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The magnetic states of the noncentrosymmetric pressure-induced superconductor CeCoGes have been studied
with magnetic susceptibility, muon spin relaxation («SR), single-crystal neutron diffraction, and inelastic neutron
scattering (INS). CeCoGe; exhibits three magnetic phase transitions at Ty; = 21, Tnp = 12, and Ty = 8 K.
The presence of long-range magnetic order below Ty, is revealed by the observation of oscillations of the
asymmetry in the uSR spectra between 13 and 20 K and a sharp increase in the muon depolarization rate.
Single-crystal neutron-diffraction measurements reveal magnetic Bragg peaks consistent with propagation vectors
of k = (0,0, %) between Ty; and Ty, k = (0,0, %) between Ty, and Ty3 and k = (0,0, %) below Ty3. An increase
in intensity of the (110) reflection between Ty; and T3 also indicates a ferromagnetic component in these
phases. These measurements are consistent with an equal moment two-up two-down magnetic structure below
T3 with a magnetic moment of 0.405(5)ugp/Ce. Above Ty», the results are consistent with an equal moment
two-up one-down structure with a moment of 0.360(6)p /Ce. INS studies reveal two crystal-electric-field (CEF)
excitations at ~19 and ~27 meV. From an analysis with a CEF model, the wave functions of the J = % multiplet
are evaluated along with a prediction for the magnitude and direction of the ground-state magnetic moment.
Our model correctly predicts that the moments order along the ¢ axis, but the observed magnetic moment of
0.405(5)up is reduced compared to the predicted moment of 1.0ug. This is ascribed to hybridization between the
localized Ce*™ f electrons and the conduction band. This suggests that CeCoGe; has a degree of hybridization

between that of CeRhGe; and the noncentrosymmetric superconductor CeRhSis.
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I. INTRODUCTION

The coexistence of superconductivity (SC) and magnetism
in heavy fermion (HF) compounds has attracted considerable
research interest recently. In particular, several HF systems
appear to exhibit unconventional SC close to a quantum
critical point (QCP). On tuning the electronic ground state
(GS) of these systems by doping, pressure or the application
of magnetic fields, the SC appears in regions where the
magnetic order is being suppressed.'? There is great interest,
therefore, in understanding this phenomenon and, in particular,
the role of magnetic fluctuations in potentially mediating
the SC of these compounds. Most of the compounds which
display HF SC have centrosymmetric crystal structures in
which the Cooper pairs condense in either spin-singlet or spin-
triplet states. However, several cerium-based compounds with
noncentrosymmetric structures have recently been reported to
exhibit SC. The first HF noncentrosymmetric superconductor
(NCS) reported was CePt3Si where antiferromagnetic (AFM)
order (Ty = 2.2 K) and SC (7. = 0.75 K) coexist at ambient
pressure.® In NCSs, a finite antisymmetric spin-orbit coupling
(ASOQ) lifts the spin degeneracy of the conduction bands,
allowing for the mixture of spin-singlet and spin-triplet pairing
states.*

We report results of neutron scattering and muon spin
relaxation (uSR) measurements of the NCS CeCoGe;s.
This is a member of the CeTX3 (T = transition metal,

1098-0121/2013/88(13)/134416(10)

134416-1
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X = Si or Ge) series of compounds which crystallize in
the noncentrosymmetric tetragonal BaNiSns-type structure
(space group I4mm). In particular, the lack of a mir-
ror plane perpendicular to [001] leads to a Rashba-type
ASOC.> CeCoGes orders antiferromagnetically at ambient
pressure with three magnetic phases (Tn; = 21, Tno = 12,
and Ty = 8 K).%7 Ty, decreases as a function of applied
pressure, and there is an onset of SC for p > 4.3 GPa
with a T, of 0.7 K at 5.5 GPa.® SC is also observed in
CeRhSi; (p > 1.2 GPa),” CelrSi3 (p > 1.8 GPa) (Ref. 10),
and CelrGe; (p > 20 GPa).!! The superconducting states of
these compounds display highly unconventional properties.
As well as regions of coexistence with AFM order, the
upper critical field is highly anisotropic, vastly exceeding
the Pauli limiting field along the ¢ axis.'> However, some
members of the CeT X 5 family, such as CeCoSi3 and CeRuSis3,
do not order magnetically and are intermediate-valence
compounds.'>!*

The range of observed magnetic properties in the CeTX3
series has previously been discussed in the context of the
Doniach phase diagram>!>!7 with competition between the
intersite Ruderman-Kittel-Kasuya-Yosida interaction which
favors magnetic ordering and the on-site Kondo effect which
leads to a nonmagnetic singlet ground state. However, further
studies are necessary to characterize the magnetic states of the
CeT X series. Knowledge of the magnetic ground states and
crystal-electric-field (CEF) levels will aid in understanding
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the relationship between SC and magnetism in the CeTX3
compounds and allows detailed comparisons between mem-
bers of the series. In particular, the role of hybridization in
determining the phase diagram can be examined. CeCoGes
can be considered a strongly correlated system with an
electronic specific heat coefficient of y = 32 mJ mol~! K—2
and an enhanced cyclotron mass of 10m., where m. is the free-
electron mass.”'® The proximity of the compound to quantum
criticality has been studied in the CeCoGes_, Si, system where
the substitution of Si increases the chemical pressure. Interest-
ingly, although antiferromagnetism is suppressed for x = 1.2
and a quantum critical region with non-Fermi-liquid behavior
is observed for 1 < x < 1.5, no SC was reported down to
0.5 K.'*!? This is in contrast to the superconducting behavior
observed for the x = 0 compound with applied hydrostatic
pressure.

As well as being an unconventional superconductor,'?
CeCoGes has the highest magnetic ordering temperature
(Tn1 = 21 K) of any of the CeTX3 compounds and exhibits
a complex temperature-pressure phase diagram.?%?! Specific
heat measurements of single crystals reveal that, under a pres-
sure of p = 0.8 GPa, a fourth transition is observed at 15.3 K
in addition to those observed under ambient conditions.?’ The
temperature of this transition does not shift with pressure,
whereas, T is suppressed until it meets the pressure-induced
phase at p = 1.5 GPa. In turn, the transition temperature of
this phase is suppressed upon further increasing pressure until
it merges with Typ. The T — P phase diagram shows a series
of steplike decreases in the magnetic ordering temperature. A
total of six phases in the phase diagram were suggested from
single-crystal measurements up to 7 GPa, whereas, eight were
observed in polycrystalline samples up to 2 GPa.?’ The mag-
netic order is suppressed at p = 5.5 GPa, and there is a region
of coexistence with SC. The lack of steplike transitions above
3.1 GPa could indicate a change in magnetic structure which
may be important for understanding the emergence of SCin the
system.

The magnetic structure of CeCoGes has previously been
studied at ambient pressure using single-crystal neutron
diffraction in a zero field where two propagation vectors
were observed at 2.9 K, k; = (0,0,%) and k, = (0,0,3’—‘).22
Powder-neutron-diffraction measurements also indicate the
presence of k; at 2 K.2 In this study, we have determined
the magnetic propagation vector in a zero field for each
of the three magnetic phases using single-crystal neutron
diffraction. We are then able to propose magnetic structures
for the phases above Tnp and below Tn3. We report the
temperature dependence of magnetic Bragg reflections from
2 to 35 K. The presence of long-range magnetic order is
also revealed by uSR measurements where oscillations are
observed in the spectra below Ty;. Single-crystal susceptibility
and magnetization measurements were previously used to
suggest a CEF scheme with a ground-state doublet consisting
of the | £ %) states.” We use inelastic neutron scattering (INS)
to directly measure transitions from the ground state to the
excited CEF levels and are able to find an energy-level scheme
and a set of wave functions compatible with both INS and
magnetic-susceptibility measurements. We are also able to
compare the degree of hybridization in CeCoGe; with other
compounds in the series.
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II. EXPERIMENTAL DETAILS

Polycrystalline samples of CeCoGes and LaCoGes were
prepared by arc melting the constituent elements (Ce: 99.99%,
La: 99.99%, Co: 99.95%, and Ge: 99.999%) in an argon
atmosphere on a water-cooled copper hearth. After being
flipped and remelted several times, the boules were wrapped
in tantalum foil and were annealed at 900 °C for a week under
a dynamic vacuum at better than 10~° Torr. Powder-x-ray-
diffraction measurements were carried out using a Panalytical
X-Pert Pro diffractometer. Single crystals were grown by
melting polycrystalline material with a bismuth flux following
the previously reported technique.” Platelike single crystals
were obtained with faces perpendicular to [001] and were
checked using an x-ray Laue imaging system. Excess bismuth
was removed by washing the crystals with a solution of 1:1
nitric acid. That the crystals had the correct stoichiometry was
confirmed by scanning electron microscopy measurements.
Magnetic-susceptibility measurements were performed using
a Quantum Design Magnetic Property Measurement System
superconducting quantum interference device magnetometer.

Inelastic neutron scattering and (SR measurements were
performed in the ISIS facility at the Rutherford Appleton
Laboratory, U.K. INS measurements were carried out on
the MARI and MERLIN spectrometers. The samples were
wrapped in thin Al foil and were mounted inside a thin-walled
cylindrical Al can, which was cooled down to 4.5 K inside
a closed cycle refrigerator with He-exchange gas around
the samples. Incident energies of 10 and 40 meV were
used on MARI, whereas, 15-meV energies were used on
MERLIN, selected via a Fermi chopper. Further low-energy
INS measurements were carried out on the IN6 spectrometer
at the Institut Laue-Langevin, France, with an incident energy
of 3.1 meV. uSR measurements were carried out on the
uSR spectrometer with the detectors in the longitudinal
configuration. Spin-polarized muon pulses were implanted
into the sample, and positrons from the resulting decay were
collected in positions either forward or backward of the initial
muon spin direction. The asymmetry is calculated by

NF —OlNB

G.(t)= ,
(1) Ny T aN,

1)

where Ng and Njp are the number of counts at the detectors
in the forward and backward positions and « is a constant
determined from calibration measurements made in the para-
magnetic state with a small applied transverse magnetic field.
The maximum asymmetry for an ideal pair of detectors is %,
but this is lower for a real spectrometer.’* The sample was
mounted on a silver plate using GE varnish and was cooled
in a standard cryostat down to 1.5 K with He-exchange gas
around the sample.

Single-crystal neutron-diffraction measurements were car-
ried out on the D10 instrument at the Institut Laue-Langevin,
France. The sample was mounted on an aluminum pin and
was cooled in a helium-flow cryostat operating down to 2 K.
The instrument was operated in the four-circle configuration.
An incident wavelength of 2.36 A was selected using a py-
rolytic graphite monochromator. A vertically focused pyrolytic
graphite analyzer was used to reduce the background signal.
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FIG. 1. (Color online) Powder x-ray diffraction measurements of
polycrystalline CeCoGe; and LaCoGe;. The solid lines show the
Rietveld refinements, the results of which are given in Table 1.

After passing through the analyzer, neutrons were detected
using a single *He detector.

III. RESULTS AND DISCUSSION

A. Powder-x-ray diffraction

Powder x-ray diffraction measurements were carried out
on polycrystalline samples of CeCoGe; and the isostructural
nonmagnetic LaCoGes at 300 K. A Rietveld refinement was
carried out on both samples using the TOPAS software.>> The
data and refinement are shown in Fig. 1. One small impurity
peak was detectable in CeCoGes (~1% of the intensity of
the maximum sample peak), whereas, none were observed in
LaCoGes, indicating that the samples are very nearly single
phase. The site occupancies were all fixed at 100%. The results

TABLE 1. Results of the refinements of powder-x-ray-diffraction
measurements on CeCoGe; and LaCoGe;. The lattice parameters,
weighted profile factor (Ry;), and the atomic positions are displayed.

CeCoGe; LaCoGe;

a(A) 4.32042(4) 4.35083(7)
c (A) 0.83484(11) 9.87155(2)
Ryp 10.33 8.86

X y b4
Ce 0 0 0
Co 0 0 0.666(7)
Gel 0 0 0.4281(6)
Ge2 0 0.5 0.7578(5)
La 0 0 0
Co 0 0 0.6628(7)
Gel 0 0 0.4285(6)
Ge2 0 0.5 0.7556(5)
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of the refinements are displayed in Table 1. The values of the
lattice parameters are in agreement with previously reported
values.®?

B. Muon spin relaxation

To investigate the nature of magnetic ordering in CeCoGes,
we measured the zero-field muon spin relaxation of a polycrys-
talline sample. In the range of 13 K < 7' < 20 K, oscillations
of the asymmetry are observed in the SR spectra, indicating
the presence of long-range magnetic order (Figs. 2 and 3). The
presence of an oscillation at 20 K (Fig. 3) as well as a reduced
initial asymmetry indicates that the system is ordered at 20 K.
Howeyver, at 21 K, no oscillations are observed, and the initial
asymmetry reaches the full value for the instrument, indicating
that Ty lies between 20 and 21 K. The spectra were fitted with

G() = Aicos(y, Bit + de™ @/ + Age ™' + Apg,
i=1
2
where A;’s are the amplitudes of the oscillatory component,

Ay is the initial amplitude of the exponential decay, B;’s are
the magnetic fields at the muon site i, o; is the Gaussian decay
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FIG. 2. (Color online) uSR spectra measured at three tempera-
tures. At 19 K, two frequencies could be observed, whereas, at 15 K,
only one frequency was observed. At 1.4 K, no oscillations in the
spectra were observed. The solid lines show the fits as described in
the text.
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FIG. 3. (Color online) uSR spectra measured at 20 and 21 K.
At 20 K, one frequency is observed in the spectrum, and the initial
asymmetry is reduced, whereas, at 21 K, no oscillations are observed,
and the initial asymmetry reaches the full value for the instrument.
The solid lines show the fits as described in the text.

rate, A is the muon depolarization rate, ¢ is the common phase,
Yu/2m = 135.53 MHz T, and Ay, is the background. All the
oscillatory spectra could be fitted with one internal magnetic
field (n = 1) apart from at 19 K when it was fitted with two
internal magnetic fields (n = 2). This implies that there are
at least two muon sites, but below 19 K, it is likely that B,
exceeds the maximum internal field detectable on the ©uSR
spectrometer due to the pulse width of the ISIS muon beam.
Below 13 K, the spectra were fitted with just an exponential
decay term. The temperature dependence of one of the internal
fields was fitted with

7\*7?
B(T) = B(O)|:1 — (—) :| . 3)
In

With 8 fixed at 0.5 for a mean-field magnet, values of B(0) =
889(16) G, @ = 4.7(4), and Ty = 20.12(8) K were obtained
(Fig. 4). A good fit with 8 = 0.5 means the observations are
consistent with that of a mean-field magnet. The large value
of « indicates complex interactions between the magnetic
moments. It was also possible to fit the data with g = 0.367
and 0.326 for a three-dimensional Heisenberg and Ising model,
respectively.’® However, fits with both these values of S
gave values of Ty < 20 K, and poor fits were obtained for
Tn > 20 K. Since the presence of long-range magnetic order
has been observed at 20 K (Fig. 3), the data are incompatible
with these models. The muon depolarization rate (1) was found
to suddenly increase at Ty, indicating a transition between
the paramagnetic and the ordered states. However, A does
not show a significant anomaly at either 7Tn, or Tn3 where
there is a rearrangement of the spins and a change in the
magnetic structure. The initial value of the asymmetry (A;)
as a function of applied longitudinal field at 1.4 K is shown
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FIG. 4. (Color online) (a) The muon depolarization rate as a
function of temperature. (b) The internal fields deduced from the
frequencies of the oscillations observed in zero-field uSR spectra.
The solid curve is a fit of B; to a mean-field model described in the
text.

in Fig. 5. This is the longitudinal component and has been
normalized such that A, = 1 corresponds to the muon being
fully decoupled from its local environment. A fit has been
made using the expression described in Ref. 27. An internal
field of 1080(40) G was obtained, which is in approximate
agreement with that deduced from the zero-field data, despite
a change in magnetic structure between 13 and 1.4 K.

C. Single-crystal neutron diffraction

Single-crystal neutron-diffraction measurements were car-
ried out in each of the three magnetically ordered phases
on the DI0 diffractometer. Figure 6 shows elastic scans
made across (10]) at different temperatures. This reveals that,

1.0 T T T T T

0.8

0.4

0 500 1000 1500 2000 2500
Magnetic field (G)

FIG. 5. (Color online) The normalized longitudinal component
of the initial asymmetry (A,) as a function of an applied magnetic
field at 1.4 K. The solid line shows a fit described in the text.
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FIG. 6. (Color online) Elastic scans made across (10/) at four
temperatures. No peak is observed above Ty;. Below 2 K, a peak is
observed at [ = %, which shifts to / = % at I0 Kand !/ = % at 14 K.

below 20 K, additional peaks for noninteger [ are observed,
indicating the onset of antiferromagnetic ordering. At 2 K,
the additional peak is at [ = %, at 10K, itisat/ = %, and at
14 K, itis at [ = % Since the (100) peak is forbidden for a
body-centered structure, this indicates a propagation vector of
k = (0,0,1) below Txz, k = (0,0,3) for Tnz < T < Tz, and
k = (0,0, %) for Tny < T < T . Figure 7 shows the intensity
of the (110) reflection between 2 and 25 K. The increase in
integrated intensity of this nuclear peak for Tn3 < T < Ty
indicates the presence of an additional ferromagnetic (FM)
component for these two magnetic phases. The propagation
vector of k = (0,0, %) agrees with the previous single-crystal
neutron-diffraction measurements.?> However, as shown in
Fig. 6, we do not see a peak at (10 %) as previously observed,
nor do we observe any evidence for a two component magnetic
structure. However at 8 K, just above T3, coexistence of the
(10 %) and (10 %) reflections are observed (Fig. 8), indicating a
first-order transition between the phases. This is also supported
by the observation of hysteresis in magnetic isotherms at 3 K.°

At 35 K, in the paramagnetic state, the intensities were
collected for all the allowed experimentally accessible re-
flections (hkl). In each magnetic phase, intensities were
collected for the reflections (hkl) & k. The intensities of 104
magnetic reflections were collected at 2 and 14 K, whereas,

N ay 1
:‘2\ 75k ETN3 iTNZ iTNl 4
NI S
R EH Ty }{;{ _
e {}}H ; ¢ i t

0 5 10 T(Iéj 20 25

FIG. 7. (Color online) The temperature dependence integrated
intensity of the (110) reflection. An increase in the intensity between
T3 and Ty indicates there is a ferromagnetic contribution in these
phases.
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FIG. 8. (Color online) Elastic scans made across (10/) at 8 K. At
this temperature, there is a coexistence between the peaks at [ = %
and [ = 1.

2

57 were collected at 10 K. No magnetic peaks were observed
corresponding to (00/), indicating that, in all three phases,
the magnetic moments point along the ¢ axis. A symmetry
analysis of each phase using SARAh (Ref. 28) shows that
I'; is the only irreducible representation of the little group
(Gy) with the moments along the ¢ axis. Both the crystal
and the magnetic structures of each phase were fitted using
FULLPROF.?’ With the scale factor and extinction parameters
fixed from the results of the crystal structure refinement, the
only free parameter in the refinements of the magnetic phases
was the magnetic moment on the Ce atoms. An R factor of 10.9
was obtained for the refinement of the crystal structure, 21.5
for the magnetic phase at 2 K, 24.3 at 10 K, and 22 at 14 K.
Plots of Feac Vs Fops for all the refinements are shown in Fig. 9.
The introduction of a global phase ¢ to a magnetic structure
leaves the neutron-diffraction pattern unchanged. However,
for the phase at 2 K with k = (0,0,%), selecting ¢ = /4
gives an equal moment on each Ce site of 0.405(5)ug. This
structure has a two-up two-down configuration along the ¢ axis
[Fig. 10(c)]. Similarly, for the phase at 14 K with k = (0,0, 2),
selecting ¢ = 0 gives a modulated structure along the c axis
with an up moment of 0.485(6)up followed by two down
moments of 0.243(3)us. The addition of a FM component

0 3000

() T=35K
6000+

6000 0 10 20 3%0
(b)T=2K

120

3000 110

calc

obs

FIG. 9. (Color online) Plots of the calculated vs observed values
of Fjyy for the refinement of (a) the crystal structure at 35 K and
(b)—(d) the magnetic structure in the three magnetic phases. The solid
lines indicate where Fiyc = Fyps.
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(a) 14K

(b) 10K

FIG. 10. (Color online) The crystal structure of CeCoGe; where
the Ce atoms are in red, the Co atoms are in blue, and the Ge atoms
are in gray. The arrows depict the magnetic moments on the Ce
atoms. (a) The proposed magnetic structure at 14 K consists of
the antiferromagnetic component with a global phase ¢ = 0 and a
ferromagnetic component to give an equal moment two-up one-down
structure. (b) The antiferromagnet component (¢ = 0) at 10 K for
one half of the magnetic unit cell. (c) The magnetic structure at 2 K
with ¢ = 7/4 to give an equal moment two-up two-down structure.

of —0.125u5/Ce gives a constant moment two-up one-down
configuration as shown in Fig. 10(a). A FM component is
observed in this phase (Fig. 7), and this equal moment solution
is compatible with magnetization results.” For the phase at
10 K with k = (0,0,%), we were unable to deduce a global
phase ¢ to which a FM component could be added to give an
equal moment solution. A simple three-up one-down structure
as previously suggested for this phase from magnetization
measurements’ is not compatible with this propagation vector.
The antiferromagnetic component with ¢ = 0 is shown in
Fig. 10(b) for half of the magnetic unit cell. However, as shown
in Fig. 7, there is also a ferromagnetic component in this phase,
and further measurements of the nuclear reflections at 10 K
would be required to determine the size of this contribution.

D. Inelastic neutron scattering

To obtain information about the CEF scheme and the
magnetic excitations of the ordered state, INS measurements
were carried out on polycrystalline samples of CeCoGes and
LaCoGe; using the MARI spectrometer with incident neutron
energies (E;) of 10 and 40 meV. LaCoGe; is nonmagnetic
and isostructural to CeCoGes, and the measurements were
used to estimate the phonon contribution to the scattering.
Color-coded plots of the INS intensity of CeCoGes are
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FIG. 11. (Color online) Color-coded plots of the inelastic neutron
scattering intensity with an incident energy of 40 meV [in units of
mbsr' meV ™' fu. ! (where f.u. represents formula units)] for (a)
CeCoGej; at 4 K, (b) CeCoGej at 25 K, and (c) LaCoGe; at 5 K. The
magnetic scattering of CeCoGej at 4 K, obtained by subtracting the
phonon contribution of CeCoGejs (see text), is shown in (d).

shown in Figs. 11(a) and 11(b) at 4 and 25 K, respectively,
whereas, the scattering of LaCoGe; is shown Fig. 11(c). In
both the magnetically ordered and the paramagnetic states,
two inelastic excitations are observed with a significant
intensity at low scattering vectors (Q). These are absent in
the scattering of nonmagnetic LaCoGes, indicating they are
magnetic in origin. The excitations have a maximum intensity
at approximately 19 and 27 meV. These can be seen in
Fig. 11(d), which shows the magnetic scattering [Siyag(Q,w)]
obtained from Sc.(Q,w)-aSL.(Q,w), where o = 0.9, the ratio
of the scattering cross sections of CeCoGe; and LaCoGes. The
scattering intensity decreases with |Q| as expected for CEF
excitations. The presence of two CEF excitations is expected
for a Ce®* ion in a tetragonal CEF since, according to Kramers
theorem, provided time-reversal symmetry is preserved, the
energy levels of a system with an odd number of electrons
must remain doubly degenerate. Therefore, the sixfold J = %
ground state can be split into a maximum of three doublets in
the paramagnetic state.

Alsorevealed in the 4-K data is an additional excitation with
a maximum at around 4.5 meV. This excitation is not present
at 25 K [Fig. 11(b)] where, instead, the elastic line is broader.
This indicates the presence of spin waves in the ordered state
at 4 K with an energy scale of approximately 4.5 meV for the
zone-boundary magnons. Interestingly, the spin-wave peak in
CeRhGejs is observed at around 3 meV, and the compound
orders at Ty; = 14.5 K3 Therefore, the spin-wave energy
appears to similarly scale with Ty; in both CeRhGes; and
CeCoGes. Additional low-energy measurements on IN6 with
an incident energy of 3.1 meV display a lack of magnetic
scattering below 2 meV at 4 K, indicating a spin gap in
the magnon spectrum. In the paramagnetic state, the spectral
weight is shifted towards the elastic line, and quasielastic
scattering (QES) is observed. This is additional magnetic
scattering, centered on the elastic line but with a linewidth
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FIG. 12. (Color online) The temperature dependence of the
quasielastic linewidth (HWHM) obtained from fitting data measured
with an incident energy of 15 meV (see text). A linear fit of the data
between 20 and 150 K is displayed.

broader than the instrument resolution. Further measurements
were performed in the paramagnetic state between 20 and
200 K on the MERLIN spectrometer with an incident energy
of 15 meV. The temperature dependence of the half width
at half maximum (HWHM) (") is shown in Fig. 12. The
data were fitted with an elastic line resolution function and
an additional Lorentzian function to model the quasielastic
component. The widths of the elastic component were fixed
from measurements of vanadium with the same incident energy
and frequency of the Fermi chopper. An estimate of the Kondo
temperature (7x) can be obtained from the value of I" at 0 K.
From a linear fit to the data, we estimate 7x = 11(3) K. This
is on the same order as the ordering temperature 7y; = 21 K.
A linear dependence of the QES linewidth with temperature
is expected until the thermal energy approaches the splitting
of the first excited CEF level.’! The first CEF excitation is
at 19 meV (~220 K), which may explain the deviation from
linear behavior observed at 190 K. It was also possible to fit the
data to a T'/? dependence. This behavior has been observed
in the linewidth of the QES scattering in other HF systems.
However, this fit yields a negative value of I'(0) for which we
have no physical interpretation and, therefore, has not been
displayed.

Cuts of Spag(Q,w) were made by integrating across low
values of |Q| (0-3 A~!). These are shown for E; = 40 meV
in Fig. 13 and for E; = 10 meV in Fig. 14. The data were
analyzed with the following Hamiltonian for a Ce*" ion at a
site with tetragonal point symmetry:

Her = BYOY + B 0. + B} O}, 4)

where B, are CEF parameters and O, are the Stevens operator
equivalents. Using the fact that Stevens operator equivalents
can be expressed in terms of angular momentum operators,
the CEF wave functions and energies may be determined
from diagonalizing Hcg.**** We sought to find a CEF scheme
compatible with both INS and magnetic susceptibility data. Bg
can be estimated for isotropic exchange interactions from the
high-temperature magnetic susceptibility® using the relation,

g0 _ _10ka(6uy — 60

273027 - DRI +3) )
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FIG. 13. (Color online) Cuts of Sp.(Q,w) with an incident
energy of 40 meV integrated over |Q| from 0 to 3 A~!. The solid
lines show fits made to a CEF model described in the text. The
components of the fits are shown with dashed lines.

where 6,;, and 6, are the Curie-Weiss temperatures for fields
applied in the ab plane and along the c¢ axis, respectively.
Using the previously obtained values,’ Bg is calculated to be
—0.376 meV. In particular, since 6,;, < 6., a negative Bg is
anticipated. We then fitted the INS data in the paramagnetic
state with E; = 10 and 40 meV to obtain values of B)'.
Initially, we fixed Bg = —0.376 meV and varied Bff and Bi. In
the final fit, all three CEF parameters were varied. The fits are
shown in Figs. 13(b)-13(d) and 14(b), and it can be seen that
there is a good fit to the INS data. Using these values of B}, a fit

20
16
12t ¢ ]

@4K

12+ 1

S (0, w) (mbsr! meV! fu.l)

mag

-10 -5 0 5 10
Energy transfer (meV)

FIG. 14. (Color online) Cuts of Sp(Q,w) with an incident
energy of 10 meV integrated over |Q| from 0 to 2 A=, Fits are made
to a CEF model (see text). The components of the fits are shown with
dashed lines.
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FIG. 15. (Color online) The single-crystal susceptibility between
20 and 390 K with an applied field of 1000 G. The solid lines show
fits to a CEF model (see text). The CEF parameters were fixed
from the INS data, but anisotropic molecular fields (A,, and A.)
and temperature-independent susceptibilities were fitted. The inset
shows a self-consistent mean-field calculation of the magnetization
per cerium atom using the fitted CEF parameters and a molecular-field
parameter of 38.9 mol/emu.

was made to the single-crystal susceptibility data, which show
reasonably good agreement (Fig. 15). Simultaneously fitting
the magnetic susceptibility and the INS data at 25 K led to
similar values of B,". At4 K, in the ordered state, an additional
peak is observed in Sy, (Q, @) at around 4.5 meV. Although the
full treatment of these data would require a calculation of the
spin-wave excitations, we sought to determine if the addition
of an internal magnetic field could satisfactorily account for
this peak in the ordered state. Since the magnetic moments
lie along the ¢ axis below Ty, we fitted Spa(Q,w) with a
finite internal field B,, allowing Bf and Bj to vary. A small
change in the CEF parameters was allowed below Ty. This is
expected due to small changes in the lattice parameters upon
magnetic ordering. As shown in Figs. 13(a) and 14(a), a B,
of 1.69(9) meV gives a good fit to the data. The resulting
CEF parameters are shown in Table II. The wave functions
calculated for the paramagnetic state are

i) = 0.8185| & 3) — 0.5745| F 3),
i) = |+ 1), ©
W) = 0.8185| + 3) + 0.5745] F 3)

Yr1(Ce(1)) is predicted to be the GS wave function, whereas,
Y>(I'7) is 19.3 meV and yr3(I'6(2)) is 26.4 meV above the GS.
The GS magnetic moments of the cerium atoms in the ab plane
({x)) and along the c axis ({u.)) can be calculated from

(2) = (Wit lgs LIvi),

(N
() = WFIS T+ IOlY).

The magnitude of (u.) is calculated to be 1.01 g, whereas,
the magnitude of (u,) is calculated to be 0.9ug. A self-
consistent mean-field calculation of the magnetization shown
in the inset of Fig. 15 gives a ground-state magnetic moment
of 1.3up. A molecular-field parameter of A = 38.9 mol/emu
was chosen to correctly reproduce the observed value of
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TABLE II. The parameters obtained from fitting Sy (Q, ) from
INS and magnetic-susceptibility data. B), ’s were obtained from fitting
the INS data. At 4 K, the value of Bg was fixed, whereas, the
other two CEF parameters were allowed to vary. The Lorentzian
linewidths of the quasielastic scattering (I"qgs) and the first and second
CEF excitations (I'y, and I'y,) are also displayed. The remaining
parameters are obtained from fitting the magnetic susceptibility
with anisotropic molecular-field parameters (., and Aj) as well as
temperature-independent susceptibilities (x¢? and x().

4K 25K
BY (meV) —0.61 —0.61(4)
BY (meV) —0.013(3) —0.007(2)
B} (meV) 0.412(8) 0.463(8)
LCes (meV) 1.9(3)
Iy, (meV) 2.5(2) 1.6(3)
Iy, (meV) 2.3(2) 2.9(3)
Aap (mol/emu) —40.9
A (mol/emu) —52.0
x&% (x1073 emu/mol) —0.404
X5 (X 1073 emu/mol) —1.936

Tni, and this is in good agreement with the values shown
in Table II. However, the refinement of the single-crystal
neutron-diffraction data at 2 K predicts a moment along the
¢ axis of 0.405(5)up. This implies there is a reduction in
the cerium moment due to hybridization between the GS and
the conduction electrons. By considering the magnetocrys-
talline anisotropy energy (E,), the moment is predicted to
lie along the ¢ axis for a negative BY and the vy; GS.%
Therefore, our CEF model correctly predicts the direction
of the observed magnetic moment. From previous studies
of the magnetic susceptibility, a CEF scheme with a GS of
| £+ %) was suggested.” These CEF parameters give rise to
energy-level splittings from the GSs of 9.8 and 27.3 meV,
which are incompatible with our INS measurements. We were
unable to find a CEF scheme with this GS configuration that
fitted both the INS and the magnetic susceptibility data.

We may now compare our results with those obtained from
isostructural CeTX3; compounds. Like CeCoGes, the CEF
model for CeRhGes predicts a GS which is an admixture of
| £ 2) and | ¥ 3).** Both compounds have a significant B,
0.463 meV for CeCoGe; and 0.294 meV for CeRhGes, which
leads to this mixing. In CeRhGes, the | %) states are the
largest components in the GS, whereas, for CeCoGes, it is
| + %). In both compounds, the moments in the magnetically
ordered state align along the ¢ axis. However, BY is positive
for CeRhGes, and a consideration of E, predicts a moment
lying in the ab plane. The alignment of the moment along
¢ is ascribed to two-ion anisotropic exchange interactions.
Unlike CeCoGejs, the easy axis of the magnetic susceptibility
is in the ab plane, despite the moment alignment along ¢
below Ty. The calculated value of (u.) closely agrees with
the result obtained from the magnetic neutron-diffraction
measurements, and there is no evidence of a reduction in the
cerium moment due to hybridization. In contrast to this, the
CEF model for CeCoGejs correctly predicts the alignment of
the ordered moment and the easy axis of the magnetic suscepti-
bility. However, the observed moment is significantly reduced
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compared to the calculated value of (u.). The reduction in
moment is not as drastic as in the other pressure-induced
NCSs CeRhSi3 and CelrSis. For example, a CEF model of
CeRhSij; (Ref. 37) predicts a moment of 0.92u5/Ce in the ab
plane, whereas, a moment of 0.12up/Ce in that direction is
actually observed through neutron-diffraction studies.’® This
compound also has a very different magnetic structure, a
spin-density wave with propagation vector (0.215,0, %). These
results suggest that CeCoGes has a degree of hybridization
between that of CeRhGes; and CeRhSis. This is consistent
with the fact that CeRhSi; is closer to a QCP, having an
onset of superconductivity at 1.2 GPa,’ whereas, CeCoGe;
becomes superconducting at 5.5 GPa (Ref. 8) and CeRhGe;s
(Ref. 17) does not become superconducting up to 8.0 GPa.
The linewidths of the CEF excitations give an indication of
the hybridization strength between the conduction electrons
and the excited states. The linewidths obtained for CeCoGejs
at 25 K were 1.6(3) and 2.9(3) meV for transitions from the
GS to Y, and 3, respectively. This is compared to values
of 1.4(2) and 2.2(3) meV obtained for CeRhGe; (Ref. 30).
The linewidth of the excitation to v, was similar in both
compounds, whereas, the excitation to Y3 was broader in
CeCoGej; than in CeRhGes. However, linewidths of 3.9(2) and
9.2(4) meV were obtained for the CEF excitations of CeRhSij
(Ref. 39), indicating stronger hybridization of all the states in
the J = % multiplet.

IV. CONCLUSIONS

We have studied the magnetic ordering in CeCoGe; using
single-crystal neutron diffraction, inelastic neutron scattering,
1SR, and magnetic susceptibility. The transition to magnetic
ordering below Ty is observed with the emergence of oscil-
lations in zero-field SR spectra. We fitted the temperature
dependence of the internal magnetic fields to a model of
a mean-field magnet. Single-crystal neutron-diffraction mea-
surements reveal magnetic ordering with a propagation vector
of k =(0,0,3) below Ty3, k =(0,0,2) for Tns < T < Tho,
and k = (0,0, %) for Tno < T < Tyni. From a refinement of the
integrated intensities, we suggest a two-up two-down magnetic
structure below 7yn3 with moments of 0.405(5)up/Ce along
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the ¢ axis. Measurements of the (110) reflection indicate a
ferromagnetic component between T3 and Ty . From this, we
suggest a two-up one-down structure for the phase between
Txo and Typ. INS measurements of polycrystalline CeCoGes
at low temperatures indicate two CEF excitations at 19 and
27 meV. At 4 K, we observe an additional peak at 4.5 meV
due to spin-wave excitations. Above Ty, this peak is not
present, but quasielastic scattering is observed. A linear fit
to the temperature dependence of the quasielastic linewidth
gives an estimate of Tx = 11(3) K. From an analysis of
INS and magnetic-susceptibility data with a CEF model, we
propose a CEF scheme for CeCoGes;. We are also able to
account for the spin-wave peak at 4.5 meV by the addition
of an internal field along the ¢ axis. The CEF scheme
correctly predicts the direction of the ordered moment, but
the observed magnetic moment at 2 K of 0.405(5)ug/Ce is
reduced compared to the predicted moment of 1.01ug/Ce.
We believe that the reduced moment is due to hybridization
between the localized Ce*t f electrons and the conduction
band. From considering the moment reduction, we deduce
that CeCoGejs has a hybridization strength between that of the
localized antiferromagnet CeRhGe; and the NCS CeRhSi;.
CeRhSij; exhibits SC at lower applied pressure than CeCoGes,
whereas, CeRhSi3 does not exhibit SC up to at least 8.0 GPa.
This is evidence for the important role of hybridization in the
unconventional superconductivity of the CeT X3 series.
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