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Evidence for a New Magnetic Field Scale in CeColn;
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The Nernst coefficient of CeColns displays two distinct anomalies in magnetic field. The feature
detected at Hx ~ 23 T is similar to what is observed in CeRu,Si, at H,, = 7.8 T where a metamagnetic
transition occurs. In CeColns, new frequencies are observed in de Haas—van Alphen oscillations when the
field exceeds 23 T where the Dingle temperature decreases by about 30%. Based on the Nernst coefficient
anomalies, the magnetic phase diagram of CeColns is revised.
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Heavy-fermion (HF) compounds [1] display a dazzling
variety of physical phenomena. The ‘“‘non-Fermi-liquid”
behavior emerging in the vicinity of a magnetic quantum
critical point (QCP), associated with a continuous phase
transition at zero temperature, has recently attracted much
attention [2]. The case of the HF superconductor CeColns
[3] is intriguing. Magnetic field alters the normal-state
properties of this compound in a subtle way. In zero field,
CeColns displays neither a T2 resistivity nor a T-linear
specific heat (standard features of a Landau Fermi liquid)
down to the superconducting (SC) transition. When super-
conductivity is destroyed by pressure [4] or magnetic field
[5,6], the Fermi-liquid state is restored. In the latter case,
the field-tuned QCP identified in this way is pinned to the
upper critical field, H,,(0) of the SC transition [7,8], which
becomes first order at very low temperatures [9]. This is
unexpected because quantum criticality is often associated
with the destruction of magnetic order. The possible ex-
istence of a magnetic order with a field scale close to H,,
and accidentally hidden by superconductivity has been
speculated [6].

Comparing CeColns with the well-documented case of
CeRu,Si, [10,11] is instructive. In CeRu,Si, a metamag-
netic (MM) transition occurs at H,, = 7.8 T: the magneti-
zation jumps from 0.6y to 1.2 in a narrow window
(AH,, = 0.04 T at the T = 0 limit). The passage from an
antiferromagnetically (AF) correlated state below H,, to a
polarized one dominated by local fluctuations above is
accompanied by a sharp increase of the quasiparticle
mass in the vicinity of H,, which is thus akin to a field-
tuned QCP. New de Haas—van Alphen (dHvA) frequencies
were detected above H,, [12].

We report on two sets of studies which indicate that the
effect of the magnetic field on the normal-state properties
of CeRu,Si, and CeColns shares common features. The
measurements of the Nernst coefficient and dHvA effect
provide compelling evidence that close to Hy ~ 23 T the
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electronic properties are modified. Therefore, at the T = 0
limit, CeColns appears to display at least two distinct field
scales.

Single crystals of CeColns were grown by a self-flux
method. Thermoelectric coefficients were measured using
a one-heater-two-thermometer setup. dHvA measurements
were performed using a rotating cantilever torquemeter.

We begin by presenting the field dependence of the
Nernst coefficient of CeRu,Si,, which demonstrates the
sensitivity of this probe. The upper panel of Fig. 1 shows

the field dependence of the Nernst signal (N = VE =) in

CeRu,Si,. Around the MM transition field, H,, = 7.8 T,
N abruptly changes sign. The field dependence of the
Nernst signal presents additional structure. The lower
panel of Fig. 1 shows the field dependence of the dynamic
Nernst coefficient, v = %, at 22 K. It presents two
anomalies just below and above H,,: a sharp minimum at
~8.2 T and a smaller maximum at 7 T. The inset shows the
temperature dependence of these two anomalies which
closely follow the lines of the phase diagram of
CeRu,Si,. These are crossover lines which represent
anomalies detected by specific heat [13,14] and thermal
expansion [15] measurements.

The case of CeRu,Si, shows how sensitively the Nernst
signal probes metamagnetism. This is presumably due to
its relationship with the energy dependence of the scatter-
ing rate [the so-called Mott formula: v = W;IZ%T (@)=, 1.
Let us now focus on the case of CeColns. The first study of
the Nernst effect in this compound found a very large zero-
field Nernst coefficient emerging below T* ~ 20 K [16].
Below T, resistivity is linear in temperature [3,5,17], the
Hall coefficient is anomalously large [17,18], the thermo-
electric power is anomalously small [16], and the elec-
tronic specific heat rises rapidly with decreasing
temperature [3,6]. All these anomalous properties gradu-
ally disappear when a magnetic field is applied. In particu-
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FIG. 1. Upper panel: field dependence of the Nernst signal in

CeRu,Si, for selected temperatures. Lower panel: the Nernst
coefficient, defined as the derivative of the signal at T = 2.2 K.
The arrows show the position of a maximum and a minimum
close to H,,. The inset shows the position of these anomalies
(triangles) in the B-T plane compared to those detected by
previous studies of thermal expansion [solid and empty circles
[15]] and specific heat [solid and empty squares [13,14]].

lar, the giant Nernst effect also gradually fades away in the
presence of a moderate magnetic field [16].

The field dependence of the Nernst coefficient in the 12—
28 T field range reveals new features emerging at even
higher magnetic fields. The B-T phase diagram of the
system is apparently more complicated than previously
suggested, and the field associated with the emergence of
the Fermi liquid close to H.,(0) (~5 T) is not the only
relevant field scale for CeColns.

Figure 2 presents the field dependence of the Nernst
signal, N, and its dynamic derivative, v, in a magnetic
field up to 28 T along the c axis. At the onset of super-
conductivity (T = 2.2 K), N rises rapidly as a function of
field at low fields. Thus, its derivative, v, is large (anomaly
no. 1). With the application of a moderate magnetic field,
the Nernst signal saturates and therefore v becomes very
small. Above 13 T, N suddenly increases again, rapidly
reaches a maximum, and then decreases. The field depen-
dence of N at T = 1.1 K follows the same pattern with all
field scales shifted to lower values. While opposite in sign,
the Nernst signal of the two compounds displays a similar
field dependence. This can be seen by plotting the absolute
value of N for both compounds as a function of B/B,,, with
B,, (22.5 T at 1.1 K for CeColns and 7.9 T at 2.2 K for
CeRu,Si,) corresponding to a magnetic field at which the
Nernst signal drastically decreases and changes sign. As
seen in the inset of the upper panel of Fig. 2, the compari-
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FIG. 2 (color online). Upper panel: field dependence of the
Nernst signal in CeColns for different temperatures. The inset
compares the field dependence of the Nernst coefficient as a
function of a normalized field in the two compounds. Lower
panel: the dynamic Nernst coefficient obtained by taking the
derivative of N. The curves for 1.1 K, 1.3 K, and 2.5 K were
shifted by a constant value. Arrows identify the three anomalies
discussed in the text. A sketch of the B-T phase diagram based
on these anomalies is shown in the inset.

son establishes the existence of a field scale at 22.5 T in
CeColns in close analogy to the one already detected in
CeRu,Si,. A lower-field scale associated with an opposite
and somewhat smaller change in the magnitude of N can
also be detected. These two features lead to anomalies
(no. 2 and no. 3) of opposite sign in plots of »(B) similar
to what was observed in CeRu,Si,.

However, contrary to the case of CeRu,Si,, the two
distinct field scales in CeColns do not tend to merge at
the 7 = 0 limit. The lower-field anomaly (no. 2) lies close
to the line already identified by the resistivity measure-
ments [5]. At T — 0, this line is very close to H(0)
(~5 T for B || ¢). The high-field anomaly (no. 3) identifies
another (almost horizontal) line in the B-T plane and yields
a second field scale ( ~ 23 T). A sketch of the B-T phase
diagram of CeColns is shown in the inset of Fig. 2.

High-resolution dHvA measurements provide further
evidence for the existence of the second distinct field scale
at Hg ~ 23 T in CeColns. Figure 3 shows the torque signal
at T = 40 mK as a function of field applied close to the ¢
axis. The anomalies observed at around 5 T correspond to
the suppression of superconductivity. There are no other
anomalies at higher field. This is in contrast with CePd, Si,,
where a MM transition at 9 T was established by torque
measurements [19]. However, an emergence of a new
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FIG. 3. Field dependence of the magnetic torque in CeColns
observed at 40 mK for three orientations of the magnetic field
close to the ¢ axis. The insets show the high-field oscillatory
torque signal after subtracting the nonoscillating background.

dHVA frequency is clearly seen above ~23 T and becomes
more obvious after subtracting the nonoscillating back-
ground (insets of Fig. 3). Fourier spectra of the dHvA
oscillations indicate that other frequencies also appear
above 23 T. This is another evidence of the second distinct
field scale at 23 T.

Figure 4 shows a comparison of the Fourier spectra of
the dHVA oscillations below and above 23 T for B at 0.5°
and 2.5° from the ¢ axis, the two orientations for which the
effective masses were determined. The frequencies F;, i =
1...5 are observed both below and above 23 T and are in
line with those found in the previous dHvA studies per-
formed at lower fields [20—23]. The frequencies F,, Fj,
F,, and F5 correspond to quasi-two-dimensional Fermi
surfaces (FS) that are well accounted for by the itinerant
f-electron band structure calculations [21,22].

Above 23 T, two new frequencies F, and F,, appear in
the oscillatory spectrum with B at 0.5° from the ¢ axis
[Fig. 4(b)]. Two more frequencies, F. and F';, are observed
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FIG. 4. Fourier spectra of the dHvA oscillations below [(a),(c)]
and above [(b),(d)] 23 T are compared for B at 0.5° [(a),(b)] and
2.5° [(c),(d)] from the ¢ axis. The new frequencies are denoted
by F with a letter index.

above 23 T applied at 2.5° [Fig. 4(d)]. Neither of the new
frequencies was observed in the previous lower-field dHvA
studies. The average effective masses over the field range
23-28 T corresponding to the new frequencies are strongly
enhanced being about 33m,, 49m, 18m,, and 24m, for F,,
F,, F., and F 4, respectively. The effective masses of all the
frequencies are field dependent. However, those of the
frequencies observed both below and above 23 T do not
show any anomalies at that field. The frequencies F, and
F, are field dependent themselves; F, decreases and F),
increases with field. This rules out the possibility of F)
being the second harmonic of F, though F;, = 2F,. The
frequency F, also decreases with field, but does not show
any anomaly at 23 T.

The frequency F, might correspond to one of the closed
orbits of the 15-electron band of the 4 f-itinerant band
structure calculations [21,22]. The other frequencies ob-
served above 23 T are difficult to reconcile with either
4 f-itinerant or 4f-localized calculations [22,24]. On the
other hand, F), is very close to the frequency A observed in
CeRhlns just above its critical pressure P, = 2.35 GPa
[25] and in CeColns under pressure [26]; F. and F,; are
located in the same frequency range where several new
frequencies were observed in CeRhlnjs just below P, [25].

The frequencies F, and F) exist only over a small
angular range close to the ¢ axis and might be due to a
magnetic breakdown. This is not the case for the frequen-
cies F, and F; which survive over a wide angular range
between the [001] and [100] directions. The angular de-
pendence of F, is very similar to those of F,, F3, and F;
the angular dependence of F, is analogous to that of Fi.
Therefore, F. and F,; are likely to originate from quasi-
two-dimensional FS.

Figure 5 shows the Dingle plot for several dHVA fre-
quencies; the field dependence of the corresponding effec-
tive masses was taken into account. The slope of the lines
determine the Dingle temperature given by Tp = 57—,
where 7 is quasiparticle scattering lifetime. T, is a measure
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FIG. 5. Dingle plot for the branches F,, F;,, F., F;, and Fy
with B at 2.5° from the ¢ axis. The Dingle temperatures of the
other branches are difficult to estimate because of either very
high effective masses or very close frequencies.
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of the degree of scattering of the quasiparticles. The slope
of the Dingle plot for the F, branch changes around 23 T
corresponding to a change of T, from 0.19 K below that
field to 0.14 K above it. A similar change of the Dingle plot
slope was observed at ~40 T in YbAI; where it was argued
to arise from the renormalization of the quasiparticle states
by the field [27]. A strong anomaly in the Dingle plot was
also observed in CeRu,Si, in the immediate vicinity of the
MM transition [28].

The Dingle temperatures of F,, F., and F; are higher
than that of F, (Fig. 5). If these Dingle temperatures also
increase by about 30% below 23 T, the corresponding
oscillations would be beyond the detection level of present
measurements. Therefore, we cannot distinguish whether
the new frequencies observed above 23 T result from a
topological change of the FS or from a change of Tp,. High-
field specific heat measurements suggest ~50% decrease
of the low temperature specific heat coefficient at 28.5 T
compared to the zero-field value, thus favoring the latter
scenario [29]. However, such measurements were only
reported for 20 and 28.5 T above 1.5 K.

Thus, two independent sets of evidence point to the
existence of a new field scale in CeColns at 23 T. We
also note that a temperature scale of ~20 K, (comparable
to the energy associated with a field of 23 T) marks most of
the zero-field properties of the heavy-electron fluid in
CeColns. However, what occurs in the case of CeColns
does not appear as a MM transition [22] (defined as a jump
in the magnetization).

In HF systems, the interplay between magnetic intersite
interactions with a characteristic energy scale E,, and local
Kondo fluctuations with a characteristic energy kpTx
changes with the application of a magnetic field. When
the associated Zeeman energy becomes comparable with
one of the characteristic energy scales, the balance between
these two interactions is modified. This defines two char-
acteristic field scales, H,, and Hg, given by guH,, = E,,
and guHg = kgTk. Furthermore, an external magnetic
field adds a ferromagnetic (F) component to the existing
AF one. The field redistribution among different AF, F, and
Kondo components depends on the type of the local an-
isotropy (Ising, planar, or Heisenberg character) and the
lattice deformation produced by magnetostriction. In this
context, an important difference between CeRu,Si, and
CeColns is that the susceptibility in the latter compound is
much less anisotropic. CeRu,Si,, with a magnetic anisot-
ropy of 15 compared to 2 in CeColns, is much closer to an
Ising-like system. In CeColns, magnetic field seems to
induce a QCP at H,,(0) [5,6]. Because of the weak mag-
netic anisotropy of CeColns H,, should vanish at the field-
induced QCP [1] as was observed in YbRh,Si, [30] and
CeNi,Ge, [31]. For CeColns, this may explain the exis-
tence of a large field domain between H,., and Hg where
AF and F correlations compete. The change of the corre-
lations nature at Hx ~ 23 T is strongly supported by the
observed change of the Dingle temperature.

While the field-induced evolution of the magnetic inter-
actions in CeColns does not occur through a MM transition
as in CeRu,Si,, a similar behavior of the Nernst signal in
both compounds is not surprising as » is proportional to the
energy derivative of the scattering rate.

In conclusion, we have demonstrated the existence of
another field scale in CeColns besides H.. The new
characteristic field Hx ~ 23 T is marked by an anomaly
in the Nernst signal similar to that observed at the MM field
of CeRu,Si,. Contrary to CeRu,Si,, in CeColns the two
distinct field scales remain widely separated at the 7 = 0
limit. New dHvA frequencies are observed above 23 T
where the Dingle temperature becomes lower. This sug-
gests an important modification of the quasiparticle
scattering.
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