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Specific heat of CeRhIns in high magnetic fields: Magnetic phase diagram revisited
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CeRhlns is a prototypical antiferromagnetic heavy-fermion compound, whose behavior in a magnetic field
is unique. A magnetic field applied in the basal plane of the tetragonal crystal structure induces two additional
phase transitions. When the magnetic field is applied along, or close to, the ¢ axis, a new phase characterized by
a pronounced in-plane electronic anisotropy emerges at B* &~ 30 T, well below the critical field, B, >~ 50 T, to
suppress the antiferromagnetic order. The exact origin of this new phase, originally suggested to be an electronic-
nematic state, remains elusive. Here we report low-temperature specific heat measurements in CeRhlns in high
static magnetic fields up to 36 T applied along both the a and ¢ axes. For fields applied along the a axis, we
confirmed the previously suggested phase diagram and extended it to higher fields. This allowed us to observe
a triple point at ~30 T, where the first-order transition from an incommensurate to commensurate magnetic
structure merges into the onset of the second-order antiferromagnetic transition. For fields applied along the
¢ axis, we observed a small but distinct anomaly at B*, which we discuss in terms of a possible field-induced
transition, probably weakly first-order. We further suggest that the transition corresponds to a change of magnetic
structure. We revise magnetic phase diagrams of CeRhlns for both principal orientations of the magnetic field

based entirely on thermodynamic anomalies.
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I. INTRODUCTION

Strongly correlated electron systems, such as high-
temperature superconductors, iron-based superconductors,
and heavy-fermion compounds, are of much experimental
and theoretical interest. In all these materials, unconventional
superconductivity is believed to emerge in the vicinity of a
quantum critical point, a zero-temperature continuous phase
transition. In addition, some of these materials host even more
exotic phases. The latter include the pseudogap phase in high
T, superconductors [1], an electronic-nematic state in iron-
based superconductors [2], and the mysterious “hidden order”
phase in the heavy-fermion compound URu,Si, [3]. These
phases are still poorly understood, and their possible relation
with unconventional superconductivity is a subject of much
theoretical debate.

From the experimental point of view, Ce-based heavy-
fermion materials are particularly suitable systems to inves-
tigate. In these compounds, the strength of the electronic
correlations can be tuned by pressure, doping, and magnetic
fields. Relatively small energy scales allow these materials
to be tuned to quantum critical points by accessible pres-
sures and magnetic fields. Unconventional superconductivity
and/or other unusual states are often observed in these sys-
tems in the vicinity of a quantum critical point.

CeRhlns is one of the best-studied heavy-fermion com-
pounds. It crystallizes in the tetragonal HoCoGas structure
(space group P4/mmm), which can be viewed as a stack
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of alternating layers of Celns and Rhln, along the ¢ axis.
The electronic specific heat coefficient, y ~ 400 mJ/K?mol,
makes CeRhlns a moderate heavy-fermion material [4-6].
At ambient pressure and zero magnetic field, it under-
goes an antiferromagnetic (AFM) transition at 7y = 3.8 K.
Within the AFM phase, the Ce moments are antiferromagnet-
ically aligned within the Celns planes. The moments spiral
transversally along the ¢ axis with a propagation vector Q =
(0.5, 0.5, 0.297) incommensurate with the crystal lattice [7].

A magnetic field applied in the basal plane of CeRhlns in-
duces two additional transitions, observed in specific heat [8],
thermal expansion, and magnetostriction measurements [9].
The lower temperature transition is first order. It occurs at
B,, ~ 2 T at low temperatures and corresponds to a change
of magnetic structure from incommensurate to commensu-
rate [10]. The higher temperature transition is second order.
It corresponds to a change of the ordered moment, while the
propagation vector, almost the same as in a zero magnetic
field [10], becomes temperature-dependent [11]. Both transi-
tions were traced up to 18 T in static field measurements [9].
More recently, specific heat measurements in pulsed fields
applied along the a axis revealed a nonmonotonic field depen-
dence of Ty [12]. The AFM transition temperature initially
increases up to about 12 T, and then decreases monotonically
all the way up to the critical field B, ~ 50T. In these mea-
surements, however, the two field-induced phases were not
observed. Therefore, the complete phase diagram for fields
along the a axis remains elusive.

When a magnetic field is applied along the ¢ axis, Ty
monotonically decreases until it is completely suppressed
at B, ~ 50T [12,13]. Surprisingly, the critical field for this
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orientation is approximately the same as along the a axis
in spite of a considerable crystallographic and magnetic
anisotropy of CeRhIns. On the other hand, the critical field
was extrapolated from specific heat measurements in pulsed
magnetic fields, while there is a difference between the results
obtained in pulsed [12,13] and static [6] fields.

The most interesting feature was observed in various mea-
surements at B* >~ 30 T for a field applied either along or
slightly tilted from the c axis [12,14-19]. While it was inter-
preted as a transition into an electronic-nematic state [15], the
exact origin and nature of this anomaly is still under debate.
Surprisingly, specific heat measurements have so far failed
to show a direct indication of this anomaly [6,12,13]. It is
thus still unclear whether the anomaly corresponds to a real
thermodynamic phase transition or a crossover.

The above mentioned inconsistencies and shortcomings
demonstrate a clear need to perform specific heat measure-
ments in high static fields to ascertain the quantum critical
point, complete the phase diagram for fields along the a axis,
verify the phase diagram along the ¢ axis, and seek a direct
evidence for the enigmatic novel state at B*.

In this paper, we report high-field low-temperature specific
heat measurements on a single crystal of CeRhIns. The mea-
surements were performed in static fields up to 36 T for field
orientations both along the a and ¢ axes. For a field applied
along the a axis, we observed all the previously reported tran-
sitions and traced them to higher fields. For a field along the ¢
axis, we observed the so far elusive anomaly at B* in addition
to the AFM transition. Based on these features observed in
specific heat, we propose a revision of the magnetic phase
diagram of CeRhIns for both principal orientations of the
magnetic field.

II. EXPERIMENTAL DETAILS

The high-quality single crystal of CeRhIns with the di-
mensions of 1.3 x 0.8 x 0.2 mm? (the length of the sample
is parallel to the ¢ axis) and a mass of 1.55 mg used in the
present study was grown by the In-self-flux technique, details
of which can be found elsewhere [20]. Specific heat measure-
ments were performed in static magnetic fields to 36 T by
either a thermal relaxation technique at constant field or AC
technique at constant temperature [21].

III. RESULTS AND DISCUSSION

Figure 1(a) shows specific heat divided by temperature,
C/T, obtained from relaxation measurements for a magnetic
field applied along the a axis. For this field orientation, apart
from the AFM transition at T}y, there are two additional field-
induced transitions at 77 and 75, as shown in Fig. 1(b). The
transition at 7; manifests itself by a sharp §-like peak charac-
teristic of a first-order transition. The transition at 7, appears
as a A-type anomaly typical for a second-order transition. This
transition is observed only at low fields, as shown in Fig. 1(b).
In agreement with previous reports, Ty initially increases up
to about 10 T, and then decreases monotonically up to the
highest field of our measurements. The transition tempera-
ture 77 shows a similar trend. Above 3 T, 7} increases up to
about 12 T, and then starts to decrease. Its suppression rate,
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FIG. 1. Specific heat divided by temperature, C/T, of CeRhlns
for a magnetic field applied along the a axis. (a) C/T as a function of
T obtained from relaxation technique for several values of a magnetic
field. Curves are vertically shifted according to the magnetic field
scale shown in the right axis. A zoom at low and high fields is shown
in (b) and (c), respectively. (d) Total specific heat, C, obtained from
field sweeps using the AC technique.

however, is slower than that of 7y. With increasing field,
the two transitions approach each other. At 28 T, the two
transitions are barely distinguishable, and at 30 T only the
transition at 7Ty remains, as shown in Fig. 1(c).

All the transitions are also observed in measurements using
the AC technique, as shown in Fig. 1(d). In particular, the
curve obtained at 3.4 K, shows four phase transitions. Interest-
ingly, while the low-field transition at BY manifests itself as a
sharp peak, its high-field counterpart at B! appears as a rather
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FIG. 2. Magnetic phase diagram of CeRhlns obtained from re-
laxation (circles) and AC (triangles) specific heat measurements for
a field applied along the a axis. Closed and open symbols correspond
to second- and first-order transitions, respectively.

smeared anomaly, although it is also a first-order transition.
This is not surprising considering that standard AC calorime-
try models are based on steady-state measurements, which
is not the case for a first-order phase transition due to the
involvement of latent heat. Therefore, a first-order transition
does not always manifest itself as the canonical §-like feature.
The shape, and even the presence, of an anomaly depends on
the latent heat associated with the transition. On the other
hand, a second-order transition always manifest itself as a
distinct A-like anomaly, which is, indeed, the case for the two
known second-order transitions at B, and By.

The resulting magnetic field temperature, B — T, phase
diagram for field along the a axis is shown in Fig. 2. It con-
tains three different antiferromagnetic phases labeled AFM1,
AFM2, and AFM3. The magnetic structure of all three phases
was previously determined by neutron diffraction [10,11]. The
zero-field phase AFM1 corresponds to an incommensurate
antiferromagnetic spin helix with a propagation vector Q =
(0.5,0.5,0.297). The AFM2 phase is an incommensurate
elliptical helix with strongly modulated magnetic moments
and a temperature-dependent propagation vector. The AFM3
phase is a commensurate collinear square wave (“up-up-
down-down” configuration) with a propagation vector Q =
(1/2,1/2,1/4). All three phases meet at a triple point inside
the AFM phase at (3 T, 3.4 K). The AFM2 phase exists
only in a narrow temperature range close to Ty. This range
shrinks with increasing magnetic field until the AFM2 phase
is completely suppressed at ~30 T, giving rise to yet another
triple point. Remarkably, this field is about the same as B*, at
which the putative electronic-nematic phase emerges for fields
close to the ¢ axis. Above 30 T, only the commensurate phase
AFM3 exists up to the complete suppression of the AFM or-
der. A naive quadratic fit of Ty vs B reveals a critical field B, ~
54 T, in agreement with previous pulsed field results [12].

Figure 3 shows the temperature dependence of the specific
heat divided by temperature, C/T, obtained using the relax-
ation technique at different magnetic fields applied along the ¢
axis. For this orientation of the magnetic field, Ty is gradually
suppressed, consistent with previous reports [6,12,13]. This
is the usual behavior observed in AFM heavy-fermion com-
pounds. However, we observed a nonmonotonic behavior of

C/T (J/K’mol)

Temperature (K)

FIG. 3. C/T of CeRhIns for a magnetic field applied along
the ¢ axis obtained from temperature sweeps using the relaxation
technique.

the specific heat jump at the AFM transition. With increasing
field, the jump size gradually increases up to 27 T, above
which there is a small abrupt drop. The jump size then remains
almost constant between 29 and 35 T, the highest field of our
measurements. A similar behavior was also observed in the
previous studies [8,13]. This unusual behavior indicates that
there might be a change in the AFM state between 27 and
29 T.

The most remarkable result is obtained using the AC
technique with the field applied along the ¢ axis. For this
orientation, we observed a weak but distinct anomaly at B*,
as shown in Fig. 4(a). The exact position of the anomaly is
defined from the second derivative of the specific heat with
respect to the magnetic field, where the anomaly manifests it-
self as a small maximum, as shown in Fig. 4(b). This anomaly
was not observed in previous high-field specific heat measure-
ments.

We will now discuss a possible origin of the high-field state
above B* based on our findings. The presence of the specific
heat anomaly at B* implies that it is likely a real thermody-
namic phase transition rather than a crossover, contrary to
what was previously suggested [16]. The latter suggestion,
however, was based on magnetostriction measurements per-
formed in a magnetic field applied at 20° from the c¢ axis.
Furthermore, the anomaly we observe at B* does not have
the characteristic A-like shape of a second-order phase tran-
sition contrary to those at B, and By in Fig. 1(d). Therefore,
the anomaly observed at B* most likely corresponds to a
first-order phase transition. Moreover, it is thermodynamically
forbidden that three second-order phase boundary lines meet
at a triple point [25]. This further supports our hypothesis
that B* is a first-order phase transition. Finally, the anomaly
at B* is observed only within the AFM state, in agreement
with previous reports [12,14—-16,18]. Based on this, the most
natural explanation of the phase transition at B* is a change of
magnetic structure. Previous high-field NMR measurements
unambiguously suggest that the AFM phases both below and
above B* are incommensurate [17]. Therefore, B* should
correspond to a transition from one incommensurate phase,
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FIG. 4. (a) Specific heat of CeRhlIns for a magnetic field applied
along the c¢ axis obtained from field sweeps using the AC technique.
Curves are vertically shifted for clarity. (b) Second derivatives of the
heat capacity shown in (a) with respect to a magnetic field. Arrows
indicate the AFM transition and the anomaly at B*.

AFM]1, to another phase incommensurate along the ¢ axis,
AFM4, with a propagation vector Q = (0.5, 0.5, /), where [
is different from 0.297 of the AFM1 phase.

This hypothesis is consistent with previous reports. Indeed,
the previously observed resistivity jump at B* [14,15,19] can
be naturally accounted for by a metamagnetic spin reorienta-
tion, as we suggest here. The only previously reported result,
which is difficult to reconcile with our hypothesis, is that a
Fermi surface reconstruction corresponding to the delocaliza-
tion of the f electrons occurs at B* [12,26]. This conclusion,
however, was challenged by recent angular-dependent de
Haas—van Alphen effect measurements, which suggest that the
f electrons in CeRhlns remain localized up to fields higher
even than B, [27].

Figure 5 shows the revised magnetic phase diagram of
CeRhlns for a field applied along the ¢ axis. The field depen-
dence of Ty obtained from our static-field measurements is
consistent with that previously reported, based on the pulsed-
field data [13]. A fit of the data to the Ty(B) = Tyol[l —
(B/B.)?] expression, where Ty is Ty at a zero field, reveals
a critical field B, ~ 52 T. This value is in agreement with
that previously reported [12]. The transition at B* is weakly
temperature-dependent in agreement with previous measure-
ments [12,14-16,18]. As was already discussed above, we
suggest that this first-order transition separates two different
incommensurate magnetic phases.

We note that the situation is entirely different when a mag-
netic field is tilted from the c axis. First, a finite component
of a magnetic field in the basal plane explicitly breaks the C4
rotational symmetry. Even more important is that at angles
bigger than 2°, the transition from incommensurate AFMI1
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FIG. 5. Magnetic phase diagram of CeRhlns obtained from re-
laxation (circles) and AC (triangles) specific heat measurements.
Closed symbols correspond to second-order transitions from AFM
to PM phase. Open symbols indicate the anomaly at B*, which
presumably corresponds to a weakly first-order transition.

phase into the commensurate phase AFM3 occurs below
30 T [27]. Therefore, the transition at B* is from the com-
mensurate phase AFM3 to the incommensurate phase AFM4.
This is likely what was observed in recent ultrasound velocity
measurements [18]. In these measurements, the anomaly ob-
served at 20 T at the AFM1-AFM3 transition is very similar to
that observed at B* ~ 30 T. Furthermore, the magnetostriction
anomaly observed at B* in a magnetic field tilted by about 20°
from the ¢ axis is similar to that observed at 7.5 T, where it
corresponds to the AFM1-AFM3 transition.

IV. CONCLUSIONS

In summary, we performed specific heat measurements in
CeRhlIns in static fields up to 36 T applied both along the a
and the ¢ axis. For the field along the a axis, we confirmed
the previously established rich phase diagram and extended it
to higher fields. For the field along the ¢ axis, we observed
a distinct anomaly at B* >~ 30 T, suggesting that a real ther-
modynamic phase transition, probably weakly first order, is
likely to take place at this field. We suggest that this transition
is from the low-field incommensurate magnetic structure to
another incommensurate phase, characterized by a different
propagation vector. High field inelastic neutron scattering
measurements are required to definitely confirm this hypoth-
esis. Such measurements, although very challenging, are now
possible due to the recent experimental breakthrough [28].
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