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Magnetic anisotropy and weak ferromagnetism of single-crystal TbNiB,C
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(Received 13 September 1995

The anisotropic magnetizatidvl (T) of single-crystal TbNjB,C is reported as a function of applied mag-
netic field H) for temperatures from 2 to 300 K and withH parallel and perpendicular to the axis
(H|lc and HL¢). In low field (H<100 G TbNi,B,C orders antiferromagnetically at Betemperature
Tn=(14.9£0.1) K. Weak ferromagneti¢€WF) behavior is found forT<8 K and H<10 kG. Both phase
transitions are also detected in zero-field in-plane resistpjtyT) measurements. In contrast, previous low-
field M(T,H) data showed antiferromagnetic ground stateg®at,Dy,Ho,Er,TmNi ,B ,C crystals. The origin
of the WF ordering, given the point symmetry f#hm of the Tb"3 ions, is addressed together with the
observed in-plane anisotropy in the high-field magnetization. Possible reasons for the absence of superconduc-
tivity above 2 K in TbNi,B,C are also discussed. Finally, a partidtT magnetic phase diagram of
TbNi,B,C is presented foH||[110] and aspects of the simil&t-T diagram forH||[ 100] are discussed.

INTRODUCTION and at low &10 kG) magnetic fielddH. We will discuss the
magnetic anisotropy in the normal state in terms of crystal-

The RNi ,B ,C series of compounds exhibits a wide vari- line electric-field(CEF) effects and the possible origin of WF
ety of low-temperature ) ground states ranging from su- together with the in-plane magnetization anisotropy of
perconductivity R= Lu, Sc, Y, TH, to superconductivity co- TbNi;B,C. We will also discuss possible reasons for the lack
existing with magnetic orderR=Tm, Er, Ho, and Dy, to  ©f superconductivity in ToNiB,C based on the measured
magnetic order without superconductivitR€ Gd).>" These ~ data.
compounds crystallize in a layered crystal structure, which
consists of the body-centered-tetragorthct) ThCr,Si, EXPERIMENTAL DETAILS
structure with additional carbon atoms in eaBhlayer®
Theoretically these compounds are expected to show ele&‘\l—
tronically three-dimensional behavior and conventional
BCS-type superconductivify.Experimentally theR=Tm, graphic c-axis perpendicular to the plate surface. Powder
Er, Ho compounds undergo antiferromagnéé) ordering  , ray diffraction patterns of crushed single crystals show the
in the superconducting state and display an interplay begrystals to be single phase. The three crystallographic axes
tween the magnetic ordering and the superconductivity in[100], [110], and [001]) were determined by Laue x-ray
resistivity measurements of polycrystalline samplédore- diffraction for the crystal which was used for magnetization
over, single crystals of each compound containing magnetigheasurementsvi (H,T) data were measured using a Quan-
R atoms possess highly anisotropic normal-state magnetizaam Design superconducting quantum interference device
tions and also anisotropic and suppressed superconductif§QUID) magnetometer. A Linear Research Inc. LR400 four-
state properties, indicating the existence of significant interwire ac resistance bridge was used in conjunction with the
actions between the local magnetic moments and the supef-andH environmental control of the SQUID magnetometer
conducting electron$:® More recently the discovery of to measure in-plane four-probe resistivity as a function of
superconductivity aT~6 K in single-crystal and polycrys- temperature.
talline DyNi,B,C below the AF ordering temperaturgy

Crystals of TbNyB,C were grown by the Ames Lab
i,B flux method> This method yields plates of
TbNi,B,C with masses up to 300 mg with the crystallo-

~10.3 K provided a rare example of superconductivity RESULTS
evolving out of an AF ground stafeGdNi,B,C, on the
other hand, does not become superconducting fe2 K,21° Figure Xa) showsM(T)/H of single-crystal TbNiB,C

even though it orders antiferromagnetically below 23°K. for H|[001] (Mgoy) and H|[100] (M9 with H=10 kG.
Thus, with GdN}jB,C and DyNjB,C as neighboring com- Figure Ab) shows inverséM(T)/H data together with a cal-
pounds, it is interesting to study the electronic and magneticulated powder averaged Ccunfé2M i+ Mgey)/3H] L.
properties of single-crystal ThMB ,C, which does not show The magnetization data are highly anisotropic, with a larger
any indication of superconductivity abe2 K in polycrys-  magnetization forH||[100] than for H||[[001]. The inverse
talline form? M(T)/H data for both field orientations in Fig.(ld) show

In this report, we present electronic transport and statimearly linear behaviors above100 K and deviate from the
magnetization ) data of single-crystal TONB,C. It is linear behaviors below 100 K for both directionstaf The
found that in addition to similarities with tHe=Dy, Tm, Er,  inverseM(T)/H of the powder average reveals a linear be-
and Ho compounds, a new feature, a weak ferromagnetibavior for the whole temperature range above 15 K, conceal-
(WF) component, develops at~9 K, below Ty=14.9 K, ing (averaging the deviations observed fd|c and H.1 c
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perature coefficient of resistivity isdp,,/dT~0.15
pQ cm/K for 50 K<T=400 K which is comparable to that

for single-crystal ErNjB,C.> The overallp,, vs T curve

FIG. 1. (a) Anisotropic magnetization divided by applied mag- Shows metallic behavior with slight negative curvature,
netic field M/H versus temperatur€ for a ThNi,B,C crystal for ~ Which is very similar to the one in single-crystal EjRC,
2 K<T=350 K. Inset: Low-temperature data plotted on an ex-attributed to the short mean free path of conduction electrons

panded scale(b) Inverse ofM/H vs T for a TbNi,B,C crystal, due to the strong electron-phonon interacfioh.sharp in-
obtained from the data in@. The closed circles represent crease in slope is seen upon cooling below thelXempera-
(M/H)~* for a powder averagédefined in text of the M/H data  ture Ty=14.8 K, attributed to the loss of magnetic scatter-
for H|[001] andH]|[100]. ing. A small bump also occurs between 7 and 9 K. These two
features occur at temperatures consistent with the tempera-
below ~100 K. Similar effects have already been seen intyres at which there are features in the low-field magnetiza-
otherRNi ,B,C (R=Tm, Er, and Ho single crystal$"®The  tion measuremeniiFig. 1(a) insef. The drop of resistivity,
data above 100 K are fit to the Curie-Weiss lawAp, =p., (15 K)—p,, (2 K), is near 3.8uQ cm. The
M/H=C/(T— 6), where the Curie consta@=NuZ3/3ks  Ap,,, caused by the loss of magnetic scattering in the AF
andN is the number of T? ions. The effective magnetic state, is given b¥
momentuq¢ of the Th*2 ion is found to be (9.20.1)ug,
(9.7+0.1)ug, and (9.8-0.1)ug for H||[001], H|[100],
and the powder average, respectively. These values are in
good agreement with the theoretical valug=9.72ug for
the Hund's rule ground state of the isolated*¥ton. The
Weiss temperatures are found to Why=(16+=1) K, whereN is the number of magnetic moments* is the
0o01=(—60+1) K, and 6,,=(0+1) K for H[[100], effective mass of the conduction electromg, is the Fermi
H|[001], and the powder average, respectively. A phasenergy of the conduction electrons, D&(g;—1)2J(J+1)
transition neail =14 K is manifested as a sharp drop of theis the de Gennes factor of the magnetic iapgsis the Lande
magnetization, as seen in Figalinset, consistent with an- factor, J is the angular momentum of the isolatBd® ion,
tiferromagnetic ordering, which is also observed in otherandl is the exchange interaction strength between the local
RNi,B,C (R= Er, Ho, Dy) crystals>~’ As will be shown magnetic moments and the conduction-electron spins. We es-
below, field applied along th¢100] direction suppresses timate |~5.2 meV assuming thain* is the free electron
Ty, and atH=10 kG Ty has dropped to 14 K from the low mass and the Fermi velocity is X1.0° m/sec® This value is
field value of 14.9 K. Another slope changeM(T) is ob-  comparable with the value~13 meV which is derived from
served near 8 KFig. 1(a) inset]. the Abrikosov-Gor'kov theory of magnetic moments in
In-plane resistivity p,;,) data are plotted in Fig. 2 for 2 K superconductors.
<T=<20 K and in the inset for 2 K T<400 K. The residual Figure 3 showsVi(T) data for several different magnetic
resistivity p,p(400 K)/p,p, (2 K) is =~19. The average tem- fields from 1 to 40 kG applied along th&00] direction. The
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FIG. 3. MagnetizatiorM versus temperature for a Thp8,C

. - . FIG. 4. M tizatiorM t t f TbhpB ,C
crystal for various magnetic fields with H||[100]. agnetizatioM versus temperature for a Top,

crystal for applied magnetic fielti=100 G with H||[100]. ZFC

Ty value, defined as the temperature of maximum(full circles): data measured on warming after zero-field cooled, FC
d(MT)/HdT decreases from 14.95 K Hit=1 kG to 10.5 K (open circles data measured on cooling after field applied. The
at 20 kG, which is similar toTy(H) of single-crystal Neel temperaturely=14.8 K is indicated.
(Ho, EPNi,B,C>® Above 25 kG, the AF ordering disap- o .
pears and the magnetization saturatesw@dK to between  different crystallographic directions, i.eH[100], [110],
8.2ug and 8. g, depending on the applied field. These data@"d [001], and the results are plotted in Fig. 6. There are
indicate that a field-induced magnetic phase transition occur@de anisotropies between all three orientations, i.e., not
for 20 kG=H=25 kG below 10 K. The phase transition ONlY betweenH[[100] andH][001] but also within theab
observed in magnetization data in Fig. 1 and in the transpoRlane. betweeitt[[100] andHI|[110]. Moo, is smaller than
measurement in Fig. 2 neadr=8 K is observed foH=1 kG

as an increase of magnetization below 9 K, will=0.4up 10 . [

at 2 K, indicating that a weak ferromagneti/F) compo- L : -

nent may develop out of the antiferromagnetic state for small - TbNi,B,C 1

applied magnetic fields. Above 10 kG, the feature near 8 K T H||[100] : 5 1

seems not to exist anymore indicating the possibility of a | T=2K ' - é
Y g P y . 05t 5 45.0-00-Q" 300

second magnetic phase transition.

In order to further understand the low-temperature and
low-field region, we obtainet (T) data withH=100 G and
M(H) data afT=2 K which are plotted in Fig. 4 and Fig. 5,
respectively. In Fig. 4, in addition to the AF transition at
Ty=15 K, the WF component is seen to develop below =
~9 K and saturates below=4 K. The zero-field-cooled | i
(ZFC) magnetization shows a lower saturation value at 2 K L 3 8
(0.22 1) and higher onset temperature @ K) of the weak 0.5 _-»o<-o~o<-~oﬁ5~0-~0"d : i
ferromagnetism than the field-cooling-C) magnetization ? - : E 1
(0.25u5 and =8 K, respectively. Figure 5 shows a mag- r 1
netic isotherm at 2 K. Whereas there is a hysteresis between i 1 : 1
the virgin curve 1 and the magnetization for field ramping 10 | , | , ; , K ‘
down (curve 3, no noticeable hysteresis is found in the sub- 1000 500 0 500 1000
sequent field sweeps indicated with arrows and numbers in Magnetic Field (G)

Fig. 5. Extrapolating the higher fiel(600—1000 G linear
regions to zero field gives a saturated WF moment of
0.5ug- FIG. 5. MagnetizatiorM versus applied magnetic field for a

To investigate the low-temperature magnetization anisotTbNi,B,C crystal forH||[100] at T=2 K. The data are taken with
ropy of the crystal, field-dependent magnetization measurehe field history indicated with numbers and arrows, with number 1
ments were performed & K with the field applied in three being the virgin, zero-field-cooled, curve.
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both M40 and M5 and shows no field-induced magnetic @ al T=10K h
transition belowH =50 kG. It should be noted that the weak 2 ° 1
ferromagnetic moment, seen for bothi|[100] and = | OOo0 ]
H|[110], does not appear foH|[[001]. Within the basal 2r o T=30QK |
plane, the anisotropy betweén o, and M, iS most pro- 000 e ¢ °* 1
nounced forH above the first metamagnetic transition at O @BReeeeres®t S, | L L il
~11 kG. Whereas two metamagnetic transitions are found 0 10 20 30 40 50
for H||[110] nearH=16.5 and 23 kG, there are three pos- ° Magnetic Field (kG)

sible transitions evident fad||[ 100]. The significant hyster-
esis found foH||[ 100] upon increasing and decreasidg as o _ o
shown by the arrows in Fig. 6, makes it difficult to resolve _ FIG. 7. MagnetizatiolM versus applied magnetic field for a
the nature or number of magnetic phasesHobetween 12  1PNi2B,C crystal forH[[110] at T=(a) 2 K, (b) 5 K, (¢) 10 and
and 22 kG. The in-plane anisotropy of the saturated magneti%00 K.
moment for TObNLB ,C is qualitatively similar to that found
for HoNi,B,C, which is interpreted in terms of anisotropy state exists at higher fields. At=50 kG the saturated mag-
due to CEF interactiof although in the case of HobB,C  netic moment of TB 3 is 6.6ug, which is 73% of the theo-
M 110> M4go at 50 kG and 2 K. In the highest fiel&0 kG), retical maximum magnetization ofg . As the temperature
the saturated paramagnetic moment ef6.6ug for  increases, the first transition fades away and only one transi-
H|[[110] is significantly lower than the value e¢9.5ug for  tion aboveH =20 kG remains al =10 K and no WF com-
H|[[100]. It should be noted that thd ;o;~9.5ug at 2 K and  ponent is detected dt= 10 K. At T=300 K only a paramag-
50 kG is significantly larger than the saturation moment ofnetic linear behavior of the magnetization versus field is
9.0up for isolated Th™3. We speculate that the value of seen.
M 105~ 9.5ug (larger by 5.5% than 94£g) comes from the
ferromagnetic polarization of conduction-electron spins due
to the exchange interaction between the local magnetic mo- DISCUSSION
ments and conduction-electron spins. However, the estimated i

Single crystals oRNi,B,C (R= Dy, Ho, Er, and Tm

Heif(~9.8up) for the powder average is the same, within X ' o
experimental error, as the theoretigal; value (9.7z) of show large anisotropy in the normal-state magne}|z7at|on that
“Ina

the Tb*3 Hund's rule ground state. More studies will be S attributed to crystalline electric-fielCEF) effects.

necessary to clarify the reason for this difference. similar manner the magnetic anisotropy in TeBLC found
Figure 7 shows field-induced magnetic transitions belowhere is also attributed to CEF 9ﬁeqts. For th(_a tetragonal point

H=50 kG withH|[110] at four different temperatures. At 2 SYmmetry (4fmm) of an R ion in the RNi,B,C com-

K, there are two phase transitions nétr 16.5 and 23 kG in  Pounds, the CEF Hamiltonian can be writteri’as

addition to the weak ferromagnetic component in the low-

field region as seen in Fig. 5. Thus, a metamagnetic state , 00 - OO hmd OO . mdmd

exists between 16.5 and 23 kG and a saturated paramagnetic =~ %cer= B202+B;0;+B;04+BgOg+B0s, (1)
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TABLE . Values of the crystalline electric-field paramet®$, and the parameters?) (Ref. 17 and
a; (Ref. 16. All values are normalized to the values for Hb The easy axes from magnetization
M(H,T) and neutron-diffraction measurements are also listed.

Easy axis Easy axis
(r® a; BY(CEP BY (Exp) from M(H,T) from neut. diff.
Tb™® 1.08 —4.55 4914 3.90.1 Hlc
Dy+3 1.04 —2.86 2.97 3.6 0.4 (Ref. 29 HLc (Ref. 7 Hlc (Ref. 19
Ho™® 1 -1 1 1(Ref. 13 HLlc (Ref. 6 HLl c (Refs. 20,21

Er'® 095 1.14 —1.08 —0.05-0.04(Ref. 5 HLc for T<150 K HLc (Refs. 22,23
Hllc for T>150 K (Ref. 5
Tm*™ 091 45 -41 —2.9+0.5 (Ref. 4 H|lc (Ref. 4 H|lc (Ref. 24

where theO]!' are the Stevens equivalent operators and thenental error the point-charge CEF model predicts the sign of
B are the Stevens coefficients. TBOS term in. 7 gr is BY correctly, according to the easy axis as observed in
dominant in many cases and the field direction in which themagnetizatiofi”” and neutron-diffractiol?~2* measurements.
susceptibility is largest is generally determined by the sign oHowever, the normalized experimental magnitudeBg)tjo

B3 a B3>0 vyields My,>M.. Wang® and Boutro®  not seem to be in such good agreement with the theoretical
showed that only th@©3 term among the terms in the CEF predictions. This discrepancy may come from the assump-
Hamiltonian contributes to the high\Weiss temperatures in tions thatAg is constant through th&Ni,B,C series and
single crystals witfR in tetragonal point symmetry. From the that the point-charge model applies, or may be due to the

expansion of the gusceptibilitx(T) as a power series in jsolated ion assumption we have made in using j.
1/T, the value ofB; can be calculated from the difference  For 8 K <T<14.9 K, TbNi,B,C is ordered antiferro-

betweend, and 6, , using the relatiot? magnetically in low applied magnetic field. The magnetiza-
tion data shown in Fig. 1 are similar to those for the
BO— 10 (6,0~ 6,) ?) RNi,B,C (R= Er, Ho, Dy) (Refs. 5 and Ycompounds below
273(23-1)(23+3) Y T

their magnetic ordering temperatures. However, as has been
found in neutron-diffraction studiéS;?*theR= Er, Ho, and

Dy compounds each have different magnetic structures at
low temperatures. Other than our inference that the ordered
moment will be oriented near to or in the basal plane of the
. . : , Y&tragonal structure, the details of the magnetic structure of
interaction between rare-earth ions. B;)y_ using the values Ofp\i B.C must await the results of neutron-diffraction or
6, and oy, found above from Fig. (b), B; is estimated to be  \5gnetic x-ray-diffraction studies. The data shown in Figs.
(1.54+0.04) K, the sign of which is consistent with the ob- 3_5 jngicate the existence of magnetic order with a weak
served sign of the magnetization anisotropy. The pos't'VQerromagnetic(WF) component beloWw~8 K at low fields.
sign of B3 is also consistent with the sign &, for other  [See noted addeldThe weak ferromagnetism seems to be an
RNi ,B,C compound$>*?and the theoretical expectation of intrinsic feature of the TbNIB ,C ground state. The anisot-

whereJ is the angular momentum of the isolated ianis
along thec axis, andx,y are, respectively, along the and
b axes of the tetragonal structure. Equati@) is derived
based on the assumption of uncoupled ions, i.e., no exchan

the point-charge model of CEF. ropy of the WF state shown in Fig. 6 rules out the possibility
In the point-charge modeB3 can be written as of the WF coming from a polycrystalline impurity phase, and
0 o r0 the feature being seen in both the magnetization and the
By=(r9)Azay, (3 electrical resistivity data ne® K is consistent with a bulk

WEF transition. This weak ferromagnetism in low field is, so

N ) .
where (r<) is the mean-square radius of thé électrons, far, peculiar to ToN}B,C among theRNi ,B,C (R= Gd—

Ag represents the electrostatic effects from the static chargelsm) series and makes this compound of special interest
of the lattice of neighboring ions, ang; is the Stevens mul- .

o X o o Dzialoshinskif> showed that a WF state is possible in the
tiplicative factor. Assuming thak; has a sign independent of sgace group 4 (P4,/mnm of NiF ,, where the Ni has the

particular rare—earth element among an isqstruct_u_ral series Qhme point symmetry that T has in ToNi,B ,C. By mini-
compounds, and since the radial integral is positive by defizyizing the thermodynamic potential consistent with the crys-
nition, the sign ofB; depends only on the sign af;, which 3] symmetry, he suggests five possible antiferromagnetic
is negative for T *.*” This gives nice agreement with the states, out of which four states can show a canted magnetic
observed sign oB of TbNi,B,C, assumingAj is negative, moment. Two of these four states have the AF components of
as shown in Table I. The values ¢f?) normalized to the the ordered moments., and twol|c. In the former case, the
value of(r?) for Ho* (Ref. 18, and thex; values, normal-  canted moment can be eithgrL00] or [[110]. From Fig. 1,

ized to thea; for Ho "3, are also listed. Assuming thal is  the Tb*3 moments have an easylf) plane. Thus, two dif-
constant within theRNi ,B,C series, the theoretical and ex- ferent canted AF magnetic states can be stabilized in
perimental estimations d&2, both normalized to the H6®  TbNi,B,C, corresponding to the AF components of the stag-
values, are also presented for comparison. Within the expergered moments lying alorid.00] or along[110]. It should be
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noted that the easy magnetization axis within the basal plane
is along[100] in TbNi,B,C (see Fig. 6 rather thar{110] as
in (Ho,Dy)Ni ,B,C,*22® which show no WF transition. We TONLB.C
therefore speculate that the easy magnetization direction of HI[110]
[100] in TbNi,B,C may have a close relation with the oc- 30l
currence of the WF state. Mori§a?® developed the micro-
scopic theory of weak ferromagnetism based on Dzialoshin-
skii's phenomenological model. He showed that the CEF
effects together with spin-orbit coupling lead to a WF mo-
ment in NiF, (Ty~7.3 K),?” and that the antisymmetric an-
isotropic  superexchange interaction(the so-called
Dzialoshinskii-Moriya interactionappears to be the origin
of weak ferromagnetism inx-Fe,O; (Ty=~950 K).28 We oo
speculate that the former mechanism is likely to be respon- 101 AF
sible for the observed weak ferromagnetism in TEBYC
because the later mechanism is likely to be more important
for antiferromagnetic materials with high”Bletemperature, ro o
for then the exchange interaction is laf§e. 02 5‘ 1‘0 -%

Rgcently the onset of superconductivity in single-crystal Temperature (K)
DyNi ,B,C was found (T.=6.2 K) below the long-range
AF ordering temperatureT=10.3 K). Given thatT>T,
in DyNi,B,C, the possibility of superconductivity in FIG. 8. Magnetic field versus temperature magnetic phase dia-
TbNi,B,C (Ty=14.9 K) should be examined. In fact, if one gram for a TbNiB,C crystal.[J: data taken fromM vs H iso-
extrapolates the line fof, (DG) between the Lu and Dy therms forH|[[110], O: data taken fronM vs T measurements for
members to the DG factor of TiF, one obtains the pre- HH[_llO], and A: data taken fromp,, vs T. Abbreviations: AF
dicted T,~1.2 K for TbNi,B,C (which is below the low- Egntlferromagnetﬁ; WF (wea"k.ly ferromagnetic The nature of the
temperature limit 62 K of the measurements of ThpB,C ~ntermediate ordered state” is not known.
up to now. On the other hand, it is worthwhile to notice that
the saturated magnetization at high magnetic field and low Based uporM(T) data as in Fig. 3 ant(H) isotherms
temperature is higher than the theoretical maximum magnesuch as in Figs. 6 and 7, th&T magnetic phase diagram of
tization (see Fig. 6 whereas the single crystal TbNi,B,C was studied and the results #df[ 110] are plot-
(Dy,Ho,EnNi,B,C shows a saturated magnetization close tated in Fig. 8. The squares are the magnetic transition fields
or slightly lower than the theoretical maximum defined as the fields of maximum slope Mf versusH iso-
magnetizatiori:*>?® This may be due to different sign f  therm data. The data similarly derived frokh vs T mea-
from that found for(Er,Ho,Dy)Ni ,B ,C, which may be rel- surements at fixe#i (circles agree well with the data from
evant to determinind. In addition, the WF moments de- the M vs H isotherms in the overlapping region. In zero
veloping below~8 K at zero magnetic field will be detri- field, the Ty from p,, vs T in Fig. 2 is also plotted as a
mental to superconductivity. The calculaterM~900 G  triangle. The upper phase boundaryhich starts at
from the WF moments is comparable with the thermody-Ty=14.9 K in low field and saturates at 24 kG for tempera-
namic critical fields H.) of the superconductingNi,B,C  tures below 5 K represents the boundary between paramag-
compounds. For example, thé. of YNi,B,C (Ref. 29 netism (higher temperature and fie)ddand magnetic order
single crystal was shown to be near 2.5 kG at 2K and thelower temperatures and fieldsThe inner phase boundary
H. of ErNi,B,C (Ref. 5 single crystal can be estimated to divides the weakly ferromagnetic staie lowest tempera-
be near 1.2 kG from the relatidi,=H,/\2x hereH., is  ture and field stajefrom an unknown type of magnetically
the upper critical field and is the Ginzburg-Landau param- ordered state labeled “intermediate ordered state.” This in-
eter. termediate region of the phase digram may contain more

It is worthwhile to mention here that while single-crystal than one type of magnetic order. Temperature and field-
ErNi,B,C exhibits field-induced magnetic transitions at dependent neutron diffraction will help refine our under-
T=2 K similar to the two transitions in TObNB,C near standing of this region.
H=16.5 and 22 kG in Fig. 7, two additional weak field- In addition to theH-T phase digram shown in Fig. 8 for
induced transitions aT=2 K for H~1 and 7 kG of un- HJ/[110], we have some qualitative understanding of the fea-
known origin were reported in our previous pagBef. 5.  tures of theH-T phase diagram foH||[100]. For HI|[[100]
With the present clear evidence of a WF state inthe outer phase boundary is identical with that for
TbNi,B,C, we suspect that the transition nédr=1 kG in  H|[[110], to within our precision. The inner phase boundary
ErNi,B,C may be related to a WF state. In that case the WHs more difficult to determine due to the hysteresis in
magnetization adds to, and is masked by, that of the supeM (H) seen in Fig. 6. If we focus on the nonhysteretic fea-
conducting diamagnetism, so that it is difficult to identify the tures, the lower phase boundary that delineates the WF re-
WF state from magnetization measurements. Thus it will begion saturates at a lower fieltH=12 kG instead oH~16
of great interest to further investigate the coexistence of &G for H|[[110]). On the other hand, there may be an extra
possible WF state with superconductivity in EpBi,C. phase boundary betweéit~12 andH~24 kG. Due to the

paramagnetic
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hysteresis in theM(H) isotherms, details associated with intermediate-field ordered state. The high-field saturated
this intermediateH-T region will require further measure- moment is larger for H|[100](~9.5ug) than for

ments. H||[110](~6.6ug). This anisotropy is opposite to that found
for HoNi,B,C and may be related to the existence of the
CONCLUSION WF phase.

] o Note added: Temperature-dependent neutron-scattering
We havg performed extensive magnetization measuréneasurements have recently been completed on JB)G
ments on single-crystal TbB ,C as well as measurements gjngle crystals in zero applied magnetic figldThese mea-
of pap(T). We find the onset of antiferromagnetic order atsyrements show that the Tb sublattice is disordered for tem-
Ty=14.9 Kiin low fields H=100 G, followed by the onset peratures above 15 K, ordered in an incommensurate, modu-
of a weakly ferromagnetic phase fér<8 K. No supercon-  |ated antiferromagnetic structure for temperatures below 15

dUCtiVity is detected in either magnetization or reSiStiVity K, and deve'opsaferromagnetic Component for temperatures
measurements fofr >2 K. This lack of superconductivity pelow 8 K.

may be due to the enhanced pairbreaking of thé ¥ion as
predicted by de Gennes scaling, and/or it may be associated
with the weak ferromagnetism present below 8 K.

TbNi,B,C has a highly anisotropic magnetization both We thank C. Detlefts for orienting the ThpB ,C crystal
above and belowly=14.9 K with Mg, being lower than used for theM(T,H) measurements. Ames Laboratory is
M 190 @and M 11 at all measured temperatures and fields. Be-operated for the U.S. Department of Energy by lowa State
low 14.9 K there is an anisotropy betwebh,,o andM 440, University under Contract No. W-7405-Eng-82. This work
particularly forH above the critical fielth) associated with was supported by the Director for Energy Research, Office of
the transition from the low-field ordered state to theBasic Energy Sciences.
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