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Magnetic behavior of PrNi,B,C single crystals
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We have studied the magnetic and transport properties of,BsNisingle crystals. Magnetic measurements
at low field show the presence of a magnetic ordering (i) curves at 15 K. M-H isotherms from 15 to 2 K
show hysteresis iab andc crystallographic directions. Beln4 K the ground state looks like a ferromagnetic
state. Resistivity measurements in & plane,p,., , 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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PrNi,B,C (Pr221 is an interesting member of the boro- detect secondary phases such as Praid PrNi, which
carbide family. It shows a moderated heavy fermion behavshow ferromagnetic order at about 20 and 22 K,
ior, is not superconducting, and displays many different magrespectively* On the other hand, observed diffraction peaks
netic characteristics at low temperatures. In general, interege€ symmetrical, with low background, over a complete dif-
in borocarbide materials has been directed to the study of thaction sphere up to 0.50-A resolution. The set of spots in-
competition between magnetism and superconducfivity. dexed yield the expected cell parameters3.696(1) A and
The type of interaction in these systems with rare earth an§=10.033(1) A. Finally, the fullwidth at half maximum for
transition metals is the complex effect betwdeelectrons ~ Strong reflections, estimated as QB2a block size of circa,
and thed-conduction band, which play important roles in the 150 A in the Scherrer approximatipriogether with the high
electronic properties. The main consequence is that the ra}u€ of the empirical extinction parameter obtained during
earth moments polarize the conduction electrons via the ex€ refinement of the structure,=0.0676).™ Hence we

change mechanism known as the Ruderman-KitteI-Kasuyae-XCIUde the possibility of microscopic polycrystalline aggre-

Yosida (RKKY) interaction, hybridizing the two electronic gates. On the basis of these data, we estimate that the single

populations: the electrons and thed-conduction band. The g]rcysiazlzslunder consideration here are pure crystalline samples

result of these processes is that the magnetic properties haveMagnetization measurements were obtained using a

a great influence on the electronic transport in these materbuantum Design superconducting quantum interference de-

als. , ) vice magnetometer with the magnetic field applied along the
Systems withRNi;B,C (R221), whereR=Pr, Nd, Gd,  a.p plane and the direction of the platelet-like single crys-
and Tb, show magnetism, but not superconductivity. In thesgys. The M(H,T) data were taken in zero field cooling
compounds the antiferromagneti®FM) ordering is found (zZFC) and field cooling(FC) modes. The isothermal loops
at temperatures fra 4 K for Pr221 (in polycrystalline  were measured with a maximum magnetic field from zero to
sampleg 15 K for Th221, to 20 K for Gd22%/ If one  +50 kOe. The resistivity measurements were made in single
follows the trend of the Ni-Ni distance and the de Gennesrystals with typical dimensions of about X3x0.5 mn¥.
factor through the members of the fanfily,one would ex-  In this case the measurements were performed from 2 to 300
pect that Pr221 would be superconducting at a temperatur€ using four 25um gold wires attached with silver paint,
of about 3.5 K. However, superconductivity has not beerand the applied dc current flowing in treb plane. The
observed in these materials in measurements down to 309ystals show a metallic behavior from 300+dl0 K, with
mK.1% In order to have a better understanding of the eleca resistivity ratiop, — p(zoa)/ Pa—b(1.a) Of 10.5.
tronic nature of this system, further measurements of the Figure 1 shows representative data of the susceptibility
transport and magnetic properties on single crystals areersus temperature from 24 2 K in the presence of low
needed. In this work we report magnetic and transport studmagnetic field(10 O9 measured in the FC mode, in both
ies performed on high quality Pr221 single crystals. Thedirections of the crystal. The anomaly at about 15 K marks
most important finding is the magnetic ordering at about 18he onset of the spontaneous magnetization which seem in-
K, which persists below 4 K, and that we think is relateddicated a ferromagnetic transition, as will be discussed be-
with the absence of superconductivity in this compound. low. From 15 to abou8 K the curve shows a steep increase
The single crystals were grown using a water-cooled copef the magnetization. At aboB K a dramatic change is
per crucible in a radio-frequency induction furndfefhe  observed in the slope of the curves, this being most clearly
purities of the starting materials were Pr 99.9%, Ni 99.99%defined in thea-b plane. At aboti2 K the x(T) curves of
B 99.8%, and C 99.9998%. Single crystals were studied aboth directions show a change of slope characterized by a
room temperature by x-ray diffractioBruker P4 diffrac- slightly plateau, being more pronounced alongdhe plane.
tometer, graphite monochromatized MaKradiation. A The inset in Fig. 1 shows the susceptibility data(T) mea-
long-time exposure photographic experiment was unable teured in the ZFC mode, along wig(T) over the same tem-
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FIG. 1. Susceptibility vs temperaturee ¢ T) for a PrNiB,C FIG. 2. The anisotropy of the susceptibility curves from 2 to 310

single crystal with applied magnetic fie{d0 O8 in thea-b plane K with an applied field of 1 kOe, for tha-b plane, thec direction,
andc direction, from 25 to 2 K in the FC mode. The inset shows and the powder average. The insets shé&s 1/x vs T obtained
susceptibility data in the ZFC mode. The inset also shows the tenfrom the susceptibility data from 2 to 310 KB) The low tempera-
perature dependence of the electrical resistivity in @k plane  ture 1 vs T data in an expanded scale.
from 1.8 to 25 K.

directions of the crystal, and the calculated powder average.

perature region. Firstly a steep increase in (&) curve at At 15 K we observed a dramatic chgnge of linearity in the_
about 15 K is observed, and below 8 K an inflection appear§Urves. This onset may be characterized very well as a ferri-
in both directions. The curves have maxima at about 3.5 anfl@gnetic transition; however, we cannot rule out this as fer-
4.8 K in thea-b plane and the parallel direction, respec- romagnetism. Using a fit with the purle-Welss law from 100
tively. It is related to the AFM transition previously observed {0 310 K, we found that the effective moment{s) for the

by Lynn et al® In the same inset we show that, in the resis-Pr ion is about (3.4650.004)ug, (2.380+0.013)up, and
tivity versus temperature measurements, there is a sharp de3-142£0.007)ug for HLc, Hllc, and the powder average,
crease ofp(T) at about 8 K. This is associated with a de- 'éSpectively. The values fdi.Lc, and the powder average
creasing of magnetic scattering due to the long rangé'e slightly lower than the theoretical value Qfcys
antiferromagnetic order which is completed at about 4 K, in=3-56ug for the isolated Pt* ion. Furthermore, we observe

a similar way as was observed in a Ho221 system with neuthat the magnetic moment decreased by} 8 thec direc-

tron measuremenfst® We can estimate the exchange inter-tion. This indirect evidence suggests that Pr may be in an
action strengthl(.,) for this compound taking the resistivity intermediate valence state, because the effective moment in

drop between 8 and 1.8 KA(p=0.94 Q) —cm) to belg,

=9.23 meV, which is much higher than the values previ- ¢ '
ously reported for other rare earth compounds, i.e.(®99 H/la-b
meV), Tb (5.2 meV}, and Ho(5.06 me\}J.*>*€ |t is reason- st o 2K
able to expect a high value bf, compared with other mem- L]

bers of this family. For instance, diffraction analysis shows o2t

that the lattice parameter decreases by about 5.2% from __

Ho221 to Pr221. This contraction is a consequence of thEEé

enlargement of the Ni-Ni interatomic distance from "=

2.48261) A for Ho221 to 2.6160Q1) A for Pr221. The sub- <

stantial contraction of the axis clearly indicates a strong

interplane exchange mediated by Ni-B layers which implies

an enhancement of,,. 041
Figure 2 shows thg/(T) measured in a magnetic field of

1 kOe, from 310 to 2 K. The measurements were taken in -0

both directions of the crystal. At low temperatupg(T) is

larger for theH_L ¢ direction than theH||c direction. From

these data we can infer that the easy spins orientation are in F|G. 3. The magnetization versus applied magnetic field in the

the basal plane of the tetragonal structure, as has been sugb plane at 2 and 16 K. The inset shows the anisotropic behavior

gested by neutron diffraction measurements on polycrystalef the magnetization a&=2 K in thea-b plane and the direction

line sample$. Inset (A) in Fig. 2 shows 1¥(T) in the two  of the single crystal.

Magnetic Field (kOe)
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FIG. 4. The magnetization vs the applied magnetic field incthe
direction at 2 and 16 K. The inset shows the coercive force as a

function of temperature. ’5 0.8}
-.\_' 6
the ¢ direction is close to the expected for'Pr(2.54ug). 3;

Inset(B) shows an expanded plot of the data below 50 K; = 4 ,4]
this figure shows a typical ferrimagnetic hyperbolic drop in-
stead of ferromagnetic behavior. The negative extrapolatec
Weiss temperature(,) is in clear contrast with positive val-

ues for a ferromagnet. Temperature- and field-dependent spe %9 _ ) _ _ _ _
cific heat measurements were recently been completed b 0 10 20 30 40 50 60
our group'* These measurements show a sharp jump in T (K)

Cp(T) at 15 K. The sharpness and amplitude are reduced o
with increasing magnetic field in a similar way as that ob- FIG- 5. The magnetization vs temperatutd ) for several
served in the derivative magnetization détset of Fig. 5. magnetic fields m_tha—b plane and the direction. The inset shows
However, temperature dependent neutron scattering meg_M/_dT_as a function of temperature. Two anomalies at 15 and 4 K
surements in single crystals will help to understand the trué"® indicated.
nature of the magnetic transition at 15 K.

Figures 3 and 4 show thel-H data in terms ofug per  of the theoretical maximum magnetization (3.56f.u.) and
unit formula (f.u.) for the applied magnetic field along the this behavior is quite different from that &221, with R
a-b plane and the direction at two temperatures, 2 and 16 =Th, Er, Dy, and Ho, which shows a saturated magnetiza-
K. The hysteresis measuretlzK confirms the existence of tion close to the theoretical maximum magnetization
magnetic ordering in both directions. The coercive field meavalue®*>81°t is also interesting to note in this figure that
sured is about 610 Oe, for both directions. The measurethe two magnetic transitions at 15ch4 K are readily seen at
ments of theM-H curves show that the hysteresis disappearsow magnetic fields but tend to vanish when the field is in-
at about 15 K. In the inset of Fig. 3 we show the anisotropycreased. In order to see more clear this behavior the insets
hysteresis @2 K in both directions of the crystal. More ex- show dM/dT as a function of temperature. At low fields,
tensive information on the behavior of the coercive datathere are two sharp peaks at 4 and 15 K, corresponding to
H(T), can be seen in the inset of Fig. 4. The coercivity AFM according to Lynnet al® and to weak magnetic order-
begins to appear at 15 K and increases as the temperatuirgy, respectively. It is important to mention that WFM occurs
decreases, the arrow marks the AFM transition inHeys T where AFM ordering is incomplete. The opposite moments
curve. Another feature is that the magnetic order which starare not quite collinear and while they almost cancel a small
at 15 K is stronger than the weak ferromagneti@M)  spontaneous magnetization exist. AF can also result of heli-
observed in other compounds of this borocarbide family. Focal ordering of the magnetic moments and spontaneous mag-
instance, in Er221 WFM takes place at 2.5 K, and coexistsietization can appear in the system. As the magnetic field
with superconductivity, while in Tb221 it occurs at 6'RY’  increases the magnetic transition at 15 K disappears at ap-

Figure 5 shows theé-T curves taken at different mag- proximately 15 kOe. This behavior can be explained accord-
netic fields applied along the-b plane and the direction at  ing to Dzyaloshinsky-Moriya interaction, as also used by
2 K. For a magnetic field of about 50 kOe, the saturationCho et al!® to elucidate the relation between the easy mag-
value increases te-2.7ug/f.u., in the a-b plane whereas netization direction and the occurrence of WFM in Th221.
about 1.4.5/f.u. is reached in the direction. As we can see, They suggested two different canted AFM states, which can
the saturation paramagnetic moment of Pr221 is below thate stable in thg100] or [110] directions of the tetragonal
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structure for a magnetic field applied perpendicular toche In summary, magnetic and transport measurements show
direction. Based on this, we also speculate that Pr221 prehat PrNjB,C single crystals present two magnetic transition
sents canted moments that can be stabilized along the eagy~ 15 and~4 K. The magnetic transition at 15 K seems to
magnetization directiofit10]. This direction has been deter- arise from two interpenetrated structures formed by 3Pr
mined as the easy magnetization direction in Dy221, Ho221jons, one of which has a canted spin. The magnetization is
and Pr221 by neutron diffraction measuremérifs*Under  higher in thea-b plane, which shows that the easy magneti-
this scenario, we suppose that these canted spins rotate unggkion is on this plane. Finally, no traces of superconductivity
the influence of the magnetic field and are probably destabiyere detected by magnetization and resistivity measure-
lized above 15 kOe. This might explain the vanishing of thements. The lack of superconductivity may be associated with
magnetic transition, as we can see in the derivative magnehe existence of the magnetic ordering below 15 K. However,
tizationdM/dT in the insets of Fig. 5. Another remarkable neutron scattering measurements will be necessary in single
feature in the insets is the shift of the peaksteK toward  crystals in order to understand in more detail the magnetic
higher temperatures when the magnetic field is increasedransition at 15 ash 4 K in PrNi,B,C.

This striking feature of the Pr221 compound has not been

observed in the homologue Th221, Er221, and Ho221 single A.D. and R.E. thank CONACyT and UNAM-DGAPA
crystals. In these compounds, the AFM transition is shiftedhrough Project No. G-0017, and 1N-105597. We thank J.
toward lower temperatures, the transition disappears, and tf@uzman for the WDX/EDX analysis and Dr. S. Muhl for a
magnetization saturates at higher magnetic figld$? critical reading of the manuscript.
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