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High-pressure effects in single crystalsRNi,B,C (R=Dy, Pr)

R. Falconi, A. Dura, and R. Escudero
Instituto de Investigaciones en Materiales, Universidad Nacional rartea de Mgico,
Apartado Postal 70-360, Méco D.F., 04510 Mexico
(Received 26 March 2001; revised manuscript received 23 July 2001; published 11 December 2001

We report electrical resistivity studies for two magnetic borocarbides BJTU and PrNjB,C single
crystals under quasihydrostatic pressure, using a diamond anvil cell. The superconducting critical temperature
for DyNi,B,C decreases in linear form with pressure at a tAig/dP=—0.7 K/GPa up to about 1.8 GPa,
above this pressuré: decreases drastically. Measurements of resistivity versus pressure inB3@Nshow
that the feature related with the antiferromagnetic order remain almost unchanged. At 5.3 GFB,®ddies
not show evidence of a superconducting transition. From the resistivity data due to spin disorder we have
calculated the exchange-interaction strength between rare-earth ions as a function of pressure.
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The quaternary intermetallic borocarbid®bli,B,C with  compounds is mainly governed by thé-4f RKKY indirect
R=Dy, Ho, Er, Tm, Lu, Sc, Y, or PdRefs. 1-4 are super- exchange-interactidft*® mediated by the conduction elec-
conducting, whereas witiR=Pr, Gd, Tb, Yb(Refs. 5-8 tronic band.
they are only magnetic. All these compounds crystallize in a The main idea of the high-pressure experiments described
body centered tetragonabct) structure with space group in this report is the fact that under quasihydrostatic pressure,
I4/mmm They can be visualized as a framework of alternatthe rare earth-ions can change their magnetic interactions,
ing RC atoms and NB, layers stacked along the and thus also the overall electronic properties of the com-
direction? Some present helical magnetism, heavy-fermionpound under study. Therefore, we have performed measure-
behavio?'® and other kinds of magnetism or ments of the electrical resistivity of the two single crystals at
superconductivity:* different pressures, and evaluated the RKKY exchange-

In this paper we focussed on the study of DyBUC and interaction strength as a function of pressure. We point out
PrNi,B,C in which we performed high-pressure resistivity that the pressure experiments were carried out several times
measurements using a diamond anvil cell. DyIC is  for each sample and the results were reproducible. The re-
unique among th&Ni,B,C compounds in that the antifer- sults are reported below.
romagnetic transition temperaturg is above the supercon- Single crystals of thé&kNi,B,C (R=Dy, Pr) compounds
ducting temperaturdc, in this caseTy=10.3 K andT.  were obtained by the cold copper crucible method and char-
=6.2 K The onset of superconductivity takes place in aacterized as described elsewh&r&our-lead electrical resis-
magnetically ordered state. The magnetic structure at lowance measurements were carried out over the temperature
temperature T<Ty) consists of thdR moments ordered fer- range from 2 to 300 K at various pressures. The quasihydro-
romagnetically in thea—b plane, with adjacent layers static pressure was generated using a diamond anvil cell
aligned in the opposite direction along thexis!? (piston-cylinder type Be-Cu cel(Ref. 20 consisting of two

The second system that we studied, BBYC, does not diamonds, each of 0.7 mm culet size. A steel gasket was
superconduct when measured at about 0.3 K. Severgreindented and a 20@m diameter hole was drilled at the
authors**'°have investigated this absence and the matter isenter. The samples used have dimensions of approximately
still controversial. Neutron-diffraction measurements in100x 10040 um® and were placed in the steel gasket
polycrystalline samples of PrpB,C have shown an antifer- hole. This was filled previously with pyrophyllite powder as
romagnetic transition afy=4 K.'® Takeya and Kuzniel?  the transmitting pressure medium. The metallic gasket was
have observed two magnetic transitions, oneTat1l.8 K  electrically insulated, pressing over it &) powder of 1
and other aff=15 K, the latter they believe to be of anti- um grain size. Four gold wires of 10m diameter were used
ferromagnetic nature. Recently, single crystals of PBMC  as electrical leads. A thin foil of aluminum was placed under
have been grown by our grodp.Magnetic measurements the gold wires to prevent ruptures during the experiment. A
performed in those crystals show two magnetic transitionsthin Mylar film was used in order to prevent motion of the
one at abou4 K another at about 15 K. Resistivity measure- sample and of the electrical leads when pressure was applied.
ments also show another anomaly at about 8 K that we asF- was determined in DyNB,C when the electrical resis-
sociated with a decreasing of magnetic scattering due ttance was equal to zero. The high-pressure cell was cali-
Ruderman-Kittel-Kasuya-Yosida RKKY) interaction be- brated at low temperature by using a Pb manonféter.
tweend andf electron population® In order to obtain a quasihydrostatic environment, we

It is important to recognize that these two compoundspacked the sample in pyrophyllite, a soft powder as the trans-
have identical ordered structures in the ground state. Howmitting pressure media which develops shear stress at about
ever, both present different magnetic and superconducting.25x P, whereP is the applied pressufé.Particularly, we
properties. The magnetic interaction in these intermetallicdo not discard that shear stresses might be present in our
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' ' ' ' ' ' ' ' ' function of pressure shows a linear dependence, decreasing

80T 28 Linear Fit DyNi,BC | at a ratedp,,/dP=—1.59 uQ cm/GPa(inset of Fig. 1,
o5l 2 27 \ ] indicating that no structural transition is present. The effect
é - of pressure on the resistivity at room temperature is to reduce
2l &2 \'\l it for about 12.5% at a pressure of about 2.1 GPa. The inset
°‘24 LN ] of Fig. 2 shows the pressure dependence of the supercon-
i ducting critical temperature. In the pressure range from 0 to

00 05 1.0 15 20 25
P (GPa)

1.8 GPa it seems a linear variation in the— P curve. This
1 dependence was determined to &€&:/dP=—0.7 K/GPa.

: (1)25 At a pressure of 2.1 GPa a relatively strong change occurs in
St —%—18 ] the superconducting transitiosee Fig. 2 Although the
—_—— 2:1 ] transition to the superconducting state was not completed
or . . ' , C ] when measured dowrt2 K such change suggests a qua-
0 50 100 150 200 dratic behavior off (P) above 1.8 GPa, instead of the linear
T (K) one. A quadratic decreasing ot (P) dependence also has

_ been reported in YNB,C, HoNi,B,C, ErNi,B,C, and
FIG. 1. Temperature and pressure dependence of the |n-plar+pmNi252C system§.5
resistivity of DyNiLB,C single crystal. Note that linearity of the It should be pointed out that all the superconducting sys-
resistivity from 50 to 300 K is not modified by pressure. The insettemS RNi,B,C possess negative ratetTc/dP (Refs
shows the linear variation gf(P) at room temperature. 25,26,24 éxéept LuN}B,C. The latter showecd a small posi-

. 19 . . . _
samples. However assuming that the bulk modulus of th(’-[;-lve value ondTc/dP."" Nevertheless, it is worth mention

: . o ing that in single crystals of ErpB,C (Ref. 25 and poly-
PrNi,B,C and DyN;B,C are similar to those of YNB,C . : >
and zHéNszc w)flwichh ?s about 200 GPE2* we thinE t%at crystalline HoNjB,C (Ref. 27 samples positive rates for

the effects of the shear stress in our samples, could be n :—I\Cli/ dBPC ?S;? 1?;22 d :ﬁps(,)i::elde ' Cf’ l;ttal"hopgyg)(/;tspme
very substantial. As a probe of this assumption we examine 5 taesz /d|£> rates have begn fognd o beNn; ative .An-
the samples under optical microscopy after the pressure mea: c 9 .

surements, and they were intact, free of cracks, and fracturegther observation is that the feature related with the antifer-
Plots of the in-plane resistivitys,,) as a function of tem- romagnetic transition in thg(T) curves at 0, 0.85, 1.8 and

: : i 2.1 GPa seems to remain independent of the applied pres-
erature and pressure for DyBi,C are given in Figs. 1 and .
g' At ambientppressure the,(T) curve%eveals a ﬁnear be. Sure, and only one curv@.3 GPa shows a lightly flattened

havior from room temperature down to about 50 K. At about®Nset In order to know iy is indeed change.d. .W'th the_
_ . . e L applied pressure, measurements of susceptibility at high

T=10.8 K it shows a change in the resistivity which is iden- ressure and low temperature will be necessar

tified as the antiferromagnetic transiti&The onset of the P P Y.

superconducting transition occurs at 5.8 K and is complete?h Tgel\?_eéogd _sysltem Stltjdl'et?] wafsf E?&C; compe:_red with i
at 4.8 K. In the high-pressure regime we found no significan € DyNpbot Single crystal, the efiective magnetic momen

+ ; i+
change in the overall behavior of the resistivity curves abov eigerscte((jgfﬁgﬁgf)orlz frrgtillcﬁzatihnatlgraD(Zioglgé?v&:/gBe)r’l 2B?n\sN§f the
50 K (see Fig. 1. At room temperature, the resistivity as a rare earth will be weaker for PrpB,C. This weak magnetic

interaction simply means that the system is more favorable
for the emergence of the superconducting state. Our experi-
ments indicatdsee Fig. 8a)] that this is not the case. At a
pressure of about 5.3 GPa the crystal remains nonsupercon-
ducting. It is important to mention that the pressure does not
alter the general behavior of resistivity from room tempera-
ture to low temperature. At ambient pressure and low tem-
perature, we observed a noticeable decrease in the slope of
the curve at about 8 K. As the temperature decreases the
change seems to be more pronounced, although it is not
abrupt. We think that this anomaly could correspond to a
decreasing of the scattering process due to the ordering of the
00 05 10 15 20 - spin structure, which is originated by the RKKY interaction
. PGPy betweend and f electron population® On the other hand,
0 4 8 12 16 20 24 specific heat measurements on polycrystalline FBNC
T (K) have revealed a moderated heavy fermion beh&%for.
Recently magnetic measurements in BBYC single

FIG. 2. A zoom view of the pressure effects in the supercon-Crystals have shown a decreasing of the magnetic moment of
ducting and antiferromagnetic transitions of a DyB§C single ~ Pr ion in thec direction®® Consequently the experiments
crystal. Inset shows the changeTof with pressure, which is aimost  performed in PrNiB,C polycrystalliné® and those in our
linear from about 0 to 1.8 GPa. single crystals allow us to think that spin screening effects

4 T T T T T T T T T T
P (GPa) DyNi,B,C
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FIG. 4. Exchange-interaction strength as a function of pressure
for DyNi,B,C and PrNjB,C single crystal(Lines are guide to the
241 ! eye)
rare-earth compounds are mainly governed by the indirect
1 RKKY exchange interaction. The strength of this interaction
can be calculated from resistivity measurements. In the nor-
mal state, the resistivity as a function of temperature can be
. s . s s s . expressed as the sum of three terms: residual resistivity, re-
0 1 2 3 4 5 6 sistivity due to electron-phonon scattering, and the magnetic

P (GPa) contribution. The latter describes the scattering processes of
the conduction electrons by the rare earth magnetic mo-

FIG. 3. (a) Pressure dependence@(T) for a PrN;B,C single  ments. The sum is therefore given by
crystal. Note that the resistivity drop at low temperature decreases

p, (LQ cm)

20r

with pressure. Inset shows the pressure effect on the overall behav- pr=pot ppn(T) +pspd T).

ior of p(T). (The arrow indicates the increasing pressufte. Pres-

sure dependence of the electrical resistivity for a PBMC single The exchange-interaction strength between the conduc-
crystal at room temperature. tion electrons and the rare-earth ions can be calculated using

the expressiolf

could be correlated with the resistivity change at low tem-
perature (8 K). However, specific heat measurements on B (37N)I15(g—1)23(3+1)
PrNi,B,C single crystal are now in progress in order to un- Psp N ﬁevg '
derstand more about this syst8MmOur group performed
measurements of the magnetization and coercive forces, bowhereN is the number of rare-earth atoms per unit volume,
as a function of the temperature for this system, and obvr the Fermi velocity,g the Landefactor, andJ the total
served a magnetic transition at about 15 K, which might beangular momentum of the localized rare-earth Rh? in
ferrimagnetic in nature, instead of the antiferromagnetic onéinits of #, according to Hund’s rule ground state. The
reported in the literatur® This transition is not manifested exchange-interaction strengty, is calculated from the mea-
in resistivity measurements. It is important to note that insured value of the drop in resistivity due to the spin ordering
metallic praseodymium several structural transitions develofAp=pspd at different pressures. For this calculation we
under pressure, one of them is particularly correlated witrassumed thair andJ are not altered by pressure. The Fermi
change of the valenc®.In general such transitions are ob- velocity vg is expected to be close to the valug=3.6
served and manifested as changes in the resistivity-pressurel0’ cm/s calculated for LUNB,C3? In DyNi,B,C the
measurements at room temperature. We made measuremensue we calculated fdr,, was about 0.5 eV A(3.8 me\j at
of the resistivity as a function of pressure at room temperaambient pressure. At high-pressuig almost remains con-
ture in PrNjB,C and they shown a smooth parabolic behav-stant(with small increase at a rate ob310™ 3 eV A%/GPa).
ior [Fig. 3(b)], which indicates that no structural transition is Thus, the interaction is not modified much by pressisee
taking place. From the,,(T) vs P curve we found that the Fig. 4). This result agrees well with the calculations for
resistivity decreases 13% at 2.4 GPa, which is bigger thailoNi,B,C and ErNjB,C already reported with values bf,
that for DyNiL,B,C. The width of the resistivity drop at low of the order of 0.6 and 0.7 eV respectively® Accord-
temperature decreases notably as the pressure increases,iaffly, the magnitude of the exchange interaction is between
fecting the exchange interaction. the same values for these two compounds, even although the

As mentioned above, the magnetic interactions in thesgolume of the unit cell decreases from DyB,C to
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ErNi,B,C. Thus, the small change fog, with pressure in  PrNi,B,C then indicates an anomalous behavior of the ex-
DyNi,B,C seems very reasonable. change interaction with the pressure.

Considering that the variation ofy and the exchange- In summary, electrical resistivity as a function of tempera-
interaction strength in DyNB,C compound were not sub- ture and pressure were measured for two single crystals
stantially altered with pressure, at first glance it will come toDyNi,B,C and PrN;}B,C. For the system DyNB,C under
suggest that there is some correlation between them. ThisressureT at first decreases linearly, but above 1.8 GPa a
latter could reinforce the idea that in this syst&mis prin-  drastic change occurs with resulting nonlinear behavior. On
cipally determined by the interlayer coupling, because it ishe other hand, the feature related with the antiferromagnetic
inferred to be of the RKKY typé' On the other hand, we order, seems to remain almost constant with the pressure.
conclude that the decreasing B¢ with pressure is not cor- - From the exchange-interaction strength as a function of pres-
relatgd with the RKKY exchange. Accordingly the supercon-gyre for DyNjB,C we conclude that the decreasing T
ducting state does not appear to have some relation with thgii, hressure is not correlated with the RKKY interaction.
magnetic order in this system as it has been suggested Byhe smooth change of the resistivity at ab@uK of the
Lynn.” For PrNi,B,C the exchange-interaction strength Wasnonsuperconducting compound PsB4C (Ref. 14 is not

calculated at different pressures taking the resistivity dranodified with the applied pressure. Finally the pressure de-

between 8 and 2 K. At atmospheric pressire~1u cm r ; ! )
and |, was found to be 1.26 eV&(9.23 meV, which is pendence of the exchange |nteract|on strength in this system
shows an anomalous behavior.

bigger than for DyNjB,C. From the viewpoint of the inter-
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