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Anisotropic magnetic properties of TbNi,B,C single crystals
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Magnetic and transport properties of single crystals of TBMC have been investigated by ac susceptibility,
dc magnetization, specific heat, and resistance measurements. The compound shows highly anisotropic mag-
netic properties which come about as a result of the Tb magnetic moments lying predominantlyain the
plane. The ac susceptibility and low-field dc magnetization measurements indicate the presence of two mag-
netic transitions; one due to the antiferromagnéA&M) ordering of the Tb moments around 15 K, and
another at 5 K, which we believe is due to a spin reorientation of the Tb moments. The resigtiyity
measurements show a sharp decrease in the resistance at 15 K but contain no observable features correspond-
ing to the lower-temperature transition. The compound does not show superconductivity above 300 mK.
Specific heat at low temperatures shows a laxggpe anomaly at 13.8 K in addition to the anomalies
associated with the AFM ordering of the Tb moments at 18TKg) and the spin reorientation at 5 K.
Magnetization M) andp,,(T) measurements indicate a decreas€p as a function of applied fieldH) for
Hllab, whereas foHlic, T is independent of field. Th&1-H isotherms &2 K show that forHllab the
compound goes through a series of temperature-dependent metamagnetic states before finally saturating into a
ferromagnetic state foH>21 kOe. ForHIllc the compound shows a lineadi-H behavior expected for a
normal AFM compound. The,,(H) measurements show anomalies due to the metamagnetic transitions and
a large negative magnetoresistance above 21 kO€lffab.

INTRODUCTION (Y and Lu have the highesT,, while for the magnetidR
ions, T, decreases from Tm through to Dy. Detailed magne-
The discovery of théRNi,B,C (R=rare earth family of  tization measurements have been reportedrfer,B,C com-
magnetic superconductors has opened up the possibility @ounds withR=Tm, Er, and Ha:>~1’which demonstrate the
studying the interplay between superconductivity and longanisotropic properties of these compounds. In the case of Ho
range magnetic ordér These compounds form for most of and Er compounds, the anisotropy results in a Curie-Weiss
the R ions” and show superconductivity for magnetiEm,  susceptibility forHllab and a much weaker, temperature-
Er, Ho, and Dy; T,=10.8, 10.5, 85, and 6.5 K, dependent susceptibility fafllc at low temperatures. For
respectively’> as well as nonmagnetic rare-earth iof¥s  TmNi,B,C, anisotropy exists between 2 and 300 K, but with
and Lu; T.=16 and 15.5 K, respectively The layered a larger value of susceptibility fddlic than forHllab. For
structur@ of these compoundéetragonal, space groupgt/  ErNi,B,C, a change in the sign of anisotropy is observed,
mmm), which resembles that of the high-temperaturewith yllab< yllc for T>150 K. In all the cases, crystal-field
copper-oxide superconductors, consistsRe€ layers well effects are cited as an explanation for the observed anisot-
separated from the conducting M8, layers. However, the ropy.
band-structure calculatiohsndicate that these compounds  The slow decrease i, observed moving across the
are closer to conventional superconductors than to th&Ni,B,C series of compounds from Tm to D§10.5 to
high-T, oxides. As a result of the layered structure, the con6.5 K) suggests that TbhB,C, the next compound in the
duction electrons are partially isolated from the magnBtic series, may be expected to become superconducting at finite
moments, giving rise to the possibility that these materialsemperatures. The magnetic behavior exhibited by this class
may exhibit both magnetic ordering and superconductivityof materials makes it likely that TbbB,C, which orders
Neutron-diffraction and specific-heat measurements havenagnetically around 15 R will also exhibit interesting an-
confirmed the coexistence of magnetic ordering ofRhien  isotropic magnetic behavior. These facts, together with the
momentgR=Tm, Er, Ho, and Dy with the superconducting availability of good quality single crystals of this material
state®~1* The materials containing Tm, Er, and Ho order have motivated us to study this compound. Our earlier inves-
magnetically(Ty=1.5, 5.9, and 6 K, respectivelyfter en- tigations of DyNyB,C (Ref. 3 have shown that phase purity
tering the superconducting state, while the Dy compounglays an important role in the observation of superconductiv-
becomes superconductin@.=6.5 K) in the magnetically ity in a magnetically ordered state. In a careful search for a
ordered statéTy=10.5 K). Evidence that a degree of inter- superconducting phase in ThBL,C we have investigated
action between the magnetic moments of fhens and the various nonstoichiometric and stoichiometric polycrystalline
conduction electrons, present in these materials, comes fromateriald® as well as stoichiometric single crystals. The re-
the fact that the compounds with nonmagnetic rare-earth ionsults of our resistance measurements show no evidence for
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superconductivity above 300 mK in any of the materials ]
tested. However, as expected, the TBNC single crystals TbNi,B,C o, 35 7 T
do display interesting anisotropic magnetic properties. Here 2oL H/fab & B s0le 7
we report on detailed resistance, ac susceptibility, dc magne- . . s
tization, specific heat, and magnetoresistance measurements . * 25p o 4
on TbNiLB,C single crystals which highlight the magnetic = N ’ 20k \./ i
properties of this material. Magnetization measurements 2 .

show that TbNjB,C exhibits a second magnetic transition at £100 3 15¢ 76 204
5 K in addition to the magnetic transition due to the magnetic . .

ordering of the Tb moments at 15 K. A comparison of the °

magnetization values at these two transitions suggests the
possibility of a spin reorientation of the Tb moments at 5 K

with an enhanced magnetic component. It is possible that 0
this spin reorientation could be one of the reasons for the ab-

sence of superconductivity in Thj,C. T(K)

X

bl LY T

FIG. 1. Temperature variation of the real part of the ac suscep-
EXPERIMENTAL DETAILS tibility for a TbNi,B,C crystal with the ac field applied parallel to

) theab plane of the crystal. The transition & K corresponds to the
Polycrystalline samples of TbpB,C were prepared by gpin reorientation of the Th moments. The inset shows the expanded

the standard arc-melting method under argon gas on a wat€farsion of the graph to highlight the magnetic ordering of the Tb
cooled copper hearth. The samples were wrapped in Ta foilyoments at 15 K.

sealed in evacuated quartz tubes, and annealed at 1050 °C for

24 h. Single crystals of TbB,C were grown from these 5 reorientation of the Tb moments in the magnetically or-
annealed buttons by the flux method using an equal amoufered state. Figure 3 shows the results of the zero-field re-
of Ni;B as flux'® Several sizeable, good quality single- sistance measurements along tiie plane. The compound
crystal platelets were separated from the flux. The crystalghows metallic behavior down to the ordering temperature,
were characterized by x-ray Laue photographs as havinghere a kink characteristic of a magnetic ordering occurs.
their ¢ axis pointing out of the plane of the platelet. Single gelow T, the resistance continues to decrease with de-
crystals weighing between 4 and 6 mg were used for th@reasing temperature flattening off below 5 K. The measure-
measurements. A standard four-probe dc method was used f§ents were extended down to 300 niikset of Fig. 3 to
measure the resistance in thé plane of the crystals. A gearch for any superconducting phases which may have been

Heliox cryostat(Oxford Instrumentswas used for the zero- present in the sample. The resistance remains constant down
field resistance measurements down to 300 mK. The magne-

toresistance measurements were carried out at temperatures

of between 2 and 25 K in magnetic fields up to 80 kOe, with (@) -~ ' 0010~
the field applied parallel and perpendicular to the plane of 008+ S ° 1
the crystal. A mutual inductance method was employed to * ooosk % _
measure the ac susceptibility using a measuring frequency of ¥ 0.061- s
113 Hz and an ac excitation field of 2 Oe. Heat-capacity data £ 0000
were collected using a relaxation method from 2 to above 20 = 0041 . ’ i .
K. The dc magnetization was measured from 2 to 300 K in 0.02 . Tth‘ngfbﬁwab
magnetic fields of up to 120 kOe using a superconducting e I i
quantum interference devi¢8QUID) magnetometefQuan- 0.00 e e r s g enesa v
tum Design and a vibrating sample magnetometéxford 0 5 10 15 20
Instruments = T& ,
24 ® F7, _
I 1.70 T T T
RESULTS AND DISCUSSION <22t T A
- P SN
The ac susceptibility and low-field dc susceptibility of a H 2ol R RS
TbNi,B,C single crystal are shown in Figs. 1 and 2. Both the S Hile -
figures clearly indicate the presence of two magnetic transi- sl TP - MO s
tions, one at 15 K and another around 5 K. The transition at .
15 K (Tag) corresponds to the magnetic ordering of the Tb 1.6F TemeeemeeTT e
moments. This has been confirmed independently via 0 5 15 15 20
neutron-diffraction measurements, which show that the com- T K
pound orders antiferromagnetically below 15KThe low-
temperature transition is present in all the THNC crystals FIG. 2. Dc magnetic susceptibility versus temperature for a

and is independent of frequency in ac susceptibility measuresrystal of TbN}B,C with the magnetic field appliets) parallel to
ments between 10 Hz and 3 kHz. As we shall see shortly thighe ab plane and(b) parallel to thec axis. The insets show the

transition is field dependent and is not observed for higheexpanded version of the graphs to highlight the magnetic ordering
fields(>5 kOe. It is possible that this transition is caused by of the Tb moments at 15 K.
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FIG. 3. Electrical resistance in ttab plane versus temperature FIG. 5. Magnetization M) versus temperaturéilled circles
for a TbNB,C crystal. The kink at 15 K corresponds to the mag- for a TbNp,B,C crystal with an applied magnetic field of 100 Oe
netic ordering of the Th moments. The inset shows the extendedlong theab plane. The derivatived M/dT is shown as the solid
resistance measurements down to 300 mK. line.

. the inset(a) of Fig. 4 whereC,, versusT is plotted on an
X S %%(panded temperature scale. The third transition is a subtle
of the mate_nal. No feature |nd|cat|n_g the presence of a Suénomaly with a broad peak around 5 K. This is more clearly
peré:ond_lf.{ctlrr:g ri')hase was dettected In ou(; measur_emlents. seen ifC,,/T? is plotted against the temperatures as shown in
ngﬁ.C'E;Cé ea .mﬁ.asugeg‘e” ST"rV]erf 't‘t”'.a € O”t?‘bs'?.g € CIYSiie inset(b) of Fig. 4. We identify this feature with the strong
0 I2B,%, WeIghing 5.5 mg. 'he latlice contribution was anomaly observed in the magnetic susceptibility at the same
subtracted from the tOI"’.‘I specific heat using a Debye tem‘Eemperature. A number of comments can be made at this
perature of 300 K, obtained from the data for the nonmag-stage; firstly the change i€,(T) at the antiferromagnetic
.(E)AFM) ordering temperaturé€T 5¢) is relatively small com-
- S . N ared to the\-like peak which occurs at lower temperature
contr|bu_t|on Cr) shown in Fig. 4, contains three d|st|qct (13.8 K). It is posspible that the paramagnetic morr?ents un-
. . . ) - Sdergo a transition to an amplitude-modulated AFM structure
The first evidence of magnetic ordering co_mes'from ajump, the narrow temperature range 13.8K<T . before go-
in C(T) at TAe=15 K. A much sharpen-like first-order ing into another AFM spin arrangement at lower tempera-

trans_ltlon follows atT_=13.8 K: No evidence for a transition tures. This speculation stems from the studies of HBMG
at this temperature is seen in the transport data. Howeve

i . Where a similar shoulder in the specific Héas found to
there is a change of slope in the temperature dependence 8 iginate from a modulation of the magnetic moments in

tfllettQC rg&gr&ﬁ_tlzatlonf Wh't?h ca:cnt be morte r(clear:gl' seen by o iron-diffraction measuremersPIt is anticipated that in
'?'r? Ing i a?t?] unct\ll\t/)n to e.ft'?pefa_ ureee 'g' .5 . this kind of scenario, the specific-heat juAg ,, at the tran-
€ separafion of these two transilions 1S more obvIous Wjiq s reduced to some fraction of that expected in a para-

magnetic to equal-amplitude spin AFM state, which is either
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commensurate or incommensurate. The magnetic entropy at
the AFM ordering temperaturél5 K) is only 9.3 J/mol K
and reaches about 10.0 J/mol K at 20 K, which is only half
the value expected for the free 'bion with J=6, where
RIn(2J+1)=21 J/mol K. This is a sign of the strong influ-
ence of the crystalline electric-fieldCEF) effects present in
this material which will be discussed in more detail below.
The results of the magnetization versus field measure-
ments for applied fields both parallel to thd plane andc
axis of the crystal are presented in Figga)éand &b). For
both the orientations, the magnetization is linear with respect
to field for T>100 K. For applied fields parallel to theb
plane, the magnetization shows anomalies belgy, going
through distinct metamagnetic transitions. These transitions
are very clear aT=1.8 K, occurring at 0.6, 13, and 21 kOe.
The magnetization eventually shows saturation reminiscent
of a ferromagnet and hysteresis effects for increasing and

decreasing fields. The saturation moment at 1.8 K is calcu-
lated to be 9.185, which is slightly smaller than the free ion
moment of TB"(9.72ug). The first metamagnetic transition
at 0.6 kOe disappears for temperatures above 6 K. This tem-
perature coincides with the temperature range at which the

FIG. 4. Magnetic contribution of the specific he&,() versus
temperature for a TbNB,C crystal. The insefa) shows an ex-
panded scale oE,, vs T to highlight the two anomalies at 13.8 and
15 K. In inset(b), C,/T? is plotted against the temperaturE)(to
highlight the anomaly due to the spin reorientation at 5 K.
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FIG. 7. Magnetization 1) versus temperature for a Th/8i,C

FIG. 6. MagnetizatiorM versus applied field for a TbBB,C  crystal at various magnetic fields) Hllab and (b) Hiic. In (b),
crystal at the indicated temperatures ffrab. The curves in(a) for M (emu/g is plotted on the right axis foH=50 kOe. The lines
T=6, 12, and 20 K are shifted along tlgeaxis for clarity with 25, along the curve are a guide to the eye.
50, and 100 units, respectively. The inset shows the magnetization
at T=1.8 K for the same crystal wittlic. Arrows indicate the magnitude of the magnetization is much smaller and shows
increasing and decreasing field directions. the peak due to Tb ordering ¢) for all field values(<55

kOe) at the same temperatufé5 K). For fields<10 kOe,

magnetic transition due to the spin reorientation occurs. It i%he low-temperature magnetic fransitiG K transitior) ap-
quite possible that the first metamagnetic transition is caused P 9 P

: : ; . ears enhanced compared to the peak due to Tb ordering,
by the spin reorientation effects. AboV¥g,, the magnetiza- P o
tion shows saturation or nonlinear behavior for higher fieldshgévaer’ for 50 kQe, only the peak due to the Tb ordering is
up toT=100 K. The saturation moment at 20 K is nearly the S h h I f th .
same as at 1.8 K. In contrast, fbiiic, the magnetization is Figure 8 shows the temperature variation of the magnetic
proportional to the field at all temperatures, as expected for ggfgﬁgltlgl'gom:]bte;zegaé?:cignasn ?_?]zhiﬂgfeld t(i)t];iﬁto ki(s)e
simple antiferromagnet or a paramagnet. A representativE. X : . . ; ~€p y
curve is shown in the inset of Fig(#. The value of the ighly anisotropic, with a Curie-Weiss behavior fbiilab
magnetization foHlIc is much smaller than that fatllab at and a weak temperature dependenceHédt. The powder

a given temperature, indicating that the Tb moments are corgvﬁéagﬁ d ISIOC;aeIICUrIZtsi(:ntl)JISeI Q%héh;b zg?;gﬁ ’:2,[{) Siﬂl:evz;((er
fined mainly in theab plane. X y

The temperature variation of magnetization for highercontr|but|0n fromyllc. The anisotropy remains up to 300 K

' . P which is evident from the inverse susceptibility plot in Fig.
fields (=5 er at_ low temperatures is shown in Figay for 6(b). All the three susceptibilities in the temperature range of
Hllab and in Fig. Tb) for Hilc. For Hilab, the low- 150 to 300 K were fitted to the Curie-Weiss equation
temperature magnetic transition is suppressedifers kOe q '

and the peak corresponding to the Tb ordering becomes _ 2,2 _

dominant. The ordering temperature of Tb mome(Tigg) X=Xo Nue™Perl3K(T—6p),

remains the same fd <10 kOe and then decreases sharplywhere p is the effective magnetic moment on the3tb

as the applied field is increased. For 20 kOe, Thg de- ions. The fitting yields the values ¢f.+=10.48, 8.02, and
creases from 15 to around 10 K. As the field is further in-9.91ug for Hllab, Hllc, and the powder average, respec-
creased, the peak due to the antiferromagnetic ordering of thévely. The corresponding values for the Curie-Weiss tem-
Th moments disappears and is replaced by a response ingieratures(6,) are 6.01,—8.3, and—0.53 K, respectively.
cating the presence of ferromagnetic correlation between th€he values for the Tbh moment obtained from the fit to the
Th moments at low temperature. A similar suppression ofiata are slightly higher than the free ion val®72ug) for

T e With the applied fields has been observed in the case dhe Hllab and powder average and lower fidiic. The val-
(Er,HONi,B,C.***’In the case of ErNB,C, the variation of  ues of bothp. and 6, are found to depend to some extent on
Tar With the field follows the equationT,-=To—AH?,  the temperature range over which the fits are made. The large
whereT, andA are constants. For TbpB,C, a better fit can anisotropy in susceptibilities may be present due to the CEF
be obtained if thad2 term is replaced by aH* term, and the  effects, as observed in other members of RNi,B,C
constants obtained ard,=14.22 and A=—2.6x10 " (R=Tm, Er, Ho, and Dy family of compounds. Analysis of
K/O€e*. When the applied field is parallel to theaxis, the the crystal-field effects in this compound are in progress.
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curve down ¢ 2 K for applied fields=20 kOe. This confirms
the results of the magnetization measurements where a simi-
lar shift in T 5¢ is observed with applied fields. As the field is

FIG. 8. (a) Anisotropic magnetic susceptibility versus tempera-
ture for a TbNjB,C crystal with an applied field of 50 kOe for
Hllab and Hllc. (b) Inverse of the magnetic susceptibility {@)
versus temperature. The closed circles represent the powder aver

increased, the resistance decreases at a given temperature
confirming the ferromagnetic nature of the correlation be-
tween Tb moments within thab planes. When the field is

calculated from thedliab and ylic.

The results of resistance measurements in applied fiel

agr‘%‘plied parallel to the direction there is an increase in the

resistance with the applied field, as expected for a simple

Antiferromagnet. There is no shift i, for fields of up to

are shown in Fig. 9 where the resistance variation is plotte@© KO€: similar to the results obtained in the magnetization

against the temperature for different applied fields both par-
allel and perpendicular to theaxis. The resistance was mea-
sured along thab plane in all the cases. Fétllab, the kink

at Tor=15 K due to the magnetic ordering of Tb moments

measurements in the same direction. Since the compound
exhibits metamagnetic transitions when the field is applied
along theab plane, the magnetoresistance was measured as a
function of field at constant temperatures above and below

shifts towards lower temperatures as the applied field is inJ AF- Figure 10 shows the magnetoresistance alongathe

0.8

T
(a) TONi,B,C, H/fab

® 0kOe
A 10kOe
© 15k0e
A

plane afT =2 K with the magnetic field applied along tlad
plane. The resistance increases as the field is increased and
goes through two transitions at 13 and 21 kOe before falling
off sharply to a nearly constant value for higher fields. The
field values of 13 and 21 kOe correspond well with the field
values at which metamagnetic transitions are observed in the
magnetization datdFig. 6(@)]. These two features in the
p(H) data are observed for temperatures of up to 10 K. No
anomaly is observed in the resistance measurements which
can be associated with the first metamagnetic transition at
0.6 kOe. The large negative value of the magnetoresistance

0 5 10 15 20
T®) for H>25 kOe provides evidence that the second transition
corresponds to the metamagnetic transition to a ferromag-
0.50L ' ' ' Q;MAM"MAQ neti_c state. The magnetore_sista_mce shoyvs hyste_retic behavior
NSt for increasing and decreasing fields, which is evident even at
~ 045 g ] 20 K, as shown in the inset of Fig. 8.
g A ® Hire TbNi,B,C exhibits an additional magnetic transition at 5
;ﬁ' 0401 AAff‘A,‘.’ i ookoe K in the magnetically ordered state. The magnetization value
L & S0KOe (see Fig. 2 at the 5 K transition is one order of magnitude
035F. 4 . higher than that aT 5. This enhanced magnetization value
Lo’ . . . . . suggests that the Tb moments reorients with a net magnetic
10 12 14 16 18 20 22 moment at low temperatures. This reorientation may be one

T (K)

of the possibilities which prevents the Cooper pair formation
and superconductivity in TbBB,C. The anisotropic mag-

FIG. 9. Magnetoresistance in tlad plane at the indicated field netic properties exhibited by TbM8,C can be attributed to
values versus temperature fdg) Hllab and (b) Hilc for a  the CEF effects. Similar anisotropic magnetic properties are
TbNi,B,C crystal. observed for other members of the series itk Tm, Er,
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and Ho™ 1" The CEF effects force the magnetic moments toproperties. The ac susceptibility and low-field dc magnetiza-
lie in one direction either along the axis as in the case of tion measurements for botdlic and Hllab show two tran-
TmNi,B,C or in theab plane as in the case of the rest of the sitions; one corresponding to the magnetic ordering of Tb
compounds. From our results, it appears that the metamagnoments(T =15 K) and another at low temperaturés
netic transitions and the field-induced ferromagnetic states &), which we believe is due to a spin reorientation. The
low temperature are characteristic of these compounds. Thigsistance measurements do not show any anomalies corre-
may be due to the fact that the moments which are forced tgponding to the low-temperature transition. Heat-capacity
lie along a particular direction by the CEF effects align alongmeasurements reveal a third magnetic transition with large
the magnetic field when the field value becomes strong type anomaly in addition to the features corresponding to
enough to split the CEF levels. The decreas& pwiththe  the AFM ordering of the Th moments and the spin reorien-
application of magnetic fields may also be a consequence @htion. The magnetic susceptibility follows a Curie-Weiss be-
these metamagnetic transitions. This is evident in the case ¢favior when the field is applied parallel to thé plane and
TbNi,B,C where no change i 5¢ is observed until 10 kOe 3 much weaker temperature dependenceHir. Magneti-
since these fields are smaller than the field value for whiclyation versus field isotherms reveal the metamagnetic transi-
the second metamagnetic transition takes place. The disagons at low temperatures and a field-induced ferromagnetic
pearance off or coincides with the field values correspond- state. The magnetic ordering temperature of the Th moments
ing to the third metamagnetic transition which produces as found to depend on the magnetic field fatab. Magne-
ferromagnetically ordered state. These observations are fufpresistance measurements give further evidence for the tem-
ther confirmed by the resistance measurements in magnetiferature dependence of tiigs and the metamagnetic tran-
fields. The ferromagnetic state is evident from the magnetisjtion to the ferromagnetic state. Fétic the compound
zation measurements as well as the magnetoresistance me@ows a lineaM-H behavior expected for a normal AFM
surements. The Origin of the first metamagnetic transition aéompound_ These data suggest that the Tbh moments are con-
0.6 kOe is not clear. However, it is quite possible that thisfined to theab planes and that these moments are arranged
transition is associated with the magnetic transition Observeﬁh a humber of different Configurations as a function of tem-
at 5 K. This is further confirmed by the fact that the peak inperature and/or app“ed magnetic field.
susceptibility due to the spin reorientationZaK is strongly
suppressed in applied fields greater than a6 kOe at
which the first metamagnetic transition is observed. Neutron- ACKNOWLEDGMENTS
diffraction measurements which are underway, will be help-
ful in illustrating the exact magnetic phase diagram of this The authors would like to thank Doug Astil and the IRC
compound. in Superconductivity, Cambridge University for the use of
In conclusion we have shown that TBE}LC is not super- the SQUID magnetometer. This work was supported by a
conducting above 300 mK, but shows interesting magnetigrant from the EPSRC, UK.
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