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Origin of the 30 T transition in CeRhlns in tilted magnetic fields
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We present a comprehensive ultrasound study of the prototypical heavy-fermion material CeRhlns, examining
the origin of the enigmatic 30 T transition. For a field applied at 2° from the c axis, we observed two
sharp anomalies in the sound velocity, at B,, &~ 20 T and B* =~ 30 T, in all the symmetry-breaking ultrasound
modes at low temperatures. The lower-field anomaly corresponds to the well-known first-order metamag-
netic incommensurate-to-commensurate transition. The higher-field anomaly takes place at 30 T, where an
electronic-nematic transition was previously suggested to occur. Both anomalies, observed only within the
antiferromagnetic state, are of similar shape, but the corresponding changes of the ultrasound velocity have
opposite signs. Based on our experimental results, we suggest that a field-induced magnetic transition from
a commensurate to another incommensurate antiferromagnetic state occurs at B*. With further increasing the
field angle from the ¢ axis, the anomaly at B* slowly shifts to higher fields, broadens, and becomes smaller in
magnitude. Traced up to 30° from the c axis, it is no longer observed at 40° below 36 T.

DOI: 10.1103/PhysRevB.103.165124

I. INTRODUCTION

Unusual magnetic-field-induced transitions have recently
become a matter of considerable interest in strongly corre-
lated electron systems. In some heavy-fermion compounds,
intermetallic materials based on rare earths or actinides,
such transitions are rather exotic in nature. Among them are
field-induced quantum critical points [1,2], field-induced or
reinforced unconventional superconductivity [3-5], and Lif-
shitz transitions [6—8]. Understanding the mechanisms and the
origins of such transitions is of primary importance in modern
condensed matter.

CeRhlns, although discovered barely two decades ago [9],
is one of the best studied heavy-fermion materials. This com-
pound crystallizes into a tetragonal HoCoGas type crystal
structure (space group 123, P4/mmm) shown in Fig. 1(a).
CeRhlIns undergoes an antiferromagnetic (AFM) transition at
Ty = 3.8 K. The zero-field magnetic structure, AFM1, shown
in Fig. 1(b), is incommensurate (IC) with propagation vector
Qic =(1/2,1/2,0.297) [10,11]. The Ce magnetic moments
are antiferromagnetically aligned within the basal plane and
spiral transversally along the c axis.

At low temperatures, when a magnetic field B is applied in
the basal plane, a first-order transition occurs at B,, >~ 2 T. The
transition corresponds to a change of magnetic structure from
IC AFMI to commensurate (C) AFM3 with the propagation
vector Qc = (1/2,1/2,1/4) [12,13]. It is a collinear square
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configuration with “up-up-down-down” alignment. The mag-
netic moments are antiferromagnetically aligned in the basal
plane along the direction perpendicular to the magnetic field,
as shown in Fig. 1(c). When the magnetic field is tilted away
from the basal plane, B, shifts to higher fields and follows
the 1/cos« dependence (« is the field angle from the basal
plane) up to about 75°-80°. At higher angles, however, B,
deviates from a 1/ cos o dependence towards lower fields. The
transition was traced up to 6 = 2° from the ¢ axis (¢ = 88°),
where it occurs at B,, = 20 T [14].

Recent results obtained in high magnetic fields applied
along or close to the c axis suggest a remarkably novel behav-
ior in CeRhIns. The AFM order is suppressed at B, >~ 50 T
giving rise to a field-induced quantum critical point [15,16].
Furthermore, Moll et al. [17] reported an observation of a
hysteretic jump in the in-plane resistivity of CeRhIns mi-
crostructures fabricated by focused ion beam (FIB) at B* =~
30 T applied along or close to the ¢ axis. Later on, these
experiments were advanced, allowing for simultaneous mea-
surements of the in-plane resistivity along the [100] and [010],
as well as along the [110] and [110] directions [18]. These
measurements revealed a strong in-plane resistivity anisotropy
within each of the two inequivalent symmetry channels By,
([100], [010]) and B», ([110], [lTO]), which emerges above
B* ~ 30 T tilted from the ¢ axis towards the [100] and [110]
directions, respectively. This electronic anisotropy was inter-
preted in terms of an electronic-nematic transition. To the
best of our knowledge, these results, however, have not been
reproduced on bulk samples so far.

©2021 American Physical Society
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FIG. 1. (a) Crystal structure of CeRhlns. Magnetic structure of
CeRhlns (b) in zero magnetic field (IC) and (c) in a magnetic field
higher than 2 T applied along the [100] direction (C). Arrows indicate
the orientation of the magnetic moments. Only Ce atoms are shown
in (b) and (c) for clarity. (d) Schematic illustration of the symmetry
strains, &;;, induced by different ultrasound modes for a tetragonal
crystal structure. For each mode, the propagation (k) and polariza-
tion () directions are shown by arrows. The associated irreducible
representations are shown in brackets.

For a long time, all the attempts to detect an anomaly at B*
in various measurements on bulk single crystals remained in-
effective. In particular, no noticeable anomaly was observed at
B* in longitudinal magnetization [19] or reported in magnetic-
torque data [17,18]. It is only very recently that a small
magnetostriction anomaly was observed at B* in a magnetic
field applied at ~20° from the ¢ axis [20]. The anomaly is sim-
ilar in shape and size to the one at B,,, which occurs at about
7.5 T for this field orientation. Furthermore, recent high-field
nuclear magnetic resonance (NMR) measurements revealed a
pronounced decrease in the ''*In Knight shift at B* for B || ¢
[21]. These NMR measurements also suggest an IC magnetic
structure of CeRhIns above B*. Both the magnetostriction
anomaly and the change of the NMR Knight shift at B* were
interpreted as a signature of enhanced hybridization between
the 4 f and conduction electrons. This interpretation is in line
with the conclusion of an earlier work, which suggests that
the Ce f electrons, localized at low fields, become itinerant
above B* [15,22]. This scenario, however, was later ruled out
by high-field angular-dependent de Haas-van Alphen (dHVA)
effect measurements, which demonstrated that the f electrons
remained localized not only above B* but also above B, [14].
Finally, a specific-heat anomaly has recently been observed
at B* for B || c, suggesting that a true thermodynamic phase
transition, probably weakly first order, takes place at B* [23].

The exact origin of the transition at B*, especially in bulk
crystals, remains, therefore, an important open question. One
way to address this issue is via ultrasound-velocity measure-
ments, which are a powerful tool to detect phase transitions
since ultrasound waves readily couple with electronic, mag-
netic, and structural degrees of freedom. Moreover, different
ultrasound modes, characterized by different propagation di-
rections and polarization, induce different symmetry-breaking
strains in the crystal, as schematically shown in Fig. 1(d) for a
tetragonal crystal structure. This, in turn, allows for the deter-
mination of the order-parameter symmetry in a phase as well
as identification of broken symmetries at a phase transition.

Previous ultrasound velocity measurements performed in
pulsed magnetic fields slightly tilted from the ¢ axis revealed
clear anomalies at both B,, ~ 20 T and B* =~ 30 T [24]. The
latter was observed in the Cr = (Cj; — Ci2)/2 mode only,
which induces the symmetry strain &, — &, associated with
the irreducible representation By,. This strain breaks the C4
symmetry [Fig. 1(d)]. Another strain, which breaks the Cy
symmetry, is &,,. This strain, induced in the Cg mode, is
associated with the B, symmetry channel [Fig. 1(d)]. If
the anomaly at B* is attributed to the previously suggested
electronic-nematic transition [18], it is surprising that no
anomaly was observed in the Cg¢ and C;; modes. These in-
consistencies motivated us to re-examine the elastic response
of CeRhlns in high magnetic fields.

In this paper, we report high-resolution ultrasound-velocity
measurements in CeRhlns in high pulsed and static mag-
netic fields tilted away from the ¢ axis. We observed clear
field-induced anomalies at both B,, and B* in all symmetry-
breaking modes. This suggests that the transition at B* is bulk
in origin contrary to what was previously suggested. Both
anomalies are of similar shape, but of the opposite sign. Both
of them exist within the AFM state only. Furthermore, when
the magnetic field is tilted further away from the ¢ axis, the
anomaly at B* becomes broader and smaller in magnitude. It
was traced up to an angle tilted by 30° away from the ¢ axis.

II. EXPERIMENTAL DETAILS

High-quality single crystals of CeRhIns used in this study
were grown by the In-self-flux technique, details of which can
be found elsewhere [25]. Ultrasound velocity measurements
were performed in both pulsed (up to 60 T) and static (up to
36 T) magnetic fields. In pulsed fields, we used a “He flow
cryostat, while static-field measurements were performed in a
*He cryostat equipped with an in situ rotator. In both cases, the
measurements were performed using a pulse-echo technique
in transmission mode. A pair of piezoelectric transducers was
glued to opposite well-polished surfaces of the sample in
order to generate and detect acoustic waves. The ultrasound
frequencies and the absolute values of sound velocities at
4.2 K for different acoustic modes are given in Table 1.

For all modes except Cs3, the orientation of the magnetic
field with respect to the ¢ axis was determined from the
position of the anomaly at B,,,, whose angular dependence was
established in the previous torque measurements [14]. For the
C33 mode, the orientation was determined from the frequen-
cies of the magnetoacoustic quantum oscillations, which were
compared to the previously established angular dependence
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TABLE I. Ultrasound frequencies and velocities at 7 = 4.2 K
for all measured acoustic modes. The error in ultrasound velocities
is estimated to be 80 m/s.

Cll CT C33 C44 Csf,
f (MHz) 115.6 134 104 173 105
v (m/s) 3514 2127 4484 2083 2016

of the de Haas-van Alphen (dHvA) frequencies [14]. The
oscillatory frequencies also allowed us to double check the
field angle in other modes, in which the magnetoacoustic
oscillations were strong enough.

III. RESULTS AND DISCUSSION

Figure 2 shows low-temperature relative ultrasound ve-
locity, Av/v, as a function of B applied close to the ¢ axis
for several ultrasound modes. Two distinct anomalies are ob-
served at B,, ~ 20 T and B* ~ 30 T in all symmetry-breaking
modes, i.e., Ci1, Cu, Cgs, and Cr. Both anomalies are ab-
sent in the C33 mode, which does not break any tetragonal
symmetry.
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FIG. 2. Field dependence of the relative ultrasound-velocity vari-
ation, Av/v, for the Cy; (a), Cr = (C; — C12)/2 (b), Cs3 (c), Cyq (d),
and Cg (e) modes at 7 >~ 1.4 K. The ultrasound frequencies for all
modes are given in Table 1. The field was applied at 2° from the
¢ axis for all modes, except for the Cs3 mode, where the angle was
4°. Arrows indicate the anomalies at B,,, B*, and B,, discussed in the
text. For all the modes, the ultrasound propagation k and polarization
u directions are indicated.
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FIG. 3. Field dependence of the relative ultrasound-velocity vari-
ation, Av/v, for the (C; + Ci2)/2 mode at T ~ 1.4 K, calculated
from the Cy; and Cy data shown in Figs. 2(a) and 2(b), respectively,
as explained in the text. The field was applied at 2° from the ¢ axis.
Dashed lines indicate B,, and B* observed in the symmetry-breaking
modes.

The non-symmetry-breaking (Ci; 4+ Ci2)/2 mode related
to the &, + ¢,y strain belonging to the A, representation
cannot be measured directly using the pulse-echo tech-
nique. The relative ultrasound velocity variation for this
mode was, therefore, obtained from the Cy; and Cr data.
First, the absolute values of the zero-field elastic constants
were calculated as Cy = pv? using the ultrasonic veloci-
ties v given in Table I and the density p = 8.316 g/cm?.
Then, the field-dependent elastic constant variations were
calculated as AC(B) = 2%(3)&) using the measured field
dependence of Av/v for both C;; and C;y modes, shown in
Figs. 2(a) and 2(b), respectively. Since (Cy; + C12)/2 = C; —
Cr and A(Cy; + C12)/2 = ACy — ACr, the field dependence
of AC/C for the (Cy; + Cj2)/2 mode was obtained. Finally,
the relative ultrasound velocity variation was calculated as
Av/v = (AC/C)/2.

The resulting velocity variation for the (Cy; + C}»)/2 mode
is shown in Fig. 3. Here, the line thickness represents the
resulting error due to the uncertainties in the determination
of the ultrasound velocities for the C;; and Cr modes. One
can see that, similar to the C33 mode, the (Ci; 4+ Ci2)/2
mode does not show any apparent anomalies within the
experimental error.

As mentioned above, both anomalies in the symmetry-
breaking modes have a similar shape, but the corresponding
changes of Av/v are of opposite sign. In the Cj; and Cr
modes, the anomalies at B,, and B* appear as a sharp de-
crease and increase of the ultrasound velocity, respectively.
These anomalies are remarkably similar to those previously
observed in other compounds, in which field-induced spin-
reorientation transitions occur [26-30]. In the Cy and Cgg
modes, both characteristic fields result in similar but some-
what reduced features. Another anomaly, a minimum in Av /v
versus B, is clearly visible at B, ~ 44 T in the C{; mode. This
anomaly was also observed in the previous ultrasound study,
where it was interpreted as a transition (or crossover) into the
polarized paramagnetic state [24].
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The anomaly at B,, corresponds to the well-known first-
order metamagnetic transition, where the magnetic structure
changes from the IC AFM1 to the C AFM3 phase, as schemat-
ically shown in Fig. 1. Since the transition is of the first
order, it is not surprising that it manifests itself in most of
the ultrasound modes.

Regarding the transition at B*, its observation in all
symmetry-breaking modes suggests that the transition is prob-
ably also of the first order, in agreement with recent specific
heat measurements [23]. As mentioned, the anomalies at B,,
and B* have similar shapes but opposite signs. It is, there-
fore, natural to conclude that both transitions are of the same
origin, i.e., that the transition at B* corresponds to another
field-induced change of the magnetic structure, this time from
the C AFM3 to an IC AFM4 phase. This conclusion is in line
with previous NMR results, which unambiguously suggest an
IC phase above B* [21].

The above hypothesis regarding the origin of the transition
at B* is further supported by the measurements performed at
different temperatures, as shown in Fig. 4 for the Cy; (a), Cr =
(C11 — C12)/2 (b), Cyy4 (c), and Cgg (d) acoustic modes. In all
cases, the magnetic field was applied at 6 ~ 2°. The data for
the Cr mode [Fig. 4(b)] were obtained in static fields. All the
other curves were measured in pulsed magnetic fields.

The anomalies at both B,, and B* remain sharp up to
the highest temperature, at which they were observed. The
anomaly at B,, is observed up to higher temperatures than
its counterpart at B*. Both anomalies are almost temperature
independent at low temperatures. At temperatures approach-
ing the antiferromagnetic phase boundary (~2.5 K for B,, and
~2.4 K for B*), B,, and B* shift to slightly higher and lower
field, respectively.

Both anomalies from all the measurements are traced in
the resulting phase diagram together with the AFM boundary
from the previous specific-heat results [23] (see Fig. 5). In
agreement with previous reports [18,20,24], both anomalies at
B,, and B* are observed within the AFM state only, suggesting
that both transitions are related to the magnetic properties
of CeRhIns. This assumption is strongly supported by the
presence of clear anomalies, both at B,, and B*, in magnetic
torque divided by field, /B, shown in Fig. 6.

Next, we discuss the angular dependence of the transition
fields B,, and B*. The latter was obtained from measurements
of the C7 mode, where both anomalies are most pronounced.
The field dependence of Av/v for different angles 6 from
[001] towards the [110] direction is shown in Fig. 7(a). At 2°,
both anomalies manifest themselves as sharp steps [Fig. 7(b)].
With increasing angle, both features progressively become
smaller. While the anomaly at B,, remains sharp, the one at
B* broadens with increasing angle, as evidenced by a pro-
gressive small increase of the FWHM of the first derivative
shown in the inset of Fig. 7(d). This probably implies that
the transition at B* at small angles changes to a crossover at
larger angles. This assumption is supported by recent specific-
heat [23] and magnetostriction [20] measurements. While the
specific heat, performed in magnetic fields applied parallel
or very close to the ¢ axis, suggests a phase transition, the
magnetostriction, performed in fields tilted by ~20°, suggests
a crossover at B*. The anomaly at B,, is easily traceable all
the way up to 40°, while its counterpart at B* is still present
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FIG. 4. Relative variation of the ultrasound velocity as a function
of magnetic field at different temperatures for the (a) Cyy, (b) Cr =
(Cy1 — C12)/2, () Cy4, and (c) Cge acoustic modes. The magnetic
field was applied at 6 >~ 2°. Curves are vertically shifted in (a), (c),
and (d) for clarity.

at 30°, but is no longer visible at 40°, where the curve is
completely dominated by strong low-frequency quantum os-
cillations [Fig. 7(c)]. The angular dependence of the anomaly
at B* is strikingly different from that observed in resistivity
measurements on FIB-fabricated microdevices [17,18], where
the resistivity jump at B* remained sharp all the way up
to 60°, the highest angle to which it was traced. The size
of the jump showed a nonmonotonic behavior with a maxi-
mum at about 20° from the ¢ axis. This difference between
bulk samples and microfabricated devices is probably due to
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FIG.5. B—T phase diagram of CeRhlns obtained from the
ultrasound-velocity anomalies observed in all modes. Triangles cor-
respond to the AFM to paramagnetic (PM) transition from Ref. [23].
AFM1 and, presumably, AFM4 are IC phases with different prop-
agation vectors. AFM3 is the C phase discussed in the text. PPM
stands for the polarized paramagnetic phase. The solid line is a fit
of Ty(B) = Ty(0)[1 — (B/B.)?*] to the Néel temperature, with B, ~
52 T. Dashed lines are guides for the eye.

uniaxial stresses or strains inevitably present in FIB-fabricated
devices [31]. CeRhIns seems to be very sensitive to uniaxial
strains, especially to orthorhombic strains, as evidenced by
a particularly large size of the anomalies in the Cr mode.
Furthermore, previously reported NQR measurements on bulk
and powder samples of CeRhlns suggest that even small
strains (or stresses) change the zero-field magnetic structure
from IC to C [32]. Additional measurements under uniaxial
stress (or strain) at high magnetic fields on bulk samples are
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| 1 | 1 | 1 | 1

15 20 25 30 35
Magnetic field (T)

FIG. 6. Magnetic torque divided by field, t/B, vs B applied at
6 = 2° from [001] towards the [110] direction at T = 30 mK.
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FIG.7. (a) Av/v for the C; mode as a function of B
applied at different angles, 6, from the ¢ axis at T = 1.25 K. Curves
are vertically shifted for clarity. (b) and (c) show the curves at
the two smallest and largest angles of our measurements, respec-
tively. (d) The angle dependence of the transition fields B, and
B* determined from the minima (maxima) of the first derivative,
d(Av/v)/dB, an example of which is shown in the inset. The solid
line is a 1/ cos(90° — ) fit to the data above 10°. The dashed line is
a guide for the eye.

required to elucidate the role of the uniaxial stress in previous
transport measurements on CeRhIns microstructures [17,18].
The resulting angular dependence of both B,, and B* is
shown in Fig. 7(d). In agreement with previous results [14],
B,, is strongly angle dependent. It is well fit by 1/ cos(90° —
6) down to about 10° from the ¢ axis but deviates at lower
angles. B*, on the other hand, is only weakly angle dependent.
It increases approximately linearly all the way from 2° to
about 30°, above which it either disappears or shifts to beyond
36 T. The remarkable difference between the two angular
dependencies is probably due to different magnetic moment
arrangements in the vicinity of the two transitions. While the
moments are aligned in the basal plane in the vicinity of B,,,
they are probably tilted towards the ¢ axis close to B*.
Finally, we comment on the magnetoacoustic quantum
oscillations. In agreement with the results of the previous
high-field ultrasound study of CeRhIns [24], we observed
strong low-frequency magnetoacoustic quantum oscillations
in the C;y mode between B,, and B*, as shown in the inset
of Fig. 8. In this mode, these oscillations with a frequency
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FIG. 8. Fast Fourier transform (FFT) spectra of the magnetoa-
coustic quantum oscillations in the Cr mode (shown in the inset)
both below and above B*. A nonoscillating background was sub-
tracted prior to performing the FFTs. The FFTs were performed over
equidistant 1/B ranges indicated by rectangles in the inset.

denoted A (F4 ~ 0.6 kT) disappear above B*, as shown
in Fig. 8, also in agreement with the previous study. This
experimental result was interpreted as evidence of a possi-
ble Fermi-surface reconstruction at B* in the previous work
[24]. Similarly, additional oscillatory frequencies emerging
above B* were observed in the dHvVA effect [15,22] and
magnetostriction [20]. The appearance of these additional
frequencies was discussed in terms of the Fermi-surface re-
construction at B* due to f-electrons delocalization [15,22].

In Ref. [24], quantum oscillations were observed in the
Cr mode only, and only between B,, and B*. In our ex-
periments, on the contrary, we observed magnetoacoustic
quantum oscillations in all modes both in static and pulsed-
field measurements. Furthermore, the oscillations are the
strongest in the C33 mode.

Figure 9(a) shows the field dependence of the ultrasound-
velocity variation in the C3;3 mode measured in pulsed
magnetic fields. Since the anomalies at B, and B* are not
observed in this mode, we also show a similar curve in the
Cr mode as a reference. The oscillations with frequency A
are clearly visible in Cs3, both below and above B*, even
without subtracting a background. The presence of the fre-
quency A above B* is confirmed by performing the FFT on the
background-subtracted data. The corresponding FFT spectra
below and above B* are shown in Fig. 9(b).

Our static-field data in the C33 mode obtained at lower
temperatures, an example of which is shown in the inset of
Fig. 10, reveal many more quantum-oscillation frequencies.
Some of the frequencies are clearly visible at as low field
as 5 T. After subtracting a nonoscillating background from
the data shown in the inset of Fig. 10, we performed FFTs
over small equidistant 1/B ranges to keep the same frequency
resolution. The resulting field dependence of the FFT spectra
is shown in Fig. 10, where the field corresponding to the tran-
sition at B* is highlighted. It is clear from this FFT analysis
that no frequencies emerge or disappear above B*. This is in
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FIG. 9. (a) Field dependence of the relative ultrasound-velocity
variation for the modes Cs3 and Cr with the field applied at 6 = 4°
and 2°, respectively. (b) FFT spectra of the magnetoacoustic quantum
oscillations in the C;3 mode from (a), both below and above B*.
A nonoscillating background was subtracted prior to performing
the FFTs. The FFTs were performed over equidistant 1/B ranges
indicated by rectangles in (a).
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FIG. 10. FFT spectra of the static-field magnetoacoustic quan-
tum oscillations, obtained by subtracting a nonoscillating back-
ground from the Av/v vs B curve in the C53 mode shown in the inset,
with B tilted by 4.5° from the ¢ axis. The FFT spectra are obtained
over the same 1/B range. For the bottom curve, the range is from
Bpin = 10 T to By = 10.71 T (B, = 10.34 T). For each successive
curve, By, is increased by 1 T up to 20 T, and by 0.5 T from there
on. Curves are vertically shifted for clarity.
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agrement with the results of our recent angle-dependent dHVA
study [14]. However, some of the dHVA frequencies observed
at high fields in our previous study [14] are not observed in
our ultrasound-velocity data.

IV. CONCLUSIONS

In summary, we performed high-field ultrasound-velocity
measurements on bulk single crystals of CeRhIns. For a mag-
netic field slightly tilted away from the ¢ axis, we observed
distinct ultrasound-velocity anomalies at both B,, >~ 20 T and
B*~30 T at low temperatures in all symmetry-breaking
modes, i.e., Ci1, Cy, Co, and Cr. In all these modes, the
anomalies are of similar shape but of opposite sign at B,, and
B*. Both anomalies are absent in the symmetry preserving
C33 mode. Furthermore, our temperature-dependent measure-
ments reveal that both anomalies exist within the AFM
state only. Given that the transition at B,, corresponds to a
change of magnetic structure from IC below B, to C above

B,,, we argue that the transition at B* is of the same origin,
i.e., from the C phase below B* to a new IC phase above it.
This makes CeRhIns one of the rare compounds, in which
the application of a high magnetic field induces a C to IC
transition. High-field neutron diffraction measurements would
be of interest to definitely confirm our hypothesis.
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