-218s are higher than the
critical temperature of Celns achieved only under applied

pressure (7, =230 mK at 2.46 GPa), which supports our
proposition that the more tridimensional the compound, the
more magnetic states are favored at the expense of supercon-
ductivity [53,54]. This effect in the presence of disorder in the
AFM state may give rise to the spin-glass phase observed in
Ce,Irlng [18,19]. In other words, if the disorder in Ce,IrIng
were to be suppressed so that it is a perfect crystal, we would
likely find a continuous evolution from the AFM in Ce;RhlIng
to a possibly different AFM GS in Ce,IrIng. Our findings
reinforce the claim that both SC states in Ce-218 have a dif-
ferent nature, even if the microscopic origin of the Ir-rich SC
remains unknown [18]. For Cd-doped Ce;IrIng, the hybridiza-
tion could be strong enough that the GS and first excited states
form an effective quartet GS. This is characteristic of cubic
CEF symmetry, as exemplified by Celns, whose CEF scheme
consists of a I'; GS with an admixed I'g excited quartet, and
moments align in the [111] direction and would ultimately
drive the moment out of the ab plane in Ce,IrIn; 70Cdg2; [55].
Other evidence of a cubiclike CEF environment, as shown in
Table II, is that the B4 CEF parameters are comparable to the
tetragonal Bg term in this family.

Recent density functional theory plus dynamic mean-field
theory calculations based upon ARPES and optical conduc-
tivity measurements on Ce;IrIng have found evidence of CEF
transitions at the same order of magnitude as our fit [56].
The results also seem to indicate that for temperatures as low
as 30 K, the CEF splitting features in the quasiparticle peak
intensity merge and are not clearly distinguishable, which
could lead to all the CEF levels contributing to the Fermi
surface. That would support our claim that the lowering and
broadening of CEF levels and thermal occupation could be
responsible for a flattening of the orbital anisotropy and fa-
voring of AFM states. To clarify which CEF scheme should
describe the Ir-rich systems, additional experiments such as
XAS and INS, which would be very challenging given the
large absorption cross sections, are required to understand and
validate the proposed scenarios.

IV. CONCLUSIONS

We report the magnetic structure of pure and Cd-doped
CeyRhy 5Irg 5Ing  single-crystalline samples. We found no
changes in the propagation vector when compared with
the previously investigated Ce;Rhlng, Ce,Rhln;79Cdy 21,
and C621r1n7.79Cd0.21. Ceth()_sh'ojIIlg and Cetho_slr()j
In779Cdg2; presented their moments ordered closer to the
ab plane, with n = 20(3)° and n = 0(3)°, respectively. The
studied samples present almost no change in the screening
of ordered moments, and the moments are slightly less
compensated when compared with the pure and Cd-doped
Ce;RhIng samples. These results show that both Ir and Cd
tend to rotate the ordered moments toward the ab plane and
favor antiferromagnetic ground states in the Ce-218 series.

Our results agree with the Cd electronic tuning scenario
since the Cd-doped Rh-Ir alloys seem to follow this trend as
well. Although Ir enhances hybridization in these compounds,
favoring the appearance of superconductivity at ambient pres-
sure, it also mixes the low-lying CEF states, increasing the
planar orbital contribution and driving the system to an AFM
ground state instead of a SC one. These competing effects

195137-7



D. S. CHRISTOVAM et al.

PHYSICAL REVIEW B 102, 195137 (2020)

in the more 3D structure of the Ce-218 compounds with a
higher level of defects [57-59] may give rise to the disordered
phases found in the Ir-rich side of the phase diagram and also
provide an interesting point of view regarding the lower-T.
superconductivity this family hosts when compared with the
Ce-115 series.
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