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The pressure evolution of the magnetic properties of the Ce2RhIn7.79Cd0.21 heavy fermion compound was
investigated by single crystal neutron magnetic diffraction and electrical resistivity experiments under applied
pressure. From the neutron magnetic diffraction data, up to P = 0.6 GPa, we found no changes in the magnetic
structure or in the ordering temperature TN = 4.8 K. However, the increase of pressure induces an interesting
spin rotation of the ordered antiferromagnetic moment of Ce2RhIn7.79Cd0.21 into the ab tetragonal plane. From
the electrical resistivity measurements under pressure, we have mapped the evolution of TN and the maximum
of the temperature dependent electrical resistivity (TMAX) as a function of the pressure (P � 3.6 GPa). To gain
some insight into the microscopic origin of the observed spin rotation as a function of pressure, we have also
analyzed some macroscopic magnetic susceptibility data at ambient pressure for pure and Cd-doped Ce2RhIn8

using a mean-field model including tetragonal crystalline electric field (CEF). The analysis indicates that these
compounds have a Kramers doublet �−

7 -type ground state, followed by a �+
7 first excited state at �1 ∼ 80 K and

a �6 second excited state at �2 ∼ 270 K for Ce2RhIn8 and �2 ∼ 250 K for Ce2RhIn7.79Cd0.21. The evolution
of the magnetic properties of Ce2RhIn8 as a function of Cd doping and the rotation of the direction of the
ordered moment for the Ce2RhIn7.79Cd0.21 compound under pressure suggest important changes of the single ion
anisotropy of Ce3+ induced by applying pressure and Cd doping in these systems. These changes are reflected
in modifications in the CEF scheme that will ultimately affect the actual ground state of these compounds.

DOI: 10.1103/PhysRevB.100.165133

I. INTRODUCTION

The Ce-based heavy fermions materials present unusual
and interesting properties arising from the presence of 4 f
electrons and a broad band of conduction electrons. At high
temperatures the 4 f electrons behave as local moments with
a Curie-type magnetic susceptibility. As the temperature de-
creases, these moments start to interact with the conduction
electrons to form a fluid of heavy quasiparticles. At low tem-
perature the Ce3+ 4 f electrons experience the effect of com-
peting long-range Ruderman-Kittel-Kasuya-Yosida (RKKY)
and short-range Kondo interactions, where both effects are
dependent on the coupling constant proportional to the mag-
netic exchange parameter Jexch [1]. Due to this competition the
ground state (GS) of the Ce-based compounds can easily be
tunable by doping, applied pressure or external magnetic field.
This tunability can carry a system from an antiferromagnetic
(AFM) state through a quantum phase transition at T → 0
where often unconventional superconductivity appears. In this
context it is extremely important to study the effects of doping
and applied pressure on the GS of the Ce-based compounds.

The CemMIn3m+2 (M = Co, Rh, Ir; m = 1, 2) series of
materials are intensively studied tetragonal variants of the
cubic CeIn3 intercalated with m layers of MIn2 along the c
axis [2]. In these structures, the tetragonal crystalline electric

field (CEF) splits the Ce3+ GS multiplet (J = 5/2) into three
Kramers doublets (one �6 and two �7s). In fact, the important
role of the CEF ground state and/or of scheme of levels for the
Ce3+ multiplet in affecting the actual GS of these compounds
has been heavily explored in the past decades [3–5]. More
recently, the GS of the CeMIn5 family (m = 1: Ce 115) has
been precisely determined by the x-ray absorption (XAS)
technique and inelastic neutron scattering (INS) [6,7], where
the admixing coefficients of the GS wave function (|0〉 =
|�+

7 〉 = α| ± 5/2〉 + β | ∓ 3/2〉) were accurately measured.
A pure |5/2〉 state for Ce3+ is a flat orbital in the ab plane
and it was shown that the M = Rh member has the flatter 4 f
distribution because it presents the larger α value. The authors
pointed out the fact that CeRhIn5 is the only member of the
115 family that is not an ambient pressure superconductor. All
these studies strongly suggest that the anisotropy of the wave
function of the GS may determine the physical properties of
the Ce-115 compounds. However, such an analysis has not
been done yet in greater detail for the bilayered members of
this family.

Apart from the direct determination of the CEF GS wave
function and scheme of levels, the determination of the
magnetic structure of the HF compounds can also be used
to study the symmetry and/or spin anisotropy of the CEF
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GS, since the moment’s direction can be usually associated
with its symmetry properties and magnetic anisotropy. Using
magnetic diffraction techniques it is possible to determine the
magnetic structure as a function of pressure and doping and
extract further information about the evolution of the CEF
wave functions of the material. In this work we have per-
formed neutron magnetic diffraction and electrical resistivity
measurements under pressure to probe the evolution of the
magnetic properties of Ce2RhIn8 under the combination of Cd
doping and applied pressure effects.

In particular, Cd substitution in the CemMnIn3m+2n family
has previously revealed interesting results for the electronic
and magnetic properties of these compounds. For Ce MIn5

(m = 1, n = 1) it was found that Cd suppresses the super-
conductivity for M = Co and Ir while it tends to favor AFM
ordering for M = Rh [8,9]. For Ce2MIn8 (m = 2, n = 1: Ce
218) Cd doping increases the TN for M = Rh and induces a
long range magnetically ordered phase for M = Ir [10]. All
these previous results suggested that Cd is acting as an elec-
tronic tuning agent that induces a decrease of the local density
of states at the Ce3+ site which tends to reduce the Kondo
effect and favor AFM ordering [11,12]. However, previous
work on the Ce-218 compounds also exhibited an unexpected
increase of the maximum of resistivity measurements (TMAX)
when Cd is added to the samples, suggesting a secondary
effect of Cd on the system related to changes in the CEF
parameters [10].

In this context we also present the temperature evolution of
the electrical resistivity measurements on Ce2RhIn7.79Cd0.21

under applied pressure up to 3.6 GPa. With this procedure, we
can then try to understand the combined effects of doping and
pressure on the microscopic and macroscopic properties of the
Ce2RhIn8 HF compound.

Finally, to gain further insight into how Cd doping can
affect the CEF scheme and GS wave function of the Ce2RhIn8

material, we have analyzed previous magnetic susceptibility
data [10] from pure and Cd-doped Ce2RhIn8 using a mean-
field model for a Hamiltonian taking into account the tetrag-
onal CEF and anisotropic interactions between local spins,
which act as an effective RKKY interaction [3,13]. From this
analysis we were able to extract a plausible trend for the
CEF evolution as function of Cd doping for the Ce2RhIn8

compound.

II. EXPERIMENTAL DETAILS

Single crystalline samples of Ce2RhIn7.79Cd0.21 were
grown by an indium-flux method [14,15]. The tetragonal
(P4/mmm) structure and unit cell parameters were deter-
mined by x-ray powder diffraction. Electrical resistivity mea-
surements under hydrostatic pressure were carried out in
a clamp-type cell using Fluorinert as pressure transmitting
medium for P � 2.1 GPa. To P ∼ 3.6 GPa, the measurements
were carried out in a indenter-type cell [16] with Glycerol as
trasmitting medium. Pressure was determined by measuring
the superconducting critical temperature of a Pb sample. The
electrical resistivity was measured using a low-frequency ac
resistance bridge and four-contact configuration in the tem-
perature range between 0.1 and 300 K. The samples were

screened and previously found to be free of surface contami-
nation by residual In flux.

The neutron magnetic diffraction (NMD) experiments
were carried out on the BT-9 thermal triple axis neutron spec-
trometer at the NIST Center for Neutron Research (NCNR). A
selected crystal with size of approximately 4 mm × 3 mm ×
1 mm was cooled in pumped He with a base temperature
of 1.7 K. Neutrons with incident energy E = 35 meV were
selected using the (002) reflection of a pyrolytic graphite
monocromator and filters were used to avoid the higher har-
monics. Horizontal collimators of 40-47-40-80 full width at
half maximum were employed. The sample was pressurized
using a designed aluminium pressure cell with helium gas as
the pressure transmitting medium.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the specific heat Cmag/T and electric resis-
tivity ρ(T ) of the pure and Cd-doped Ce2RhIn8 compounds
for the crystals used in this work. The results are in good
agreement with previous reports [10,17] where it was found
that Cd doping shifts the TN to higher temperatures (see inset).

FIG. 1. (a) Magnetic specific-heat data (Cmag = CT - Clatt)
divided by temperature as a function of temperature for the pure
compound (triangles) and doped compound (circles) (x = 0.21). The
inset presents the evolution of TN (open triangles) and TMAX (closed
triangles) as a function of the Cd concentration, extracted from
the temperature dependence of Cmag and electrical resistivity ρ(T ).
(b) Temperature dependence of ρ(T ) in the low-T region for the pure
(triangles) and doped (circles) (x = 0.21) single crystals. The inset in
panel (b) shows ρ(T ) from 2.0 to about 300 K for both samples. The
arrows indicate the temperatures TN and TMAX, where the electrical
resistivity has a maximum.
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FIG. 2. (a) Temperature dependence of ρ(T )/ρ300K in the low-
T region for selected applied pressures. Typical resistivity values
for those samples are about 80 μ� cm. (b) TN (open symbols)
and TMAX (closed symbols) as a function of the applied pressure
for Ce2RhIn7.79Cd0.21. Error bars indicated one standard deviation.
The first run (circles) was performed in the clamp-type cell, and
the second run (squares) was performed in the indenter-type cell.
Each run was performed with different single crystals. TMAX was
determined from the peaks in the derivative of ρ(T ). The dotted lines
are a guide to the eyes.

Figure 2 shows the evolution of TN and TMAX as a function
of the applied pressure for Ce2RhIn7.79Cd0.21. From these
data one can observe how the properties of the Ce2RhIn8

compound changes as a function of the applied pressure.
For P = 0, a small amount of Cd in the system produces
an increase of TN , which is associated with an electronic
tuning [10,18]. However, considering the two pressure runs
in Fig. 2, one can say that TN remains nearly constant as a
function of pressure, whereas TMAX slightly decreases for low
pressures until it reaches a minimum value TMAX ∼ 9.5 K at
P ∼ 1.4 GPa. Then it remains nearly constant up to P ∼
3.0 GPa and starts to slightly increase up to P ∼ 3.5 GPa.
These unusual behaviors of the TN and TMAX were also ob-
served for pure CeRhIn5 [19] and Ce2RhIn8 [20]. For both
materials a minimum in the pressure dependence of TMAX

occurred at about 1.5 GPa. For higher pressures TMAX starts
to increase as well as a low temperature kink that evolves into
a SC transition in both cases. However, in the case of the Cd
sample, we have found no evidence for the emergence of a
superconducting state in the studied pressure range.

Now we turn to the evolution of the low-T magnetic
structure induced by Cd and applied pressure in the AFM
state of Ce2MIn8 determined by NMD experiments in
Ce2RhIn7.79Cd0.21. For these experiments we have selected
the samples with the higher TN of 4.8 K for x = 0.21, based
on our previous studies [10].

The experiments were performed with an incident energy
of 35 meV with no absorption corrections based on the fact

FIG. 3. Temperature dependence of the neutron integrated inten-
sity of the ( 1

2 , 1
2 , 1) magnetic reflection measured under 0.3 GPa

(open squares) and 0.6 GPa (open circles) during heating the sam-
ple in the temperature range between T = 2.0 K and T = 6.0 K
for Ce2RhIn7.79Cd0.21. Error bars indicated one standard deviation.
The ambient pressure measurement (open diamonds) was adapted
from Ref. [10]. The solid curves are a fit to the data using the
expression I/I0 = (1 − T/TN )β , which yields I0 = 820(50) cts/min,
β = 0.5(4), TN = 4.8(1) K for P = 0; I0 = 680(30) cts/min, β =
0.6(3), TN = 4.8(2) K for P = 0.3 GPa; and I0 = 570(40) cts/min,
β = 0.7(6), TN = 5.0(4) K, for P = 0.6 GPa. These values of TN are
in agreement with resistivity and specific heat measurements.

that at this energy the neutron penetration length is about
2.0 mm, which is longer than the thickness of the sample. In-
deed, we have measured Rocking curves for different domains
and no significant changes on the intensities were noticed. In
a previous work, we determined the magnetic structure of the
Ce2(Rh, Ir)In7.79Cd0.21 compounds using x-ray and neutron
magnetic diffraction, where we found the propagation vector
( 1

2 , 1
2 , 0) for both samples and a staggered moment of 0.9(2)

μB per Ce at 2.0 K, tilted 47(5)◦ from the ab plane, for
M = Rh, and a staggered moment of 0.4(5) μB per Ce at 2.0 K
tilted 21(5)◦ from the ab plane for M = Ir [10].

Here we extended the NMD studies for the
Ce2RhIn7.79Cd0.21 to follow its magnetic structure evolution
under applied pressure for ambient pressure, P = 0.3 and
0.6 GPa. Magnetic peaks were found in the AFM phase
at reciprocal lattice points consistent with the ( 1

2 , 1
2 , 0)

propagation vector showing that the pressure is not affecting
the relative magnetic interactions between the Ce3+ ions.

Figure 3 displays the temperature dependence of the in-
tegrated intensity of the ( 1

2 , 1
2 , 1) magnetic reflection mea-

sured between 2.0 and 5.0 K while warming the sample
for Ce2RhIn7.79Cd0.21 under applied pressure of P = 0.3 GPa
(open circles) and P = 0.6 GPa (open squares). It is interest-
ing to note that the applied hydrostatic pressures used in the
experiment do not significantly change the TN , in agreement
with what was found in the electrical resistivity measurements
under pressures for the same sample (Fig. 2).

To completely solve the magnetic structure of the studied
samples, the magnetic moment orientation of the Ce3+ ion in
relation to the crystallographic axis needs to be determined.
As such, the integrated intensities of the ( 1

2 , 1
2 , l ) magnetic

Bragg peaks were obtained using a Voigt fit in the θ scans.
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These magnetic peaks were first normalized using the nu-
clear Bragg peaks (00l) for l = 1, 2, 3, 4, and 7; (11l ) for
l = 1, 2, 3, 4, 5, and 6; and (22l ) for l = 0, 1, 2, 3, and 6. In
barn units the magnetic cross section for a collinear magnetic
structure using unpolarized neutrons is given by [21–23]:

σ (Q) =
(γ r0

2

)2|S|2| f (Q)|2
∑
μ,ν

(δμ,ν − Q̂μQ̂ν )

× F ∗
μ (Q)F

ν
(Q), (1)

where (γ r0/2)2 = 0.07265 b/μ2
B, S is the effective magnetic

moment of the Ce3+ ion, f (Q) is the Ce3+ magnetic form
factor [24], and Fμ(Q) is the μth cartesian component of
magnetic structure factor per Ce 218. The calculations were
made considering the average of the possible domains and the
result is given by [21]

σ (Q) =
(γ r0

2

)2|S|2| f (Q)|2〈1 − (Q̂ · ẑn)2〉|FM (Q)|2, (2)

where FM(Q) is the magnetic form factor calculated for
the two Ce3+ ions of the unit cell along the c axis, ẑn is
the unit vector of the magnetic moment, and the average,
〈1 − (Q̂ · ẑn)2〉, is over the magnetic domains [21].

As the NMD technique does not allow the moment direc-
tion determination in the ab plane due to the square symmetry
[22,23], one can only determine the moment direction relative
to the c axis. In this case, considering the magnetic moment
with an arbitrary orientation in relation to the c axis, there
are 16 magnetic domains with tetragonal symmetry and for an
equal population of domains, the average term of the Eq. (2)
can be written as [21]

〈1 − (Q̂ · ẑn)2〉 = 1 − cos2 α cos2 η + 2 sin2 α sin2 η

2
. (3)

Here α is the angle of 	Q in relation to the basal plane and η is
the angle between the moment direction and the basal plane.

Figure 4 shows the l dependence of the experimental
( 1

2 , 1
2 , l ) magnetic intensities compared with the magnetic

cross section σ (Q) in mbarn units calculated using the model
discussed in Eqs. (1)–(3) for the Ce2RhIn7.79Cd0.21 sample
with no applied pressure in Fig. 4(a) and with P = 0.3 and
0.6 GPa, respectively, in Figs. 4(b) and 4(c). The solid line
in each panel displays the best fit obtained for the magnetic
moment direction using the model discussed above for each
pressure.

The magnetic structure of Ce2RhIn7.79Cd0.21 was then ex-
plored at hydrostatic pressures of 0.3 and 0.6 GPa. The mag-
netic moment direction determined for this compound with no
applied pressure found η = 45(3)◦ and a staggered moment
of S = 0.90(5)μB, in accordance with previous measurements
[10]. The present study under pressure revealed η = 21(3)◦
and S = 0.85(5)μB for P = 0.3 GPa and η = 0(3)◦ and S =
0.80(5)μB for P = 0.6 GPa. As such, these results shows an
evolution of the moment direction toward the ab plane as a
function of applied pressure. Also one can see the effective
magnetic moment of the ordered phase tends to decrease
as a function of the pressure, in accordance with the small
variation of TN in the studied pressure range, which may be
associated to the expected enhancement of the Kondo effect
as a function of increasing pressure.

FIG. 4. l dependence (in reciprocal lattice units) of σ (Q) for
the magnetic peaks ( 1

2 , 1
2 , l ) measured with the neutron energy of

35 meV at T = 2.0 K for (a) ambient pressure Ce2RhIn7.79Cd0.21

(open diamonds) and with applied pressures of (b) 0.3 GPa (open
squares) and (c) 0.6 GPa (open circles). The solid lines in each panel
represent the best fit using the model discussed in Eqs. (1)–(3).

Comparing the evolution of the magnetic structure found
by NMD with the electrical resistivity measured under hydro-
static pressure (Fig. 2) one can see that the initial decrease of
TMAX roughly coincides with the pressure range for which the
magnetic moments are rotating from 45◦ to the ab plane.

Based on the NMD results one can conclude that the
applied pressure has a clear effect on the magnetic struc-
ture of the Ce2RhIn7.79Cd0.21 compound, rotating the ordered
moment direction toward to the ab plane, which should be
associated with changes of the single ion anisotropy and CEF
effects.

Determination of the magnetic structure involving the di-
rection of the ordered moments gives an important experimen-
tal constraint that can be used to investigate the CEF levels
of this compound, along with the anisotropy of the magnetic
susceptibility [10]. Therefore, we have tried to gain some
insights about the CEF effects in our Cd-doped samples using
a theoretical model that has been used in other Ce-based HF
[25–27] and 115 compounds [13,28]. This model is based on
the Hamiltonian:

H = KAFM

∑
i, j

Ji · Jj + B0
2O0

2 + B0
4O0

4 + B4
4O4

4, (4)

where KAFM > 0 represents the interaction between nearest
neighbor local spins Ji, j , and the latter terms are the CEF
parameters and Stevens equivalent operators (related to the
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FIG. 5. Magnetic suceptibility data obtained at ambient pressure
in an applied field of 0.1 T parallel to the c axis (open symbols)
and to the ab plane (closed symbols). The solid lines are the corre-
sponding fits to the CEF model discussed in the text for (a) Cd-doped
Ce2RhIn7.79Cd0.21 (circles) and (b) pure Ce2RhIn8 (squares). The η

angles in the figures were used as a constraint in the CEF fit. Note:
1 emu/(mol Oe) = 4π × 10−6 m3/mol.

angular momentum operators) which are responsible for CEF
effects. The operator O0

2 = 3Ĵ2
z,i − J (J + 1), for example, fa-

vors in-plane alignment for positive B0
2 or along the c axis

for negative B0
2. With a standard mean-field approximation

(JiJj ∼ zJ〈J〉), where z is the number of nearest neighbors, it
is possible to simplify the interaction term of the Hamiltonian
to zKAFMJ〈J〉. We took into account two interactions between
nearest and next-nearest neighbors to solve H.

This model was used to fit the paramagnetic susceptibility
χ (T ) data for both Ce2RhIn8 and Ce2RhIn7.79Cd0.21. The best
fit can be seen in Fig. 5, which provides the parameters listed
in Table I.

The crystal field parameters in Table 1 were obtained
using the rotation of the angle η toward the ab plane as
a constraint [10,21]. They provide a good agreement with
the characterized magnetic structure and the anisotropy of
magnetic susceptibility for both samples. The fit also indicates
that the compounds’ CEF GS is a |�−

7 〉 = β| ± 5/2〉 − α | ∓
3/2〉 with α ≈ 0.64, followed by the first excited doublet
|�+

7 〉 = α| ± 5/2〉 + β | ∓ 3/2〉 at approximately 80 K for

TABLE I. Extracted CEF parameters and exchange interactions
between nearest (KNearest) and next-nearest neighbors (KNNN) (in
kelvin) for Ce2RhIn8 and Ce2RhIn7.79Cd0.21. Here the interaction
terms are already accounting for the number of neighbors z as in
zKAFM, and it was suppressed just for the sake of notation simplicity.

CEF parameters for Ce2RhIn8−xCdx

x TN B0
2 B0

4 B4
4 KNearest KNNN

0 2.8 −7.4 0.31 1.5 6.7 0.29
0.21 4.8 −6.9 0.29 1.4 6.9 0.35

both samples and a pure |�6〉 = | ± 1/2〉 lying 270 K above
the GS for Ce2RhIn8 and 250 K above for Ce2RhIn7.79Cd0.21.
The CEF splittings for the pure compound are also in good
agreement with previous data obtained from thermal expan-
sion experiments [29].

Based on these results we can suggest a trend regarding
the effect of Cd doping on the CEF scheme of the pure
compound. The dopant appears to be decreasing the CEF
splittings leading to the variation of the occupation of excited
levels, possibly increasing the XY anisotropy of low-lying
CEF wave functions for the Cd-doped compound. Since Cd
tends to favor a magnetic state as can be seen in Fig. 1(a), one
could naively extrapolate the Ce-115 trend in which a flatter
orbital distribution (and an AFM ordering in the plane) in
the GS would make Cd-doped Ce2RhIn8 unlikely to become
superconducting even at higher pressure, in agreement with
the data of Fig. 2 in the studied pressure range.

It is worth noting that our model is a simple approximation
which does not take into account the Kondo interactions
which are known to play a role at at low temperature for these
materials. Nevertheless, the fits may provide some valuable
information about the CEF scheme for the studied com-
pounds, especially with the constraint of the known direction
of the ordered moment determined by NMD. Nonetheless,
additional experiments such as inelastic neutron scattering,
which would be very challenging given the large absorption
cross sections, and x-ray inelastic techniques like resonant and
non-resonant scattering as well as absorption spectroscopy,
particularly in the Cd-doped samples, would be helpful in
gathering information about the CEF parameters, and under-
standing the interesting trends suggested in this work.

IV. CONCLUSIONS

We report the pressure dependence of the low temperature
physical properties of a Cd-doped Ce2RhIn8 single crystalline
sample. The results of heat capacity and electrical resistivity
as a function of temperature revealed an enhancement of the
TN from 2.8 K for the pure compound to 4.8 K for x = 0.21
of Cd.

We have investigated the effect of applied pressure on the
Cd-doped Ce2RhIn8 compounds where we have found no
changes in the TN or propagation vector but have revealed a
rotation of the ordered moment from 45(3)◦ (for P = 0 GPa)
to the ab plane with P = 0.6 GPa in Ce2RhIn7.79Cd0.21.

From the analysis of magnetic susceptibility data using
the determined direction of the ordered moment as a con-
straint for pure Ce2RhIn8 and Ce2RhIn7.79Cd0.21, we were
able fit the data and extract the CEF scheme for both pure
and Cd-doped Ce2RhIn8. Our results indicate that Cd doping
tends to lower the energy of excited states and consequently
flatten the orbital distribution of the underlying GS, favoring
AFM ordering in these series. These results help to elucidate
the trends previously observed for the Ce-115 and Ce-218
compounds where Cd doping acts mainly as an electronic
tuning agent changing the local density of states near the Ce3+

sites. Although this is certainly the case, this work also shows
that both Cd doping and pressure change the CEF scheme. In
particular, for Ce2RhIn7.79Cd0.21, these combined effects lead
to a more robust AFM state with an ordered moment in the
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ab plane, which makes this compound less favorable to host
superconductivity under applied pressure.
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