Magnetic structure and Kondo lattice behavior in CeVGe;: an NMR and neutron
scattering study

C. Chaffey,! H. C. Wu,?* Hanshang Jin,! P. Sherpa,! Peter Klavins,! M. Avdeev,>*
S. Aji,? R. Shimodate,? K. Nawa,? T. J. Sato,? V. Taufour,’ and N. J. Curro':f

! Department of Physics and Astronomy, University of California Davis, Davis, CA
2Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai 980-8577, Japan
3 Australian Centre for Neutron Scattering, Australian Nuclear Science
and Technology Organisation, Kirrawee DC, NSW 2232, Australia
4School of Chemistry, The University of Sydney, Sydney 2006, Australia.
(Dated: August 14, 2023)

We present nuclear magnetic resonance (NMR), neutron diffraction, magnetization, and trans-
port measurements on a single crystal and powder of CeVGes. This material exhibits heavy fermion
behavior at low temperature, accompanied by antiferromagnetic (AFM) order below 5.8 K. We find
that the magnetic structure is incommensurate with AFM helical structure, characterized by a mag-
netic modulated propagation vector of (0,0, 0.49) with in-plane moments rotating around the c-axis.
The NMR Knight shift and spin-lattice relaxation rate reveal a coherence temperature 7% ~ 15 K,
and the presence of significant antiferromagnetic fluctuations reminiscent of the archetypical heavy
fermion compound CeRhIns. We further identify a metamagnetic transition above H,, ~ 2.5 T for
magnetic fields perpendicular to c. We speculate that the magnetic structure in this field-induced
phase consists of a superposition with both ferromagnetic and antiferromagnetic components, which
is consistent with the NMR spectrum in this region of the phase diagram. Our results thus indicate
that CeVGes is a hexagonal structure analog to tetragonal CeRhlns.

I. INTRODUCTION

Heavy electron materials manifest a broad spectrum
of correlated-electron phenomena, including long-range
antiferromagnetism, quantum criticality, and unconven-
tional superconductivity [1-3]. In these systems, the f
electrons tend to be more localized, but interact weakly
with itinerant conduction electrons via a Kondo inter-
action. This interaction can lead to long-range magnetic
order via a Ruderman-Kittel-Kasuya-Yosida (RKKY) in-
teraction between the f electron moments, or delocaliza-
tion of the f electrons by hybridizing with the conduction
electrons and formation of a narrow band with enhanced
mass [4]. Frequently, pressure tuning uncovers a regime
of non-Fermi liquid behavior that may be associated with
an underlying quantum phase transition [5, 6]. Many of
these materials have tetragonal lattices, such as the pro-
totypical CeMIns family with M = Co, Rh, or Ir [7-9] or
the ThCI‘QSiQ structure of Yth2812 [10, 11], CGCUQSiQ
[12] or URu2Siz [13]. Less is known, however, about the
behavior of systems with other crystal symmetries.

CeVGes crystallizes in the hexagonal P63/mmc space
group with two Ce atoms per unit cell, where the struc-
ture can be viewed as sheets of Ce with AB-type stacking,
as illustrated in Fig. 1 [14]. The nearest neighbor Ce-Ce
distance of 4.58 A is similar to that in the CeMIns ma-
terials, hence naively one might expect to find similar
Kondo lattice physics. Indeed, CeVGes exhibits antifer-
romagnetism below Ty = 5.5 K [15]. In the paramagnetic
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phase, the magnetic susceptibility reveals an effective mo-
ment that is close to that expected for Ce3* (2.54u3),
and the heat capacity exhibits a large peak at T. How-
ever, the entropy reaches only 0.5R1n 2 at 7 K, suggesting
a significant Kondo interaction. Moreover, the contribu-
tion of the 4f orbitals to the resistivity indicates broad
peaks at 30K and 50K along the a and c directions, in-
dicative of the onset of Kondo lattice coherence [16]. It
is interesting to note that the hexagonal sheet structure
of this material gives rise to a Dirac dispersion at the
K points in momentum space. Kondo physics is not ex-
pected to emerge in a Dirac semimetal when the Fermi
level is precisely at the Dirac point, but can be present
if the Dirac point lies below [17].

Little is known about the magnetic structure in
CeVGes. Bulk measurements of the magnetization have
revealed a Curie-Weiss temperature Ocw that is signifi-
cantly higher than Ty, suggesting the presence of frus-
tration [15]. On the other hand, crystalline electric field
(CEF) and Kondo interactions can significantly alter
the low temperature magnetic susceptibility [18]. A re-
cent study of the magnetic response suggests that the
CEF ground state in this material is T'g, correspond-
ing to |J, = £1/2) [19]. The measured magnetization
anisotropy indicates that the easy axis lies in the basal
plane, and the anisotropy agrees with the calculated g-
factor for this state. Moreover, the first excited state
doublet lies at A = 137K, well above the Kondo lattice
coherence temperature. In-plane field-dependent mea-
surements revealed a temperature-dependent metamag-
netic transition around 2.5 T [15]. NMR studies of poly-
crystals of CeTi;_,V,Ges uncovered a competition be-
tween ferromagnetic and antiferromagnetic spin fluctua-
tions in the vicinity of a ferromagnetic quantum critical
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FIG. 1.

Hexagonal crystal structure of CeVGes, with Ce in
yellow, V in green, and Ge in blue.

point [20, 21].

In order to better understand the nature of the long-
range order in this material, we have conducted detailed
nuclear magnetic resonance (NMR), neutron scattering
studies, and transport measurements on a single crys-
tal and powder of CeVGes. Our results reveal a helical
structure in zero field, in which the Ce moments lie in
the basal plane and rotate along the c-axis. In-plane
fields destabilize this structure, suppressing T and giv-
ing rise to a first-order metamagnetic transition for fields
> 2.5T. The NMR spectra in this field-induced phase
are consistent with a structure with partial polarization
along the applied field and commensurate antiferromag-
netism along the c-axis. In the paramagnetic phase, the
NMR Knight shift reveals anomalous behavior below a
coherence temperature T* ~ 15 K, consistent with the
onset of Kondo lattice behavior, and the spin lattice re-
laxation rate indicates significant antiferromagnetic fluc-
tuations. These results indicate that although it has
a hexagonal rather than a tetragonal lattice structure,
CeVGegs exhibits behavior analogous to the archetypical
heavy fermion CeRhIns.

II. KONDO PHYSICS
A. NMR Knight Shift

A single crystal of CeVGes with dimensions 5 x 2 x 2
mm? was secured in an NMR coil placed in an exter-
nal field of 11.7 T. Spectra were acquired for fields both
parallel and perpendicular to the c-axis by sweeping fre-
quency as a function of temperature, as shown in Fig.
2. There is a single V site per unit cell, located cen-
trosymmetrically between the Ce sheets. Because !V is
spin I = 7/2, there are seven transitions at frequencies
given by v, = vHo(1 + K) + nv,, where v = 11.193
MHz/T is the gyromagnetic ratio, K is the magnetic
shift, n = —3,--- , 43, and v, is the quadrupolar shift
that arises due to the electric field gradient (EFG) ten-
sor. The crystal has axial symmetry, hence the EFG
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FIG. 2. 51V NMR spectra for (a) Ho || [001] and (b)
Ho L [001] as a function of temperature in an external field
of 11.7285 T.

tensor can be fully represented by a single quantity,
V., = (eQ/84h)0?V /022, where Q = 5.2 x 1073m? is
the quadrupolar moment of the ®'V, and the quadrupo-
lar shift v, = v,.(3cos?0 — 1)/2 where 6 is the angle
between Hy and the c-axis. The spectra were fit to a
sum of Gaussians or Lorentzians to extract K, v,, and
linewidths, as shown in Figs. 3(a,b) and 4. In both cases,
the spectra shift upwards in frequency with decreasing
temperature, and the quadrupolar splitting between the
peaks remains temperature independent. This behavior
agrees with previous observations in polycrystalline sam-
ples [21]. For H L ¢, the spectra broaden by an order
of magnitude below ~ 105K, such that the quadrupolar
splitting gets washed out. Upon further cooling, the spec-
tra exhibit two broad peaks. The origin of these peaks
and their shape is discussed below in section III.C. The
shifts of these two peaks are labelled K, (high/low) and
shown in Fig. 4. The strong temperature dependence of
the shift and the broadening, accompanied by the lack
of any change in the EFG, reflect properties of the mag-
netism, rather than any inhomogeneous broadening due
to a distribution of local EFGs.

The temperature dependence of the Knight shift tracks
the bulk susceptibility for temperatures T 2 30 K. This
behavior arises due to the hyperfine couphng between the
nuclear and electron spins: Hpyp = I-A-S.+1-B- Sy,
where S.  correspond to the conduction or f-electron
spins, and A and B correspond to the hyperfine tensors
to these two spin species. The Knight shift and bulk
susceptibility are given by [22-24]:

X = Xee+2Xer + Xss (2)
where x;; = (5;5;) and (4,7) = (¢, f). For sufficiently
high temperatures, the local moment susceptibility dom-

inates, and x ~ xyy. In this case K = Ky + By, and
the transferred hyperfine coupling to the local moments
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FIG. 3. (a) Electric field gradient, v,., versus temperature.

(b) Linewidth versus temperature for Ho || ¢ (e) and Ho L ¢
(V, A). The inset focuses on the low temperature behavior.
(¢) (ThT)™" versus temperature (same symbols as for (b)).
The solid line is a fit to a Curie-Weiss form, and the dashed
line is a fit to the SCR expression, as discussed in the text.
INSET: Th T versus temperature for both field directions. The
dotted lines are fits to a power law with exponent 0.95+ 0.01
for Hp | ¢. and 0.58 +0.03 for Hy L c.

is given by the slope in a plot of K versus x = M/H, as
shown in the inset of Fig. 4. We find that B = 0.4+0.1
kOe/up and By = 1.3+ 0.2 kOe/up, and that K, =
0.18 + 0.01% and Ky = 0.40 + 0.06%. These values
agree well with the isotropic hyperfine coupling reported
in polycrystalline samples [21].

These couplings presumably arise due to the overlap of
the wavefunction of the Ce 4f and V 3d and 4s orbitals.
In the CeMlIns system, the transferred hyperfine cou-
plings are determined by the hybridization between the
CEF ground state of the 4 f wavefunction and the neigh-
boring ligand sites [25]. Recently, a study of the magnetic
properties of CeVGeg [19] indicated that the ground state
of the 4f is the I's manifold, with |J, = £1/2), in con-
trast to the CeMlIns system [26]. In this case, the 4f
orbital is extended spatially along the c-axis, and may
have a small overlap with the V site. This fact may ex-
plain why the transferred hyperfine coupling in CeVGes
is much smaller than in CeRhlns, despite the fact that
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FIG. 4. Knight shifts, K. () and K4 (V, A) as a function
of temperature compared with the bulk susceptibility, M/H
(solid lines), measured at 1 T. INSET: The Knight shift versus
bulk susceptibility for both directions. The solid lines are fits
as described in the text.

the gyromagnetic ratio of ®'V and ''°In are similar in
magnitude [22, 27]. Further studies of the hyperfine cou-
pling in the Ce(V,Ti)Ges may reveal dramatic changes,
as the ground state wavefunction is expected to changes
from T'g to I'7 as a function of Ti doping [19].

Below T ~ 20K, the Knight shift deviates from the
bulk susceptibility, as shown in Fig. 4. This behavior
reflects the increase of x.r below the Kondo lattice co-
herence scale [24, 28]. In this case, we can construct the
quantity K.y = K — Bx & Xcf + Xce, Which quantifies
the growth of the heavy electrons. This quantity is shown
in Fig. 5 for both directions. The data exhibit similar
behavior for T" 2 5K. The temperature dependence is
expected to be described by:

Ke(T) = K&y (1= T/T*)*[1 +1og(T*/T)]  (3)

where T* is the coherence temperature and K, is a tem-
perature independent constant that depends on the unde-
termined on-site hyperfine coupling A [29]. The solid line
in Fig. 5 is a fit to this expression for T' > 5 K, which
yields 7% = 15+ 1 K. Below 5 K, this scaling breaks
down such that K.r is less than the expected value in
both directions. In fact, K.f actually decreases for the
perpendicular direction. Similar behavior, known as re-
localization, has been observed in other heavy electron
antiferromagnets, including CeRhIns [23] and CePtolny
[30]. In this case, the physical picture is that the growth
of the heavy electron fluid is interrupted by the growth of
critical antiferromagnetic correlations as the temperature
decreases towards Tx. This phenomenon may also be re-
lated to the effect of the large NMR field on the Kondo
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FIG. 5. K.y versus temperature for Ho || ¢ (¢) and Ho L ¢
(V, A). The solid line is a fit as described in the text. For the
high (low) shift in the perpendicular direction, the data have
been scaled by a factor of 0.14 (0.18).

physics, as the Kondo temperature Ty ~ 10K [20].

B. Spin Lattice Relaxation Rate

The spin lattice relaxation rate, Tfl, was measured
by inversion recovery at the central transition (I, =
+1/2 +» —1/2). The magnetization recovery was fit to
the standard expression for a spin 7/2 nucleus: M (t) =
My (1—2f3, Ape@nt/Tt) where M, is the equilib-
rium nuclear magnetization, f is the inversion fraction,
Ay = 1225/1716, As = 75/364, A5 = 3/44, Ay = 1/84,
a1 = 28, as = 15, ag = 6, and ay = 1. There was no evi-
dence of any stretched relaxation, or any signal wipeout.
ForHy L ¢, T} ! was measured at both broad peaks at
low temperatures where the quadrupolar splitting was no
longer resolved. The temperature dependence of (T17)~*
is shown in Fig. 3(c). For both directions this quantity
diverges strongly with reduced temperature, and exhibits
a peak at 5 K. This value is reduced relative to bulk
measurements in zero field, suggesting that T is sup-
pressed by in-plane magnetic fields. This observation is
confirmed by magnetization measurements, as discussed
below.

The spin lattice relaxation rate probes the dynamical
part of the spin susceptibility through the relation:

1 oy Imxas(q,w)
(T1T>a ="k i%q;aFaB(Q)ma (4)

where F,3(q) are form factors that depend on the hyper-
fine coupling tensor, xos(q,w) is the dynamical magnetic
susceptibility, and «, 8 = {z,y, 2z} [31]. The large peak in

4

(T1'T)~ ! reflects the slowing down of critical fluctuations
near Ty.

According to the self-consistent renormalized (SCR)
theory of spin fluctuations for weak itinerant antiferro-
magnets (117) ! o< xo(T)", where n = 1/2 for 3D fluc-
tuations and n = 1 for 2D fluctuations [32]. The dotted
and solid lines in Fig. 3(c) are fitston =1/2 andn =1
with xo(T) = C/(T + 0cw), where cw = —4.8+0.1 K
for n = 1/2, and fcw = 1.0 £ 0.1K for n = 1. The solid
line provides a much better fit to the data for Hy || ¢,
suggesting that the fluctuations are predominantly 2D in
nature for this direction. The inset of Fig. 3(c) shows
T,T versus temperature for both directions, as well as
power law fits. For the parallel direction, the best fit
yields an exponent n = 0.95 + 0.01, but for the per-
pendicular direction, the best fit yields n = 0.59 + 0.03.
This result suggests that for the perpendicular field, the
fluctuations exhibit 3D character in contrast to the par-
allel direction. This behavior may be related to the pres-
ence of a different magnetic structure above the metam-
agnetic transition in the perpendicular direction, as dis-
cussed below. The related heavy fermion antiferromag-
net CeRhlIns exhibits more 3D spin fluctuations [27, 33].
On the other hand, (T3T)~! in the the heavy fermion
superconductor CeColns exhibits an unusual T/* be-
havior that has been associated with proximity to an
antiferromagnetic quantum critical point [34]. The su-
perconductor Celrlns exhibits behavior that is in some
sense a hybrid between 2D and 3D, with (T + 0)3/* that
has been associated with the layered structure [35]. The
values in Fig. 3(c) are similar in magnitude to those re-
ported in polycrystals of CeVGes [21]. In that case, the
behavior also did not agree with the SCR form, and it
was suggested that ferromagnetic fluctuations may also
be present.

III. MAGNETIC ORDERING
A. Neutron Scattering

The Kondo effect can cause a reduction in the mag-
netic moment of a material. To investigate the size of the
ordered moment in CeVGes, neutron powder diffraction
experiments were conducted below and above Ty. Figure
6(a) displays the neutron powder diffraction pattern ob-
tained at 12 K (above Ty ), along with the corresponding
Rietveld refinement. The refined parameter and reliable
factors are summarized in Table I. The result indicates
that the crystal structure at 12 K is the same as that
investigated at room temperature [19], which is depicted
in Fig. 1. Additionally, Fig. 6(b) provides an enlarged
view of the low-angle region, measured at temperatures
of 3.0 K and 12 K. The difference pattern reveals the
emergence of two distinct magnetic scattering intensities
at positions |Q;| and |Qz|. It is not possible to index
these reflections with rational numbers, suggesting the
presence of a potential incommensurate magnetic ground



state in CeVGes. Assuming that |Qq| occurs along the
high symmetry direction, the magnetic propagation vec-
tor (k) can be indexed as (0.46,0,0) or (0.33,0.33,0) in
the basal plane (in units of the reciprocal lattice vectors).
If |Qy | aligns with the ¢ axis, the estimated k value would
be approximately (0,0, 0.48).

To determine the exact l; single crystal neutron
diffraction was performed with the crystal aligned with
the H K0 plane as the scattering plane. One-dimensional
(1D) reciprocal-space scans along (H,0,0), (—H, H,0)
and (H, H,0) at base temperature 2.7 K did not reveal
any magnetic reflection. Additionally, a two-dimensional
(2D) reciprocal-space mesh scan at 2.7 K was conducted
to detect satellite magnetic reflections, where H # K in
the basal plane. However, no additional scattering in-
tensity was observed (Fig. 11 in Appendix C), strongly
suggesting that k does not predominantly lie within the
basal plane. Alternatively, magnetic reflections may be
present in regions outside of the basal plane.

The single crystal was then rotated by 90 degrees
from the HKOQ plane to the HHL plane as the new
scattering plane. The 1D reciprocal-space scans along
the (0,0,L) and (1,1,L) directions at 2.7 K and 6.0
K were plotted and shown in Fig. 7(a,b). No mag-
netic reflections were observed on the top of the nuclear
or forbidden nuclear positions in the HHL plane. On
the other hand, satellite magnetic reflections were ob-
served between these nuclear peaks. Figures 7(c,d) dis-
play an enlarged view of the selected magnetic reflec-
tions at 2.7 K and 6.0 K. Their peak positions were de-
termined to be (0,0,0.49) and (0,0,1.51). Figure 7(e)
illustrates the distribution of squared magnetic struc-
ture factors in HHL plane. In this case, satellite mag-
netic reflections (Fig. 7(e)) were successfully observed at
positions (0, 0,0.49), (0,0,1.51), (0,0,2.49), (1,1,0.49),
(1,1,1.51), and (1,1, 2.49). It should be noted that other
than the allowed nuclear reflections, some peaks were
present along (0,0,L) and (1,1,L) directions. All of
them are temperature independent and are not intrin-
sic. The reflections at (0,0,1), (0,0,3), and (1,1,1) are
likely due to the higher-harmonic contributions, while
those at (0,0,2.26) and (1, 1,2.13) are from the Al sam-
ple holder. We also find some intensity at (0,0,0.655),
(0,0,1.33), and (0,0,2.665), which could arise from an
unknown impurity phase included in the crystal. None
of these reflections affect the analysis discussed below.

Based on the data from the HKO and the HHL
planes, we conclude that the ground state exhibits a
single-k incommensurate magnetic (ICM) structure with
k= (0,0,0.49). The temperature dependence of the in-
tegrated intensity of the most intense magnetic reflection
(0,0,0.49) is depicted in Fig. 7(f). From the fit to the
power-law function with a constant background, we es-
timate Ty = 5.80(16) K, which is consistent with the
magnetization measurements [15, 19].

To analyze incommensurate magnetic (ICM) struc-
tures, we employed the magnetic representation method.

The allowed irreducible representations (IRs) for the Ce
(2d) site within the P63/mmc space group with k =
(0,0,0.49) are summarized in Table II in Appendix C.
Examination of the basis vectors associated with each IR
reveals that IR2 and IR5 are 1D IRs, while IR3 and IR6
belong to 2D IRs. Models based on IR2 and IR5 were dis-
carded because they resulted in allowed magnetic struc-
tures where the Ce layers align ferromagnetically along
¢ axis and stack antiferromagnetically. These results are
inconsistent with the magnetization data [15, 19]. Ad-
ditionally, it was observed that the simulated magnetic
intensities did not align well with the observed intensi-
ties. For instance, magnetic reflections along the 00L di-
rection were not expected due to the polarization factor.
On the other hand, IR3 and IR6 correspond to in-plane
helical structures. In the case of IR3, the calculated mag-
netic structure factor at (0, 0,0.49) is zero, while the most
intense magnetic structure factor appears at (0,0,0.51).
These results are in direct contradiction with the exper-
imental observations. Only TR6 reproduces the positions
and the intensities of the observed magnetic reflections.

The magnetic structure factors obtained from the sin-
gle crystal data measured at 2.7 K were utilized for a
least-square refinement employing the IR6 model. To
simplify the refinement process and reduce the number
of parameters, the atomic position and lattice constants
were fixed to those obtained from powder diffraction at
12 K. In addition, a simplifying assumption was made
that the moment size of all Ce atoms is the same. This
reduces the number of refinement parameters from two
to one, corresponding to the moment size. The helical
structure with a fixed moment size is represented by a
single BV, where BV1 represents a counter-clockwise ro-
tating helical structure and BV2 represents a clockwise
helical structure. Since they could not be distinguished
through refinement, the coefficient of BV1 was used as
an adjustable parameter. The calculated and observed
magnetic structure factors were compared in Fig. 8(a).
A scale factor was determined from the 110 nuclear re-
flection. Despite having only a single adjustable parame-
ter, the six observed magnetic reflections were well repro-
duced. The estimated moment size at 2.7 K was 0.49(1)

HUB-

The magnetic structure was further confirmed through
neutron powder diffraction, as shown in Fig. 6(c). The
peak at |Q1| was indexed as 0 0 0.49, while the peak at
|Q2| was a superposition of 1 0 0.49 and 1 0 0.51 reflec-
tions. A moment size of 0.38(1) up at 3.0 K was esti-
mated from the Rietveld refinements using the difference
pattern. The red circles in Fig. 6(c) represent the he-
lical structure with a fixed moment size, and accurately
reproduce the intensity of the two peaks. The estimated
moment sizes from both data sets are very close, with any
small differences likely attributable to the slight variation
in sample temperature.
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FIG. 6. (a) Neutron powder diffraction pattern (black circles) at 12 K, along with the corresponding Rietveld refinement
(red line). The green bar represents the allowed positions of nuclear reflections. The negligible difference pattern (blue line)
between the nuclear contribution and the refined pattern confirms the accuracy and reliability of the crystal structure model.
(b) Neutron powder diffraction pattern at 3.0 K (red line) and 12 K (black line), respectively, offset for clarity. The difference
pattern (blue line) indicates the presence of magnetic reflections, as indicated by the arrows. (c) The difference pattern (blue
circles) between 3.0 K and 12 K, along with the simulated pattern of in-plane helical magnetic structure (red circles). The pink
bars indicate the allowed magnetic reflection positions. The negligible difference (black circles) between the observed magnetic
contribution and the simulated pattern confirms the validity of the estimated moment size.
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B. Hyperfine Field as discussed in Appendix B. For a helical structure of
the Ce ordered moments with wavevector @., the in-

ternal field rotates in the ab plane with constant mag-

In the magnetically ordered state, the NMR reso-
nance will be affected by a static hyperfine field given
by: Hpy = Z?=1 B; - m(r;), where the B; are the
transferred hyperfine couplings to the 6 n.n. Ce sites,

nitude, as illustrated in Fig. 9(a), and is given by
Hyy = 6B1myg |cos (2mk,20/2c)|, where zy = ¢/2 is the
spacing between the Ce layers. Using the measured hy-
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low circles are the two Ce sites per unit cell in adjacent layers,
and the red arrows indicate the magnetic moments.

perfine couplings, and the neutron results mg = 0.38up
and k., = 0.49, we estimate Hpy = 0.21 T.

In the presence of an external field, Hy, the NMR reso-
nance frequency is given by f = v |[Ho + Hpy|. If Hy || c,
then the resonance frequency in the ordered state is given
by f = 'y(HngH,%f)lm, and is homogeneous. For the ap-
plied field of 11.7 T, the resonance is shifted upwards by
only 22 kHz. As seen in Fig. 2(a) and 3(b), the spectrum
for Hy || ¢ changes little through Ty, but already has a
linewidth of ~ 200 kHz. It is likely that inhomogeneous
demagnetization fields broaden the resonance sufficiently
that the subtle shift due to the hyperfine field is washed
out [36]. Thus the NMR response for this direction is
consistent with the neutron scattering results.

C. Metamagnetic Transition

Previous work uncovered a metamagnetic transition
for fields perpendicular to the c-axis [15]. Helical mag-
netic order is known to be unstable to the presence of
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FIG. 9. (a) Magnetic structure and hyperfine fields in the

low-field helicoidal phase. Orange arrows indicate ordered
moments on Ce sites (yellow), and green arrows indicate hy-
perfine field at the V sites (green). The lower illustration in-
dicates the projection of the Ce moments in the ab plane. (b)
Magnetic structure and hyperfine fields in the field-induced
phase. The external field here is directed along the crystalline
a-axis, indicated by the red arrow. The lower illustration in-
dicates the projection of the Ce moments in the ab plane
relative to an in-plane field, Ho. (c¢) Simulated NMR spectra
for the spiral structure shown in (a) for Ho || ¢ and Ho L ¢,
compared with the 3.1 K data. (d) Simulated NMR spectra
for the spin-flop structure shown in (b), compared with 3.1 K
data. The vertical line in (c,d) corresponds to the frequency
in the absence of any hyperfine fields.

an in-plane field [37], and has been observed in CeRhIns
[38-40]. To determine the magnetic phase diagram of
CeVGegs, we carried out resistivity measurements up to
14T and magnetization measurements up to 77T with
the field applied perpendicular to the c-axis as shown in
Fig. 10.

The temperature-dependent resistivity at zero field
shows a sharp upturn near T (Fig. 10(a)), possibly due
to the fact that the incommensurate helical order is ac-
companied by Fermi surface nesting. The peak positions
of the derivative of resistivity are marked by red trian-
gles to track the field dependence of Tx. As shown in
Fig. 10(b), T is monotonically suppressed with increas-
ing field. As can be seen in Fig. 10(a), the resistivity
at 2K is decreasing with increasing field, indicating that
the magnetic scattering due to the helical order starts to
be suppressed above 3 T.

As shown in Fig. 10(c), the anomaly corresponding
to the antiferromagnetic transition in the temperature
dependence of the magnetization changes: the maximum
(labeled as blue diamonds) slightly increases with the
field below 1T, and is then suppressed near 2.5 T. Above
3T, there is no obvious anomaly above 2 K.

The spin-flop transition is also detected as a field-



induced jump in magnetization with some hysteresis, as
shown in Fig. 10(d). The magnetic structure above the
spin-flop transition has yet to be determined, so we gen-
erally label it as another spin-density wave due to the
possible nesting observed in resistivity. The phase dia-
gram for in-plane fields is thus summarized in Fig. 10(e).

In the helical phase at zero field, the angle between
the Ce moments in adjacent planes is 88.2°.  This
value is close to 90°, so is likely that the most sta-
ble structure in the high field SDW phase is commen-
surate [37]. In this case, the moments remain in the
basal plane, with partial polarization along Hy (e.g.
m(r) = mo{cos a,sin acos(rz/c—m/4),0} for field along
[100]). This + 4+ —— structure corresponds to an up-up-
down-down sequence of magnetic moments when mov-
ing along the c-axis. This arrangement of the proposed
magnetic structure can be further interpreted as a com-
posite of two magnetic components, where the superpo-
sition results in a ferromagnetic (FM) component with
k = {0,0,0} and an antiferromagnetic (AFM) compo-
nent with & = {0,0,0.5}. Here a characterizes the an-
gle between the moments and Hg, and for sufficiently
high fields @ — 0 corresponds to a fully polarized state.
A similar structure was found in CeRhIns [39], however
CeRhlnjy also exhibits a third phase with an incommen-
surate structure just below Tx. We find no evidence for
such a region in the phase diagram of CeVGegs.

The NMR measurements for Hy L ¢ were carried out
at 11.7T in the metamagnetic phase. The spectra are
clearly inconsistent with a helical magnetic structure,
which would generate a broad double-peaked spectrum
centered at the Larmor frequency with two “horns” at
+vHpy ~ 3.7MHz, as illustrated in Fig. 9(c) in blue.
Rather the spectrum is shifted well above the Larmor
frequency, indicated by the vertical gray line.

On the other hand, our observations are consistent
with the proposed ++—— structure, as illustrated in Fig.
9(b). In this case, the hyperfine field has two possible val-
ues, depending upon whether the V site lies between Ce
layers with the same spin directions (++ or ——, case A)
or with alternating directions (+— or —+, case B):

()

6B, mo{cos, 0,0} case B

{iGBLmo{COS a,sina, 0} case A
hf =

This scenario thus offers a natural explanation for the
presence of the upper and lower sites in the NMR spectra
shown in Fig. 2(b). The frequency shift for the two cases
are: Afa = /2 + (6yBLmg)? + 12y foBimgcosa — fo
and A fp = 6yB1mg cos «, where fo = vHy. These equa-
tions can be inverted to extract mg and «. At the lowest
temperatures, we find my = 2.3up and o = 72° in an ap-
plied field of 11.7T. The resulting spectrum is illustrated
in Fig. 9(d). Note that this value of mg is larger than
that expected for a I's ground state (1.3pp5) [19]. It is
possible that this result could be modified by mixing of
excited crystal field levels by the applied field, however.
The strong enhancement of the susceptibility and Knight
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FIG. 10. (a) Temperature dependence of the in-plane re-
sistivity p(T) of a CeVGes single crystal under various field
up to 14 T. (b) Evolution of the temperature derivative of the
resistivity at the low temperature under different fields. The
data are vertically offset by 10 uQ2cm K~ to reduce overlap.
(c) Temperature dependence and (d) magnetic field depen-
dence of in-plane magnetization of CeVGes. (e) H — T phase
diagram of CeVGes with in-plane applied fields. The criteria
to map out the phase diagram are marked in (a)-(d). Two
symbols mark the beginning and end of the hysteresis.



shift in this field direction with decreasing temperature
seen in Fig. 4 reflects the partial polarization of the Ce
spins prior to the onset of long-range order below T, as
captured by the angle a.

IV. DISCUSSION

Helical magnetic structures generally arise in layered
structures with frustrated in-plane and out-of-plane in-
teractions [37]. For example, in a model with ferromag-
netic in-plane interaction, Jy < 0, as well as both J;
between nearest-neighbor layers, and Jo between next-
nearest-neighbor layers, the ground state magnetic struc-
ture is an incommensurate spiral with wavevector k, =
cos~Y(—=Jy/4J2)/m. We therefore find |J1/Jo| ~ 0.13
for CeVGes, with J; > 0 and J; < 0. Moreover,
the metamagnetic field H,, should be related to J, as
H,, =~ 1.8J3/up, suggesting that Jo ~ —1 K [37]. On the
other hand, the same model predicts that the spins would
be fully polarized at ~ 2H,, ~ 5 T, but we find no evi-
dence of any other phase transition up to 14 T. Of course,
the magnetic interactions in Ce-based heavy fermion is
more complex than this simple model. Spatially-varying
couplings that can give rise to spiral order can arise nat-
urally via the RKKY interaction, but depend on the de-
tails of the Fermi surface and the Kondo interaction [41].

As seen in Fig. 2, the spectra for Hy L ¢ reveal two
separate peaks emerging below T ~ 30 K, well above
Tn. This is surprising because in principle the system
remains paramagnetic. The origin of the two peaks in
this phase remains unclear, but potentially could be re-
lated to a distribution of demagnetization fields [36]. The
low frequency tail for each peak in the ordered phase is
also likely related to a distribution of demagnetization
fields.

As a heavy fermion compound that exhibits Kondo
lattice coherence and helical antiferromagnetic order at
ambient pressure, CeVGes exhibits similarities to the
archetypical heavy fermion system, CeRhIns. On the
other hand, there are important differences: CeVGes has
hexagonal rather than tetragonal structure, the ratio of
the excited state doublet energy to the Kondo coherence
scale, A/T*, is approximately 9.0 in CeVGes versus 4.5
in CeRhlIns [23], and the CEF ground state manifold may
be I'g rather than I'7. The orbitals of the latter are ex-
tended more in the plane, whereas those of the latter lie
more along the c—axis [42]. The spatial form of these
Ce orbitals can play a significant role in the anisotropic
Kondo interactions, and may give rise to the different
properties of the CeMIns series as M changes due to
slight alterations in the CEF interactions [26, 43]. It
would therefore be of interest to examine how the ground
state of CeVGes evolves both as a function of doping and
hydrostatic pressure. CeRhIns becomes superconducting
under approximately 2 GPa. It would also be valuable to
examine the phase diagram of CeVGes at high magnetic
fields. It is also important to investigate the field depen-

dence of Ty to higher fields in CeVGes. A recent specific
heat study up to 36 T in CeRhIns identified a new field-
induced phase for fields along the c-axis, possibly to a
new incommensurate phase [40].
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Appendix A: Synthesis method

The synthesis of the polycrystalline CeVGes sample
was prepared using the arc-melting method, followed by
annealing the as-grown ingot sealed in a quartz tube at
850 °C for 15 days. Single crystals of CeVGes were syn-
thesized via the self-flux method. The starting materials
[Ce pieces (Ames Lab), V pieces (etched with nitric acid),
Ge lumps (6N)] were initially arc-melted to ensure a ho-
mogeneous mixture. The initial composition of elements
isCe: V:Ge=4:1:19. To synthesize large single
crystals that are suitable for NMR and neutron scattering
study, we modify the temperature profile compared with
the previous reports [15, 19]. The arc-melted mixture was
placed in a 2mL Canfield Crucible Set [44], 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 centrifuged to separate the
single crystals from the molten flux. The largest single
crystal we managed to grow is about 70 mg.



Appendix B: Hyperfine coupling

There are six nearest neighbor Ce ions to each V in
CeVGes, and these are arranged in a hexagonal array
such that three are above the V and three are below.
The general form of the hyperfine coupling between a
moment m(r) on the Ce located at r and the nuclear
spin I on the V site is:

6
Hpp =~hl- Y B -m(r;) (B1)

i=1
where the hyperfine coupling matrices are:

Bi,aa Bi,ab Bi,ac
Biab Bipy Bipe (B2)
Bi,ac Bi,bc Bi,cc

B; =

for each of the six nearest neighbors. These are related
to one another by various symmetries. For example,
{B1,Bs3,B5} and {Bs, B4, B¢} rotate into one another by
2,7” rotations about z, and that the second set is related
the first by both a % rotation around z and a mirror re-
flection across the ab plane. As a result, there are only 6
independent quantities Bg.

We can compute the Knight shift tensor by assuming
that (m) = xHj is uniform. This leads a diagonal tensor
with elements K., = Kp, = 6B Xaa and K . = 3B|\ch,
where B1 = (Buq + Bw)/2, and B| = B... We can
measure these quantities experimentally by comparing
Koo and Xaa to determine the components B, and B
as discussed in the text.

Below Ty in the helical phase the ordered moments are
given by: m(r) = mg{cos(2rk,.z/c), sin(2wk,z/c), 0},
the internal hyperfine field lies in the ab plane and is
given by Hpy = Hj{cos(2rk.z'/c), sin(27k.2'/c), 0},
where Hj) ; = 6B 1mg |cos (21k.20/c/2)| and 2’ = z—¢/2.

Appendix C: Neutron scattering

Neutron powder diffraction experiments were car-
ried out using the high-resolution powder diffractome-
ter Echidna installed at the OPAL reactor, Australian
Nuclear Science and Technology Organisation (ANSTO)
with a neutron wavelength of 2.4395 Aselected by the
Ge 331 reflection. The mass of the CeVGe3 powder
sample used in the neutron powder diffraction experi-
ment was approximately 4.42 g. For the single crystal
neutron diffraction experiments, the GPTAS (4G) triple-
axis thermal neutron spectrometer without the analyzer
(double-axis mode) installed at JRR-3, Tokai, Japan was
used with the incident neutron energy of 14.7 meV and
vertically focusing PG 002 monochromator. An addi-
tional PG filter was inserted after monochromator to
suppress the higher harmonic neutron contribution. The
CeVGes single crystal with dimensions of 3 x 2 x 1 mm?
and a mass of approximately 30 mg was aligned with two
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FIG. 11. Two-dimensional mesh scan at 2.7 K, revealing
the absence of any satellite magnetic reflections in the H KO0
plane.

scattering planes, HK0 and HH L, and then sealed in a
standard aluminum sample can with He exchange gas.
A Gifford-McMahon (GM) cooler, which was a *He closed
cycle refrigerator, was utilized to cool down the sample
to a base temperature of 2.7 K. 1D reciprocal-space scans
along the (0,0, L) and (1, 1, L) directions were conducted
to collect the integrated intensity to obtain the squared
structure factor. The Lorentz factor was numerically cor-
rected in the analysis.
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TABLE I. The refined crystallographic data, numbers of nuclear reflections, and reliable factors of CeVGes at 12 K. The
isotropic displacement B;s, parameter for three atoms is fixed to 0.1 to reduce the number fitting parameters. The profile

Ry = >, |Yobs — Yealel/ Y-, Yobs, and the weighted profile Rup = [>, wiyobs — Yeate?/ Y, wiygbs]l/z; The expected Rezp =
1/2
(V= P+0)) Swiv]'*.

CeVGes
Hexagonal P63/mmc, (No. 194), T = 12 K (Echidna)
a=06.1988(1) A, b=6.1988(1) A, c = 5.6470(1) A
a=90° B =090° v=120°
Number of fitting parameters 21
Number of nuclear reflections 30

Atom Site T y z Biso (AQ)
Ce 2d /3 2/3 3/1 0.1
Vv 2a 0 0 0 0.1
Ge 6h 0.1954 (2) 0.3908 (3) 1/4 0.1

R, = 12.9%, Rup = 16.6%, Rezp = 2.22%, x> = 55.8

TABLE II. The allowed irreducible representations for the Ce 2d sites within the P63/mmc space group, considering the

magnetic modulation vector k= (0,0,0.49). The notation for the moment direction is given as (mq, mp, mc), where me is

parallel to the sixfold axis and m, and m; are along the a and b axes, respectively, forming an angle of 120 degrees. Here
a = cos (7 - 0.49) and b = sin (7 - 0.49)

Allowed IRs (1/3,2/3, 3/4) (2/3,1/3, 1/4)

IR2:BV1 (0,0, 1) (0,0,a + bi)

IR3:BV1 (1 — (1/v/3)i, —(2//3)i,0) (—a—(1/V3)b— (b~ (1/V3)a)i, —(2/V3)b + (2/v/3)ai, 0)
IR3:BV2 (—(2/v/3)i, 1 — (1/4/3)i,0) (=(2/v3)b + (2/v3)ai, —a — (1/v/3)b — (b — (1/v/3)a)i,0)
IR5:BV1 (0,0,1) 0,0, —a — bi)

IR6:BV1 (1 — (1/v/3)i, —(2/v/3)i,0) (a+(1/V3)b+ (b~ (1/V3)a)i, (2/V3)b — (2/v/3)ai, 0)
IR6:BV?2 (—(2/v/3)i, 1 — (1/4/3)i,0) ((2/v3)b — (2/v3)ai,a + (1/v3)b+ (b — (1/v/3)a)i,0)

TABLE III. The fixed parameters of CeVGes are used to estimate the magnetic moment size at 3.0 K.

CeVGes
Hexagonal P63/mmc, (No. 194), T = 3 K (Echidna)
a=6.19865(1) A, b= 6.19865(1) A, ¢ = 5.6468(1) A
a=90° 8 =90° v=120°

Atom Site T y z Biso (A2)
Ce 2d /3 2/3 3/4 0.1

Number of refined parameters: 1
Number of magnetic reflections: 15

Atom Site | M|
Ce 2d 0.38(3)uB
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