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Neutron diffraction measurements on a high quality single crystal of CeAuzGez reveal two new
magnetic structures that coexist with commensurate long range antiferromagnetic order below the
Neel temperature Ty ~14 K. The new magnetic structures, which exhibit distinct temperature and
field dependencies, are described by both commensurate and incommensurate magnetic structures
and introduces a new region in the H-T phase diagram. These new experimental observations
provide important information for developing a universal understanding of the magnetic properties
of this class of Ce-based CeX2M> (X = Cu, Ag, Au; M = Ge, Si) compounds, which are prototypes
for exploring quantum phase transitions and their interplay with unconventional superconductivity.

PACS numbers: 75.25.-j, 75.30.Fv, 75.30.Kz, 74.40.Kb

The study of Ce-based intermetallic compounds has
proved to be a fertile testing ground for many im-
portant phenomena in strongly correlated electron sys-
tems, such as magnetic quantum critical phenomenon
and its interplay with superconductivity, and non-Fermi
liquid behavior.!»? In recent years, a significant amount
of research in this field has focused on understand-
ing the underlying mechanism behind quantum phase
transitions>4— as found in many CeXyM, compounds
where X is a transition metal element and T is Si
or Ge- and develop a universal formulation which will
have strong impact in understanding the physics of
unconventional magnetic superconductors.’® CeXyM,
crystallizes in the ThCr,Sis-type tetragonal structure
(I4/mmm space group), where the Ce valence spans the
range from fully trivalent to strongly mixed valent as
X and T are varied.” ' Depending on the strength of
the Ce ion f-band electron hybridization with the delo-
calized bands, the ground state properties can vary from
the Kondo-interaction-dominated single-ion phenomenon
to the Ruderman-Kittel-Kasuya-Yoshida (RKKY) inter-
action mediated long range magnetic ordered state.!?
The RKKY interaction acts as the mediating agent be-
tween the hybridized quasiparticles which often lead to
the spin-density-wave instability of the local moments of
f-electrons in the Fermi liquid of itinerant electrons.

In CeX s M5 compounds where M = Ge, neutron scat-
tering measurements have revealed a spin-density wave
type ground state magnetic configuration for X = Cu and
Ag. 13715 Since CeAusGey, which is the weakest heavy
fermion metal of the CeX,Ge, series,!® belongs to the
same noble metal group of elements (X = Cu, Ag, Au)-
a natural corollary is expected but has never been ob-
served. The magnetic susceptibility of CeAusGes ex-
hibits strong anisotropy with an easy [001] direction per-
pendicular to the tetragonal plane.'®'” Previous mea-
surements on a powder of CeAusGey showed that the
correlated Ce-ions develop a long range antiferromagnetic
order below Tn~16 K.'3 In this article, we report elastic
neutron scattering measurements on a high quality sin-

gle crystal sample of CeAusGes. The crystals were syn-
thesized by high temperature solution growth method
using Bi flux and the quality was verified using X-ray
measurements.'® Our neutron scattering measurements
reveal new magnetic structures, in addition to the long
range magnetic order found in previous powder measure-
ments, that evolve as a function of temperature and are
strongly field dependent. The main result of this paper is
the observation of incommensurate magnetic vectors, q,
with the temperature dependent propagation wave vec-
tor € = (0.055,0.055,0.055) at 4.5 K in reciprocal lattice
units of 27 /a, 27/b and 27 /¢, respectively, with a = b =
4.39 A and ¢ = 10.46 A at 10 K in the tetragonal unit cell.
The incommensurate magnetic peaks appear in a narrow
temperature range of 2.5 K < T < 8.5 K. Interestingly,
the incommensurate wave-vector emerges in all three re-
ciprocal directions. An additional magnetic phase is also
found to exist with the propagation wave vector €5, =
(0,0,0.25) along the crystallographic direction L, which
exhibits a different temperature dependence compared to
both the commensurate antiferromagnetic order and the
incommensurate order.

Neutron scattering measurements were performed on a
0.7 gm single crystal sample of CeAuyGes at the SPINS
cold triple-axis spectrometer with fixed final neutron en-
ergy of 3.7 meV. The measurements employed a flat py-
rolytic graphite (PG) analyzer with collimator sequence
Mono—80/—sample—BeO—80/—ﬂat analyzer—120/. For higher
wave vector resolution measurements at the fixed fi-
nal neutron energy of 5 meV, the collimator sequence
was Mono—40'—sample—Be—40'—ﬂat analyzer—SOl. Measure-
ments were performed with the crystal oriented in both
the (HKO0) and (HOL) scattering planes. For the mea-
surements in magnetic field, the crystal was oriented in
the (HKO0) plane and mounted in a cryomagnet with a
base temperature of ~2 K. The field was applied along
the easy [001] direction.

Previous measurements on powder CeAusGes!'? iden-
tified magnetic reflections with commensurate long-range
antiferromagnetic order.'®> The present single-crystal
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FIG. 1: (color online) (a) [HOL] scattering plane. (Blue) cir-
cles represent nuclear peaks and (red) stars represent mag-
netic peaks of the long range commensurate antiferromag-
netic order (LRO). The (black) dashed lines are the elastic
scan directions. (b) Representative scans at a few different
temperatures across the [102] peak. Experimental data are
well described by a Gaussian line shape. The double headed
arrow, representing the resolution of the instrument, shows
that the magnetic peaks are resolution limited. (c) Inten-
sity of the [102] peak vs. temperature. The Neel ordering
temperature is = 14.2 K. (d)-(f) Elastic measurements along
[HOO] at a few different temperatures. As the temperature
is changed from 2 K to 10 K, new incommensurate mag-
netic peaks appear, in addition to the commensurate LRO.
A Gaussian lineshape is found to be the best fit to the exper-
imental data. (g)-(i) Similar behavior is observed in elastic
scans along [1KO0]. (j)-(1) In addition to the commensurate
and incommensurate peaks described above, another set of
commensurate magnetic peaks appear at L= 0.25, indicat-
ing a quadrupling of the magnetic unit cell along c-axis.. All
three magnetic phases, LRO, incommensurate structure and
the commensurate magnetic peaks along [10L], have distinct
temperature dependences. Error bars in the article represent
one standard deviation.

measurements allow for a much more detailed examina-
tion of the intensities and magnetic scattering pattern,
which reveal qualitatively new features. In Fig. 1b, we
plot elastic representative scans at different temperatures
across the [102] magnetic Bragg peak. As the sample
is cooled below 14 K, resolution-limited magnetic peaks
clearly appear indicating the development of commensu-
rate long range magnetic order in the system. A plot of
peak intensity versus temperature at the magntic peak
position [102] is shown in Fig. lc. The low temperature
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FIG. 2: (color online) (a) High resolution elastic scattering
scans, with collimator sequence of M-40'-S-Be Filter-40 -A-
80/—D, along [0KO] across the incommensurate magnetic peak
(0,0.945,0) at various temperatures. (b) The peak position of
the incommensurate wave vector is found to vary with tem-
perature. (c)-(d) Integrated intensity and full width at half
maximum as a function of temperature. Spectrometer reso-
lution is removed from the full width at half maximum by
deconvoluting the Gaussian fit. The incommensurate peaks
are broader than the instrument resolution at T~9K. As the
temperature decreases, the width of the peak becomes reso-
lution limited at T—2.5 K.

elastic measurements show Bragg peaks at the positions
h+k+1=2n+1 (shown in Fig. 1a), which are system-
atically absent in the crystal structure. This shows that
the ground state magnetic configuration is antiferroma-
gentic in nature. The magnetic moment of the ordered
Ce ion at 3.5 K is determined to be 1.61(3) pp with the
moment along the c-axis.

The observation of long range antiferromagnetic or-
der at low temperature in CeAusGe, is consistent with
the previous measurements.'31%17 However, as the sam-
ple is cooled below 10 K new magentic peaks start ap-
pearing with different temperature dependencies. As
shown in the series of plots in Fig. 1d-11, two additional
sets of magnetic peaks manifesting new magnetic compo-
nents appear at 7<10 K. In one case, incommensurate
magnetic peaks with width broader than the instrument
resolution develop across the long-range magnetic order
peaks, for example [100], below 9 K. Most remarkably,
the incommensurate peaks appear in all three crystallo-
graphic directions of [H00], [0KO] and [00L]. The modu-
lation vector, €, descibes the incommensurate peak po-
sitions q defined by q =7=+¢, where 7 and € are the an-
tiferromagnetic and modulation vectors respectively. e
is found to be temperature dependent with ¢ = (0.055,
0.055, 0.055) rlu at T = 4.5 K. With further decrease
in temperature 7'<2.5 K, the incommensurate peaks dis-
appear. We performed detailed temperature dependence



measurements of the incommensurate magnetic behavior
at q = (0,0.945,0) using the higher resolution collimator
sequence. Representative scans at a few different tem-
peratures at 2.5 K<T7'<9 K are plotted in Fig. 2a. A
Gaussian line shape is found to best fit the experimental
data. As the measurement temperature decreases, the
position of the incommensurate peak clearly shifts away
from the long-range order peak position at (010), Fig.
2b. In Fig. 2c and 2d, we have plotted the temperature
dependencies of the integrated intensity and full width
at half maximum (FWHM). The spectrometer resolution
has been removed from the fitted values of FWHM. As
we can see in Fig. 2c, the integrated intensity of the
incommensurate peak gradually rises below 9 K, attains
a maximum at 3.5 K before suddenly disappearing be-
low 2.5 K. At the same time, we find that the width of
the peak, which is slightly broader than the instrumen-
tal resolution at T~8 K, becomes resolution limited at
low temperature. We did not observe any lock-in tran-
sition or higher harmonics of the incommensurate wave
vectors at T' = 2.5 K. We also note that the intensities of
the incommensurate peaks are quite small, ~ 1/30 times
compared to the intensity of the long range order peaks.
Because of the geometrical constraints at the spectrome-
ter location, our measurements were limited to two anti-
ferromagnetic positions [100] and [102] only. Therefore it
was not possible to determine the detailed nature of the
magnetic configuration or, the ordered moment of Ce ions
associated with the incommensurate magnetic structure.

In addition to the long range antiferromagnetic order
and the incommensurate magnetic structure, a third type
of magentic structure develops along the [00L] crystal-
lographic direction. In this case, the resolution limited
magnetic peaks appear below T~ 10 K and are described
by propagation vector e¢;, = (0,0,40.25) rlu, as shown in
Fig. 1j-11. The magnetic peaks grow stronger as the tem-
perature is reduced. A different temperature dependence
of these magnetic peaks compared to both the long-range
ordered AFM peaks and the incommensurate magnetic
peaks suggests another new magnetic component of cor-
related Ce-ions in CeAuyGey. Since the third magnetic
structure is represented by the commensurate magnetic
peaks along the [00L] direction only, the magnetic con-
figuration for this component of the Ce-moments can be
described by an arrangement where the Ce spins are ly-
ing in the crystallographic plane of [HK0] and antiferro-
magnetically aligned with the nearest neighbors, with the
magnetic unit cell extended by four-times of the under-
lying lattice unit cell along the [00L] direction. All three
magnetic components exhibit different temperature de-
pendences and different types of magnetic correlations.

Previous field-dependent  work suggests that
CeAuyGey undergoes a metamagnetic transition at
H~4.5 T.'6 At sufficiently low temperatures, the na-
ture of magnetic correlations of Ce ions changes from
long-range antiferromagnet to field-induced ferromagnet
at H>4.5 T. In Fig. 3, we have plotted elastic scans at
various fields along c¢ at two temperatures, 1.9 K and 4.5
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FIG. 3: (color online) Elastic scans along [H00] at various
fields and two different temperatures. (a)- (d) At T'= 1.9 K,
the long range order peak at [100] gradually disappears as a
function of field. No incommensurate magnetic peaks exist at
this temperature. (e)-(h) At T=4.5 K, the incommensurate
(IC) magnetic structure appears in addition to the long range
order (LRO). IC peaks exhibit a different field dependence
than the LRO peaks. As the applied field is increased to H
= 3 T, the IC peaks become weaker. They disappear at H
~ 3.5 T, while the LRO peaks disappear at H~ 4.8 T at this
temperature.

K. As we can see, the peak intensity of the [100] peak,
associated with the commensurate antiferromagnetic
order, gradually diminishes and eventually disappears
at H ~ 51 T at T = 1.9 K. The field measurements
at T' = 4.5 K reveal that the incommensurate peaks
exhibit a different field dependence compared to the
primary long range antiferromagentic phase. In fact, the
incommensurate peaks suddenly disappear at H ~ 3.5
T, indicating a first-order magnetic transition. The field
dependence of this new phase is described in Fig. 4a,
where the distinct field-dependence providing additional
evidence of multiple magnetic structures in CeAuy,Ges.
In Fig. 4b we have summarized our observations us-
ing an H-T phase-diagram for elastic measurements in
the [HKO] crystallographic plane. The additional new
magnetic structures that develop below the primary or-
dering temperature have different temperature and field
dependencies than the quadrupolar order observed in
PrPbs and therefore appear to have a different origin.'®
A quadrupolar order generally results from the degen-
erate orbital level which carries a quadrupolar moment.
These small moments are strongly field-dependent and
become stronger as the applied field is increased, which
is opposite to what we observe. Another possibility is
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FIG. 4: (color online) (a) Integrated intensity vs. field

for both LRO and a representative IC peak (inset) at q =
(0.955,0,0) (b) H-T phase diagram for CeAuzGez. In ad-
dition to the long range order (LRO), the incommensurate
structure (IC) also exists in a narrow H-Tregion.

that these additional magnetic peaks arise due to the in-
termixing of low-lying crystal field levels.'®29 Previous
as well as recent work on both polycrystalline and single
crystal samples suggest that the crystal field level scheme
in CeAusGes consists of three doublets at Ag = 0 K, Ay
~12 meV and Ay ~18 meV.'?16 The ground state is al-
most pure J, = +5/2 with an admixture of £3/2. The
first excited doublet state is high enough in energy to
avoid any significant intermixing between the ground and
first excited state doublets, so that any induced moment
magnetic state is highly unlikely.

In order to understand the emergence of the new
magnetic structures in CeAusGes, we need to consider
the origin and the type of magnetic order in the whole
group of CeXsGey compounds, where X = Cu, Ag and
Au. In this group, both CeCuyGey and CeAgoGes com-
pounds exhibit incommensurate spin-density wave type
long range magnetic order.'41521 The spin-density wave
type magnetic configuration originates from the strong
hybridization between conduction bands and the 4 f-band

of Ce-ions via the Kondo interaction, which also gives rise
to the heavy fermion character of the quasi-particles. It is
interesting to note that as we move down the group, the
heavy fermion character becomes weaker with CeCusGes
as the heaviest.!® Recent electrical transport measure-
ments on single crystal CeAusGes reveal that the magne-
toresistance (MR) initially decreases with field followed
by an upward turn above H~ 3 T and then decreases
sharply above H~4 T.16 The authors explained their ob-
servation by invoking a weak Kondo interaction in this
compound. The MR at T~ 4 K is more negative than the
MR at 2 K. Also, this behavior in MR is observed in a
narrow temperature range of 2.5 K<T'<8 K, which is the
same temperature range where the weak incommensurate
magnetic structure exists in CeAusGey. Therefore, we
argue that this new incommensurate phase in CeAusGe,
possibly results from the weak Kondo coupling between
the 4f-band of Ce ions and the conduction bands. The
weak heavy fermion character in this compound was also
observed in the previous powder measurements.!> We
would like to mention that new magnetic phases have also
been reported in the thermodynamic measurements on
single crystal samples of CeAuyGes in a recent report.??
Interestingly, the physical and thermodynamic properties
were found to be dependent on the flux selection of the
sample preparation. Further experimental and theoret-
ical investigations are highly desirable to understand in
detail the new phase diagram proposed in Fig. 4.

These new experimental results possibly suggest the
presence of a universal pattern in the magnetic configura-
tion of this class of Ce-based materials. A comprehensive
understanding of the magnetic states of CeXoMs com-
pounds is highly desirable as many members of this class
exhibit novel quantum critical phenomena and uncon-
ventional superconductivity. Future experimental work
on the spin dynamics should prove particularly illumi-
nating as soon as single crystal samples large enough for
inelastic studies become available.
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