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By tuning the superconducting order parameter with an applied magnetic field, we use neutron diffraction
to compare the magnetically ordered phases in superconducting and normal states of CeCo0.5Rh0.5In5. At zero
applied field, CeCo0.5Rh0.5In5 displays both superconductivity (Tc = 1.3 K) and spatially long-ranged commen-
surate ↑↓↑↓ antiferromagnetism [TN = 2.5 K, propagation vector �Q = ( 1

2 , 1
2 , 1

2 )]. Neutron spectroscopy fails to
measure propagating magnetic excitations from this ground state with only temporally overdamped fluctuations
observable. On applying a magnetic field which suppresses superconductivity, we find anisotropic behavior in the
static magnetism. When the applied magnetic field is along the crystallographic c axis, no change in the static
magnetic response is observable. However, when the field is oriented within the a-b plane, an increase in TN

and change in the critical response are measured. At low temperatures in the superconducting phase, the elastic
magnetic intensity increases linearly (∝ |H |) with small a-b oriented fields. However, this trend is interrupted at
intermediate fields where commensurate block ↑↑↓↓ magnetism with propagation vector �Q = ( 1

2 , 1
2 , 1

4 ) forms.
For large applied fields in the [110] direction which completely suppresses superconductivity, weakly incommen-
surate magnetic order along L is observed to replace the commensurate response present in the superconducting
and vortex phases. We discuss experimental considerations related to this shift in momentum and suggest field-
induced incommensurate static magnetism, present in the normal state of superconducting and antiferromagnetic
CeCo0.5Rh0.5In5 for a-b plane oriented magnetic fields. We speculate that these field-dependent properties are
tied to the field-induced anisotropy associated with the local Ce3+ crystal field environment of the tetragonal
“115” structure.

DOI: 10.1103/PhysRevB.110.214431

I. INTRODUCTION

While localized magnetism may be viewed as incom-
patible with itinerant superconductivity, work in the past
several decades has found a number of systems where
superconductivity is proximate to static magnetic phases
[1,2]. Notable examples with large superconducting transition
temperatures include the cuprate [3–5], iron (pnictide and
chalcogenide)-based compounds [6], and nickel-based com-
pounds, including recent work under pressure [7] and previous
work on layered borocarbides [8–12]. These materials display
a delicate interplay between magnetic and superconducting
phases [13,14] and investigating these compounds near the
boundary between magnetism and superconductivity often
results in the discovery of new phases. For example, the use
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of high magnetic fields to suppress cuprate superconductiv-
ity has led to the discovery of intertwined orders including
a charge density wave that competes with high temperature
superconductivity [15,16].

The “115” series of compounds is based on chemically
substituted and doped variants of CeCoIn5 with phase di-
agrams displaying analogous interplay between localized
magnetism and superconductivity to that found in cuprate
and iron-based compounds. CeCoIn5 is an unconventional
superconductor with the highest transition temperature (Tc =
2.3 K) recorded for heavy fermion materials [17–20] and has
a d-wave superconducting order parameter [21,22]. The crys-
tallographic structure is based on a tetragonal unit cell with
layers of magnetic Ce3+ stacked along c.

In terms of the magnetic response from the Ce3+ ions in
CeCoIn5, the high-temperature nonsuperconducting (normal)
state consists of overdamped magnetic excitations peaked
near �Q = ( 1

2 , 1
2 , 1

2 ), indicative of antiferromagnetic interac-
tions between the Ce3+ ions, both within the a-b plane and
along c. We note that no static magnetism at zero applied
field has been reported. However, in the superconducting
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FIG. 1. The magnetic and superconducting phase diagram of
CeCoxRh1−xIn5 adapted from Refs. [33,34]. The data is a compila-
tion of transition temperatures measured with heat capacity, resistiv-
ity, and AC/DC susceptibility. The position of our CeCo0.5Rh0.5In5

sample with respect to the entire phase diagram is illustrated by the
vertical gray arrow.

phase, the momentum broadened fluctuations are replaced by
a temporally sharp resonance peak [23–26] characterized by
fluctuations polarized along the c axis. This illustrates a link
between superconductivity and localized magnetism in the
“115” series of compounds.

The fluctuating magnetism in superconducting CeCoIn5

contrasts with static antiferromagnetism in CeRhIn5 [27].
Static incommensurate magnetism (TN = 3.8 K) [propagation
wave vector �Q = ( 1

2 , 1
2 , 0.297)] representative of helical mag-

netic order along the crystallographic c axis is found based
on unpolarized [28] and, required given the symmetry of the
structural unit cell, polarized neutron diffraction. The exci-
tations in CeRhIn5 are dominated by strong transverse spin
waves which are well defined and underdamped in energy
[27,29]. However, the transverse in-plane magnetic fluctua-
tions are unstable, displaying a breakdown into multiparticle
states with increased energy scale [30,31]. In-plane excita-
tions are also not observable when CeCoIn5 is tuned toward
antiferromagnetism with Hg substitution [32], despite the co-
existence of static commensurate [propagation wave vector
�Q = ( 1

2 , 1
2 , 1

2 )] magnetism.
While a number of chemical substitution and doping

techniques illustrate an interplay between static magnetism
and superconductivity, in this study we focus on the spe-
cific case of CeCoxRh1−xIn5. The electronic and magnetic
phase diagram of CeCoxRh1−xIn5 is displayed in Fig. 1 with
data points taken from Refs. [33,34]. In terms of the static
magnetic order, for small concentrations of Co substitution

defined by the parameter x (on the horizontal axis in Fig. 1),
incommensurate magnetic order [28,35–42] is present (as
discussed in the case of CeRhIn5 above) and on approach-
ing superconducting concentrations near x ∼ 0.4, becomes
commensurate [43]. Notably, at the concentration x = 0.4
studied in Ref. [43], both incommensurate and commensu-
rate magnetic order are found to coexist. We note that the
exact reported concentration of x where superconductivity is
onset varies from x ∼ 0.35–0.4 [33,34] and in Fig. 1 we
have taken the data points from Ref. [33]. Through Co ↔ Rh
substitution, static magnetic and superconducting phases can
be tuned.

As illustrated in Fig. 1 the Co concentration of x ∼ 0.4,
separates two distinct phases. The electronic Fermi surface
evolution across this boundary has been characterized by
quantum oscillations [44] and found to be marked by an
abrupt change in the Fermi surface and also the associated
effective mass. For comparison purposes, the position of the
concentration studied in our current paper with neutrons is il-
lustrated by the vertical arrow at x = 0.5 in Fig. 1. Our sample
is near the critical Co concentration of x ∼ 0.4 yet displays
both commensurate antiferromagnetism (TN = 2.5 K) and low
temperature superconductivity (Tc = 1.3 K) [33,45,46].

Given that superconducting states consist of fluctuating
variants of the parent phases [13,14], studying competing
phases in compounds near the onset to superconductivity
will provide information on these fluctuations and energy
scales important to superconductivity. One means of doing
this is to apply strong magnetic fields at low temperatures
to suppress the superconducting order parameter to reveal
the underlying competing states in the normal state. This is
difficult in the cuprate or iron based unconventional super-
conductors owing to the large magnetic fields required to
overcome the critical Hc2 field where superconductivity is
suppressed. The CeCoxRh1−xIn5 (or more broadly the “115”
series) compounds displays unconventional superconducting
order parameters, but with reduced transition temperatures
and energy scales that are more amenable to experiments.
In this work, we focus on the CeCo0.5Rh0.5In5 concentration
which is located near the boundary between incommensurate
antiferromagnetism and superconductivity and displays both
static magnetism and low temperature superconductivity as
discussed above. We characterize the excitations and apply a
magnetic field to suppress the superconducting order parame-
ter to reveal the underlying competing magnetic phases which
we study with neutron diffraction.

II. EXPERIMENTS

The ∼1.5 g sample of CeCo0.5Rh0.5In5 was grown using
the flux technique. The sample has a superconducting transi-
tion temperature of Tc = 1.3 K and Néel order at TN = 2.5 K.
A piece of this sample was used in Ref. [44] with heat capacity
displaying two peaks shown in Fig. 1 of Ref. [44]. We discuss
homogeneity of Co ←→ Rh substitutes in the context of the
magnetic transitions measured with neutrons below. Hc2 of our
sample was measured to be 7.5 T when the field is oriented
within the a-b plane.

Neutron diffraction experiments were performed using
the RITA2 (PSI, Villigen, Switzerland) and FLEXX (HZB,
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Berlin, Germany) cold triple-axis spectrometers and at the
WISH diffractometer (ISIS, Didcot, UK) with Bragg reflec-
tions of the form (H, H, L) aligned within the horizontal
scattering plane. For RITA2, the incident and final energies
were fixed to E f = 3.5 meV, with a Beryllium filter placed
after the sample. On FLEXX, an incident energy of Ei =
3.0 meV was used.

Several different magnetic field geometries were used for
this work requiring multiple instruments and configurations.
Because of kinematic constraints of neutron scattering and
the requirement to study momentum transfers that reached
magnetic Bragg positions of the form ( 1

2 , 1
2 , L) (where L 
= 0),

the sample needed to be aligned such that Bragg peaks of
the form (HHL) lay within the horizontal scattering plane.
This meant that vertical magnetic fields (which provide max-
imum incident and scattered neutron beam access) were fixed
along the [110] axis. Vertical fields of μ0H < 9 T were
available on RITA2 allowing us to obtain data both in the
normal and superconducting phases of our sample. To study
the magnetic field dependence well above Hc2 in the nor-
mal phase, we used the vertical 14.5 T field available at
FLEXX (HZB, Berlin). Horizontal magnets allow the beam,
in principle, to be applied along any crystallographic direction
in the horizontal scattering plane defined by wave vectors
of the form [HHL]. Therefore the horizontal magnetic field
can be aligned both within the crystallographic a-b plane
(along [110], for example) or along the c axis (along [001])
while allowing kinematic constraints of neutron scattering
to be satisfied. However, horizontal magnetic fields require
multiple solenoids to allow access for incident and scattered
neutron beams and are currently constrained to fields be-
low μ0H < 6.5 T (available at, for example, RITA2, PSI)
owing to engineering constraints of the strong stray fields.
Throughout the paper below we note which type of field
and orientation is being used at the beginning of each result
subsection.

We note that the field was always changed in the normal
state at high temperatures. To improve thermal conductivity
of the sample mount, for zero magnetic field results reported
the sample was always cooled in a 0.03 T magnetic field
to suppress superconductivity of Aluminum. This has been
measured by us in previous low temperature studies of other
heavy fermion materials [47] to improve thermal conductivity
and allow lower temperatures to be achieved at the sample
position.

Given that one of the goals of this study is to com-
pare the magnetism in antiferromagnetic and superconducting
CeCo0.5Rh0.5In5 and correlate the results with parent anti-
ferromagnetic CeRhIn5 and superconducting CeCoIn5, we
investigated the magnetic fluctuations from the magnetic
commensurate static �Q = ( 1

2 , 1
2 , 1

2 ) phase using neutron in-
elastic scattering. Neutron spectroscopy measurements were
performed on the MACS triple-axis spectrometer at NIST
(Gaithersburg, MD) [48]. Given the need to sample a large
region of momentum space, the multi detector arrangement
and large flux on the sample was advantageous. Cooled fil-
ters of Beryllium were used after the sample with the final
energy fixed by a double bounce PG(002) analyzer with
E f = 5.1 meV and Ei defined by a double focused PG(002)
monochromator.
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FIG. 2. Temperature and applied field-dependent magnetic
diffraction with horizontal and vertical fields at �Q0 = ( 1

2 , 1
2 , 3

2 ). (a) il-
lustrates a colormap of the magnetic Bragg peak at T = 100 mK
illustrating the �Q = (1/2, 1/2, 1/2) commensurate ordering. (b) The
magnetic order parameter at zero and applied fields with field ori-
ented along the [1, 1, 0] and [0, 0, 1] axes measured using the RITA2
triple-axis spectrometer. Note that the data for differing field orienta-
tions have been normalized to agree at the lowest temperatures so that
order parameter curvatures can be compared directly. (c) displays the
field dependence of the relative change (normalized to zero field)
in the magnetic Bragg peak intensity at T = 100 mK (RITA2) and
T = 300 mK (FLEXX) (note that all values are taken with respect to
μ0H = 0 T data). Note that the maximum field available on RITA2
was μ0H = 9 T and 15 T on FLEXX so an overlap of 5–9 T is
illustrated for data normalization. Hc2 from susceptibility is shown.

III. RESULTS

The main focus of this paper is magnetic neutron diffrac-
tion in a magnetic field and this is discussed below utilizing
two cold neutron spectrometers. We conclude the results
section with a presentation of the magnetic excitations and
compare these to previously published results in antiferromag-
netic and non superconducting CeRhIn5 and superconducting
CeCoIn5.

We first discuss the static magnetic properties of
CeCo0.5Rh0.5In5 as a function of applied magnetic field and
temperature which are summarized in Fig. 2 for the magnetic
field applied along both the crystallographic c axis and within
the a-b plane. The temperature dependence of the commen-
surate �Q = ( 1

2 , 1
2 , 1

2 ) [Fig. 2(a)] is illustrated in Fig. 2(b).
The magnetic nature of this Bragg peak is confirmed as it
is absent at high temperatures. The magnetic Bragg peak is
centered around both the commensurate (within experimental
resolution) H and L = 1

2 and is indicative of a doubling of the
magnetic unit cell consistent with antiferromagnetic correla-
tions. This forms a real-space ↑↓ arrangement of spins along
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the crystallographic c and within the a-b plane. The width of
the magnetic peak is resolution limited both along the (H,
H, 0) and (0, 0, L) directions representative of a real space
correlation length of at least ∼500 Å set by the experimen-
tal resolution of the triple-axis spectrometer. The observed
magnetic structure contrasts with the incommensurate order
reported in non superconducting variants such as CeRhIn5

[27,28,30] discussed in the Introduction.

A. Anisotropic magnetic critical properties with applied
horizontal and vertical magnetic fields

The critical properties are now discussed which are indica-
tive of the underlying anisotropy of the static magnetism as
sampled from the temperature dependence of the magnetic
order parameter as illustrated in Figs. 2(a) and 2(b). While
the superconducting transition temperature does not vary sig-
nificantly with Co ←→ Rh substitution (Fig. 1), the magnetic
TN transition temperature does and the sharp (in temperature)
onset of magnetic order in our sample indicates homogeneous
chemical substitution. The intensity of the magnetic Bragg
peak is a measure of the magnetic order parameter and is fit
to a power law in Fig. 2(b) I (T ) ∝ |M(T )|2 ∝ (TN − T )2β .
Given that power law correlations are only expected at tem-
peratures in the limit of T → TN , the value of the extracted
critical exponent is naturally sensitive to the temperature re-
gion where the fit is performed. We have fit power laws here
to temperatures above 1 K and below TN given that power law
correlations are only expected near TN . We note that this fit
provides agreement over a much broader temperature range
and taking smaller temperature ranges gave unreliable fits to
the exponents with large errorbars and fits over a broader
temperature range did not change the exponent results within
error.

With the temperature-dependent magnetic intensity plot-
ted in Fig. 2(b), we note that the magnetic intensity seems
to continue increasing below Tc in CeCo0.5Rh0.5In5 unlike
Hg- doped counterparts where superconductivity and mag-
netism coexist and the magnetic order parameter experimen-
tally saturates in the superconducting phase [32]. At zero
applied field, the exponent (using the temperature range dis-
cussed above) is measured to be β = 0.65 ± 0.03 and TN =
2.5 K. We note isotropic mean-field theory would predict β =
0.5 [49] and the larger value derived here is likely the result
of fitting an extended temperature range and not confining the
analysis to temperatures as T → TN . No measurable change
is observed for fields up to 6.5 T aligned along the crystallo-
graphic c axis for either the magnetic ordering temperature,
the order parameter exponent, Bragg peak position, or mag-
netic intensity. We note that horizontal field measurements are
limited to fields less than 6.5 T as discussed above. With the
6.5 T field applied within the a-b plane along the [1, 1, 0]
axis (through rotating the horizontal field 90◦), TN is observed
to increase to 2.8 K and the value of the critical exponent
decreases to β = 0.44 ± 0.03. The critical exponent β for non
superconducting CeRhIn5 is β = 0.19 [30], consistent with a
two dimensional order parameter [50]. For slightly Hg doped
CoCoIn5, the exponent is β = 0.32 as expected for three
dimensional Ising order [32]. With the magnetic field aligned
within the a-b plane, as the magnetic field approaches Hc2,

we conclude that the critical properties of CeCo0.5Rh0.5In5

cross over to being more anisotropic in nature indicated by
a decrease in the critical exponent β (reflected by a qualitative
change in the shape of the order parameter as T → TN ).
The change with exponents may also be consistent with an
increase in TN for fields applied within the a-b which can
be explained by an enhancement of magnetic anisotropy that
is measured to increase with applied magnetic fields [27]
oriented in the a-b plane for the case of CeRhIn5. We conclude
that the critical properties indicate a crossover to increasingly
anisotropic magnetism with an applied field within the a-b
plane.

The low temperature (in both antiferromagnetic and su-
perconducting phases) magnetic field dependence of the �Q =
( 1

2 , 1
2 , 3

2 ) intensity for data taken from overlapping data sets
from RITA and the FLEXX instruments is summarized in
Fig. 2(c) for temperatures within the superconducting phase
(T = 100 mK for RITA and T = 300 mK for FLEXX). Note
that the data has been normalized to the zero field intensity
and hence the graph starts at 1. The value of the upper and
lower critical fields are Hc2 = 7.5 T and Hc1 ∼ 10−3 T [51]
respectively. The magnetic order shows an initial increase
in intensity in the vortex state below Hc2. A decrease in
magnetic intensity is observed at Hc2 with a further gradual
reduction in intensity at higher fields as seen with data taken
on FLEXX that allowed magnetic diffraction at applied mag-
netic fields considerably above Hc2. We now discuss the field
dependence in the context of block ↑↑↓↓ antiferromagnetism
that forms at intermediate applied fields.

B. a-b field-induced block ↑↑↓↓ antiferromagnetism
with applied vertical fields

Motivated by the work in Ref. [52] for CeRhIn5 which
discovered a low magnetic field-induced sinusoidal order
characterized by a �Q = ( 1

2 , 1
2 , 3

4 ) magnetic Bragg peak, we
searched for such magnetic order in CeCo0.5Rh0.5In5 at low
temperatures. As displayed in Figs. 3(a) and 3(b) (taken on the
WISH diffractometer and RITA2 spectrometer with a vertical
[110] oriented field), the δL ∼ 1

4 wave vector is present and
onsets at ∼2.5 T at 100 mK [Fig. 3(c)]. These observed peaks
are resolution limited, indicative that they represent spatially
long-range correlations. A peak at a propagation wave vec-
tor of δL = 1

4 is indicative of a further doubling of the unit
cell and we interpret this as a block structure consisting of
a ↑↑↓↓ arrangement of spins along the crystallographic c
axis. The combination of both �Q = ( 1

2 , 1
2 , 1

2 ) and ( 1
2 , 1

2 , 1
4 )

order is indicative of a sinusoidal modulated magnetic order
present in the vortex phase. We note that for fields aligned
along the crystallographic c axis (measured with a horizontal
field) no L = 1

4 magnetic Bragg peaks were observable at
fields up to μ0H = 6.5 T. We speculate that this supports the
observations discussed above in the context of the temperature
dependence that a-b plane fields enhance anisotropy to a much
larger extent than when the magnetic field is applied along
c. This directional dependence of anisotropy is supported by
the Lande g factor which is (taking the crystal field Stevens
parameters from Ref. [53] for CeCoIn5 in Table II) is 0.96
with the field oriented along c and 1.95 for magnetic fields
aligned within the a-b plane. The Lande factor within the a-b
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4 ).

(a) illustrates a map in reciprocal space taken on WISH with (b) dis-
playing representative scans taken on RITA2 showing the presence
of the L = 1/4 type order with an applied field within the a-b
crystallographic plane. (c) The intensity of the magnetic Bragg peak
at �Q = ( 1

2 , 1
2 , 1.25) as a function of applied magnetic field at

T = 100 mK taken on RITA2. No L = 1
4 magnetic Bragg peaks were

observed at fields up to μ0H = 6.5 T with the field aligned along the
c axis.

plane is confirmed by directional field measurements of the
splitting of the spin-resonance in superconducting CeCoIn5

[24] and agrees with the crystal field calculation.

C. Interplay of a-b field-induced vortex state
and ↑↓ antiferromagnetism with applied vertical fields

We now discuss the scaling of the magnetic intensity of
the dominant �Q = ( 1

2 , 1
2 , 3

2 ) magnetic Bragg peak with the
magnetic field applied within the a-b plane using [110] ori-
ented vertical magnetic fields. Figure 4(a) plots the intensity
as a function of applied field at T = 100 mK taken on RITA2
with the magnetic intensity rising linearly with field (dashed
line) for small applied magnetic fields and then a more gradual
increase or even saturation at fields larger than ∼2 T. Note
that the intensity has been scaled by the zero field intensity
and normalized such that the graphs starts from 0 to facilitate
fitting of the field dependence and comparison to models
previously applied to the cuprates. The integrated intensity
was extracted from Gaussian fits with representative curves
shown in Figs. 4(b) and 4(c) which display this increase
through elastic scans along L. Scans both along the (H,H,0)
and (0,0,L) directions find no observable change in peak
position over this field range below Hc2. The linear increase
is not expected for this geometry, based on magnetic and
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2 ) in the superconducting phase as a function of mag-
netic field applied within the a-b plane. Note that the intensity has
been normalized to the I (μ0H = 0T) − 1 in comparison to Fig. 2
where it was normalized by by just I (μ0H = 0 T). The dashed black
line is a linear fit and the red dashed curve is a fit to I (μ0H ) ∝
H/Hc2 ln(θHc2/H ), for proximate spin density wave and supercon-
ducting orders. The average intensity above ∼2 T is denoted by the
horizontal dashed red line. (b), (c) illustrate two scans along L, taken
on RITA, showing the increase in intensity and the commensurate
�Q = ( 1

2 , 1
2 , 3

2 ) order.

crystalline structure alone, given that the two-fold symmetry
is preserved [54] when the field is applied along this direction.
This would predict any change with magnetic field should be
even, hence quadratic in field ∼|H |2 to leading order. It is also
not expected for purely magnetic effects such as antiferro-
magnetism near dopant or impurity sites [55–57]. The linear
∼|H | change implies a coupling to a quantity that changes
linearly with applied magnetic field. One such candidate is
the superconducting order parameter |ψ |2 which is reduced on
the application of a magnetic field owing to the introduction of
vortex cores. In the presence of vortices, the superconducting
volume fraction is suppressed and this could cause an increase
in the magnetic order parameter |φ|2 coupled to the super-
conducting order parameter |ψ |2. Following the arguments of
Ref. [58] for an analogous result in La2CuO4+y, since the
magnetic correlation length is large (defined by resolution
limited magnetic Bragg peaks), the magnetic order is averaged
over regions outside the vortices and scales with the magnetic
field.

Such a situation was considered for proximate spin
density wave and superconducting orders in the cuprate
superconductors in Refs. [59,60], motivated by experimen-
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tal neutron inelastic scattering work [61,62]. Given that the
number of vortices above Hc1 scales linearly with field, it was
initially suggested that enhanced magnetic signal originated
from spins in the vortex cores [63–65]. However, such a
description was found to be inconsistent with the expected
charge redistribution. It is also inconsistent with the resolution
limited nature of the magnetic peak indicative of a correlation
length of at least ∼500 Å that exceeds the dimensions of a
vortex core which is expected to be on the order of several
unit cells or ∼10 Å.

By considering the response of the superconducting order
parameter outside the vortex (expected to scale with dis-
tance as ∼1/2x2), the theoretical prediction for the scaling
of magnetic intensity with field after performing a spatial
two dimensional integral is ∼H/Hc2 ln(θHc2/H ) to leading
order [59]. A fit to this relation is shown by the solid curve
in Fig. 4(a) with Hc2 fixed at 7.5 T and θ = 6.8 ± 1.0. The
value of θ is sensitive to the vortex core geometry and is
predicted to be ∼3 for square or triangular vortices. The linear
scaling of the magnetic Bragg peak intensity (proportional to
the magnetic order parameter squared |φ|2) at low magnetic
fields below Hc2 is consistent with this prediction for the
change in the magnetic response near a quantum critical point
to superconducting and spin density wave order. Presumably
here the quantum critical point would be x ∼ 0.4 displayed in
Fig. 1. However, and we emphasize, that while the logarithmic
form captures the initial linear rise in magnetic intensity for
small applied fields observed in our experiment, the strong
deviation from the fit at ∼2 T combined with the anomalously
large fitted θ indicates that the logarithmic correction may not
be appropriate for this situation over the field range applied.
This could be the result of experimental conditions being, in
fact, located far in parameter space from any quantum critical
point or the onset of a new order parameter.

It is interesting that the field where a large deviation is
observed from this low-field theoretical description is near
the same field range where we observe the onset of ↑↑↓↓
order evidenced by a magnetic Bragg peak at L = 1

4 posi-
tions. This is suggestive that block ↑↑↓↓ order interrupts the
competition between magnetic |φ|2 and superconducting |ψ |2
orders. As shown in Fig. 2(c), the magnetic Bragg peak inten-
sity decreases gradually to fields well above Hc2. For small
applied fields within the a-b plane, we conclude that there
is a coupling between magnetic and superconducting order
parameters. For large field-induced anisotropies, the response
differs owing to the presence of anisotropic block magnetism.
This coupling is anisotropic and not experimentally observ-
able for fields applied along the crystallographic c axis.

D. a-b plane-induced normal state incommensurate
magnetism with vertical fields

In Figs. 5 and 6, we investigate the magnetic propagation
wave vector as a function of magnetic field and in particular
near the transition from the vortex state to the normal state
with increasing field. The comparatively low value of Hc2 that
exists for CeCo0.5Rh0.5In5 allows the superconducting order
parameter to be completely suppressed with magnetic fields
that are available at current neutron sources. We present two
datasets from two different instruments owing to limitations
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FIG. 5. Magnetic diffraction near �Q0 = ( 1
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2 , L) in the vortex and normal phases.
(c) Plot of the peak position along L as a function of magnetic field
using the RITA2 cold triple-axis spectrometers at T = 100 mK.

of available magnetic fields on each beamline. Figure 5 was
measured at RITA2 at T = 100 mK with magnetic fields con-
strained below 9 T. Given Hc2 = 7.5 T, we pursued higher
magnetic fields at T = 300 mK at the FLEXX cold triple-
axis spectrometer where magnetic fields of 14.5 T could be
reached which were well in the normal state allowing us to
establish trends at large magnetic fields.
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Figures 5(a) and 5(b) illustrate scans through the magnetic
Bragg peak in the (a) vortex and (b) at fields just within the
normal phase. A shift in the position in L is observed away
from the commensurate L = 1

2 position while scans along the
(H,H,0) direction found no observable change of the position
in H with field. Figure 5(c) shows that this change in the L
position occurs near Hc2 based on fits to scans along L to a
Gaussian. To study the dependence into the normal state we
used the FLEXX cold triple-axis instrument where applied
fields of μ0H = 14.5 T could be reached. These are illustrated
in Fig. 6. Figures 6(a) and 6(b) illustrate scans along L in the
superconducting and normal phases. Because of the asymmet-
ric momentum resolution, the following function was used
to extract the peak position along L as a function of applied
magnetic field,

I (L) ∝
{

1 + erf

[
γ (L − L0)

σ
√

2

]}
exp

−(L − L0)2

2σ 2
.

Here, γ is a parameter to fit the peak assymmetry and σ and
L0 are the standard deviations and position of the peak. The
peak position is plotted in Fig. 6(c) which illustrates a slightly
smaller shift to incommensurate L and at smaller fields. This
could be the result of greater field inhomogeneities and also
the higher temperature of the measurement in comparison to
the RITA2 data. Nevertheless, Fig. 6(c) illustrates the shift
from commensurate to incommensurate magnetism and also
the saturation in the normal state.

The incommensurate shift observed is very small, par-
ticularly in the context of the propagation wave vector for
CeRhIn5 which is 0.297 r.l.u. along L and we discuss experi-
mental considerations here. Kinematically, the observed shift
we observe on FLEXX and RITA2 corresponds to an angular
shift primarily along 2θ (or A4, using triple-axis angle label-
ing convention [66]) of ∼0.2◦ and less than 0.1◦ in sample
rotation (or A3). If the sample was twisting in the beam due
to, for example, forces on the sample from the Meissner effect,
we would expect a change in the sample rotation which is not
observed here. This can also be discounted as measurements
of nuclear Bragg peaks did not show a shift in angle with
applied field. The field in this experiment was only altered
when the sample was heated to the normal state as discussed
above in the experimental section.

We now discuss the incommensurate propagation wave
vector measured at large magnetic fields. For a transition
from commensurate magnetic order to incommensurate char-
acterized by a wave vector of q, we would expect domains
resulting in incommensurate peaks at ±δq. For the position
scanned near ( 1

2 , 1
2 , 3

2 ) above using RITA and FLEXX, this
would result in magnetic peaks originating from (0,0,1) +δq
and (1,1,2) −δq. This would not result in a single peak that
is shifted, but rather a splitting in the Bragg peak. This is
not observed experimentally in Figs. 5. and 6. It is possi-
ble that the magnetic field suppresses domains resulting in
a single domain with a fixed propagation wave vector q.
We note that such single domain states are present in some
materials such as iron-based langasite [54,67–69]. Further-
more, CeRhIn5 displays such preferential magnetic domains
on cooling through TN which allows the helical magnetic

structure to be uniquely identified with spherical neutron
polarimetry [30].

We therefore suggest that the magnetism in
CeCo0.5Rh0.5In5 transitions from commensurate magnetism
coexisting with superconductivity to incommensurate
magnetism at high fields and low temperatures in the normal
phase.

E. Momentum and energy broadened excitations at zero field

Finally, we investigate the magnetic excitations below TN

in CeCo0.5Rh0.5In5 at zero applied field and compare the
results to parent antiferromagnetic CeRhIn5. The magnetic
dynamics at this temperature and field correspond to exci-
tations from a commensurate ( 1

2 , 1
2 , 1

2 ) order which differs
from the incommensurate order found in the high-field normal
phase of CeCo0.5Rh0.5In5 and also at ambient conditions in
CeRhIn5. While CeRhIn5 has been reported to display well
defined, and underdamped, magnetic excitations [29], these
excitations have been shown to coexist with an energy and
momentum broadened continuum [30] which is indicative
of excitations polarized within the a-b plane being unsta-
ble. The magnetic excitations in the commensurate phase
of CeCo0.5Rh0.5In5 are displayed in Fig. 7. A constant mo-
mentum slice is displayed in Fig. 7(a) integrated over the
range of L = [−3,−1] and primarily sensitive to excitations
polarized within the a-b plane. The solid and empty-white
points are from CeRhIn5 with the solid points the peak po-
sition of underdamped magnetic excitations obtained from
constant-momentum cuts and the open circles from constant
energy cuts. The open circles differ from the filled at higher
energies owing to the presence of a momentum and energy
broadened continuum of excitations present at higher energies
in CeRhIn5.

The magnetic excitations emanate from the ( 1
2 , 1

2 ) posi-
tion and unlike the case in incommensurate CeRhIn5, are not
well defined and extended in momentum and energy. While
the magnetic scattering follows the dispersion of CeRhIn5,
the scattering is less well defined in energy and momentum
and this can be seen at small values of (H,H) in Fig. 7(a).
Figures 7(b) and 7(c) illustrate constant E = 1.0 and 1.5 meV
slices showing that the while the scattering are correlated
around (H,H)= ( 1

2 , 1
2 ), it forms a rod of scattering along

L. This is indicative of two dimensional correlations anal-
ogous to that observed in CeRhIn5 over the same energy
range. While the magnetic scattering forms rods consis-
tent with two-dimensional correlations, the constant energy
slices in Figs. 7(b) and 7(c) do not display two clear peaks
emanating from the (H,H)= ( 1

2 , 1
2 ) as observed in antiferro-

magnetic CeRhIn5 and indicative of dispersive underdamped
spin-waves. The lack of well defined and underdamped spin
excitations indicates that with increased substitution toward
superconducting CeCoIn5, in-plane excitations become unsta-
ble with shortened lifetimes and dynamic correlation lengths.
We note that this is consistent with the lack of observable
in-plane excitations in superconducting CeCoIn5 and Hg sub-
stituted variants [23,32].

The lack of any clear magnetic fluctuations that re-
semble antiferromagnetic parent CeRhIn5 is in contrast
to the observations in chemically substituted insulators
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FIG. 7. Magnetic spectroscopy at zero applied field probing
the low-energy magnetic excitations measured on MACS (NIST).
(a) Displays a constant momentum slice integrated over L =
[−3, −1]. The solid (open) circles are peak positions fitted to the
magnetic excitations in CeRhIn5 [30] taken from constant momen-
tum (energy) scans. The data illustrate comparatively momentum
and energy broadened excitations dispersing from the commensu-
rate ( 1

2 , 1
2 ) position. Panels (b), (c) show constant energy slices at

E = 1.0 and 1.5 meV. The rod of scattering along L is indicative of
two dimensional magnetic fluctuations.

like K(Mn, Co/Zn)F3 [70,71] or Rb2(Mn, Co)F4 [72]. In
these compounds experiments observed the spin excita-
tions having modified structures of the underlying Mn- and
Co-parent constituents [73]. We therefore speculate the mo-
mentum and energy broadening of the magnetic excitations
in CeCo0.5Rh0.5In5 originates from a coupling to itinerant
electronic carriers. Such a coupling is consistent with the
competing magnetic and superconducting order parameters
discussed above in the context of the diffraction results.

IV. DISCUSSION AND CONCLUSIONS

We have observed incommensurate magnetic order at high
magnetic fields in the normal phase which competes with
commensurate magnetism in the superconducting and vor-
tex phases in CeCo0.5Rh0.5In5. The incommensurate order
observed here differs from that previously reported in field-
induced density wave phases in CeCoIn5 [74,75] which is
also stabilized through Nd doping Ce(Co,Rh)In5 [76,77]. The
“Q-phase,” reported in these materials, exists only in the su-
perconducting phase and is furthermore characterized by a
propagation wave vector that is incommensurate within the

crystallographic a-b plane [75,78–80]. In CeCo0.5Rh0.5In5,
the magnetic order is commensurate within the superconduct-
ing phase and becomes incommensurate along L in the normal
phase. The incommensurate change is small in comparison to
the incommensurate L = 0.297 order found in CeRhIn5 indi-
cating a long wavelength modulated magnetic phase competes
with unconventional superconductivity. The long wavelength
incommensurate order that we observe is a property of the
normal state as we observe little change in this ordering wave
vector for fields up to 14.5 T in comparison to the critical
field of 7.5 T. Incommensurate order competing with super-
conductivity is a common trend and has also been found
in, for example, iron based systems through doping stud-
ies [81–83] as well as the heavy fermion YbRh2Si2 [47,84]
(though neutron scattering has only been done in the normal
non superconducting phase).

It is important to note that changes found experimentally
here are not observable when the field is applied along the
crystallographic c axis. As noted above and also directly
measured by neutron spectroscopy in Ref. [27], when the
field is applied within the a-b plane there is an increase in
the energetic gap of the magnetic excitations indicative of an
increase in magnetic anisotropy. This is consistent with the
increase in TN observed for this field geometry in Fig. 2(b)
as enhanced anisotropy would favor magnetic order at higher
temperatures. Assuming a connection between an increase
in TN with applied field, it would imply that applying the
magnetic field along the c axis has comparatively little ef-
fect on anisotropy. However, unlike the case of a-b field
geometries, no neutron spectroscopy data currently exists for
fields oriented along the crystallographic c axis which would
require a horizontal magnet. Given the response observed in
the ordering wave vector and the magnetic intensity here, to
conclusively connect the field-induced anisotropy with this
effect would require further spectroscopy work on new in-
strumentation with horizontal magnetic fields. Nevertheless,
we speculate that the anisotropic response observed here un-
derscores the importance of magnetic anisotropy in analyzing
magnetic and superconducting order parameters in the “115”
Ce-based compounds.

It is important to compare the results presented here to
CeRhIn5 under applied pressure. As measured in Ref. [35],
with increasing pressure incommensurate (helical) magnetism
coexists with superconductivity for large pressures and abrupt
changes in the Fermi surface have been reported under pres-
sure [85], analogous to the discussion and situation illustrated
in Fig. 1. In comparison to the field-dependent magnetism
discussed here for CeCo0.5Rh0.5In5, a slight change in the
incommensurate wave vector increasing toward the commen-
surate L ∼ 1

3 position is observed in the pressure-induced
superconducting state in Fig. 2(b) of Ref. [35]. This maybe
analogous to the situation here where superconducting seems
to favor commensurate magnetism, becoming incommensu-
rate in the normal state.

Assuming a coupling between magnetic and electronic
parameters evidenced by competing static orders and
momentum-energy broadened excitations, the data presented
here could illustrate a competition on the Fermi surface be-
tween incommensurate magnetic order and superconductivity
[34]. Associating the magnetic propagation vector with a
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nesting on the Fermi surface would imply that part of the
Fermi surface is involved and destroyed in the superconduct-
ing phase. Such scenarios have been proposed for CeRhIn5

[41,86] and previously suggested to explain the interplay be-
tween magnetism and superconductivity in URu2Si2 [87] as
well as the field dependence in the bilayer cuprates [88]. This
has also been suggested theoretically [86] by applying mean-
field theory. Given that the incommensurate wave vector in the
normal state is along the (0,0,L) direction, two dimensional
antiferromagnetic in-plane correlations favor superconduc-
tivity as suggested in Ref. [89]. We note that the close
vicinity of incommensurate magnetism may be connected
with the non-Fermi liquid behavior seen at large fields in
CeCoIn5 [90,91].

It is interesting to note the instability of magnetic ex-
citations originating from the commensurate magnetically
ordered phase at zero applied field in CeCo0.5Rh0.5In5. These
dynamics were sampled at large values of momentum transfer
along the crystallographic c axis and therefore are sensitive
to magnetic excitations polarized within the a-b plane. We
note that no observable magnetic excitations polarized within
the a-b plane were observable in superconducting CeCoIn5

or Hg substituted counterparts. Therefore, in-plane magnetic
excitations associated with commensurate magnetic order ap-
pear to be unstable on substitution of Co and on entering the
superconducting phase. This further illustrates the importance
of anisotropy in the magnetic response.

In summary, we report the critical properties of magnetic
order near Co substitution values which separate incommen-
surate magnetism from superconductivity in CeCo0.5Rh0.5In5.
We find a scaling of the antiferromagnetic order parameter
consistent with the suppression of the superconducting order
parameter away from the vortex cores at small fields and have
noted the importance of block (L = 1

4 ) order. On entering
the normal state, the commensurate response is replaced by
a weakly incommensurate along c propagation wave vector.
These effects are not observable for magnetic fields oriented
along the c axis which we suggest maybe related to the field
dependence of the magnetic anisotropy. The results suggest
a common point in the “115” phase diagram where there is
an interplay between superconductivity and incommensurate
magnetism.
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