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High-field phase diagram of the heavy-fermion metal CeIn3: Pulsed-field NMR study on single
crystals up to 56 T
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The heavy-fermion antiferromagnet CeIn3 exhibits a field-induced anomaly associated with Fermi surface
reconstruction at H∗ ∼ 45 T, well below the antiferromagnetic (AFM) critical field that exceeds 60 T. In order
to explore the origin of this anomaly, we have measured 115In NMR spectra in pulsed magnetic fields up to
56 T using high-quality single crystals. To within experimental resolution, we do not detect any change in the
NMR spectra that could suggest a modification in either the character of the hyperfine field or the electric field
gradient at In sites through H∗. This strongly suggests that the 45 T anomaly cannot be simply ascribed to a
field-induced change in the magnetic structure of the AFM state. Neither do we find any evidence of changes in
the crystallographic structure or in the distribution of charge density at H∗. The field dependence of the NMR
shift implies the existence of a field-induced anomaly in the hyperfine coupling above H∗.
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I. INTRODUCTION

CeIn3, which crystallizes into a simple cubic crystal struc-
ture [1,2], is one of the simplest and best-studied heavy-
fermion (HF) compounds. At ambient pressure and zero mag-
netic field, it exhibits antiferromagnetic (AFM) order below
TN = 10 K. CeIn3 is one of the first HF materials, in which
a small dome of superconductivity was observed around a
pressure-induced quantum phase transition (QPT) from AFM
to a paramagnetic (PM) phase at Pc ≈ 2.6 GPa [1]. More
recent experimental studies demonstrated that the AFM order
can be also suppressed by a magnetic field (H), in which
a field-induced QPT occurs at the critical field Hc, which
varies from 60 to 80 T, depending on the field orientation
(Fig. 1) [3–5]. The exact nature of the field-induced QPT
remains poorly understood, and is less well studied than the
pressure-tuned QPT. This is partly due to the limited num-
ber of experimental techniques available at very high mag-
netic fields. Nevertheless, several experiments performed in
pulsed magnetic fields suggest different ways of approaching
pressure- and field-tuned QPTs [4,5].

A QPT is not the only feature induced in CeIn3 by high
magnetic fields. Indeed, a clear anomaly was discovered in
tunnel diode oscillator (TDO) measurements [6] at H∗ ∼45 T,
well below Hc (Fig. 1). Surprisingly, a corresponding anomaly
was not observed in resistivity measurements [5]. The physi-
cal origin of this transition, or crossover, is at present obscure.
Interestingly, small heavy f -hole pockets of the Fermi surface
observed at low magnetic fields disappear at about H∗ [7].
These small pockets are not observed in the PM state induced
by either pressure [8] or magnetic field [4], and are not
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predicted by band-structure calculations [8]. Therefore, they
are likely to originate from the fragmentation of the large
Fermi surface that exceeds the size of the antiferromagnetic
Brillouin zone. Remarkably, a similar anomaly in TDO mea-
surements was recently observed in CePt2In7 at about the
same field, where a similar change in the Fermi surface was
also reported [9]. Furthermore, in CePt2In7, an anomaly in
magnetic torque measurements has been observed at exactly
the same field [10], implying that the 45 T transition, or
crossover, could be associated with a change of magnetic
properties.

A possible explanation for the feature observed at 45 T
in both CeIn3 and CePt2In7 is a field-induced change of the
magnetic and/or crystal structure, which may occur at H∗.
Indeed, a modification of the magnetic and/or crystal structure
leads to a change of the (magnetic) Brillouin zone and,
therefore, to a Fermi surface modification. Another, more
exciting possibility, is that the 45 T anomaly corresponds
to a field-induced transition to a density-wave state, as was
recently proposed for the sister compound CeRhIn5 [11], in
which such a transition occurs at 30 T.

More recently, however, Moll et al. suggested that a level
crossing of the �7 doublet ground state and the �8 quartet
excited state of the Ce 4 f wave function occurs at around 45 T
[5]. This assumption is supported by mean-field calculations
allowing for cubic anisotropy in the exchange interactions,
which suggests that the effect is necessary to explain the
measured anisotropy of the H-T phase diagram in high fields.
This implies that the 45 T anomaly in the Fermi surface can
be also associated with a field-induced change of the orbital
character of the Ce 4 f wave function.

These possible origins of the 45 T transition, or crossover,
in CeIn3 motivated us to perform a high-magnetic-field NMR
study using a pulsed magnet.
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FIG. 1. Temperature–magnetic-field phase diagram for fields ap-
plied along the 〈100〉 direction in CeIn3 [5]. An anomaly was
observed in TDO measurements at H∗ ≈ 45 T [6].

In this paper, we report 115In-NMR measurements in a
high-quality single crystal of CeIn3 at fields up to 56 T. We
find that the essential features of the NMR spectra do not
change across H∗. This suggests that the anomaly at H∗
cannot be simply accounted for by a field-induced change of
the magnetic structure in the AFM state.

II. EXPERIMENTAL RESULTS AND DISCUSSION

A. Single crystal

All the measurements reported here were performed on
high-quality CeIn3 single crystals grown by the self-flux
method. In order to minimize unavoidable heating of metallic
crystals by eddy currents under pulsed magnetic fields, a
single crystal of the size of 2 × 2 × 6 mm3 was sliced into
four ∼0.5-mm plates, which were restacked and intercalated
by thin insulating tapes. The slicing of the crystal also offers
an advantage for the NMR signal detection by increasing the
crystalline surface area.

B. Field-swept NMR spectrum

In Fig. 2 we show lower-field 115In NMR spectra obtained
on our single crystal for (a) PM and (b) AFM states, respec-
tively. The data were obtained below 15 T using a super-
conducting magnet at the Laboratoire National des Champs
Magnétiques Intenses (LNCMI) in Grenoble. The magnetic
field was applied parallel to the 〈100〉 axis of the cubic
structure. Within the cubic AuCu3-type structure of CeIn3, all
the In sites are equivalent in zero field (Fig. 3). However, since
the direction of the local electric field gradient (EFG) principal
axis Vzz is perpendicular to the plane of the four nearest-
neighbor Ce atoms, the In ions split into two inequivalent sites
with different θ for H‖〈100〉. Here, θ is the angle between
Vzz and H . In a unit cell, two of six In sites have θ = 0◦ [(1)
and (2) in Fig. 3], while the others have θ = 90◦ [(3)–(6)
in Fig. 3]. The former are labeled as In‖ and the latter as
In⊥ throughout this paper. In addition, each In site gives rise
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FIG. 2. The field-swept 115In NMR spectra obtained in (a) PM
and (b) AFM states in fields below 15 T. Here the spin-echo signals
were recorded at a fixed frequency of 101.8 MHz by changing H
in equally spaced steps. The spectra were then obtained by adding
the Fourier transforms of spin-echo signals at each field value. The
spectrum in the PM state consists of two sets of sharp peaks; one
set separated by about 1 T (labeled 1), the other separated by about
0.5 T (labeled 2). On the other hand, the spectrum in the AFM
state contains only nine sharp peaks separated by about 1 T. In
the lower panel, we show the results of numerical simulations for
(c) In⊥(θ = 90◦) and (d) In‖(θ = 0◦). The numerical simulations
were performed using a diagonalized total Hamiltonian matrix con-
sisting of EFG and Zeeman terms, where the EFG parameters
are fixed at νQ = 9.61 MHz and η = 0, respectively [12–15]. The
simulations include the effect of the hyperfine field due to the field-
induced magnetization along the field direction, shown in Fig. 6.

to nine separate peaks owing to quadrupolar splitting of the
nuclear spin I = 9/2. The EFG parameters νQ = 9.61 MHz
and η = 0 can be expected according to the previous NQR
measurements [12–15]. The NMR line splitting of about 0.5
and 1 T is observed for the In⊥ and the In‖ sites, respectively
[Figs. 2(c) and 2(d)]. Thus, the observed spectrum in the
PM state is well explained as a superposition of two sets of
nine satellite peaks arising from In⊥ and In‖ sites, as seen in
Fig. 2(a).

On the other hand, only nine sharp peaks arising from
the In‖ sites are detectable in the AFM state [Fig. 2(b)].
The peaks from In⊥ sites are all broadened out due to the
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FIG. 3. Crystal and magnetic structures of CeIn3. The local
symmetry of the In site is tetragonal, and therefore the asymmetry
parameter of the EFG is η = 0. The local principal axis of the EFG
(Vzz) for each In site, denoted by a green arrow, is perpendicular
to the plane of the four nearest-neighbor Ce atoms. The direction
of the applied field H is denoted by black arrows. θ is the angle
between Vzz and H . Below TN = 10 K, Ce moments (MAF) order
antiferromagnetically with the zero-field propagation vector (1/2,
1/2, 1/2) [16], which generates hyperfine fields Hhf (red arrows)
parallel to the Ce-In plane [12]. The numbering scheme shown for
In sites is referenced in the text.

hyperfine field Hhf that appears parallel to the Ce nearest-
neighbor (Ce-NN) planes at In sites. Namely, when H 
 Hhf ,
the Hhf perpendicular to the direction of the quantization axis
of the nuclear spins (‖H) does not contribute to NMR line
broadening. This result is consistent with the previous NQR
studies, which suggest Hhf ∼ 0.6 T lying in the Ce-In plane
[12–15]. In the AFM state, Ce moments (MAF) order along
〈111〉, with the propagation vector (1/2, 1/2, 1/2) [16]. Based
on the symmetry considerations, one might suppose that the
transferred hyperfine field from four Ce-NN moments are all
canceled out at In sites (see Fig. 3). Indeed, our measurements
demonstrate that most of the transferred hyperfine fields are
canceled out at In sites, although a small Hhf lying in the
Ce-In plane remains. This nonvanishing Hhf is present since
the transferred hyperfine couplings are symmetric with respect
to the bond axes rather than crystal lattice directions, as
discussed in the case of CeT In5 [17].

C. NMR in pulsed magnetic fields

Next we discuss the results of the pulsed-field NMR
[18–25]. The pulsed-field NMR experiments were performed
using a homogeneous pulsed-field, 60-T magnet (with 70 ms
rise time) at the LNCMI in Toulouse [24]. The field was ap-
plied parallel to the 〈100〉 direction. The 115In nuclei possess
a high nuclear spin value (I = 9/2) with a relatively large
nuclear gyromagnetic ratio (γN/2π = 9.3295 MHz/T) and a
large natural abundance (95.7%), providing high-sensitivity
NMR detection. This allows us to detect NMR spin echoes
without signal averaging. During a magnetic-field pulse, the
echo-pulse sequence consisting of 1.5 and 3 μs excitation
pulses separated by 4 μs was repeated continually every
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FIG. 4. Temperature dependence of the field-swept NMR spec-
trum obtained in the pulsed magnet with a fixed NMR frequency
494.4 MHz.

200 μs. The full NMR spectrum was then constructed by plot-
ting the integrated intensities of recorded spin-echo signals
against the average value of the time-dependent H during each
echo-pulse sequence. For each pulse of the magnetic field, a
field profile was recorded by measuring the voltage of a pick-
up coil. To gain higher accuracy of absolute field values, we
renormalized the profile using 63,65Cu and 115In NMR signals
arising from a metallic copper and indium powder samples
placed in the same NMR coil as the CeIn3 sample. The Knight
shifts of metallic copper and indium, 63,65K = 0.238% and
115K = 0.81%, were used for the corrections [26].

Figure 4 shows pulsed-field 115In NMR spectra measured
at a constant NMR frequency ( fNMR) of 494.4 MHz, where the
crystals are cooled (a) in liquid 4He (4.2 K), and (b) at the base
temperature of the pumped 4He cryostat (1.5 K), respectively.
A clear change in the NMR spectrum confirms that a magnetic
phase transition from PM to AFM states occurs between the
two temperatures. This result agrees with the high-field phase
diagram of CeIn3 constructed from resistivity measurements
(Fig. 1), which yields the estimated value of TN ∼ 4 K at H ∼
50 T [5]. Conversely, the change in the spectrum observed
here ensures that our metallic crystal in the pumped 4He
cryostat (i.e., with superfluid 4He) stayed low enough below
∼4 K to yield stable AFM behavior, despite possible heating
due to the high-field pulse. However, we cannot rule out the
possibility of approaching, or even crossing, the AFM-PM
transition at 56 T, the highest field of our measurements,
where the transition occurs slightly above 2 K.

In Figs. 5(a)–5(c), we compare the AFM ordered state
spectra obtained in three different field regions. To make the
comparison easier, the field axis is centered on Hres in each
case, with a scan range of ±4.5 T. Hres is the resonance
field of the central peak in each spectrum, having the values
(a) Hres = 10.7 T, (b) 36.4 T, and (c) 52 T. The scan range for
(a) and (b) is thus confined to the region below H∗, while for
(c) it lies entirely above H∗. Although the resolution is dimin-
ished in the pulsed-field spectra [(b) and (c)], it is recognized
that the spectral structure is well preserved in all the field
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FIG. 5. Field dependence of the NMR spectrum. The horizontal
axis is �H = Hext − Hres, where Hres is the field value of the central
peak in each spectrum, i.e., (a) 10.7 T, (b) 36.4 T, and (c) 52 T,
respectively.

regions through H∗. This shows clearly that there is no change
in the lattice symmetry or parameter, since the EFGs that are
critically dependent on those elements are not modified in any
way. Furthermore, the absence of a considerable broadening
or splitting of NMR lines above H∗ suggests that the major
cancellation of the transferred hyperfine fields from Ce-NN
moments are still preserved. Namely, there is no signature
of the change of the magnetic structure above H∗. More
precisely, the spectra exclude any onset of AFM structures
providing staggered components of Hint along the field direc-
tion. There is no sign of incommensurability of the magnetic
structure above H∗ either. A magnetic-field-induced density-
wave scenario is also unlikely; however, we do not completely
rule out this possibility since the resolution of our pulsed-field
NMR spectra (about 0.5–1 kOe) might be not high enough to
resolve a small change of the NMR linewidth or splitting.

Finally, in Fig. 6 we plot the field dependence of the NMR
shift, �H‖ = Hbare − Hres, where Hbare = fNMR/115γ . When
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FIG. 6. Field dependence of the NMR shift, �H ‖ = Hbare − Hres

plotted together with the magnetization, M‖, of a powder sample
cited from Ref. [3] (solid line, right vertical axis). The Hres values
were extracted from the field values of the center (solid square) and
satellite (open square) peaks in several NMR spectra measured in
different field regions.

H 
 Hhf , �H‖ corresponds to the component of the hyper-
fine field induced parallel to H , and hence it is proportional
to field-induced magnetization along the field direction M‖,
i.e., �H‖ � A‖

hf M
‖, where the A‖

hf is the hyperfine coupling
constant between Ce 4 f moments and In nuclei. In the figure,
we also plot M‖ measured by Ebihara et al. in a powder sample
of CeIn3 [3]. In the AFM state, the M‖ is associated with the
expected canting of the AFM sublattices toward the applied
field as it increases. It shows clearly that those sublattices are
the source of a positive transferred shift field at the In sites.

As seen in Fig. 6, the field dependence of �H‖ deviates
from that of M‖ above H∗ � 45 T. This implies the exis-
tence of a field-induced anomaly in Ahf above H∗. Here, the
hyperfine coupling is dominated by an indirect mechanism
mediated by the orbital hybridizations between Ce and In
atoms [17]. Therefore, a possible origin of the anomaly is a
change of the orbital character of the Ce 4 f -wave functions
driven by the crystal field-level crossing. Moll et al. suggested
that the level crossing of the �7 doublet ground state and
the �8 quartet excited state occurs around 45 T for H‖〈100〉
[5]. Our results are indeed compatible with this scenario. It
should be also noted that up to now, high-field magnetization
measurements have been performed only on powder samples
of CeIn3. Therefore, the mismatch between the H dependence
of �H‖ and M‖ might indicate that M‖ becomes anisotropic
at very high field even in a cubic system [5], and shows an
upturn above H∗ when H‖〈100〉. Further experimental effort
is needed to examine these possibilities.

III. CONCLUSION

In summary, we have investigated the high-field phase
diagram of the heavy-fermion antiferromagnet CeIn3 using
pulsed-field NMR up to 56 T. Within the AFM phase near
H∗ = 45 T, a field-induced anomaly has been detected in
TDO measurements. The anomaly is associated with a
Fermi surface reconstruction, and has been discussed as
the consequence of a Lifshitz transition or a metamagnetic
transition, both of which can be driven by strong magnetic
field. However, we have not detected any visible change in our
pulsed-field NMR spectra that could suggest a modification
either in the character of the hyperfine field or in the electric
field gradient at In sites. Thus, the 45 T anomaly cannot
be simply ascribed to a field-induced change of magnetic
structure above H∗. Our results also exclude the possibility
of a substantial crystal distortion above H∗. However, since
the resolution of the pulsed-field NMR spectra was not
high enough, the data do not exclude a possibility of a
density-wave-type [11,27] (or a nematic-type [28]) phase
transition around H∗. On the other hand, our results are
rather compatible with the recently proposed scenario of the
field-induced level crossing around H∗ [5].

We emphasize that our success in pulsed-field NMR mea-
surements on metallic single crystals at low temperatures
opens a way to investigate microscopically the heavy-fermion
states at high magnetic fields. An interesting future direction
is to examine whether similar NMR data are obtained around
45 T in CePt2In7, which exhibits a high-field phase diagram
similar to CeIn3, including H∗.
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