
 YbNiB4: a Kondo lattice with low-dimensional antiferromagnetic fluctuations

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2009 J. Phys.: Condens. Matter 21 206003

(http://iopscience.iop.org/0953-8984/21/20/206003)

Download details:

IP Address: 129.252.86.83

The article was downloaded on 29/05/2010 at 19:45

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/21/20
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 21 (2009) 206003 (5pp) doi:10.1088/0953-8984/21/20/206003

YbNiB4: a Kondo lattice with
low-dimensional antiferromagnetic
fluctuations
A Prasad1, Z Hossain1, H S Jeevan2 and C Geibel2

1 Department of Physics, Indian Institute of Technology, Kanpur 208016, India
2 Max-Planck Institute for Chemical Physics of Solids, 01187 Dresden, Germany

E-mail: zakir@iitk.ac.in

Received 18 November 2008, in final form 12 March 2009
Published 24 April 2009
Online at stacks.iop.org/JPhysCM/21/206003

Abstract
We have grown single crystals of YbNiB4 using a Ni60B40 flux and determined the magnetic
properties of this compound by means of magnetic susceptibility, specific heat and electrical
resistivity measurement. Yb ions in YbNiB4 are in a trivalent state and present a transition from
a paramagnetic state to an antiferromagnetic (AF) state at TN1 = 5.4 K and a further transition
towards a second AF state at TN2 = 4.0 K. Kondo type behavior in the resistivity and an
enhanced Sommerfeld coefficient γ = 100 mJ mol−1 K−2 provide evidence for a significant
Kondo interaction. A broad maximum in χ(T ) at around 8 K, well above TN1, suggests
low-dimensional antiferromagnetic correlations. Both mechanisms lead to strong fluctuation in
an extended temperature range above TN1, up to the characteristic energy of this system, which
was estimated to be T4f = 16 K from an analysis of the entropy.

1. Introduction

Yb-based intermetallic compounds are well known for their
interesting physical properties. Yb has an unstable f-shell;
therefore, by applying external pressure, a magnetic field
or by changing composition it can be tuned from the non-
magnetic Yb2+ (4f14) state to the magnetic Yb3+ (4f13) state.
At the crossover, one observes unusual properties like, for
example, the formation of heavy electrons or of unconventional
metallic and/or superconducting states. YbRh2Si2 presents a
nice example of such behavior, where the magnetic ordered
state is suppressed by the application of an external field or
doping leading to a quantum critical point (QCP) [1, 2]. The
homologous heavy fermion system YbIr2Si2 is located on the
non-magnetic side of the QCP [3] and therefore shows pressure
induced magnetic order [4]. More recently, observation of
heavy fermions in the presence of a large orbital degeneracy
and of two quantum critical points by application of pressure
were reported for a series of YbT2Zn20 [5] (T = transition
metal) compounds and in Yb2Pd2Sn [6], respectively. But
even systems with a well localized magnetic trivalent Yb state
sometimes present unusual features, like quadrupolar ordering
in the presence of a quasi-quartet ground state in YbRu2Ge2 [7]
or magnetic frustration connected with a Shastry–Sutherland

type of magnetic lattice in Yb2Pt2Pb [8]. On the other
hand, ternary rare earth transition metal borides R–T–B
(R = rare earth element) are also well known for the occurrence
of interesting phenomena. For example, CeRh3B2 [9]
presents an exceptionally high ferromagnetic Ce ordering
temperature (TC ∼ 110 K) and exhibits Kondo lattice
behavior. The RRh4B4 [10, 11] compound series were among
the first examples of interplay between magnetic ordering
and superconductivity. These unusual properties are related
to specific structural features of B-compounds like two-
dimensional B networks, the formation of B–T clusters, or
very short interatomic distances, which all result in exceptional
electronic properties due to comparatively strong directional
hybridization.

Despite this promising context, only a few Yb-based boron
compounds have been investigated up to now, because the
low boiling point of Yb in connection with the high melting
temperature of boron compounds makes sample preparation
difficult. Most of the work was devoted to binary Yb–B
compounds, where YbB12 [12] is a rare example of a Yb-based
Kondo insulator, while YbB4 [13] was recently suggested to
show low-dimensional intermediate valence fluctuations. A
further intensively studied Yb–T–B compound is the heavy
fermion system YbNi2B2C [14, 15]. In order to search
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Figure 1. The upper and lower panels present three-dimensional and
two-dimensional views of the orthorhombic structure of YbNiB4

single crystal. Yb (red) and Ni (green) are intercalated between
B-layers composed of edge sharing heptagonal and pentagonal boron
(blue) rings.

(This figure is in colour only in the electronic version)

for further interesting Yb-based boride we prepared YbNiB4

single crystals and investigated their physical properties.
YbNiB4 belongs to a large series of isostructural compounds,
RTB4, crystallizing in the orthorhombic YCrB4-type structure.
While the structure of these compounds was determined quite
a long time ago, the physical properties of the Yb-based
compounds have yet not been reported [16, 17]. Very recently,
the compound β-YbAlB4, which crystallizes in a very similar
structure, attracted much attention because it was proposed
to be the first Yb-based heavy fermion system showing
unconventional superconductivity at TC ≈ 80 mK [18–20].
YbNiB4 and YbAlB4 present an interesting two-dimensional
structure with Yb and Ni(Al) being intercalated between B-
layers composed of edge sharing heptagonal and pentagonal
B rings (see figure 1). This structure is similar to that of
MgB2 in which Mg is intercalated between B sheets. MgB2
shows superconductivity at 39 K and presents a very high
critical current value, making this compound quite interesting
for industrial applications [21]. This was a further motivation
for studying YbNiB4.

2. Experimental details

We have grown single crystals of YbNiB4 using a Ni60B40

flux. Yb, B and Ni60B40 flux in the molar ratio 9:21:0.7
were put in an alumina crucible which was then sealed
in a tantalum crucible. The sealed tantalum crucible was
heated up to 1500 ◦C under an argon atmosphere for a few
hours and then cooled down slowly to 1100 ◦C at a rate of
3 ◦C h−1 and then to room temperature within 5 h. Crystals
of YbNiB4 were separated from the Ni–B flux by mechanical
means. The structure of the sample was checked by using

Figure 2. Magnetic susceptibility of YbNiB4 as a function of
temperature at a field of B = 5 T for both directions. The solid line
is the fit to a modified Curie–Weiss relation. The inset shows the
χ−1(T ) plot for B ‖ ab and B ‖ c.

powder x-ray diffraction of crushed single crystals. For
comparison purposes, a polycrystalline sample of the non-
magnetic homologue LuNiB4 was prepared by a standard arc
melting procedure. Magnetization measurements on YbNiB4

crystal were performed at various fields using a commercial
superconducting quantum interference device magnetometer.
Electrical resistivity and specific heat measurements were
carried out using the AC transport and heat capacity options of
a commercial physical properties measurement system (PPMS;
Quantum Design).

3. Results and discussion

The powder x-ray diffraction pattern of crushed single crystal
could be completely indexed with the YCrB4-type structure
(space group Pbam) with lattice parameters a = 5.8647 Å,
b = 11.371 Å and c = 3.3877 Å. Our lattice parameters are
in fair agreement with the reported ones a = 5.8645 Å, b =
11.3680 Å, c = 3.3850 Å [22, 23]. Microprobe analysis of
the surface of the platelet-like single crystals indicated a Yb:Ni
ratio close to 1, but the B content could not be determined.

The magnetic susceptibility of YbNiB4 in the temperature
range 2–300 K for B ‖ ab and B ‖ c is shown in figure 2.
The susceptibility is only weakly anisotropic, with χab in the
basal plane being smaller than χc along the c-axis. We did not
observe an anisotropy within the basal plane. Susceptibility
measurements with the field along two directions within the
basal plane making an angle of 45◦ gave identical results.
For all field directions, the susceptibility increases strongly
below 300 K down to 8 K, suggesting a trivalent Yb state.
The data plotted as 1/χ(T ) versus T follow a Curie–Weiss
behavior, with an upward deviation at high temperatures
probably associated with a diamagnetic contribution and a
downward deviation below 100 K, as usually observed in
trivalent Yb systems because of crystal electric field (CEF)
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Figure 3. Low temperature magnetic susceptibility as a function of
temperature for YbNiB4 at B = 0.1 T for both directions. The inset
shows the derivative of χ for B ‖ ab and B ‖ c at B = 0.1 T.

effects. A modified Curie–Weiss fit χ = χ0+C/(T −θP) above
100 K, with χ0 accounting for diamagnetic and Van Vleck
contributions, results in effective moments (per Yb) and Weiss
temperatures of μeff = 5.06 μB and θP = −159 K for B ‖ ab,
μeff = 4.64 μB and θP = −96 K for B ‖ c, as well as μeff =
4.73 μB and θP = −124 K for the powder average χav =
(2χab(T )+χc(T ))/3. The large value of the effective moment,
being slightly larger than the value expected for a free Yb ion
(4.54 μB), confirms a trivalent Yb state. This difference might
be due to crystal field effects or to a slight contribution of Ni.
Below 20 K, the increase of χ(T ) with decreasing T becomes
weaker, and around 8 K χ(T ) presents a broad maximum
(see figure 3). Finally, two anomalies at TN1 = 5.2 K and
TN2 = 3.8 K, associated with a decrease of χ(T ), indicate the
transition to an antiferromagnetic ordered state and a change in
the antiferromagnetic structure, respectively. The anomalies
are more pronounced for a field within the hard plane than
for a field along the easy direction. These anomalies shift
very slightly to lower temperatures with increasing field (see
also discussion of the specific heat results). Magnetizations
M(B) at 2 K show a perfect linear increase of M with
B . At this temperature the magnetization reaches only 0.205
μB/Yb and 0.135 μB/Yb for B = 5 T along the c direction
and within the ab plane, respectively. Such a small value
of magnetization at 5 T along the easy direction implies
a rather strong antiferromagnetic exchange or/and a strong
Kondo interaction. Extrapolating M(B) for B ‖ c linearly
to higher field would lead to a saturation field of 50 T to reach
the saturation moment Msaturation = 2 μB/Yb expected for a
typical Yb CEF doublet! The presence of a large characteristic
energy scale is supported by the weak field dependence of the
transitions at TN1 and TN2.

Thus our susceptibility results indicate a trivalent Yb
state, ordering antiferromagnetically below TN1 = 5.2 K
and showing a further AF transition at TN2 = 3.8 K. The
large values of the Weiss temperature, the small values of
the magnetization reached at 5 T, the weak field dependence

Figure 4. Specific heat of YbNiB4, LuNiB4 and the magnetic part as
a function of temperature. Prominent anomalies due to magnetic
transitions are clearly seen. The inset shows the T dependence of the
magnetic entropy Smag(T ).

of TN1 and TN2 all indicate a large energy scale of the
indirect exchange or of the Kondo interaction. The presence
of a maximum in χ(T ) at a temperature larger than the
antiferromagnetic ordering temperature is unusual. Such a
maximum is either an indication of strong Kondo interactions
or for low-dimensional and/or frustrated magnetic exchange.
This will be discussed in more detail later.

In figure 4 we show in a plot of C/T as function of
T the total specific heat of YbNiB4 and LuNiB4 as well as
the magnetic part Cm/T obtained from the difference. We
observe a continuous increase of Cm/T below 20 K ending
in a lambda type anomaly at TN1 = 5.3 K, followed by a
second lambda type anomaly of the same size at TN2 = 4.0 K.
The large size of these anomalies confirms that both transitions
are intrinsic to YbNiB4. Below TN2, Cm/T decreases strongly
and merges below 1 K into a constant value corresponding to
an enhanced Sommerfeld coefficient γ = 100 mJ mol−1 K−2.
We further plot in the inset of figure 4 the 4f related entropy
Smag(T ) obtained by integrating Cm(T )/T . Smag(T ) reaches
a value of 0.8R ln 2 at around 20 K where it starts to saturate,
indicating that the first excited crystal electrical field doublet is
well separated from the ground state doublet. Thus, only the
latter one is relevant at low temperatures. The extended tail in
C/T above TN1 is remarkable, and indicates strong fluctuations
far above the long range ordering temperature. This is reflected
in (i) a maximum value Cmax = 4.2 J mol−1 K−1 at TN1 well
below the value CMF = 12.5 J mol−1 K−1 expected for a mean
field transition in a doublet system, (ii) a reduced value of
the entropy collected until TN1, Smag(TN1) = 0.32R ln 2 and
(iii) the ordering temperature TN2 = 5.3 K being well below
the characteristic energy scale of the 4f electrons T4f = 16 K.
Here we took as a direct and model independent estimate for
T4f twice the temperature where Smag(T ) reaches 0.5R ln 2.
Both for the case of the single ion Kondo effect [24] and of
the Heisenberg spin chain [25], for which the specific heat has
been calculated with a high precision, the relation S(T = TK/2
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Figure 5. Field dependent specific heat of a YbNiB4 single crystal
for B ‖ c. The inset shows a Cm/T versus T 2 plot.

or T = J/2kB) = 0.5R ln 2 is fulfilled within 10%. Such
strong fluctuations above TN can again be attributed to two
different mechanisms, either a strong Kondo interaction or
low-dimensional and/or frustrated exchange. Application of a
magnetic field along the easy c direction leads to only a slight
shift of TN1 to lower temperatures, TN1(10 T) = 4.8 K, while
the anomaly at TN2 gets partially suppressed and shifts more
strongly, TN2(10 T) = 3.0 K (see figure 5). We add in the
inset of figure 5 a plot of Cm/T versus T 2 at low temperatures,
which demonstrates that C(T ) decreases more strongly with T
than T 3, suggesting the presence of a small energy gap in the
magnetic excitations, being a likely consequence of the weak
Ising type anisotropy of this system.

Further insight can be obtained from the resistivity data,
since Kondo type interactions lead to a large and strongly
temperature dependent scattering of the conduction electrons
by Yb 4f moments, while the effect of indirect exchange
between these moments is much weaker. The temperature
dependence of the normalized resistivity measured for current
in the basal plane is shown in figure 6. While at high
temperatures ρ(T ) of YbNiB4 presents a standard metallic
behavior with a linear decrease with T , below 45 K it increases
again and show a broad maximum around 16 K. The decrease
below 16 K is at first quite smooth, becoming more pronounced
below TN1 and abrupt below TN2 (see inset of figure 6). This
rapid decrease in resistivity below the transition temperature
is due to the loss in spin disorder scattering. Below 2 K
ρ(T ) merges into a constant residual resistivity leading to a
residual resistivity ratio RRR = ρ(300 K)/ρ(2 K) = 4.5,
indicating a reasonably good quality for our single crystals.
The absolute value of resistivity at room temperature is around
≈250 μ� cm. We have also measured the magnetoresistance
at T = 2 and at 50 K for B ‖ c and I ‖ ab (see figure 7). In the
ordered state at 2 K the magnetoresistance is positive, nicely
follows a B2 power law and reaches a value of 16% at 7 T. A
positive magnetoresistance proportional to B2 is expected for
a Fermi liquid at low temperatures.

Figure 6. Zero field in-plane resistivity of YbNiB4. The inset shows
the low temperature resistivity.

Figure 7. Magnetoresistance at 2 and 50 K as a function of magnetic
field for I ‖ ab and B ‖ c.

The increase of ρ(T ) between 50 and 16 K, as well as
the broad maximum at a temperature far above TN1 provide
evidence for the presence of a Kondo interaction. However, at
TN1, ρ(T ) still amounts to 80% of its value at the maximum,
while in typical Kondo lattices with TN � TK, like for
example CeCu2Si2, most of the spin disorder scattering has
already disappeared at TN because the coherent Kondo state
is already quite well established at TN � TK. In contrast,
one can also attribute the decrease of ρ(T ) between 16 K
and TN1 observed in YbNiB4 to the onset of antiferromagnetic
correlations, in accordance with the maximum in χ(T ) and
the extended high temperature tail in C(T ). Therefore the
resistivity data indicate the presence of Kondo interaction, but
suggest that it is not the only origin of the large fluctuations
above TN. This is also supported by the Sommerfeld coefficient
γ = 100 mJ mol−1 K−2, which is enhanced, but not as
much as one would expect for a system with TN = 1/3TK.
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The strongest evidence for the relevance of low-dimensional
antiferromagnetic fluctuations is given by the broad but
well defined maximum in χ(T ) above TN. In oxide or
organic spin systems such maxima are hallmarks for low-
dimensional antiferromagnetic fluctuations. The structure
of YbNiB4 provides arguments both for dominant one-
dimensional exchange or dominant two-dimensional exchange.
On the one hand it presents a clear layered structure, favorable
for 2D interactions. On the other hand the distance between
nearest Yb neighbors along the c direction is very short,
dYb−Yb = c = 3.3877 Å, less than twice the atomic radius
of trivalent Yb (≈ 3.44 Å). This could lead to a dominant
magnetic exchange along the c direction.

4. Conclusion

To summarize, we have grown YbNiB4 single crystals using
a Ni–B flux and determined the magnetic properties of this
compound by means of magnetization, specific heat and
resistivity measurement. In YbNiB4 the Yb ions are in a
trivalent state and order antiferromagnetically at TN1 = 5.3 K.
A second transition to a different AF state occurs at TN2 =
4.0 K. The susceptibility is weakly anisotropic, χ along the
c-axis being slightly larger than within the basal plane of
the orthorhombic YCrB4-type structure. Large values of the
Weiss temperatures for both field directions, small values of
the magnetization at 5 T at low temperatures and a rather weak
field dependence of TN1 and TN2 all indicate a large energy
scale for the magnetic interactions, which was estimated to
be T4f = 16 K from an analysis of the T dependence of the
entropy. On the other hand the extended tail observed in Cm/T
above TN, the small value of the peak specific heat at TN1,
the reduced value of the entropy collected until TN1 and the
large T4f/TN ratio indicate strong fluctuations in an extended
temperature range above TN. An increase in ρ(T ) between
50 and 16 K leading to a broad maximum at a temperature
far above TN1, as well as an enhanced Sommerfeld coefficient
γ = 100 mJ mol−1 K−2, provide evidence that part of these
fluctuations are due to a significant Kondo interaction. But
since the Kondo behavior in ρ(T ) is much less pronounced
than expected for a Kondo lattice with TK = 16 K, we
suspect an additional mechanism leading to strong fluctuations.
The broad but well defined maximum in χ(T ) above TN2 for
both field directions as well as the features of the YCrB4-
type structure, which provides arguments for strong one-
dimensional or strong two-dimensional exchange, suggest low-
dimensional fluctuation to be relevant in this system. However
the question about the respective importance of Kondo versus
low-dimensional fluctuations, as well as the direction of the
strongest exchange path, cannot be solved with the present
results and deserves further investigations.
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