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Multiple metamagnetic transitions in the helical antiferromagnet CeVGe;
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We report on neutron diffraction, magnetoresistance, magnetization and magnetic torque measurements under
high magnetic field in the helical antiferromagnet CeVGe;. This compound exhibits Kondo lattice coherence
and helical antiferromagnetic (AFM) ordering at ambient pressure, similar to the well-studied CeRhIns. Our
measurements reveal that CeVGe; undergoes a magnetic transition from an incommensurate (ICM) AFM
state to an up-up-down-down commensurate (CM) AFM structure, followed by a transition to a novel phase
at higher fields. A quantum phase transition occurs around 21.3 T. This rich magnetic field phase diagram

closely resembles that of CeRhlns. Furthermore, angle-dependent magnetoresistance measurements reveal that
all transitions in CeVGes; occur from the field component along the ab plane. These findings highlight the
intricate interplay among exchange interactions, crystal field effects, ground state properties, and crystalline

symmetries.

DOLI: 10.1103/PhysRevB.111.035103

I. INTRODUCTION

Strongly correlated electron systems represent a corner-
stone of modern condensed matter physics, offering unique
insights into the interplay between electron localization and
itinerancy. These systems, which include high-temperature
superconductors, iron-based superconductors, and heavy-
fermion compounds, often exhibit rich emergent phenomena
near quantum critical point (QCP) [1-5]. Heavy fermion
materials, characterized by their enhanced effective electron
masses, serve as prime examples of these complex interac-
tions.

The tetragonal heavy fermion compound CeRhlns has
been extensively studied due to its elaborate phase dia-
grams under external parameters like pressure, doping, and
magnetic fields [6-14]. At ambient pressure, this compound
exhibits rich magnetic behaviors, transitioning from an incom-
mensurate (ICM) antiferromagnetic (AFM) helical magnetic
structure at low fields to a commensurate (CM) AFM structure
at intermediate fields along the ab plane, and entering into an
electronic nematic phase [11,15,16], or possibly another ICM
AFM phase [13,14] at higher fields applied along the ¢ axis.
More remarkably, CeRhlIns enters into a superconducting state
under pressure around 2 GPa, with a small domain of coexis-
tence of AFM ordering and superconductivity [7,8,17].

CeVGe; is a similar heavy fermion compound that also ex-
hibits Kondo lattice coherence and helical antiferromagnetic
order at ambient pressure below 7Ty = 5.8 K, but it crystallizes
in the hexagonal P63;/mmc space group. In this structure, the
Ce occupies a site with D3, (6m2) point group symmetry and
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the ground state is a pure |£1/2) doublet [18-20]. Both com-
pounds have similar Kondo coherence temperatures [20,21]
and exhibit a comparable relocalization effect [20,22]. How-
ever, these compounds differ in their crystalline symmetries
and Ce ground states, with CeRhIns having a I'; ground state,
primarily of |£5/2) state [9]. Importantly, both materials
exhibit a metamagnetic transition in magnetic fields applied
perpendicular to the helical screw axis.

A previous NMR study suggested that the magnetic
structure of the CeVGe; above the metamagnetic transi-
tion is an up-up-down-down CM AFM structure, similar to
CeRhlns [13,20,23]. In this study, we confirm this magnetic
structure using high-field single-crystal neutron diffraction.
We further explore the phase diagram of CeVGes under
high magnetic fields and discover a new first-order transition
around 12 T, similar to that of CeRhlIns. A previous theoretical
study proposed the mechanism for the helical magnetic order
and the subsequent CM-AFM transitions in the presence of an
intermediate in-plane field, and suggests that this higher field
transition may involve a sinusoidal structure [24]. The nature
of this transition requires further investigation. A quantum
phase transition (QPT) occurs at a magnetic field of approxi-
mately 21.3 T.

II. EXPERIMENTAL DETAILS
A. High field measurements

The resistivity, magnetic torque, and magnetization at high
fields above 30 T were measured at the National High Mag-
netic Field Laboratory in Tallahassee, Florida. A conventional
four-probe technique was used for the resistivity measurement
with electrical contacts made on the ab plane with silver
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epoxy. The dimension of the sample is 1.2 x 0.6 x 0.1 mm?.
The magnetic torque measurement was performed on a 1.7 mg
single crystal sample with a capacitive torque magnetometer.
The magnetic field was applied at a tilted angle from the a
axis by 5 degrees to induce a measurable torque signal. The
magnetization was measured with a vibrational sample mag-
netometer (VSM) on a 30 mg single crystal. Further details
regarding sample preparation and quality can be found in
Appendix.

B. Neutron scattering

To investigate magnetic structure at low temperatures
and high fields, we conducted single-crystal neutron diffrac-
tion experiments at the time-of-flight (TOF) single-crystal
neutron diffractometer SENJU, equipped with a vertical
superconductor-7 T magnet, at J-PARC in Tokai, Japan [25].
We selected two different incident neutron beams to cover
the high and low Q ranges by using the first and second
frames, respectively. The orientation of the single crystal is
identified using GPTAS (4G) triple axis spectrometer [26] and
a laboratory-based 4-circle XRD. The sample was mounted on
an Al plate with the aid of a microscope so that a axis is set
almost vertical to the horizontal plane. During the experiment,
it was found that the final condition had an insignificant mis-
alignment of approximately 2.7 degrees, with the field almost
parallel to the a axis. Due to the 10° open angle restriction
of the superconductor magnet, only horizontal detectors were
employed in the experiment. The raw data was processed with
the STARGazer program [27] to obtain the squared structure
factor (|F|?) table for crystal structure and magnetic structure
refinement.

III. RESULTS AND DISCUSSIONS
A. Magnetic structures at 0 T and 5 T

The magnetic structure at zero field has been previously
reported as an ICM AFM helical structure [20]. Consequently,
the nuclear reflections and magnetic structure reflections do
not overlap and can be analyzed separately. Initially, the crys-
tal structure was identified at zero field and a temperature
of 2 K. A total of 28 nuclear reflections with / > 20 were
analyzed, as summarized in Fig. 1(a). The squared structure
factor was numerically obtained from the integrated intensity
using the following equation:
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where S, V, vy, Fy(hkl), A, 6, and I(}) represent the scale
factor, volume of crystal, volume of the unit cell, nuclear
structure factor, wavelength of incident neutrons, half of
the scattering angle, and the wavelength dependent factor
including the intensities of incident neutrons, respectively.
Figure 1(a) confirms that the crystal structure is P63/mmc,
with no additional nuclear reflection observed, consistent with
previous literature [20].

Subsequently, the structural diffraction peaks were ana-
lyzed under an applied magnetic field of 5 T along the a axis.
The absence of additional diffraction peaks indicates that the
crystal structure remains P63/mmc at 5 T, as summarized in
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FIG. 1. Determination of the crystal structure at zero field and
5 T along the a axis at 2 K. The structure factors calculated from the
refinement are compared to those observed experimentally at (a) 2 K
and 0 T and (b) 2 K and 5 T. The results indicate that no structural
change occurs between 0 T and 5 T.

Fig. 1(b). The scale factor at zero field and 5 T was fixed to be
the same. The zero field magnetic reflections, totaling seven
reflections with I > 20, were refined using the AFM helical
model [20], yielding a satisfactory correlation between the
observed magnetic structure factor and the calculated mag-
netic structure factor, as shown in Fig. 2(a). The square of
the magnetic structure factor is numerically obtained from the
integrated intensity using the following equation:
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where Fy(hkl) represents the magnetic structure factor,
which is proportional to the square of the magnetic moment
size (m?).

The moment size of Ce** at 2 K was determined to be
0.47(2) ug. At H= 5T, a clear shift in the magnetic reflec-
tions and the absence of two magnetic reflections indicate the
emergence of a new magnetic phase at 5 T. The magnetic
modulation vector is indexed as (0,0, 0.5), corresponding
to a commensurate phase. High field NMR results suggest
the up-up-down-down commensurate model, characterized
by the superposition of AFM and FM components [20].
Using the up-up-down-down model together with five
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FIG. 2. Determination of the magnetic structure at both zero field
and 5 T along the a axis at 2 K. The results compare the magnetic
structure factor calculated from the refinement with those observed
experimentally at (a) 2 K and O T and (b) 2 K and 5 T. At zero
field, the resolved magnetic structure is an incommensurate in-plane
helical with a magnetic modulated propagation vector of (0, 0, 0.49).
At 5 T, the magnetic structure changes to a commensurate up-up-
down-down type with a magnetic modulated propagation vector of
(0,0,0.5).

measurable magnetic reflections, the refinement shows a good
match with a reduced AFM moment size of 0.39(2) ug, as
summarized in Fig. 2(b). The slight reduction in the magnetic
moment can be attributed to the partial transformation of the
magnetic moment from the AFM component perpendicular to
the a axis at zero field to the FM component along the a axis
at 5 T. It should be noted that the small FM component along
the a axis could not be detected in this experiment.

A comparison of the magnetic structure at zero field and
5 T is presented in Figs. 3(a) and 3(b). Furthermore, the de-
tailed field dependence of the selected Q region in the second
frame is displayed in Figs. 3(c) and 3(d). The TOF in the 2D
color map is proportional to the d-spacing and corresponds
to a 1D line-scan along the O0L direction. At zero field, the
reflection at the higher TOF position is indexed as (0, O,
0.49). Under a field of 5 T, the d-spacing of the reflection at
the lower TOF position is twice that of the (0, 0, 1) reflec-
tion, indicating the development of (0, 0, 0.5) reflection. This
clearly demonstrates that the (0, 0, 0.49) magnetic reflection
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FIG. 3. The proposed magnetic structures at (a) zero field and
(b) 5 T. The field-dependent selected Q region at 2 K demonstrates
the transformation from ICM (0, 0, 0.49) to CM (0, 0, 0.5). (c) Field-
increasing run from O T to 5 T, showing a transition field of 2.5 T.
(d) Field-decreasing run from 5 T to O T, showing a transition field
of 23 T.

remains unchanged below the transition field (H; = 2.5T)
and suddenly shifts to the (0, 0, 0.50) position above H;. This
result reflects an incommensurate to commensurate transition
in CeVGes. Additionally, a difference in H; is observed dur-
ing the increasing and decreasing field runs, suggesting the
presence of a hysteresis loop. We neglect the demagnetization
effect on the average transition field because the sample is
plate-like and the magnetic field is applied within the plane
of the plate.

B. Magnetic field phase diagram

The field and the temperature-dependent in-plane resis-
tivity of a CeVGes single crystal are shown in Fig. 4. We
conducted measurements of the field-dependent in-plane re-
sistivity up to a maximum of 40 T perpendicular to the ¢ axis
and down to a minimum of 0.41 K in temperature. Selected
field-dependent resistivity data and corresponding derivatives
are shown in Figs. 4(a) and 4(b). The anomalies around 2.5 T
correspond to the previously known metamagnetic transition
for fields perpendicular to the ¢ axis [18,20]. The field-raising
and lowering magnetoresistance reveal a distinct hysteresis
loop around 12 T at low temperatures, indicating a potential
new metamagnetic transition in that region. The derivative
peaks within this region are marked with purple crosses and
depicted in the magnetic field phase diagram in Fig. 5. We
label these two regions by CM-AFM and AFM3.

The previous neutron scattering study concluded that the
ground state of CeVGej exhibits a single-k ICM helical struc-
ture with k = (0, 0,0.49) [20]. Our neutron study confirms
that the magnetic structure becomes the CM-AFM state with
k= (0,0, 0.50) at 5 T. This ICM-CM transition around 2.5 T
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FIG. 4. (a) Selected field-dependent resistivity data with in-plane
fields on CeVGes, and (b) their corresponding derivatives with con-
sistent offsets of 10 u2cm and 2 uQ2cm T~! respectively to avoid
overlapping. Solid lines represent the field-raising data, and the
dashed lines represent the field-lowering data. They reveal a dis-
tinct hysteresis feature around 12 T, and the hysteresis anomalies
are marked as purple crosses. The transitions at the higher field
are marked as red stars, and the quantum phase transition occurs
around 21 T. (c¢) The temperature-dependent resistivity under high
fields along the ab plane and (d) their corresponding derivatives. The
derivatives are vertically offset by 1 u€2 cm T~! to avoid overlapping.

closely resembles the transition observed in CeRhlns at ap-
proximately 2 T along the a axis. In CeRhlns, the ICM
state (AFM1) is characterized by a propagation vector of
k= (0.5,0.5,0.298), whereas the CM state (AFM3) has a
propagation vector of k = (0.5, 0.5, 0.25) [28].

The angle-dependent in-plane magnetoresistance data are
shown in Fig. 6(a), and the transition fields, determined from
the corresponding derivatives, are plotted as their in-plane
versus out-of-plane components in Fig. 6(b). The transition
fields at different angles have consistent in-plane components,
indicating that all transitions occur exclusively from the field
component along the ab plane, and are not affected by the
field along the c¢ axis. This differs from the phase diagram
of CeRhIns, where the low-field transition occurs with the
applied field in-plane, and the high-field transition occurs
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FIG. 5. H-T phase diagram of CeVGe; with in-plane applied
fields. The red stars and purple crosses are from our preliminary
high-field p vs H data, and the grey triangles are the minimum of
the derivatives of p vs T data. The error bars for CM-AFM to AFM3

transitions are taken as half the peak width. Other criteria are from
Ref. [20].
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FIG. 6. (a) Field dependent in-plane resistivity at different fixed
field angles in CeVGe; at T = 0.34 K, up to 35 T. Solid lines
represent the field-raising data, and the dashed lines represent the
field-lowering data.(b) The transition fields are determined based on
the derivatives in field-raising data and are plotted as their in-plane
vs out-of-plane components. The transition fields at different angles
have consistent in-plane components, suggesting that the transitions
occur exclusively within the ab plane.
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FIG. 7. Field-dependent magnetization at T = 1.5 K (red curve,
left axis), magnetic torque at T = 0.34 K (green curve), and its
derivative of the torque (blue curve). The solid(dash) curves are field-
raising(lowering) data. The small arrows indicate the three transitions
observed in dt /dH . The inset highlights the hysteresis loop observed
in magnetic torque near H,.

with the applied field out-of-plane [14]. The average in-plane
component of the quantum phase transition field, Hppr, is
213 T.

‘We note that in the CM-AFM state, the moment lies in the
ab plane with the up-up-down-down configuration [13,23] in
both compounds, despite their different structural symmetries,
ground states and orbital anisotropy. The different ground
states in CeRhIns (predominant |£5/2) [9]) and CeVGes
(pure |£1/2) [19]) primarily reflect variations in their crystal
field environments. The closest ions to Ce atoms in CeVGes
are the Ge atoms within the same plane, leading to the ground
state |+=1/2). The closest ions to Ce atoms in CeRhlIns are the
In atoms with the Wyckoff position of 4i forming a square
above and below the Ce, leading to the ground state that is
mainly of |£5/2).

The field-dependent magnetization using the high-field
VSM technique and the magnetic torque measurements are
shown in Fig. 7. The inset highlights the hysteresis feature
in the magnetic torque. Faint signals (indicated by small up-
ward arrows) in the derivative of the torque might represent
transitions from CM-AFM to AFM3 and across the QPT. Al-
though very small, the hysteresis disappears below ~7.9 T and
above ~13.6 T which is consistent with the interpretation that
the small hysteresis in torque measurements corresponds to
the transition observed in resistivity p(H). These transitions
are not associated with the CEF level crossing, as the ground
state is a pure |+1/2) state, and a field along the a axis only
further favors the |£1/2) state. In CeRhlns, the anisotropic
resistivity behavior is observed with a tilted field around
30 T [11]. It is unclear whether this anisotropic resistivity
behavior in CeRhlns is due to the SDW. The anisotropic resis-
tivity behavior previously believed to indicate a nematic state
in Sr3Ru,O; with a similar tilted field around 8 T has been
shown to be an SDW state [29]. The nature of the AFM3 state
in CeVGes requires further investigation, and high-field elas-
tic neutron diffraction measurements will be helpful. NMR
measurements in this phase also have the potential to identify
this magnetic structure.

IV. CONCLUSION

Our neutron scattering experiment confirms that the
magnetic structure of CeVGes above 2.5 T is the up-up-down-
down commensurate structure with a propagation vector of
(0,0,0.5). The high field magnetoresistance measurements
reveal a diversity of magnetic phases in CeVGejs, transitioning
from an ICM helical magnetic structure at low magnetic fields
to a CM structure near 2.5 T, entering into a new phase
(AFM3) around 12 T with a first-order transition, and a quan-
tum phase transition occurs around 21.3 T. This rich magnetic
field phase diagram closely resembles that of CeRhlIns. Fur-
thermore, angle-dependent magnetoresistance measurements
reveal that all transitions in CeVGes occur for the field applied
within the ab plane. These findings highlight the intricate
interplay among exchange interactions, crystal field effects,
ground state properties, and crystalline symmetries.

We hope our study will stimulate interest in theoretical
and experimental works on the contrasting behaviors of these
materials under various external conditions.
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APPENDIX: SAMPLE PREPARATION AND QUALITY

Single crystals of CeVGes were synthesized via the self-
flux method, and the detailed procedure and temperature
profile can be found in Ref. [20]. The starting materials [Ce
pieces (Ames Lab), V pieces (etched with nitric acid), Ge
lumps (6N)] were initially arc-melted to ensure a homoge-
neous mixture. The initial composition of elements is Ce :
V:Ge =4:1:19. The arc-melted mixture was placed in a
2mL Canfield Crucible Set [30], and sealed in a fused silica
ampoule in a partial pressure of argon. The sealed ampoule
was placed in a furnace where it was held at 1200°C for 10
hours, and slowly cooled to 860°C over 210 hours. At 860°C,
the ampoule was removed from the furnace and quickly cen-
trifuged to separate the single crystals from the molten flux.

The resistivity and magnetic torque measurements re-
quire relatively small samples. High-quality single crystals
of CeVGes; were selected for these measurements based on
the impurity content in the samples. Previous studies have
reported that CeVGe; always contains some impurity phases,
in particular trace amounts of CeGe; 75 [18,20], which tends
to grow together within the CeVGe; crystals. CeGe; 75 orders
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FIG. 8. Field-dependent magnetization of two different samples
of CeVGe; at T = 2 K. Sample #1 shows no ferromagnetic jump in
magnetization at low fields, indicating that the sample is free from
the CeGe, 75 impurity phase.

ferromagnetically below 7 K [31]. If the CeVGes samples are
small enough, it is possible to obtain pieces free from the
CeGe, 75 impurity phase. The sample quality can be assessed
through the ferromagnetic signal attributed to the impurity
in field-dependent magnetization measurements, as shown in
Fig. 8. A clean sample of CeVGes, like sample #1, shows no
ferromagnetic jump in magnetization at the low field. Based
on the magnetization difference at 1 T, sample #2 contains an
estimated 2.3 mass% of CeGe; 75 impurity phase (we follow
our estimation method described in [32]). However, this small
amount of impurity does not affect the phase diagram, as the
transitions from the helical to the CM-AFM state and from
CM-AFM to AFM3 states can still be observed in CeVGes
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FIG. 9. Omega-scan at the 200 reflection shows a small mosaic
spread for two large single crystals and confirms that both crystals
have a single domain.

with minor impurities during field-dependent resistivity mea-
surements. The samples used in our high-field measurements
are similar in mass and shape, and originated from the same
batch as sample #1.

The neutron scattering experiment and VSM measure-
ments require relatively large samples to have better resolu-
tions. Two large samples were characterized for the neutron
scattering experiment. As shown in Fig. 9, the Omega-scan
at the 200 reflection shows low mosaic spread for the two
large single crystals and confirms that both crystals have a
single crystallographic domain. Sample A was used for the
neutron diffraction experiment, and sample B was used for
the high-field VSM experiment.
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