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Overlap between neighboring atomic wavefunctions is a central feature of conducting solids. In
heavy fermion materials, f -electron orbitals in the lattice lie on the boundary between fully localized
and hybridized in an energy band. This dichotomy gives rise to a range of behaviors including
antiferromagnetism, unconventional superconductivity, and the ability to tune from one ground
state to the other continuously. Measuring the degree of this hybridization by traditional methods is
challenging and indirect. We utilize a new approach using NMR to determine the magnetic couplings
between the f -electrons and neighboring nuclear spins in a series of CeRh1−xIrxIn5 crystals, and find
that the hybridization is strongly directional dependent in this important class of superconducting
heavy fermion materials. Our results demonstrate that hyperfine coupling measurements provide a
quantitative measure of orbital anisotropy.

I. INTRODUCTION

Heavy fermion metals are characterized by strong
electron-electron interactions that can be tuned across
a quantum phase transition between localized f -electron
magnetism and itinerant heavy-mass Fermi liquid behav-
ior [1–3]. The crossover between these two extremes
is controlled by the degree to which the f -electron or-
bitals hybridize with neighboring atoms to form disper-
sive bands [4–7]. Theoretical models typically assume
that variables such as pressure or doping (‘chemical pres-
sure’) indirectly modify the small wavefunction overlap
between the Ce 4f electrons and itinerant conduction elec-
tron bands, which consequently alter the low energy de-
grees of freedom [8–11]. Detailed information about this
hybridization has required complex quantum chemistry
calculations [12], or indirect analysis of experiments [13–
15].

The tetragonal CeMIn5 (M = Co, Rh, Ir) materials
(see Fig. 1) are prototypical heavy fermion systems, ex-
hibiting quantum criticality, antiferromagnetism and un-
conventional superconductivity across a phase diagram
that can be tuned with pressure, magnetic field, or sub-
stitution at the transition metal site [16–19]. One of the
outstanding mysteries in these materials is how the tran-
sition metal M changes the 4f hybridization, and hence
the ground state. Similar physics is at play in the actinide
PuMGa5 (M=Co, Rh) materials, where the supercon-
ducting transition temperature is an order of magnitude
larger [20–22]. For parts of the phase diagram where the
ground state is superconducting, Tc appears to correlate
with the lattice anisotropy at ambient pressure [23, 24].
However, this relationship breaks down when the ground
state evolves towards antiferromagnetism.

Recently, an X-ray absorption spectroscopy (XAS)
study probed the nature of the Ce 4f crystalline elec-
trical field (CEF) ground state wavefunctions for sev-
eral different CeRhxIr1−xIn5 crystals [14]. These stud-
ies revealed a change in the shape of the wavefunction,
lending support to the idea that the hybridization of the
4f electrons is strongly momentum-dependent [12, 13].

FIG. 1. Crystal structure of the CeMIn5 system. Grey
corresponds to the Ce sites, orange to the In(1), green and
blue to the In(2), and black to the M site. Note that a = b
in this tetragonal system, but the In(2) sites exhibit different
Knight shifts for field along a versus b.

Electronic structure calculations indicated that the mo-
mentum dependence affects the hybridization with the
in-plane In(1) and out-of-plane In(2) 5p electrons dif-
ferently, leading to multiple hybridization gaps at low
temperature. Surprisingly, the In(2) appear to be more
strongly coupled to the 4f moments, suggesting that sub-
stitution at the M site may affect this coupling and hence
the nature of the ground state.

In order to investigate the nature of this hybridization
in more detail, we have measured the nuclear magnetic
resonance (NMR) Knight shift in CeRhxIr1−xIn5 for both
In(1) and In(2) sites. The In nuclear spins (I = 9/2)
experience a transferred hyperfine field that reflects the
hybridization to the 4f electrons [25, 26]. The hyper-
fine coupling between a nuclear spin I at r = 0 and an
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electronic spin at r is given by:

Hhyp = gµBγ~I ·
(

8π

3
δ(r)S + 3

r(S · r)

r5
− S

r3

)
, (1)

where γ is the nuclear gyromagnetic ratio and µB is the
Bohr magneton. The first term is the Fermi contact term
relevant for s-orbitals, and the second and third terms
constitute a dipolar interaction with the electron spin.
Typically both contact and dipolar terms are present,
as well as multiple electron spins, leading to an effective
hyperfine coupling tensor that in practice is determined
empirically and contains both Fermi-contact and dipolar
components. Often the magnitude of the dipolar compo-
nent exceeds the direct dipolar field for a localized spin
by at least an order of magnitude - e.g. in this case the
dipolar field of a moment located at the origin of the
Ce atom. This enhancement is due to hybridization of
the orbitals of the unpaired electron spin with the rel-
evant orbitals surrounding the nucleus. These so-called
transferred hyperfine couplings depend sensitively on the
electronic wavefunction [27].

In heavy fermions, there are two sets of electronic
spins: those associated with the itinerant conduction
electrons, Sc, and with the 4f orbitals, Sf . There are
different hyperfine coupling tensors to these two degrees
of freedom: Hhyp = gµBγ~I · (A · Sc +

∑
i Bi · Sf (ri)),

where A corresponds to an on-site coupling to the con-
duction electron spins [28], and Bi are the transferred
couplings to the nearest neighbor 4f spins. The trans-
ferred couplings can be determined by comparing the
Knight shift and bulk susceptibility as a function of tem-
perature and field direction, and have been well docu-
mented for the stoichiometric CeMIn5 materials [15, 28–
30]. Surprisingly, the transferred coupling Bcc(1) for the
In(1) site decreases by a factor of three between M=Rh
to M=Co, whereas Bcc(2) for the In(2) site increases by
the same factor. A similar evolution of Bcc(1) has been
observed in CeRhIn5 under modest hydrostatic pressure
as the ground state evolves from antiferromagnetic to
superconducting [31]. Such a large variability in trans-
ferred hyperfine couplings constants has not been observed
in other strongly correlated superconductors, such as the
cuprates, iron pnictides or chalcogenides. We posit that
in the CeMIn5 materials the transferred hyperfine cou-
plings arises due to the hybridization between the Ce
4f ground state orbital and the In 5p states, and that
the variations in coupling constant reflect changes to the
shape of the ground state 4f orbital.

II. METHODS

High-quality single crystals of CeRhxIr1−xIn5 with
multiple values of x were grown via the flux method tech-
nique [32, 33]. Single crystals of tetragonal shape were
selected manually and polished to remove In flux from
the surface. Powder x-ray diffraction measurements in

a Bruker Phaser D2 diffractometer with Cu Kα radia-
tion (λ = 1.5418 Å) using a silicon plate with zero back-
ground confirmed the expected tetragonal phase without
evidence of spurious phases.

Magnetic susceptibility experiments, were carried out
on a commercial Quantum Design PPMS-14T, with a in-
sert for VSM magnetization measurements in the range
3 < T < 300 K, in a magnetic field of 8 T. NMR ex-
periments were carried out in a high-homogeneity fixed-
field magnet with field H0 = 11.7294 T for a range of
temperatures down to 5 K. Samples were mounted with
H0 || c, and radiofrequency pulses of varying duration
(1.9 -2.2µs) were used. Spectra at multiple frequencies
were acquired and summed over a broad range to identify
multiple satellites of each In site.

III. RESULTS

A. Magnetic Susceptibility

Figure 2 shows the bulk magnetic susceptibility, χ, of
a series of single crystals of CeRh1−xIrxIn5 between 4
and 300 K. χ varies strongly between 4 and 300 K, re-
flecting the localized nature of the Ce 4f electrons. For
T > 50 K, χ is well-described by local moments in a
tetragonal crystal field, with an effective exchange inter-
action, as discussed in [35]. This behavior is modified
at low temperature due to the crystal field splitting, the
Kondo interaction, and the exchange interaction among
the Ce orbitals, all of which depend on the doping, x. As
x increases the ground state evolves from antiferromag-
netic below the Neel temperature TN = 3.8 K (x = 0)
to superconducting below Tc = 0.4 K (x = 1), with a
possible quantum phase transition near x = 0.3 [36]. de
Haas-van Alphen measurements and band structure cal-
culations indicate that the 4f electrons become more itin-
erant, and this trend is reflected in the overall decrease
in the magnitude of χ over this range [37, 38].

The behavior of an isolated Ce 4f electron spin in a
tetragonal environment is given by HCEF = B0

2Ô
0
2 +

B0
4Ô

0
4 +B4

4Ô
4
4, where Ômn are the Stevens operators and

Bmn are parameters that characterize the crystal field.
The J = 5/2 multiplet is split into three Kramers’ dou-

blets: Γ
(1)
7 Γ

(2)
7 , and Γ6. The ground state Γ

(1)
7 wavefunc-

tions can be expressed as:

|ψ(Γ
(1)
7 )〉 = α

∣∣∣∣±5

2

〉
+
√

1− α2

∣∣∣∣∓3

2

〉
, (2)

where α characterizes the degree of mixing between the
Jz manifolds and controls the degree of spatial anisotropy
of the orbital. α2

c = 1/6 for cubic symmetry (B4
4 = 4B0

4

and B0
2 = 0). α2 increases as the CEF potential becomes

more tetragonal, and the orbital shape becomes more
two-dimensional.

The magnetic susceptibility of the f moments is given
by χ−1ff = χ−1ff0 + λ, where λ is a mean-field parame-
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TABLE I. EFG, Hyperfine, and CEF Parameters for CeRh1−xIrxIn5 and CeCoIn5. Values for x = 0, x = 1, and CeCoIn5 are
reproduced from [28], [29], and [34]. Hyperfine couplings are given in units of kOe/µB .

x νzz(1) (MHz) νzz(2) (MHz) η(2) Bcc(1) Bcc(2) B0
2 (meV) B0

4 (meV) |B4
4 | (meV) α2

0 6.78 16.665 0.445 21.4 4.1 −0.928 0.052 0.128 0.407
0.20 6.4(5) 17.3(8) 0.45 20.0(2.0) −− −0.961 0.057 0.118 0.37
0.50 6.3(5) 16.5(8) 0.45 16.7(4) −− −0.996 0.061 0.107 0.28
0.75 6.0(5) 17.3(8) 0.45 15.0(4.0) −− −1.154 0.068 0.86 0.26
1 6.07 18.17 0.46 13.8 15.9 −1.197 0.069 0.088 0.250
CeCoIn5 8.173 15.489 0.386 8.9 28.1 −0.856 0.063 0.089 0.129

FIG. 2. Bulk susceptibility along the c axis of CeRh1−xIrxIn5

versus temperature. The solid lines are fits to the high tem-
perature data, as described in the text. The curves have been
offset vertically for clarity with values -0.001, -0.006, -0.007,
and -0.009 emu/mol for x = 0.2, 0.5, 0.75 and 1, respectively.

ter that captures both the exchange and Kondo interac-
tions [35], and χff0 is determined by the local moments
in HCEF , as described in [39]. We assume that the f -
moments dominate the magnetic response and fit the sus-
ceptibility data for T > 50 K to extract the fitting pa-
rameters B0

2 , B0
4 , B4

4 and λ, as detailed in Table I. The α2

values are determined by the eigenvectors of HCEF with
these fit parameters. Although fitting the susceptibility
data is an indirect and less-precise approach to extract-
ing the CEF parameters than direct XAS measurements,
our values agree well with published results [14].

B. NMR Spectra

Figure 3 shows 115In NMR spectra of CeRh1−xIrxIn5

for several different values of x at 5 K. In (I = 9/2) has
nine transitions for each site, and all transitions are split
by the quadrupolar interaction [31]. The In sites were
identified by fitting the spectra using the nuclear spin
Hamiltonian:

H = γ~I ·(1+K) ·H0+
hνzz

6
[3I2z − Î2+η

(
Î2x − I2y

)
] (3)

where γ = 0.93295 kHz/G is the gyromagnetic ratio, Iα
are the nuclear spin operators, K is the Knight shift ten-
sor, νzz is the largest eigenvalue of the electric field gra-
dient (EFG) tensor, and η is the asymmetry parameter.
The (x, y, z) coordinates are defined in the usual manner
such that |νzz| > |νxx| > |νyy|. For the In(1), z corre-
sponds to the c axis, and for the In(2), z corresponds to
the direction normal to unit cell face containing the In(2)
atom, whereas x corresponds to the other in-plane direc-
tion perpendicular to c. The resonance frequencies of the
In(1) depend on K, the field orientation, and νcc. The
In(2) resonances are more complex due to the non-zero
EFG asymmetry parameter, η = |νxx| − |νyy|)/|νzz|, and
misorientations from H0 || c split the In(2) resonances
giving rise to double peaks. Furthermore, local disorder
and mixing of the Rh and Ir in the substitutional sam-
ples are responsible for multiple In(2) sites and create
complex NMR spectra.

To fit the spectra, we assume the direction of H0 is de-
scribed by the spherical polar angles (θ, φ) with respect to
the c axis, and perform an exact diagonalization of Eq. 3.
The peaks in Fig. 3 are fit to Voigt functions. The EFG
values agree with previous measurements [36]. Although
we are able to fit the full In(1) spectra, one peak at 104
MHz peak is not apparent in the experimental data for
x = 0.5. The reason for this discrepancy is unclear, but
may be related to poor tuning conditions of the probe.
There are also several peaks that are not fully identi-
fied, which are likely due to In(2) sites associated with
local disorder due to the non-stoichiometry of Rh and Ir.
Note that when θ 6= 0◦ the In(2) sites split into two peaks.
Moreover, because the In(2) has non-axial symmetry, the
resonance frequencies are strong functions of the relative
orientation between H0 and the EFG tensor. Local disor-
der at an In(2) site can affect both the magnitude of the
EFG tensor components and the orientation of the prin-
ciple EFG axes. Nevertheless, these sites are not relevant
for understanding the behavior of the hyperfine coupling
and we focus our analysis solely on the sites that have
been clearly identified. Fig. 4 shows the temperature de-
pendence of specific well-defined resonances. There are
clear shifts of the resonance frequencies with increasing
temperature. We assume that the EFG remains temper-
ature independent and that the temperature dependence
arises solely from the Knight shift.
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FIG. 3. NMR spectrum for CeRh1−xIrxIn5 with x = 0.20 (top),
x = 0.50 (middle), and x = 0.75 (lower). Fits to the In(1) sites
are shown in blue and those for the In(2) sites are shown in red.
The fit parameters for x = 0.20 are: θ = 4 ± 3◦, φ = 8 ± 3◦,
Kc(1) = 7.8± 0.1%, Kc(2) = 2.5± 0.1%, νzz(1) = 6.41± 0.5 MHz,
νzz(2) = 17.3±0.5 MHz, and η(2) = 0.45±0.02. The fit parameters
for x = 0.50 are: θ = 8.3 ± 3◦, φ = 11 ± 3◦, Kc(1) = 6.2 ± 0.2%,
Kc(2) = 2.8± 0.5%, νzz(1) = 6.32± 0.2 MHz, νzz(2) = 16.57± 0.5
MHz, and η(2) = 0.45 ± 0.02. The fit parameters for x = 0.75 are:
θ = 6 ± 3◦, φ = 0◦, Kc(1) = 7.3 ± 0.2%, Kc(2) = 5.4 ± 0.8%,
νzz(1) = 6.0 MHz, νzz(2) = 17.28 ± 0.5 MHz, and η(2) = 0.45 ±
0.02.

C. Knight shift

The Knight shift of the In(1), K1, is shown in Fig.
5 as function of temperature and Ir substitution, x, for
field aligned along the c-direction. K1 decreases with
x, similar to χ, although there are small deviations at
low temperature. For the hyperfine interaction in heavy
fermions, the Knight shift is given by K = Aχcc + (A+
B)χcf +Bχff , where χcc, χff , and χcf are contributions
from the conduction electrons, the f -moments, and their
interaction, respectively [25]. Here we write B = nBcc,
where n is the number of nearest neighbor f sites (n = 4
for In(1) and 2 for In(2)), and Bcc corresponds to the c-

FIG. 4. Spectra of CeRh1−xIrxIn5 for x = 0.20, x = 0.50 and
x = 0.75 for several different temperatures for H0 = 11.7 T
along the c direction. Blue indicates In(1) and red indicates
In(2). Slight misalignments cause the In(2) spectra to split.
Details of the spectral fitting are provided in the supplemental
information.

FIG. 5. In(1) Knight shift versus temperature. Data for the x = 0
and x = 1 are reproduced from [28].

axis component of the tensor B. The total susceptibility
is χ = χcc+2χcf+χff . For sufficiently high temperatures
T > T ∗ the first two contributions to the shift can be
ignored and K ≈ Bχ. A plot of K1 versus χ yields a
straight line for T > T ∗ with slope B1, as shown in Fig.
6. Fig. 7 shows the Knight shift for the In(2) for x =
0.75. We are unable to reliably extract the In(2) Knight
shift for the other substitutions due to misalignments and
spectral overlap with other sites.

There are two important trends evident in Fig. 6.
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FIG. 6. In(1) Knight shift versus magnetic susceptibility. Dotted
lines are fits to the high temperature (T > T ∗) data. Data for
CeCoIn5 is reproduced from [40], data for x = 0 and x = 1 are
reproduced from [28].

First, the slope decreases with increasing x, and gets
even smaller in CeCoIn5. Secondly, there is a break-
down in the linear relationship below a temperature T ∗.
This deviation signals the onset of coherence at low tem-
peratures, where χcc and χcf can no longer be ignored.
As x increases from 0 to 1, the deviation evolves from
curving upwards (pure CeRhIn5) to downwards (undoped
CeIrIn5), and becomes more pronounced for CeCoIn5.
For intermediate values of x ≈ 0.5, there is no clear ev-
idence of such a deviation in the data. This behavior
reflects changes in the relative size of the on-site A cou-
pling to the transferred B coupling, as well as the growth
of heavy fermion coherence, as discussed below.

IV. DISCUSSION

We can now examine how the hyperfine coupling cor-
relates with the CEF ground state orbital shape. Fig. 8
shows the B1 and B2 transferred hyperfine couplings to
In(1) and In(2), respectively, versus α2, using the param-
eters extracted from the fits to the Knight shift and sus-
ceptibility. The lines in Fig. 8 are linear fits to the data,
including the value for CeCoIn5 [40]. As α2 increases, the
orbitals become more oblate, the lobes pointing along the
In(1) directions become more extended, and the trans-
ferred hyperfine coupling to the In(1) nucleus increases.

In order to understand this behavior quantitatively, we
consider a simple model in which the transferred coupling
is directly proportional to the magnitude squared of the
Ce 4f wavefunction along the Ce-In(1) bond direction.
The angular dependence of this probability is given by

FIG. 7. In(2) Knight shift versus temperature for x = 0.75. The
inset shows K(2) versus χ and the solid line is the best fit to the
high temperature data.

the function fα(θ, φ) =
∑
mS
|〈θ, φ,mS |ψ(Γ

(1)
7 )〉|2, shown

as insets in Fig. 8 for various values of α. The wavefunc-
tion is given by Eq. 2, where

|Jz〉 =

3∑
m′

L=−3

1/2∑
m′

S=−1/2

Cm′
L,m

′
S ;Jz |L,m

′
L〉|S,m′S〉 (4)

and Cm′
L,m

′
S ;Jz are the appropriate Clebsch-Gordan co-

efficients for L = 3, S = 1/2 and J = 5/2. Along
the Ce-In(1) bond direction fα(θ = π

2 , φ = π
4 ) ∼ 1 +

4α2+2
√

5α2(1− α2). This function grows over the range
0.2 . α2 . 0.8, in agreement with our observation that
the hyperfine coupling increases with α2.

Direct measurements of the In(2) hyperfine coupling
are challenging in the doped materials. However, it is
insightful to consider the values for the pure CeRhIn5,
CeIrIn5 and CeCoIn5 versus α2 [28], as well as for the
x = 0.75 sample. In contrast to the In(1), B2 is largest
when the orbital lobes extend out of the plane and de-
creases with increasing α2. The exact value of θ to use
for fα(θ, φ) depends on the position of the In(2) within
the unit cell, however it can be well-approximated as
fα(θ ≈ 3π

4 , φ = 0) ∼ 51 − 6α(6α +
√

5− 5α2). This

quantity decreases as α2 increases, which again agrees
with the behavior observed in Fig. 8. These results re-
veal directly how the hybridizations to the in-plane In(1)
and out-of-plane In(2) sites evolve as the ground state
orbital anisotropy changes.

Similar changes in the transferred hyperfine couplings
were observed in CeRhIn5 under hydrostatic pressure
[31]. In this case, B1 decreases from 25.6 to 5.2 kOe/µB
between ambient pressure and ∼ 2 GPa, which is close
to the value observed in pure CeCoIn5. Using the linear
relationship between B1 and α2 we observe under ambi-
ent pressure in Fig. 8, we infer the pressure dependence
of α2 in Fig. 9(a). These results imply that pressure
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FIG. 8. The transferred hyperfine coupling to the In(1) and In(2)
as a function of α2. The lines are fits to B1,2(α2) = B1,2(0) +
κ1,2α2, where B1(0) = 3.3(8) kOe/µB , B2(0) = 32(1) kOe/µB ,
κ1 = 44(2) kOe/µB and κ2 = −59(2) kOe/µB . The open black
circles represent CeRhIn5 under pressure and are taken from Ref.
[31] and inferring the α2 values using the fit to the ambient-pressure
data (shown in Fig. 9). The open green circle represents CeRhIn5

at high fields above 31 T, taken from Ref. [41]. The insets at
the bottom show how the spatial form of the Ce 4f wavefunction
evolves as α2 changes.

changes the CEF parameters so that the Ce 4f wave-
function lobes extend more out of the plane, becoming
more cubic-like. This observation is consistent with the
fact that at this pressure, CeRhIn5 becomes supercon-
ducting with Tc similar to CeCoIn5, and develops a large
Fermi surface [17, 37]. On the other hand, the data imply
that the α2 becomes smaller than αc = 1/6 which may
be unphysical. It should be noted, however, the values
for B1 in [31] were determined based on the assumption
that the In(2) hyperfine coupling did not change under
pressure. Because there is no independent susceptibil-
ity data under pressure, it was only possible to directly
extract the ratio of B1(P ) to B2(P ), rather than their
independent values. Nevertheless, the trend under hy-
drostatic pressure is similar to that observed with ‘chem-
ical pressure’. A possible explanation for the behavior of
the In(2) hyperfine coupling is that under pressure the

wavefunction acquires an admixture of the Γ
(2)
7 excited

states due to the Kondo coupling, similar to recent obser-

vations in CeCoIn5 [42]. Because the Γ
(2)
7 state is rotated

45 degrees relative to the Γ
(1)
7 state, any admixture would

dramatically affect the hyperfine couplings B1 and pos-
sibly B2. Future measurements of the In(2) Knight shift
for in-plane fields in CeRhIn5 will be necessary to check
this scenario.

The Knight shift anomaly observed in Fig. 6 reflects
the growth of KHF (T ) below T ∗, where KHF (T ) ∝
(A − B)(1 − T/T ∗)3/2[1 + ln(T ∗/T )] [28]. As B1 in-
creases with α2, the sign of KHF (T ) changes from posi-
tive to negative, and vanishes when the transferred cou-
pling equals the on-site coupling, A. Previously, A ≈ 14
kOe/µB was estimated in CeCoIn5 [29]. Since this quan-

FIG. 9. (a) α2 inferred from the pressure dependence of B1 in [31]
using the relationship measured at ambient pressure in Fig. 8. The
solid line is a guide to the eye. (b) The coherence temperature T ∗

versus B2
2 . The solid line is given by T ∗ = 16.3(2) + 0.039(3)B2

2 .

tity reflects a combination of a Fermi-contact interac-
tion plus core-polarization from the Indium 5p orbitals,
it should only weakly depend on doping or transition
metal element. Thus, the observation that the Knight
shift anomaly is small or absent in CeRh1−xIrxIn5 for
x ≈ 0.5 in Fig. 6 likely reflects the fact that B1 ≈ A in
this range. On the other hand, there is a clear growth of
both the magnitude of KHF and the onset temperature,
T ∗, as α2 decreases in CeIrIn5 and CeCoIn5. T ∗ is ap-
proximately the temperature where the entropy reaches
R ln 2, and has been shown empirically related to the
Kondo coupling, J , as T ∗ = 0.45J2ρ, where ρ is the den-
sity of conduction electron states [19]. Since the Kondo
coupling arises due to hybridization of the 4f orbital, it
is natural to expect that J ∝ α2, and thus T ∗ ∼ B2

2 , as
demonstrated in Fig. 9(b). This observation supports
previous dynamical mean-field theory (DMFT) calcula-
tions of CeIrIn5 that indicated the hybridization gap for
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the Ce-In(2) band dominates that for the in-plane Ce-
In(1) band [12]. The Kondo hybridization, which drives
the low temperature correlated behavior, is thus directly
controlled by the shape of the Ce 4f orbitals.

V. SUMMARY

We have measured the Knight shift and magnetic sus-
ceptibilities for several single crystals of CeRh1−xIrxIn5,
and found that the transferred hyperfine couplings to the
In(1) and In(2) vary linearly with α2, where α describes
the admixture between the |Jz = − 3

2 〉 and |Jz = + 5
2 〉

states of the Ce 4f ground state wavefunction. The
hyperfine coupling to the In(1) is enhanced as α2 grows
and the wavefunction extends out of the plane. The
coupling to the In(2), on the other hand, decreases as
α2 increases. These results provide direct proof that the
hybridization between the 4f wavefunction and the In
5p orbitals is controlled by the orbital anisotropy. This
observation also offers an explanation for the abrupt
decrease in the In(1) Knight shift at 30 T, where the
magnetic field induces changes to the crystal field ground
state orbital [41], and for the pressure-dependence of
the coupling to the In(1). A detail that has not been

considered in our analysis is that it is possible that the

Kondo coupling to the excited state Γ
(2)
7 manifold alters

the shape of the 4f orbital, which may play a role in the
pressure dependence of the ratio B1/B2 under pressure
[31]. Further experiments exploring all components
of the hyperfine coupling tensor will be important to
better characterize this hybridization, especially under
pressure. This study establishes transferred hyperfine
interactions as an important probe of hybridization
anisotropy in heavy fermion materials, and may provide
a more straightforward approach to determine the
crystal field parameters.
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