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Magnetic behavior of PrNi2B2C single crystals
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We have studied the magnetic and transport properties of PrNi2B2C single crystals. Magnetic measurements
at low field show the presence of a magnetic ordering inx(T) curves at 15 K. M-H isotherms from 15 to 2 K
show hysteresis inab andc crystallographic directions. Below 4 K the ground state looks like a ferromagnetic
state. Resistivity measurements in thea-b plane,ra-b , indicate metallic behavior down to 300 mK but without
traces of superconductivity. The magnetism at 15 K seems to be the main reason for the absence of supercon-
ductivity in this material.
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PrNi2B2C ~Pr221! is an interesting member of the boro
carbide family. It shows a moderated heavy fermion beh
ior, is not superconducting, and displays many different m
netic characteristics at low temperatures. In general, inte
in borocarbide materials has been directed to the study o
competition between magnetism and superconductivity1–5

The type of interaction in these systems with rare earth
transition metals is the complex effect betweenf electrons
and thed-conduction band, which play important roles in th
electronic properties. The main consequence is that the
earth moments polarize the conduction electrons via the
change mechanism known as the Ruderman-Kittel-Kasu
Yosida ~RKKY ! interaction, hybridizing the two electroni
populations: thef electrons and thed-conduction band. The
result of these processes is that the magnetic properties
a great influence on the electronic transport in these ma
als.

Systems withRNi2B2C ~R221!, where R5Pr, Nd, Gd,
and Tb, show magnetism, but not superconductivity. In th
compounds the antiferromagnetic~AFM! ordering is found
at temperatures from 4 K for Pr221 ~in polycrystalline
samples!, 15 K for Tb221, to 20 K for Gd221.6,7 If one
follows the trend of the Ni-Ni distance and the de Genn
factor through the members of the family,8,9 one would ex-
pect that Pr221 would be superconducting at a tempera
of about 3.5 K. However, superconductivity has not be
observed in these materials in measurements down to
mK.10 In order to have a better understanding of the el
tronic nature of this system, further measurements of
transport and magnetic properties on single crystals
needed. In this work we report magnetic and transport s
ies performed on high quality Pr221 single crystals. T
most important finding is the magnetic ordering at about
K, which persists below 4 K, and that we think is relat
with the absence of superconductivity in this compound.

The single crystals were grown using a water-cooled c
per crucible in a radio-frequency induction furnace.10 The
purities of the starting materials were Pr 99.9%, Ni 99.99
B 99.8%, and C 99.9998%. Single crystals were studied
room temperature by x-ray diffraction~Bruker P4 diffrac-
tometer, graphite monochromatized Mo-Ka radiation!. A
long-time exposure photographic experiment was unabl
0163-1829/2002/66~21!/212510~4!/$20.00 66 2125
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detect secondary phases such as PrNi3 and PrNi, which
show ferromagnetic order at about 20 and 22
respectively.11 On the other hand, observed diffraction pea
are symmetrical, with low background, over a complete d
fraction sphere up to 0.50-Å resolution. The set of spots
dexed yield the expected cell parametersa53.696(1) Å and
c510.033(1) Å. Finally, the fullwidth at half maximum fo
strong reflections, estimated as 0.32~1! ~a block size of circa,
150 Å in the Scherrer approximation!, together with the high
value of the empirical extinction parameter obtained dur
the refinement of the structure,x50.067(6).12 Hence we
exclude the possibility of microscopic polycrystalline aggr
gates. On the basis of these data, we estimate that the s
crystals under consideration here are pure crystalline sam
of Pr221.

Magnetization measurements were obtained using
Quantum Design superconducting quantum interference
vice magnetometer with the magnetic field applied along
a-b plane and thec direction of the platelet-like single crys
tals. The M (H,T) data were taken in zero field coolin
~ZFC! and field cooling~FC! modes. The isothermal loop
were measured with a maximum magnetic field from zero
650 kOe. The resistivity measurements were made in sin
crystals with typical dimensions of about 2.53330.5 mm3.
In this case the measurements were performed from 2 to
K using four 25-mm gold wires attached with silver pain
and the applied dc current flowing in thea-b plane. The
crystals show a metallic behavior from 300 to;10 K, with
a resistivity ratiora2b(300K) /ra2b(1.8K) of 10.5.

Figure 1 shows representative data of the susceptib
versus temperature from 24 to 2 K in the presence of low
magnetic field~10 Oe! measured in the FC mode, in bot
directions of the crystal. The anomaly at about 15 K ma
the onset of the spontaneous magnetization which seem
dicated a ferromagnetic transition, as will be discussed
low. From 15 to about 8 K the curve shows a steep increa
of the magnetization. At about 8 K a dramatic change is
observed in the slope of the curves, this being most cle
defined in thea-b plane. At about 2 K the x(T) curves of
both directions show a change of slope characterized b
slightly plateau, being more pronounced along thea-b plane.
The inset in Fig. 1 shows the susceptibility data (x2T) mea-
sured in the ZFC mode, along withr„T… over the same tem
©2002 The American Physical Society10-1
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perature region. Firstly a steep increase in thex(T) curve at
about 15 K is observed, and below 8 K an inflection appe
in both directions. The curves have maxima at about 3.5
4.8 K in thea-b plane and thec parallel direction, respec
tively. It is related to the AFM transition previously observe
by Lynn et al.6 In the same inset we show that, in the res
tivity versus temperature measurements, there is a sharp
crease ofr(T) at about 8 K. This is associated with a d
creasing of magnetic scattering due to the long ra
antiferromagnetic order which is completed at about 4 K
a similar way as was observed in a Ho221 system with n
tron measurements.6,13 We can estimate the exchange inte
action strength (I ex) for this compound taking the resistivit
drop between 8 and 1.8 K (Dr50.94mV2cm) to beI ex
59.23 meV, which is much higher than the values pre
ously reported for other rare earth compounds, i.e., Dy~3.99
meV!, Tb ~5.2 meV!, and Ho~5.06 meV!.15,16 It is reason-
able to expect a high value ofI ex compared with other mem
bers of this family. For instance, diffraction analysis sho
that the lattice parameterc decreases by about 5.2% fro
Ho221 to Pr221. This contraction is a consequence of
enlargement of the Ni-Ni interatomic distance fro
2.4826~1! Å for Ho221 to 2.6160~1! Å for Pr221. The sub-
stantial contraction of thec axis clearly indicates a stron
interplane exchange mediated by Ni-B layers which impl
an enhancement ofI ex .

Figure 2 shows thex(T) measured in a magnetic field o
1 kOe, from 310 to 2 K. The measurements were taken
both directions of the crystal. At low temperature,x(T) is
larger for theH'c direction than theHic direction. From
these data we can infer that the easy spins orientation a
the basal plane of the tetragonal structure, as has been
gested by neutron diffraction measurements on polycrys
line samples.6 Inset ~A! in Fig. 2 shows 1/x(T) in the two

FIG. 1. Susceptibility vs temperature (x2T) for a PrNi2B2C
single crystal with applied magnetic field~10 Oe! in the a-b plane
andc direction, from 25 to 2 K in the FC mode. The inset sho
susceptibility data in the ZFC mode. The inset also shows the t
perature dependence of the electrical resistivity in thea-b plane
from 1.8 to 25 K.
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directions of the crystal, and the calculated powder avera
At 15 K we observed a dramatic change of linearity in t
curves. This onset may be characterized very well as a fe
magnetic transition; however, we cannot rule out this as
romagnetism. Using a fit with the Curie-Weiss law from 1
to 310 K, we found that the effective moment (me f f) for the
Pr ion is about (3.46560.004)mB , (2.38060.013)mB , and
(3.14260.007)mB for H'c, Hic, and the powder average
respectively. The values forH'c, and the powder averag
are slightly lower than the theoretical value ofme f f
53.56mB for the isolated Pr13 ion. Furthermore, we observ
that the magnetic moment decreased by 1.3mB in thec direc-
tion. This indirect evidence suggests that Pr may be in
intermediate valence state, because the effective mome

FIG. 3. The magnetization versus applied magnetic field in
a-b plane at 2 and 16 K. The inset shows the anisotropic beha
of the magnetization atT52 K in thea-b plane and thec direction
of the single crystal.

-

FIG. 2. The anisotropy of the susceptibility curves from 2 to 3
K with an applied field of 1 kOe, for thea-b plane, thec direction,
and the powder average. The insets shows~A! 1/x vs T obtained
from the susceptibility data from 2 to 310 K.~B! The low tempera-
ture 1/x vs T data in an expanded scale.
0-2
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the c direction is close to the expected for Pr14 (2.54mB).
Inset ~B! shows an expanded plot of the data below 50
this figure shows a typical ferrimagnetic hyperbolic drop
stead of ferromagnetic behavior. The negative extrapola
Weiss temperature (uw) is in clear contrast with positive val
ues for a ferromagnet. Temperature- and field-dependent
cific heat measurements were recently been completed
our group.14 These measurements show a sharp jump
Cp(T) at 15 K. The sharpness and amplitude are redu
with increasing magnetic field in a similar way as that o
served in the derivative magnetization data~inset of Fig. 5!.
However, temperature dependent neutron scattering m
surements in single crystals will help to understand the t
nature of the magnetic transition at 15 K.

Figures 3 and 4 show theM -H data in terms ofmB per
unit formula ~f.u.! for the applied magnetic field along th
a-b plane and thec direction at two temperatures, 2 and 1
K. The hysteresis measured at 2 K confirms the existence o
magnetic ordering in both directions. The coercive field m
sured is about 610 Oe, for both directions. The meas
ments of theM -H curves show that the hysteresis disappe
at about 15 K. In the inset of Fig. 3 we show the anisotro
hysteresis at 2 K in both directions of the crystal. More ex
tensive information on the behavior of the coercive da
Hc(T), can be seen in the inset of Fig. 4. The coerciv
begins to appear at 15 K and increases as the temper
decreases, the arrow marks the AFM transition in theHc vs T
curve. Another feature is that the magnetic order which s
at 15 K is stronger than the weak ferromagnetism~WFM!
observed in other compounds of this borocarbide family.
instance, in Er221 WFM takes place at 2.5 K, and coex
with superconductivity, while in Tb221 it occurs at 6 K.15,17

Figure 5 shows theM -T curves taken at different mag
netic fields applied along thea-b plane and thec direction at
2 K. For a magnetic field of about 50 kOe, the saturat
value increases to;2.7mB /f.u., in the a-b plane whereas
about 1.4mB /f.u. is reached in thec direction. As we can see
the saturation paramagnetic moment of Pr221 is below

FIG. 4. The magnetization vs the applied magnetic field in thc
direction at 2 and 16 K. The inset shows the coercive force a
function of temperature.
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of the theoretical maximum magnetization (3.56mB /f.u.) and
this behavior is quite different from that asR221, with R
5Tb, Er, Dy, and Ho, which shows a saturated magneti
tion close to the theoretical maximum magnetizati
value.4,15,18,19It is also interesting to note in this figure tha
the two magnetic transitions at 15 and 4 K are readily seen a
low magnetic fields but tend to vanish when the field is
creased. In order to see more clear this behavior the in
show dM/dT as a function of temperature. At low fields
there are two sharp peaks at 4 and 15 K, correspondin
AFM according to Lynnet al.6 and to weak magnetic order
ing, respectively. It is important to mention that WFM occu
where AFM ordering is incomplete. The opposite mome
are not quite collinear and while they almost cancel a sm
spontaneous magnetization exist. AF can also result of h
cal ordering of the magnetic moments and spontaneous m
netization can appear in the system. As the magnetic fi
increases the magnetic transition at 15 K disappears at
proximately 15 kOe. This behavior can be explained acco
ing to Dzyaloshinsky-Moriya interaction, as also used
Cho et al.15 to elucidate the relation between the easy m
netization direction and the occurrence of WFM in Tb22
They suggested two different canted AFM states, which
be stable in the@100# or @110# directions of the tetragona

a

FIG. 5. The magnetization vs temperature (M -T) for several
magnetic fields in thea-b plane and thec direction. The inset shows
dM/dT as a function of temperature. Two anomalies at 15 and
are indicated.
0-3
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structure for a magnetic field applied perpendicular to thc
direction. Based on this, we also speculate that Pr221
sents canted moments that can be stabilized along the
magnetization direction@110#. This direction has been dete
mined as the easy magnetization direction in Dy221, Ho2
and Pr221 by neutron diffraction measurements.6,20,21Under
this scenario, we suppose that these canted spins rotate u
the influence of the magnetic field and are probably dest
lized above 15 kOe. This might explain the vanishing of t
magnetic transition, as we can see in the derivative mag
tization dM/dT in the insets of Fig. 5. Another remarkab
feature in the insets is the shift of the peaks at 4 K toward
higher temperatures when the magnetic field is increa
This striking feature of the Pr221 compound has not b
observed in the homologue Tb221, Er221, and Ho221 sin
crystals. In these compounds, the AFM transition is shif
toward lower temperatures, the transition disappears, and
magnetization saturates at higher magnetic fields.5,15,22
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In summary, magnetic and transport measurements s
that PrNi2B2C single crystals present two magnetic transiti
at ;15 and;4 K. The magnetic transition at 15 K seems
arise from two interpenetrated structures formed by P13

ions, one of which has a canted spin. The magnetizatio
higher in thea-b plane, which shows that the easy magne
zation is on this plane. Finally, no traces of superconductiv
were detected by magnetization and resistivity measu
ments. The lack of superconductivity may be associated w
the existence of the magnetic ordering below 15 K. Howev
neutron scattering measurements will be necessary in si
crystals in order to understand in more detail the magn
transition at 15 and 4 K in PrNi2B2C.
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