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Magnetic properties of YbAIl;C; with the hexagonal ScAl;C;-type structure have been investigated by the
magnetization (M) and specific-heat (C') measurements under magnetic fields (H). YbAL;C; is reported to show
a spin-gap state, which is considered to be ascribed to a magnetic dimer formed in the orthorhombic phase
below the structural transition temperature (7; = 77 K). Present study has revealed history-dependent magnetic
properties below T and field-induced anomalous magnetic states at low temperatures. The former is considered
to be attributed to the cross correlation between the structural deformation and the magnetic field similar to those
observed in multiferroic materials, although YbAI;C; below Tj is not in the ferromagnetic state but certainly
in the dimer state. The latter is partially similar to that observed in the field-induced ordered phase (FIOP) of
d-electron dimer systems. The M versus H curve at low temperatures exhibits a kink at a certain magnetic field
and then it increases in proportion to the field like that of FIOP. However, neither kink nor peak suggesting the
emergence of FIOP is observed in the temperature dependence of both M(T') and C(T). Instead, C/T shows
an anomalous increase proportional to —In7" with decreasing temperature in a finite field range, suggesting an
anomalous disordered state such as a non-Fermi-liquid state in a strongly correlated f-electron system. These

anomalous magnetic states may be partially relevant to characteristics of f-electron dimer system.
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I. INTRODUCTION

Quantum spin systems have attracted much attention of
many researchers because of novel ground and excited states
strongly influenced by quantum fluctuations. They have been
intensively studied particularly in d-electron compounds,
which are in a marked contrast to the case of 4 f-electron
quantum spin systems. Although quantum effects are signifi-
cant in a low spin system such as an S = 1/2 spin system, the
total angular momentum J, which represents magnetic ground
states of the 4 f-electron compounds, is usually much larger
than 1/2. Furthermore, most of the 4 f-electron compounds
investigated by many researchers have a considerable number
of conduction electrons that mediate the three-dimensional
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, which
collides with another criterion of the low dimensionality for
the quantum spin systems.

In real 4f-electron materials with the structural low
dimensionality, the crystalline electric field (CEF) lifts the
degeneracy of the total angular momentum J, which may cause
a Kramers doublet ground state for an odd-number 4 f -electron
system. If the doublet ground state is well isolated from
excited states, the 4 f-electron system is expected to behave as
the S = 1/2 spin system. However, the exchange interaction
sometimes overcomes the CEF splitting energy, leading to
the magnetically ordered state of the classical spin system
with a large degeneracy. The magnitude of the exchange
interaction in the 4 f -electron compounds is conjectured by the
de Gennes factor, which becomes smallest in the 4 f! or 4 13
configuration. Therefore, taking the above mentioned into
consideration, an insulating Ce-based or Yb-based compound
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with low symmetric structure is considered to be an appropriate
candidate for the quantum spin system in principle, although
the 4 f-electron quantum spin system is quite rare.

Among the 4 f-electron compounds, YbsAs3 is one of the
exceptional cases where a typical one-dimensional S = 1/2
Heisenberg antiferromagnet is realized in the charge ordered
state.! This compound seems to satisfy two criteria for
the quantum spin system, i.e., (i) the low dimensionality
of the exchange interaction secured by both structural low
dimensionality and low carrier concentration and (ii) a doublet
ground state well isolated from excited states. Recently,
YbAI;C; joins the family of the quantum spin systems in
the 4 f-electron compounds.

YbAI;C; has the hexagonal ScAl;Cs-type structure (space
group P63/mmc) shown in Fig. 1(a) at room temperature
where the Yb layer on the ¢ plane is isolated by the Al
and C atoms from the next Yb layer by a distance of about
8.56 A , consequently forming a two-dimensional triangular
lattice of magnetic Yb>* ions,” i.e., a geometrically frustrated
magnet. This compound shows a structural phase transition at
T, = 77 K to the orthorhombic phase although the crystal
deformation is very tiny.> The magnetic ground state of
YbAI;C; seems to satisfy the above-mentioned two criteria for
the quantum spin system, i.e., the low dimensionality of the
exchange interaction secured by both structure and low carrier
concentration (1/100 per Yb** ion) and the Kramers doublet
ground state isolated from the first excited state by the CEF
splitting energy of about 200 K.® The most interesting feature
of this compound is the absence of the long-range magnetic
order, which is attributed to the formation of the spin-gap
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FIG. 1. (Color online) (a) Crystal structure of YbAI;Cs. (b) Yb
atoms on the z = 0 plane are shown. The rectangle drawn by the solid
black line shows an orthorhombic unit cell in the low-temperature
phase below 7. Ji, J,, J3, and J4 indicate four different types of the
Yb-Yb bonds of the orthorhombic structure, respectively.

state with A ~ 15 K.*% Such a spin-gap state is considered to
originate in the dimerization of the magnetic Yb3* pair because
the physical properties of YbAI;C5 are roughly explained by
the isolated dimer model with the singlet-triplet splitting of
15 K.

If the spin dimer state is actually realized in YbAI;Cs, the
application of the magnetic field on it is expected to create an
unusual ground state as observed in d-electron dimer systems
where one of the triplet components parallel to the field is
considered to play an important role as a hard-core boson.’
In the d-electron dimer systems, two representative cases
determined by the balance between the kinetic energy and
the repulsive interactions have been intensively studied. When
the kinetic energy is dominant, the triplet excited states are
highly dispersive. The magnetization shows a kink at a critical
magnetic field H, and then shows a continuous rise, the region
of which is regarded as a field-induced ordered phase (FIOP),
up to the saturated magnetization, as observed in TICuCls,
Ba;Cr,0g, and BaCuSi, 0¢.5!' When the repulsive interaction
between neighboring bosons dominates, the bosons localize
and form a superlattice to minimize the repulsive interaction,
which is exposed as magnetization plateaus as observed in
SrCu,(BO3),.'? Here, we would like to emphasize that such a
ground state can be easily achieved in the f-electron quantum
spin system by using a conventional superconducting magnet
without the use of the ultra-high-field magnet facility because
of the weaker exchange interaction in the f-electron system
compared to that in the d-electron system, although lower
temperature is necessary.

Itis noticeable that although the situation of YbAI;C; seems
to be similar to that of the d-electron dimer system, there
may be an intrinsic difference between them. The Kramers
doublet ground state in YbAI;Cj3 is an admixture of orbital
and spin states, which leads to highly anisotropic g factor due
to the CEF effect in the response for the magnetic field, while
the quantum spin state in the d-electron system is close to
a pure spin state in many cases. Therefore, the dimer state
in YbAI3;C3 may do a response different from the d-electron
dimer system to the magnetic field. Consequently, it may be
brought to an unprecedented quantum state different from the
above-mentioned two cases. To explore a quantum state related
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to the 4 f-electron nature, we have investigated magnetic
properties of YbAl;C3; under magnetic fields.

In this paper, first, we present history-dependent magnetic
properties possibly ascribed to the cross correlation between
the crystal deformation and the magnetic field, which were
found in the process of exploring new quantum phases in
YbAI;C;. Second, we present the emergence of unusual
quantum states under magnetic fields, which may be in close
relation with the characteristic nature of the 4 f-electron
dimer system.

II. EXPERIMENTS

Single crystals of YbAI;C; used in the present experiment
were taken from the same batch as that reported in Ref. 3.
Since the size of the single crystal of YbAI;Cs; was very
small (thin hexagonal plate of several hundreds of micrometers
in diameter), several pieces of single crystals aligned in the
same orientation were used for the magnetization (M) and
specific-heat (C') measurements. The measurement of M in the
range from 1.8 K to room temperature was carried out using
a superconducting quantum interference device (SQUID)
magnetometer. M at low temperatures down to 7 = 0.5 K was
measured up to H = 8 T by the Faraday balance technique
using a superconducting magnet with a field gradient. C down
to T ~ 0.5 K was measured by the relaxation method using
a commercial instrument (PPMS, Quantum Design Inc.). It
should be noted that H means external magnetic field.

III. RESULT AND DISCUSSION

A. History-dependent magnetic properties in YbAI;C;

Figure 2 shows the temperature dependences of the mag-
netization of YbAI;C; divided by magnetic field measured
in magnetic fields along the a axis [M,(T)/H] and those
measured in magnetic fields along the ¢ axis [M.(T)/H]
above T = 1.8 K. Here, the a and c¢ axes refer to the
hexagonal structure above 7y = 77 K. We found history-
dependent magnetic properties in YbAI;3Cs. As understood
from the main panel of Fig. 2, there arise distinct differences
between zero-field cooled (zfc) M,(T)/H and field cooled
(fc) M,(T)/H in both H = 6 and 7 T below Ts = 77 K,
although no difference between zfc and fc M,(T)/H in H =
1 T was observed as reported previously.® Here, zfc M,(T)/H
means those measured in heating just after zero-field cooling,
whereas fc M,(T)/H means those measured in cooling under
the magnetic field. These history-dependent phenomena are
observed when a magnetic field H £ 3 T is applied along
the a axis. Similar behavior is also observed in M x(H)/H
measured in a magnetic field along the a* axis that is
perpendicular to the a and c¢ axes (not shown); however,
M (T)/H measured in a magnetic field along the ¢ axis never
shows such a behavior, even when a magnetic field of H =
7 T is applied, as shown in Fig. 2. Here, we pay attention to
zfc M,(T)/H in H = 1, 6, and 7 T. In the frame of the dimer
model, the field variation of zfc M,(T)/H below 10 K should
be interpreted to be owing to the Zeeman splitting of the excited
triplet state, and with increasing temperature greater than the
energy scale of the Zeeman splitting, M,(T)/H should no
longer depend on the strength of the magnetic field. Actually,
zfc M,(T)/H in H =1, 6, and 7 T coincide with each other
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FIG. 2. (Color) Temperature dependence of zfc M(T)/H (closed
circles) and fc M(T')/H (open circles) of YbAl;C; measured in H =
1, 6, and 7 T along the a axis and in H = 7 T along the ¢ axis.
Arrows indicate points where zfc M,(T)/H roughly coincides with
fc M,(T)/H for H =6 and 7 T. Inset shows a low-temperature part
of M,(T)/H. Blue closed circles show zfc M,(T)/H measured in
H = 1T, while green open circles show M,(T)/H measuredin H =
1 T in heating after coolingin H =7 T from 7 = 100 K. Field cooled
M,(T)/H measured in H = 6 and 7 T are labeled by red and black
open circles, respectively. Zero-field cooled M .(T)/H measured in
H =1 (blue closed circles) and 7 T (black closed circles) along the ¢
axis are also shown, which is not history dependent. Red solid curves
display M(T)/H calculated by an isolated dimer model of S = 1/2
spin pair using the parameters shown in Table I.

at T = 15 K; however, with further increasing temperature,
zfc M, (T)/H in H =7 T first and then that in H = 6 T
deviate from the zfc M,(T)/H curve in H = 1 T, and then
both approach the fc M,(T)/H curves measured in H = 7
and 6 T. Arrows in Fig. 2 indicate points where zfc M,(T)/H
roughly coincides with fc M,(T)/H for each magnetic field
along the a axis. Extrapolating the above-mentioned points to
T =0Konthe H-T plane, zfc and fc M,(T)/H are expected
to coincide with each other even at 7T = 0 K by applying a
magnetic field of H ~ 10 T at most.

Judging from the above-mentioned experimental results,
two different kinds of magnetic states seem to emerge below
T; according to the strength of the magnetic field applied along
the a axis. Therefore, we have examined the magnetic states
brought by cooling in magnetic fields H Z3Tand H <3 T.
M,(T)/H measured in H = 1 T after cooling in a magnetic
field of H = 7 T is shown by a green open circle in the inset
of Fig. 2 accompanied with fc M,(T)/H measured in H = 6
and 7 T and zfc M,(T)/H measured in H =1 T. M, (T)/H
measured in H = 1 T after cooling in a magnetic field of H =
7 T is apparently larger than zfc M,(T)/H in H = 1T, and
furthermore it coincides with fc M,(T)/H measured in H =
6 and 7 T above T = 15 K different from zfc M,(T)/H in
H = 1T, as shown in the inset. This result indicates that the
magnetic state brought by cooling in a high magnetic field
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FIG. 3. (Color online) Field dependence of M(H) measured in
H along the a axis at T = 1.8 and 30 K. M(H) measured after
zero-field cooling are shown by open circles, and those measured
after cooling in H =7 T are indicated by closed circles. Initial M (H)
curve at T = 30 K just after zero-field cooling traces the lower curve;
however, M (H) after once exposed to H =7 T traces the upper curve
afterward.

along the a axis is different from that brought by cooling in
a low magnetic field. On the other hand, when the magnetic
field is applied along the ¢ axis, both magnetic states brought
by cooling in high and low magnetic fields seem to be the
same. Actually, the temperature dependence of zfc M.(T)/H
in H =7 T is the same as that of fc M.(T)/H in H =7 T as
shown in the main panel of Fig. 2. Furthermore, zfc M.(T)/H
in H = 7 T shows almost the same temperature dependence
as thatin H = 1 T above T ~ 10 K as shown in the inset of
Fig. 2.

The history-dependent magnetic properties were also ob-
served in the isothermal magnetization. Figure 3 shows the
field dependences of the magnetization measured in magnetic
fields along the a axis [M,(H)] at T = 1.8 and 30 K. The
M,(H) curve measured at T = 1.8 K after zero-field cooling
(open circles) is distinctly different from that measured after
cooling in H = 7 T (closed circles), and each traces each
M, (H) curve in both increasing and decreasing fields. On the
other hand, M,(H) at T = 30 K just after zero-field cooling
first traces the lower curve in Fig. 3 with increasing field;
however, after once exposedto H =7 TatT =30K, M,(H)
always traces the upper curve in both increasing and decreasing
fields. Here, we would like to pay attention to the initial
M, (H) curve after zero-field cooling traces the dotted straight
line shown in Fig. 3 up to 6 T and then gradually deviates
from it. This seems to correspond to the field variation of zfc
M(T)/H at T = 30 K displayed in Fig. 2, i.e., the value of
zfc M(T =30/K)/H in H = 6 T is almost the same as that
in H = 1 T but different from thatin H =7 T.

To interpret these experimental results, it is notable that
the history-dependent phenomena are observed not in the
high-temperature hexagonal phase, but in the low-temperature
orthorhombic phase. Therefore, it is reasonable to assume that
the history-dependent phenomena are in a close relation to
the structural transition. Next, we note that the magnetic state
brought by the cooling across 7y in a high magnetic field
differs from that brought by the zero-field cooling. These
features are partially similar to those observed in another
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4 f-electron quantum spin system Yb4As; where the cooling
across the structural transition temperature in uniaxial pressure
stabilizes one among four kinds of structural domains.'
In this case, since the crystal deformation from the cubic
to trigonal one occurs by the shrinkage along the [111]
or its equivalent directions, the structural domain with the
principal axis in the same direction as that of the uniaxial
pressure is chosen by applying the uniaxial pressure. On the
assumption that the magnetic field in YbAI;C; performs a
role of the uniaxial pressure in YbsAss;, we may deduce
that the states brought by the field and zero-field cooling in
YbAI;C; correspond to monodomain and multidomain states,
respectively. Actually, three kinds of orthorhombic domains of
YbAI;C; are confirmed to arise in the low-temperature phase
by the x-ray diffraction measurement in H = 0 T.* If our
conjecture is correct, the field dependence of M,(H) at T =
30 K is understood to be ascribed to the fact that the sample
exposed to H = 7 T falls into the monodomain state and it can
not be returned to the multidomain state by the magnetic field
alone. The absent history dependence in M.(T) can be also
convinced because the fundamental translation vector along
the ¢ axis in the three orthorhombic domains is the same as
that in the hexagonal phase. In order to confirm our deduction,
x-ray diffraction measurement under the magnetic field using
a single crystal is necessary, the study of which is now in
progress.

Here, we would like to emphasize that the structural
domains can be aligned by a magnetic field of 10 T at most
even at very low temperatures if our conjecture is correct. In
contrast to the case of YbsAss where the normal correlation
between the structural deformation, i.e., the strain, and the
uniaxial pressure, i.e., the stress, is observed, the structural
deformation responsible for the magnetic field in YbAI;C3
suggests the cross correlation similar to those observed in
multiferroic materials, 410 although YbAI;C; below T is not
in the ferromagnetic state but certainly in the dimer state. Since
the application of a huge magnetic field of 30 T is reported
to shift 75 of YbAI;C; by about 10 K, some linkage between
the crystal deformation and the magnetic field is reasonably
expected.'” One of the possible explanations for such a cross
correlation may be owing to the different Zeeman energy gains
among the field directions due to the anisotropic magnetic
susceptibility; however, it is hardly considered that such a
narrow margin of the magnetic susceptibilities dominates the
lattice deformation. Therefore, another way to combine the
strain and the magnetic field may be necessary such as a large
magnetostrictive effect as proposed in Tb,(MoO3)4, although
the present case seems to be much stronger.'8

Next, we examine whether the magnetic susceptibility of
the monodomain state can be reproduced by the simple isolated
dimer model in the same way as Ref. 3. Red lines in the inset
of Fig. 2 display the fitting curves for M(7T)/H measured
in H =1 T assuming the isolated dimer model composed
of S = 1/2 spin pair with anisotropic g factor where fitting
parameters are Van Vleck—type paramagnetic susceptibility
(xv) and a contribution from magnetic impurities (C;/T) in
addition to a singlet-triplet splitting energy (A) and g factor.
Xv 18 supposed to be a contribution from the CEF excited state
being mixed in by the application of the magnetic field. As
understood from the inset of Fig. 2, the magnetic susceptibility
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TABLE I. Parameters used for the fitting of M(T)/H measured
in H = 1 T in the inset of Fig. 2 assuming an isolated dimer model
composed of the § = 1/2 spin pair.

A Xv C;

(K) gfactor (emu/mol) (emu K/mol)
H|c 15.5 2.26 0.010 0.006
H|a(multidomain)  15.5 2.86 0.011 0.010
H ||la(monodomain)  15.5 3.07 0.011 0.016

of the monodomain state is well reproduced by the isolated
dimer model as well as that in the multidomain state. Values
of the parameters obtained by this fitting are displayed in
Table 1. The parameters for M.(T)/H and M,(T)/H in the
multidomain state are almost the same as those in Ref. 3 except
for C;. The variation of C; in Table I is probably ascribed to
the oxidation because the sample was repeatedly used. The g
factor for M,(T)/ H in the monodomain state is larger than that
in the multidomain state, reflecting the anisotropic magnetic
susceptibility on the ¢ plane due to the CEF effect.

B. Low-temperature magnetic properties of YbAI;C;
1. Fields parallel to the a axis

When the magnetic field is applied on YbAI;C3 along the
a axis at low temperatures, something is expected to happen
around H = 7.5 T in the monodomain state where the energy
of one of the excited states is predicted to cross that of the
ground state by the isolated dimer model mentioned before.
Figure 4(a) shows the field dependence of the magnetization
at low temperatures after subtracting a contribution of the
Van Vleck-type paramagnetism in a field along the a axis
[M,(H)-xv,H] where the value of x,, listed in Table I was
used. M,(H) was measured after cooling in H =7 T to
align the structural domains in the same direction. Although
M, (H)-xvoH at T = 1.8 K seems to vary smoothly as a
function of the magnetic field, the structure in M,(H)- xva H is
gradually visible with decreasing temperature. M,(H)-xv. H
at T = 0.47 K is almost zero at low fields and then shows
a clear kink around H = 4.5 T. This value of the magnetic
field, 4.5 T, is much lower than the value of 7.5 T predicted
by the isolated dimer model. Above H = 4.5 T, M,(H)-xv.H
shows a continuous rise linear with H, and then exhibits a
sudden increase around H = 6.6 T, suggesting a metamagnetic
transition although any hysteresis around H = 6.6 T is not
observed down to 7' = 0.47 K. The structure of M,(H)-xv. H
implies the existence of three magnetic phases. The magnetic
phase below H & 4.5 T is certainly characterized by the dimer
state, while that above H = 6.6 T may be a polarized phase
where the magnetic moment is almost fully polarized because
M, (H)-xyvaH =13ugat H =8Tisclosetogup/2=1.53upg
of the saturated magnetic moment in the monodomain state
predicted by the dimer model. At this stage, it is reasonable to
think that the intermediate phase between the above-mentioned
two phases corresponds to a field-induced ordered phase
observed in the d-electron dimer system such as TICuCls,
Ba;Cr,0g, and BaCuSi,O¢.%!'! The kink of M,(H)-xvH
around H = 4.5 T is thought to be an emergence of the
magnetization when entering FIOP. Hence, the position of
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FIG. 4. (Color online) (a) Field dependence of the magnetization
of YbAI;C; measured in H ||a after subtracting the contribution of the
Van Vleck-type paramagnetism [M,(H )- xv, H]. Each magnetization
curve is shifted along the vertical axis by multiplicative factors
of 0.2up. Inset shows the temperature dependence of M,(T)/H
measured in H|a down to T =~ 0.5 K. (b) Field derivative of the
magnetization of YbAl;C; measured in H ||a after subtracting the
contribution of the Van Vleck—type paramagnetism (d M, /d H - xya)-
Arrows in the high-field region from 6 to 7 T indicate peaks of
dM,/dH-Y,,, and those in the low-field region from 3 to 5 T
show peak positions of d?M,/dH?. Inset shows magnetic phase
diagram of YbAI;C; under the magnetic field along the a axis. Circles
and triangles are obtained from the magnetization and specific-heat
measurements, respectively.

the kink seems to suggest the dispersive triplet state, which is
probably ascribed to a significant interdimer interaction.'® On
the other hand, the sudden increase of M,(H)-xv,H at H =
6.6 T seems not to be usual.

To clarify whether FIOP really exists or not in YbAl;C3, the
temperature dependence of M(7T') was measured. In the inset
of Fig. 4(a), the temperature dependences of M,(T)/H in
various magnetic fields down to 7 = 0.5 K are displayed. Un-
expectedly, no distinct anomaly indicating FIOP in M,(T)/H
could be found, which offers a remarkable contrast with the
observation of the clear cusp in M(T) in the d-electron dimer
systems such as TICuCl3.°

We differentiated M,(H) by H to reveal the boundary
between each magnetic phase. Figure 4(b) shows the field
derivative of the magnetization of YbAIl;C; measured in
H|la after subtracting the contribution of the Van Vleck—
type paramagnetism (d M, /d H-xy,). Steplike changes in the
vicinity of H = 4 T are observed in the field dependence of
dM, /d H - xy, corresponding to the emergence of the magnetic
moments; however, they seem to be too gradual to regard them
as second-order phase transitions. We consider peak positions
of second derivative of M, by H as a border between the
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FIG. 5. (Color online) Temperature dependence of the magnetic
specific heat of YbAI;C; divided by the temperature (C,/T)
measured in a magnetic field along the a axis. Inset compares
experimental values of C,, (open circles) at H = 0 T and calculated
C,, values by the simple dimer model (solid line).

dimer phase and the intermediate phase, which are indicated
by arrows around H = 4 T in the lower panel of Fig. 4.
Meanwhile, d M, /d H - xy, make sharp peaks corresponding to
the abrupt increase of M,, which are indicated by arrows and
suggest a first-order phase transition although no hysteresis
was observed as mentioned before.

By summarizing the above-mentioned points, the H-T
phase diagram was obtained as shown in the inset of Fig. 4(b).
Here, we would like to emphasize that the intermediate phase
is not closed and tends to expand with increasing temperature,
being in a marked contrast to FIOP observed in the d-electron
dimer system,!!:2122

To get a deeper insight into the nature of each magnetic
phase in YbAI;Cj;, the specific-heat measurement was per-
formed at low temperatures. Figure 5 shows the temperature
dependence of the magnetic specific heat of YbAl;C; divided
by the temperature (C,,/T) measured in H ||a. The magnetic
specific heat of YbAI;C; was obtained by subtracting the
specific heat of LuAl;C; from that of YbAI;Cs;. One may
be aware of three typical behaviors in the temperature
dependence of C,,/T corresponding to the above-mentioned
three magnetic phases. At H = 0 T, a broad peak of C,,/T
around 7 = 4 K appears, which can be explained by the
thermal excitation from the singlet ground state to the triplet
excited state, i.e., a Schottky-type peak. In the inset of Fig. 5,
C,, of YbAI;C53 at H = 0 T (open circles) and C,, calculated
using the dimer model (solid line) are shown. The calculated
C,, curve is sharper and higher than the experimental C,,
curve. This discrepancy could be interpreted to be due to
the dispersive energy level of the triplet excited sate, which
implies a considerable interdimer interaction as mentioned
before. By applying the field of H = 3 T, C,,/T becomes
broader because one of the triplet components approaches the
singlet ground state. On the other hand, C,,/T in the high-field
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region of H =7, 8, and 9 T forms a Schottky-type peak again.
The fact that the peak temperature increases with increasing
field is reasonably explained by the level crossing between the
initial ground state and one of the triplet components, i.e., the
Schottky-type peak is ascribed to the thermal excitation from
one of the triplet components to the initial singlet ground state.
The reason why the level crossing occurs at lower field than
H =7.5T predicted by the isolated dimer model is considered
to be relevant to the sudden change in M (H) around H =6.6T,
although the origin of the sudden change in M (H) is not clear
at this stage.

In contrast to the above-mentioned two phases, the in-
termediate phase shows rather characteristic temperature
dependence of C,,/T. As understood from Fig. 5, no evident
peak suggesting the phase transition to FIOP is observed.
Instead, anomalous increases of C,, /T in proportion to —InT
are observed in the field range from H = 5 to 6.5 T. Such
anomalous increases of C,, /T suggest that a highly disordered
state consisting of the initial singlet ground state and one of
the triplet components distributed over a finite field range from
H =510 6.5 T endures down to low temperatures. Hereafter,
we call this region a field-induced disordered phase (FIDP).

Next, we reexamine the boundaries between the above-
mentioned three magnetic phases. Judging from the H-T
phase diagram shown in the inset of Fig. 4(b), the C,,/T
curve measured in H = 4 T and also probably that in H =
4.5 T are expected to cross the boundary between the dimer
phase and FIDP. Although no evident peak suggesting a phase
transition is observed, with decreasing temperature the C,, /T
curves measured in H = 4 and 4.5 T change their temperature
dependence from —In7 at T ~ 1.1 and 0.7 K, respectively.
Such points are shown by arrows in Fig. 5 and are plotted by
open triangles in the H-T phase diagram shown in the inset
of Fig. 4(b). They are in good agreement with the boundary
determined by the magnetization measurement. Considering
the gradual steplike change in d M, /d H- xv, and the missing
of the sharp peak in C,,/T, the boundary between the dimer
phase and FIDP is considered to be a crossover line.

In comparison to the boundary between FIDP and the
dimer phase, detection of the boundary between FIDP and the
polarized phase by the C(T") measurement seems to be difficult
because its boundary in the H-T phase diagram is almost
parallel to the transverse temperature axis as shown in the
inset of Fig. 4(b). Actually, any evidence that C,, /T crosses the
boundary seems not to be observed. Nevertheless, it is possible
to determine the boundary because each characteristic of each
phase observed in C,,/T is distinctly different, i.e., —InT
behavior in FIDP and the Schottky-type peak in the polarized
phase. Hence, the boundary line is deduced from Fig. 5 to be
located in a very tiny field range around H = 6.6 T, where the
M, (H) curve shows a discontinuous change. Considering that
the discontinuity of the M,(H) curve is somewhat blunt and
has no hysteresis, it is reasonably assumed that the boundary
between FIDP and the polarized phase seems to be a crossover
relevant to a first-order phase transition.

Recently, FIOP in the d-electron dimer system has attracted
much attention of many researchers because it is regarded
as Bose-Einstein condensation (BEC) when the field is
applied along the symmetry axis of U(1).2} If the U(1)
symmetry is broken by antisymmetric spin interactions or
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a staggered component of the g tensor, the phase transition
is no longer expected. The influence of the same type of
anisotropy has been investigated in a Haldane spin chain of
Ni(C,;HgN;),NO,(ClOy), abbreviated NENP, where no phase
transition is observed in spite of the emergence of magnetic
moments at a critical field similar to that of FIOP.2*2 Instead,
nonzero spin gap is observed to remain even above the critical
field, which signifies the existence of the anticrossing due to
the mixing between the ground state and the excited state
caused by the staggered component of the g tensor. Therefore,
we pay attention to which Yb-ion pair forms the dimer state
in the orthorhombic phase of YbAI;C;. Below T;, Yb-Yb
bonds are reported to be classified into four types as shown in
Fig. 1(b).* Two types [J; and J; in Fig. 1(b)] among these
are excluded from candidates for the dimer because they
connect with the same type of the bond and consequently
form a chain of magnetic Yb ions. The other two types [J;
and J, in Fig. 1(b)] have the inversion center in the middle
of each Yb-Yb bond. Therefore, both anisotropic effects do
not work in YbAI;Cs. Actually, any sign of spin gap is not
detected in FIDP of YbAI;Cs. On the other hand, the U(1)
symmetry is also broken by a single-ion anisotropy, which can
be applicable for YbAI;C; in a field along the a axis because
the CEF anisotropy around the a axis is very large. However,
the physical properties predicted by the theory and those
actually observed in the d-electron dimer seem to provide a
striking contrast to those of YbAl3C3.2%?6 At the present stage,
although the origin of —InT dependence of C,,/T extended
over a finite magnetic field range is still puzzling, it may be
relevant to the characteristic magnetic state of the 4 f -electron
as mentioned before.

It is noticeable that the same temperature dependence of
C,,/T is often observed in the so-called strongly correlated
4 f-electron system such as Ce-based compounds. In these
compounds, a second-order phase transition at 7 = 0 K
occurs from the magnetically ordered state to the nonmagnetic
heavy-fermion state through a quantum critical point (QCP)
by tuning control parameters of pressure, magnetic field, and
so on.”’ The logarithmic increase of C,/T is observed in
the vicinity of the singular point of QCP and is regarded
as non-Fermi-liquid behavior.”®?° In the heavy-fermion state,
the spin of the conduction electron couples with the spin of
the 4 f-electron forming the nonmagnetic singlet state by the
Kondo effect. This situation may correspond to the dimer state
of YbAI;C3 where the intradimer interaction plays a role of
the Kondo effect. However, in contrast to that non-Fermi-liquid
behavior converges to QCP with decreasing temperature, it is
unconventional that FIDP in YbAI;C; is distributed over a
finite field range even at low temperatures.

2. Fields parallel to the c axis

When the magnetic field is applied along the c¢ axis, an
unconventional magnetic phase similar to FIDP in H ||« is also
expected to be induced. Figure 6(a) shows the field dependence
of the magnetization below T = 1.8 K after subtracting
a contribution of the Van Vleck-type paramagnetism in a
field along the ¢ axis [M.(H)-xy.H] where the value of
Xve in Table I was used. The convex shape of M.(H)-xy.H
around H = 0-1 T, which becomes apparent with decreasing
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FIG. 6. (Color online) (a) Field dependence of the magnetization
of YbAI;C; measured in H ||c after subtracting the contribution of the
Van Vleck-type paramagnetism [M.(H )- xy. H]. Each magnetization
curve is shifted along the vertical axis by multiplicative factors of
0.05u . Arrows indicate peak positions of d M. /d H - x,. shown in the
lower panel (b). Inset shows the temperature dependence of M.(T')/ H
measured in H||c down to T~ 0.5 K. (b) Field derivative of the
magnetization of YbAIl;Cs; measured in H ||c after subtracting the
contribution of the Van Vleck—type paramagnetism (dM./d H-xy.).

temperature, is probably attributed to the isolated Yb** ions
yielded by the oxidation because the sample was repeatedly
used as mentioned before. M.(H)-xy.H shows a kink around
H = 5-6 T, which is similar to that of M,(H)-xv.H at H =
4.5 T but somewhat gradual. An abrupt increase in M.(H )- }vc
similar to that in M,(H)-x..H at H = 6.6 T is observed
around H = 8 T at T = 0.49 K. Therefore, magnetic phases
of YbAI;C; in a field along the ¢ axis are considered to be also
divided into three regions of the dimer phase, the intermediate
phase, and probably the polarized phase above H = 8 T, on
the analogy of the case measured in a field along the a axis,
although the border line between the dimer phase and the
intermediate phase is not clear compared to that in a field
along the a axis.

To check whether the intermediate phase is FIOP or not,
the temperature dependence of M(T) in fields along the ¢ axis
was measured in the same way as those measured in fields
along the a axis. Inset of Fig. 6(a) displays the temperature
dependence of M.(T)/H downto T ~ 0.5 K where no distinct
anomaly indicating FIOP in M.(T)/H could be found except
an upturn at low temperature in H = 8 T as well as the case
measured in a field along the a axis.

In contrast to the smoothly varying M,-xv,H in the
FIDP region, M.-xy,cH above H ~ 6 T at T = 049 K

PHYSICAL REVIEW B 85, 144416 (2012)

3—————
Hll c-axis |,
o | polarized phase
75T | gl o-- a—A-
E r FIDP
< Tl T
2| L - i
< dimer phase "~~~
— 1
=
£
H
N’
~
3
O 1
0

FIG. 7. (Color online) Temperature dependence of the magnetic
specific heat of YbAI;C; divided by the temperature (C,,/T)
measured in H ||c. Inset shows H-T phase diagram of YbAI;C;
in Hllc. A closed circle corresponds to the abrupt increase of M,
around H = 8 T, while closed and open triangles are determined by
the specific-heat measurement. Shaded region is a new field-induced
disordered phase (NFIDP) characterized by the large C,,/T value,
although its boundary is not accurate at the present stage.

seems to have a fine structure when examining it in detail,
although it is not clear. Hence, we differentiated M.(H)
by H to clarify the fine structure. Figure 6(b) shows the
field derivative of the magnetization of YbAI;Cs; measured
in H||c after subtracting the contribution of the Van Vleck—
type paramagnetism (d M./d H-x,.). Three peaks at least in
dM./dH-y,. seem to be visible and shift to low-field side
with decreasing temperature. On the other hand, there is seen
the left half of the peak around H = 8 T in dM./d H- .
at T = 0.49 K, which seems to shift to high-field side and
to become broader with increasing temperature. It should
be noted that the the peak around H = 8 T is much larger
than three peaks, suggesting a different character between the
peak around H = 8 T and the three peaks. The peak around
H = 8 T reflects the abrupt increase in M.(H)-xy.H, which
resembles the abrupt increase in M,(H)-yv.H at H = 6.6 T,
while the three peaks recall us to the magnetization plateaus
such as those observed in SrCu,(BO3),.'? Actually, three small
steps of M.(H)-xyv.H, which are indicated by arrows, can be
barely seen at 7 = 0.49 K. Assuming the saturated magnetic
moment of gup/2 = 1.13up along the ¢ axis predicted by
the dimer model, fractional rates of the first, second, and
third plateaus are roughly estimated to be 1/8, 1/6, and 1/4,
respectively.

Figure 7 shows the temperature dependence of the magnetic
specific heat of YbAI;C; divided by the temperature (C,,/T)
measured in H | c. Three typical behaviors in the temperature
dependence of C,,/T corresponding to the above-mentioned
three magnetic phases are remarked as well as the case
measured in H||a, i.e. Schottky-type peak at H =0 and 4 T
ascribed to the thermal excitation from the singlet ground state
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to the triplet excited state in the dimer phase, —In7T" behavior
in the field range from H = 6.8 to 7.65 T in FIDP of the
intermediate phase, and Schottky-type peak around H =9 T
due to the thermal excitation from one of the triplet components
to the initial singlet ground state in the polarized phase. The
boundary between the dimer phase and FIDP, which could
not be strictly drawn by the magnetization measurement as
stated before, was determined by the C,,/T curves as well
as the case measured in H |la. When crossing the boundary,
the C,,/T curves measured in H = 6 and 6.4 T change their
temperature dependence from —In7 at 7 =~ 1.1 and 0.6 K
shown by arrows in Fig. 7, respectively. The absence of the
sharp peak in C,,/T at the boundary between the dimer phase
and FIDP implies that the boundary is a crossover line as well
as the case measured in H |a. On the other hand, a sharp peak
of C,,/T at H = 7.75 T is in contrast to those observed in
H||la. This peak clearly indicates a phase transition at 7 =
0.93 K under H = 7.75 T. When the magnetic field increases
from 7.75 to 8 T, this peak seems to shift to higher-temperature
side and becomes broader. But, it should be noted that these
C,,/T peaks seem to be qualitatively different in the shape
from that at H =9 T. C,,/T at H = 7.75, 7.85, and 8 T
maintain a huge value of about 1 J/molK?, which implies
a certain kind of remaining disorder, even at considerably
lower temperature than the peak temperature, while C,,/T
at H =9 T below the peak temperature steeply decreases
with decreasing temperature. Assuming that the C,,/T peak
at H= 9 T is a Schottky peak in the polarized phase, a
new field-induced disordered phase (NFIDP) characterized
by a huge C,,/T value is deduced to appear between FIDP
and the polarized phase. Considering the shape of the C,,/T
peak, this transition from FIDP to NFIDP seems to be a
first-order transition at low temperatures and then changes to a
crossover with increasing temperature. The boundary between
NFIDP and the polarized phase is possibly located from H =
8to9T.

In the meantime, we could not find any anomaly of the
specific heat relevant to the magnetization plateaus. Several
possibilities are mentioned as its reason. One possibility is
that the field direction is somewhat deviated from the ¢ axis
as described later. If the field direction is inclined from the
¢ axis by 90°, i.e., being parallel to the a axis, no sign of
the magnetization plateaus is expected as seen in Fig. 4. The
other possibility is that the boundary of the magnetic phase
relevant to the magnetization plateaus is located on the much
lower-temperature side than the minimum temperature of the
measurement or it is a crossover line. To clarify these issues,
much precise measurement in the lower-temperature region is
desired, which is now in progress.

Based on the above discussion, the H-T phase diagram
in the field along the ¢ axis shown in the inset of Fig. 7
is drawn. Shaded region in the H-T phase diagram is
NFIDP characterized by the large C,,/T value below its peak
temperature, although it is somewhat not clear where the
boundary between NFIDP and the polarized phase is. The
peak positions of C,,,/T at H =7.75,7.85, and 8 T are shown
by closed triangles, and a closed circle corresponds to the
abrupt increase of M, around H = 8 T. Although we suppose
that these points should be on the same line, i.e., the boundary
between FIDP and NFIDP, the closed circle slightly deviates
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from the extrapolation of the closed triangles. This discrepancy
between the magnetization and specific-heat measurements is
probably ascribed to the anisotropic magnetization between
the ¢ and a axes. In the specific-heat measurement, the ¢ axis
might be inclined somewhat from the field direction probably
due to the anisotropic magnetization in this magnetic field
region. Therefore, the actual boundary line between FIDP
and NFIDP is considered to locate at somewhat higher-field
side than that determined by the specific-heat measurement,
i.e., on the closed circle determined by the magnetization
measurement. On the other hand, the boundary between the
dimer phase and FIDP determined by the specific heat, which
are shown by open triangles in the inset of Fig. 7, may reflect
the accurate position because both magnetizations along the a
and c axes are not so large in this field region. As understood
from the H-T phase diagram, FIDP in H]|c is not closed
as well as the case measured in H ||a. Comparing the H-T
phase diagrams in the field along the a and ¢ axes, one may
be aware that the FIDP region in H ||c is narrower than that
in Hl|ja at T = 0 K even considering the ambiguity of the
boundary. Meanwhile, NFIDP is characteristic in a field along
the ¢ axis because it is not observed in a field along the a axis.
Furthermore, the large C,, /T value in the new disordered phase
indicates that the disorder remains even at low temperatures.
Combining FIDP and NFIDP, an anomalous disordered region
is considered to spread over a finite field range at 7 = 0 K even
in a field along the ¢ axis, which may be also characteristic of
the 4 f-electron nature as well as the case in a field along the a
axis.

IV. CONCLUSION

Magnetic properties of a spin-gap material YbAI;Cs have
been investigated. We have found the history-dependent
magnetization, which suggests the cross correlation between
the structural deformation and the magnetic field similar to
those observed in multiferroic materials although YbAI;Cs
below T is not in the ferromagnetic state. The structural
monodomain state is expected to be realized by applying a
magnetic field of H > 10 T even at low temperatures. On
the other hand, the field dependence of M(H) in YbAI;Cs at
low temperatures shows similar behaviors to those of FIOP
in the d-electron dimer systems. However, neither kink nor
peak suggesting the emergence of FIOP is observed in the
temperature dependence of both M (T") and C(T") except a field
range of H = 7.75-8 T along the c axis. Instead, C,,/T shows
an anomalous increase proportional to —In7" with decreasing
temperature in a finite field range, suggesting an anomalous
disordered state such as a non-Fermi-liquid state in a strongly
correlated f-electron system. These anomalous characteristics
different from those of the d-electron dimer system may be
relevant to the nature of the f electron.
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