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Anisotropic magnetoresistance of single-crystal HONB,C and the interplay of magnetic
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The in-plane resistivity and magnetization measurements as a function of the magnitude and direction of the
magnetic field and the temperature are reported for single-crystal samples of theBKH®Miagnetic super-
conductor. Features corresponding to several distinct magnetic phases and the coexistence of superconductivity
with two of the magnetic phases are observed. Contrary to previous measurements for polycrystalline samples,
reentrant superconductivity is not observed in the absence of a field for these samples. The measurements
indicate an extremely rich interplay between superconductivity and different magnetic structures that can be
influenced by field, temperature, and current. The results correlate quantitatively with and complement previ-
ous determinations of the magnetic phase diagram and qualitatively with determinations of the superconduct-
ing phases by measurements of the single-crystal magnetization and heat capacisg,8adslhighly aniso-
tropic, and phase diagrams for the field along tb@0) and (001 directions are presented.

INTRODUCTION temperatures. In the new rare-earth borocarbides, however,

. the magnetic transitions occur in an easily accessible tem-
A new family of layered superconductors, quaternary bo-

; : ! perature range with a variation &f,/ T ranging from about
rocarbldes,_ has bee_n_ recently discoverédhe hlghes_t SU= 0.7 for Ho to 0.15 for Tm, and single crystals have recently
perconducting transition temperature observed in this famil

; : ) 5 : Yecome availabl?! so that the effect of magnetic anisot-
is 23 K for a multiphase r_naterlal YBB:Cy35° The flr_st ropy can be studied.

single-phase superconducting compound to be repoited o particular interest is HONB,C where complex mag-
LuNi;B,C with a superconducting transition temperature ofnetic behavior is observed to coexist with superconductivity.
16.6 K. The structure is tetragonal with alternating squaren zero field, three features in both the heat capa€ityand
planar layers of rare earth carbide and corrugatesBNi in the magnetic susceptibilitydy T/dT) indicate magnetic
sheets with a unit cell consisting of two formula unitSub- phase transitions at 6.0, 5.5 and 5.2%Single-crystal neu-
sequently, other superconducting rare-earth borocarbidegon scattering?**indicates the onset of an oscillatory spiral
RNi,B,C have been foufdwith R=Tm, Er, Ho, and Dy magnetic statets6 K which transforms into a commensurate
(Refs. 5 and B(T.=11.0, 10.5, 8, and 6.2 K, respectivehs  antiferromagnet consisting of ferromagnetic holmium-
well as YNiL,B,C with T,=15.6 K. The transition tempera- carbide sheets with alternating directions of the magnetiza-
tures of the compounds with magnetic rare-earth ions corretion nea 5 K in zero field. The magnetization appears to lie
late well with the de Gennes factor, indicating that pairin the Ho-C plane, but the preferential orientation in the
breaking by a localized magnetic moment may explain thelane has not been determined. Neutron scattering from
variation in T, with R.” A strong interplay between super- polycrystalline samplé$§='° confirms the transformation to
conductivity and magnetic ordering is observed in the resisthe commensurate antiferromagnetic state near 5 K, but finds
tive transition curves of polycrystalline samples with reen-that the oscillatory state appears at higher temperaaireut
trance to the normal state beloly reported forR=Ho and 8 K) than the sharp onsett & K observed for single

in magnetic fields foR=Er and Tm’ Magnetic ordering crystals'>3The transition at 5.5 K seen @, anddyT/dT,
occurs atTy=1.5 K for R=Tm (Ref. 8§ and 6.0 K for however, is not readily discernible in any of the neutron-
R=Er? but there are at least two magnetic transitidsnd  scattering experiments.

5.2 K) observed forR=Ho0.°71® Although band structure  The in-plane magnetic susceptibility at low temperature
calculation$”*8for LuNi,B,C suggest a high degree of isot- for HoNi,B,C is a factor of 50 larger than the susceptibility
ropy in the electronic properties for this material, it is clearparallel to thec axis due to the crystal field at the Blo
that there will be large anisotropies in the magnetic propersite!%?2and, the field dependence for this series of magnetic
ties of those compounds exhibiting magnetic ordering and itransitions, is different for the field applied in the plane and
the interplay of superconductivity and magnetism in thethat along thec axis or (001) direction!! These differences
presence of a magnetic field. In previous studies of the coare illustrated in Fig. 1 where the locii of featuresdipT/d T
existence of magnetism and superconducti(tge Fisché?  taken fromM (T) measurements at constatitand represen-
and Bulaevskiet al?° for recent reviewsexperimental limi-  tative of the phase transitiotfs" are plotted for fields along
tations included very limited availability of single-crystal the ¢ axis and along the(b) axis. For the field applied
samples and the fact that magnetism onset only at very lowlong thec axis there is practically no field dependence for
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. . . . . button of single-phase HopB,C is placed in an alumina
crucible and approximately equal mass of,Bliis placed
beneath it. These materials are then heated in flowing argon
to 1490 °C and cooled to 1200 °C at 10 °C/h, followed by
furnace cooling to room temperature. Single crystals of
HoNi,B,C grow into the NjB flux from the original poly-
crystalline button as a result of this growth schedule. The
crystals can be removed from the excesgBNand are plate-
e T, like with either square or irregular surfaces in thie-plane
0 M and weigh up to 500 mg.
®) Ty 0 T, Samples for transport measurements were ground into an
6 ° ° r approximately rectangular shaffe4 mmx0.51 mm) from a
Ty o, . %qa g 0.10 mm thick crystal of larger dimension. Four terminal dc
[+
=]
o

@ w1,

H(kOe)

resistivity measurements were carried out with 0.025 mm
- thick silver foils (indium soldered to obtain low contact re-
sistancg as current leads and 0.1 mm copper wires attached
to the sample using Epotek 410E epoxy as voltage leads. The
0 : , , 00— low-temperature cryostat consists of an inner sample can
1 2 3 4 5 6 7 where the sample holder assembly is located and an outer
TK) vacuum can. The sample can is partially filled with He ex-
change ga$50—100 torr at room temperaty®r good ther-

FIG. 1. Magnetic phase boundary for HeRC with (a) the ~ Mal anchoring. The sample holder inside the sample can is
magnetic field applied along theaxis (solid circles and(b) along ~ designed so that it can be rotated by 180° about a horizontal
the a(b) axis (open circlek as indicated from magnetization mea- aXis to change the orientation of the sample in the field, and
surementsM (T) taken at constant applied fiel®Refs. 10 and 11 & Hall probe is mounted on the sample holder to measure the
and heat-capacity measurements in zero applied fiRéd. 10. The  field as well as to orient thab plane of the crystal with
three phase transitions are labeled T,, andTy from high to low  respect to the magnetic field. Most of the measurements were
temperature. carried out at a sample current of 50 nj@durrent density of
i?bOUt 95 A/lcri) employing a Keithley 181 nanovoltmeter
. ’ X . L or voltage measurements, and the sample is oriented such
tion cannot be resolved idxT/dT with the field applied in that the direction of the magnetic field is always normal to

this direction. For the field applied along tla€b) axis all e '
three transitions can be clearly resolved. The higher temperf%tgsezl;rr:ga Tezeszl:,gre;:t;ggfgﬂegﬁﬁeor:téhedgwhcil)ﬁg lg vr\r/1aAS
ture transition is relatively field independent while the lower 9 ’ '

two transitions are suppressed by increasing applied field i{,'o._gs A/cm’-)l.( Theh temperature was contr_olled and ramped
this direction. In the absence of a field the three transitiond'S'"9 & Lake Shore Cryotronics capacitance temperature

are clearly seen iCp features indicated by thel,=0 data cqntroller with typical ramp rates of ab_out 50-200 mK per
point which are consistent with extrapolations of the locii Min, and temperature was measured with a calibrated carbon
of features indyT/d T to H,=0. The anisotropy illustrated in 9lass thermometer. Temperature measurements were not cor-

this phase diagram demonstrates the importance of singléected for the magnetic field dependence; however, these er-
crystal samples for measurements in an applied field. rors are calculated to be less than 50 mK at the highest field

While the magnetic phase transitions can be clearly reof 5 T used and less than 15 mK below 2 T. No correction of
solved viaM(T) measurementsl,(T) can only be esti- the field values for the demagnetization factor of the samples
mated viaM (T) data. This is primarily due to questions of is included. A Maclici based data acquisition system was
(1) reversibility and(2) subtraction of the large paramagnetic used to take data and control the temperature and the mag-
background associated with the Hfomoments. An impor-  netic field. To check that the resistance samples were repre-
tant question that arises naturally is hd#,(T) relates to  sentative of other single crystals, the magnetization of the
the magnetic phase boundaries. In specific, there is the quesriented sample was measured with a Quantum Design
tion of whether superconductivity stabilizes the commensuSQUID Magnetometer. The orientation of that single-crystal
rate antiferromagnetic phase. If this is the cabky(T)  sample was determined by x-ray diffraction, and the current
should coincide with the lower magnetic phase boundary. Inwas applied along tha(b) axis for the resistance measure-
this paper we present magnetoresistance @stavell as new ments. Magnetization measurements at fixed temperature as
magnetization dajafor single-crystal samples with the goal a function of applied field were also made on larger single-
of more fully defining the magnetic and superconductingcrystal samples with the same SQUID for the field applied
phase boundaries of HoMi,C. Due to the large anisotropies along thea axis to help determine the details of the magnetic
associated with this material, we have measi€f,H) and  phase boundary.

M (T,H) for applied fields along both theaxis and thea(b)
axis.

0o0?®
0o0?®
Q0o

the lower two transitions, and the higher temperature trans

RESULTS

EXPERIMENT . o
The temperature dependence of the in-plane resistivity of

Single crystals of HONB,C have been grown by a M a single-crystal HONB,C sample is shown in Fig. 2 in com-
flux method”?* In this method, an arc-melted and annealedparison with that of a single crystal of the nonmagnetic
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FIG. 2. Temperature dependence of the in-plane resistivity of F|G. 3. Constant field, temperature-dependent sweeps of the in-
single-crystal samples of HopB,C (open circles and the analo-  pjane resistance curves for single-crystal H@YC for different
gous nonmagnetic compound YjBLC (crosses values of the magnetic field applied along thexis normalized to

the value of resistance at 12 K in zero fieR{(T,H,)/R(12 K, 0.

YNi,B,C material. The resistivity values of the two materials The measuring current was 50 mA applied alongahexis which
at low temperature are comparable, approximately¥cm,  With sample dimensiongl.42 mm<0.52 mmx100 um) gave a
but the resistivity ratio of the Y sample.6.5 is somewhat current density of_95 Alcf Values _of f_leld in Oe are indicated by
larger than for the Ho sampléll). Both samples show a Epe numbers._Solld plack arrows |nd|(_:ate a r_e'5|stance anomaly at
large region where the temperature dependence is lin€ar in 1(H.a) .assoc'ated V.V'th a first magnetic transition "%nd an open ar-
typical of a good metal. In contrast, TmBi,C single crys- row indicates a re5|sta_n_ce anomal_yT’:_ﬂ(Ha) _assogated with a
yp . g . o, ; second magnetic transition that coincides with theelNempera-
tals (resistivity ratio 11.%5 exhibit an almost linear depen- ture
dence of resistivity on temperature right up to the supercon-
ducting transition at 10.5 K with practically no indication of conductingT., butR(T,H,) also couples to two of the mag-
saturation at a value of residual resistafitAt 300 K the  netic transitions and indicates their transition temperatures.
values ofdp/dT are 0.22 and 0.1 cm/K for the Y and The normalized resistance with=50 mA (j =95 Alcnt)
Ho samples, respectively. These are lower valueddtiT  along thea axis as a function of different values of the
than reported in previous work. magnetic field applied parallel to the axis is illustrated in
The normalized resistance with=50 mA (j =95 A/cn¥) Fig. 4. For both Figs. 3 and 4 only data from a small per-
along thea axis as a function of temperature for different centage of the constant field sweeps actually measured are
values of the magnetic field applied parallel to thexis is  shown, and approximately half of the data points for each
ilustrated in Fig. 3. FoH,=0, T.=8.7 K (zero resistange  curve are shown. Agailii; is initially suppressed by increas-
somewhat higher than ¢h8 K value reported for polycrys- ing the applied field, and there is no reentrant behavior until
talline sampled,and there is no reentrance observed Hs H,=150 Oe. For subsequent discussions we will defipe
increasesT, decreases, and, y,=50 Oe (not shown in by extrapolation of the steepest part of the superconducting
Fig. 3) a reentrant feature which grows with increasing fieldtransition to zero, but only if the resistance actually goes to
can be detected at 5.2 K. It is first shown ®(T,H,=100 zero in this temperature range. In the case of magnetic su-
Oe) in Fig. 3. Besides the superconducting transition thergoerconductors there is no theoretical descriptioREF) that
are two other reproducible features associated with thesean be used to precisely determifg, particularly near the
data. The first is the dramatic loss of scattering in the normaleentrant region. Consequently, extrapolation to zero resis-
state associated with the transition to the commensurate atance is as good a choice as any. Features associated with
tiferromagnetic phase at 5.2 K, most clearly seen forboth the upper magnetic transitioh, (marked with solid
R(T,H,=8.0 kOg, an applied field at which the sample is black arrows foH,=1.3 and 2.0 kOgand the lower ond
fully normal. This feature corresponds to the lowest tempera¢marked with the open arrow fdad,=4.0 kO associated
ture magnetic transition in Fig. Ty, and is indicated by the with the dramatic loss of scattering can be identified in Fig.
open arrow. For smaller fieldq,y is determined from the 4(a). T, is relatively field independent ankj,, is suppressed
point of sharp discontinuity in slope dR(T) just on the with field, dropping from near 5.2 K at 250 Oe to near 4.5 K
low-temperature side of the reentrant peak near 5.2 K. That 4.0 kOe. The field dependence of these two transitions are
second feature at abo(t=6.0 K (indicated by the solid consistent with the preliminary data of Fig. 1. There is neg-
black arrow forH,=900 Oe, 1.5 kOe, 2 kOe, and 3.0 K@& ligible hysteresis observed in the resistive transitions shown
associated with the highest temperature magnetic transitioim either Fig. 3 or 4.
shown in Fig. 1, which in zero field corresponds to the onset R(T,H,) for applied fields greater than the superconduct-
of the spiral magnetic phase according to neutron scatteringng critical field & 2 K are shown in Fig. é). These curves
from single-crystal samples, and will be call@g. Both T,  are offset for clarity since they actually cross between 2 and
and Ty determined fromR(T,H,) are relatively field inde- 4 K. For these curves, superconductivity and the transition to
pendent, consistent with the data in Fig. 1. We have thushe commensurate antiferromagrigtat we associated with
established that not only doé¥T,H,) indicate the super- the large loss of scatteringre both completely suppressed
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FIG. 4. Constant field, temperature-dependent sweeps of the in- FIG. 5. (3 Normal!ze_d current depe_ndenc?e B{T, 650 O¢
plane resistance curves for different values of the magnetic fielé_f"Ith H, along th_eb axis,j along thea axis: +,j=1.9 Alen?; V,
applied along thé axis normalized to the value of resistance at 12)719 Alent; O, 1%95 A/C”f (b) Normal|zgd gurrent dependgnce
K in zero field for the same single-crystal HgB,C sample and of R (T, 675 Og with V‘_/'th H, along thec axis, | along thea.aX|s:
current as shown in Fig. 3. The arrows correspond to the samd’ le'g Alent; O, j=9.5 Alent; V, j=19 Alenf; [, j=95
transitions indicated in Fig. 3(a) values of the field in Oe are Alem?®.

indicated by the numbergb) curves forH, greater than the super-
conducting critical field such that the crystal is fully normal. The egrlier magnetic superconductors.

curves are shifted downward by 0.1 successivedy, the curve for The effect of current on the resistive curves in a magnetic
5.5 _kOe is unshifted a_nd that for 15 kOe is shifted down by @6  fig|d is illustrated in Figs. &) (H, along theb axis) and §b)
clarity. Values of the field in Oe are indicated by the numbers. (H, along thec axis). The field in Fig. %a) is 650 Oe while
that in Fig. 8b) is 675 Oe. A current increase broadens
over this range of field and temperature. We identify theand enhances the reentrant behavior. At the lowest current
break in slope nea6 K with the upper transitio; which  density showr(1.9 A/cn?), the reentrant behavior can hardly
appears to be still present even at 15 kOe. At about 3.8 Ke seen in these fields; whereasj @95 Alcn? it is promi-
there appears to be a second break in slope for the curveent. Similar behavior was observed in the five other single-
with H,=5.5, 6.0, 6.5, and 8.0 kOe. For higher fields thiscrystal samples studied, but the orientation of the current
break is not clear, but rather a smooth continuous saturatiowith respect to the crystal axes in the plane was not deter-
of the resistance. These second featureB*amnay represent mined for these samples. It should be noted that the features
a transition that has not previously been reported, but th@entified with magnetic transitions in Figs. 3, 4, and 6 are
evidence is inconclusive. not shifted by changes in the current, unlike the features
There is a current dependence observed for the resistanessociated with the superconducting transitions. Although
curves in the presence of a field for the Ho single crystalsthere is a negligible current dependenceTgfobserved for
but there is negligible current dependence in zero field or if¥Ni,B,C and TmNjB,C single-crystal samplés,there ap-
the fully normal stateH,>H_.,(T=0), e.g., Fig. 4b). Con-  pears to be a clearly observable current dependence in a
sequently, the current dependence is not a heating effedield®® for single-crystal ErNiB,C samples (but much
Similarly we find negligible current dependence with or smaller than for the HoNB,C single crystalsgrown by the
without a field for similar single-crystal Y samples and Tm same technique.
sample®® over the full temperature range covered by these In order to more fully determine the superconducting and
measurements. Since those measurements were at similaagnetic phase diagran®®(H) isotherms for several differ-
current densities and resistances, a heating effect here woutaht temperatures have been measured as shown in Fig. 6. The
have also been observed for Y and Tm. We are aware of neolid circles showR(H) for H, parallel to thec axis at
previous reports of current dependences with polycrystallind =4.35 K. The sharp rise is associated with, (T=4.35
samples of the superconducting quaternary borocarbides #t). Above this there are no other features, which is in accord
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FIG. 6. Constant temperature field sweeps of the in-plane resis{oNi,B,C single crystals:+, 2 K; A, 4 K; O, 5 K.

tance normalized to the value at 12 K in zero field for the same
HONi;B,C single crystal as shown in Figs. 3 and 4. For a fieldported here, estimates of the electron mean free path
applied along the axisUJ, T=1.8 K; +, T=3.0 K; O, T=4.35K;  glectron-phonon coupling constant coherence lengtts,
and for a field applied along thedirection®, T=4.35 K. Current  gnq the exchange integrabetween the conduction electrons
values and directions are the same as in Figs. 3 and 4. The OPefhd the H8' ions can be determined. Since the dominant
arrow corresponds to the feature designated by an open arrow ig'tates at the Fermi surface are Ni-3tates. the band Fermi
Fig. 4. The thin line arrows correspond to the transitiof gin Fig. velocity vg and band density of Stated;o(O), for HoNi,B,C
1b). are expected to be close to the valugs=3.6x10" cm/s

, S , (note thatv g=v g, +v ,+v ¢, in Ref. 17 and N,,(0)=4.8
with the sample remaining in the commensurate antiferrogiates/ey primitive unit cell calculated for Luj®,C. The
magnetic state to the highest measured fields. For the fieldigctron mean free path can be estimated from the residual

applied along thea(b) axis, the open circlesT=4.35 K registancey,=4 1Q cm at 10 K with the relation
show an initial sharp rise associated with,. Above this

field R(H) enters a plateau where the data follow closely that p 1=2e°N(0)vgl/3 D

for H, along thec axis at the same temperature. At a field of . A .
aboutH,=4 kOe, there is a second sharp increase in resig/Nich givesI~90 A. The coherence lengt can be esti-

tance followed by a plateau and then a decrease in resistand8ated in the clean limit ad,=280 A from the relationshfy
Below about 4 kOe we assume that the sample was in the _ _ 12
commensurate antiferromagnetic state with a transition to the €0=0-54 ¢o/Tol dHCZ/dT)T:Tc] 2

intermediate magnetic phase at this field, in good agreemeRjith dH_,,/dT~0.09 T/K taken as a mean slope from Fig.

with the data represented by solid symbols in Fig. 1. Theg(g) below for the low current measurements. In the dirty
sharp onset of negative magnetoresistance indicated by thygn;t25

thin black arrows represents the crossing of the second line

of phase transitions correspondingTtein thedyT/d T data (é01)Y*=0.4T o/ To(—dHcp/dT)7-1 M2 (3)
(solid symbol$ of Fig. 1. The two curves at lower tempera- ) )

ture provide data to extend this phase boundary, but th&hich gives&=660 A with the same value fare . These
crossing of the commensurate antiferromagnetic boundargstimates of & may be compared to the value
Ty for these two curves is obscured by the superconductingo=7v¢/mA=580 A estimated using the band-structure
transition. It should be noted that tfiig boundary has now Value ofvg for LUNi,B,C and the BCS value,2=3.5¢ T, .
saturated at about 8 kOe at these two lower temperatures, 1¥ith these values of, andl the system appears to be neither
and 3 K. in the clean limit nor in the dirty limit withéy/| ~2—8.

In order to separaté ., and the lower magnetic transition ~ In the Bloch-Grieisen transport theory the temperature
Ty for the field applied along tha axis, a series oM (H) dependence of the resistivity can be related to the electron-
isotherms were measured with the results shq;o‘wn in Fig. 7ohonon coupling\, by the relation’

Due to the large magnetic contribution from ‘Hofor this ) 2
direction of applied field and the small values bf,; dp/dT=(87"/h{2p)Kehy, )

(H1=300 Oe for these temperatujethe magnetic response here(), is the Drude plasma frequency. For LyB4C, the

is virtually all due to that of the local moments. As shown cg|culated valu¥ of Qp is 5.1 eV. The use of this value for

below, these dl%t?l also agree well with fR€T,H) and ear-  HpN;j,B,C with the valuedp/dT=0.15 uQ cm/K near room

lier M(T) data:™ temperature givea,=0.97. For YNiB,C dp/dT is appre-

ciably larger and\,=1.4 with the same value fdip. With

the Debye temperature reportéébr YNi,B,C (0, =489 K),

application of Eq.(4) at room temperature is marginal;
Based on recent band-structure calculattéi$for the  whereas, the Debye temperature for Ho is estimated to be

similar compound, LuNB,C, and the measurements re- much lower®

DISCUSSION
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higher at all temperatures for the lower current density. Com-

ssl . ' ' ' ' @ | parison between Figs(® and &b) shows the strong current
' o 4 dependence of the depth of the minimunmHg,(T) at 5.2 K
45 o s i and the anisotropy of the current dependenceHej(T).
o + This does not change dramatically if the midpoint of the
3.5 o+ s resistive transition is chosen ds instead of the extrapola-
° + tion of the steepest part to zero. The effect of the current is
2.54 °o+ o0 - strongly dependent on the direction of the applied field as
o+ oo can be seen in the resistive curves in Figs) Bnd 3b) as
151 PR i well as in theH,(T) boundaries in Figs. (@ and 8b). We
o5 oo °Eg+ | e_mphasize again, that there is no current dependence in_zero
g &, field. The current dependence, however, becomes obvious
% with the application of a field as small as 50 Oe. The anisot-
5.5 .
é’\' . ®) ropy of the current dependence of the magnetoresistance
4.5 L (shown in Fig. % associated with the direction of the applied
¥, field is different from the anisotropy of the susceptibility, i.e.,
3.54 *, L the current dependence is greater by along thec axis
"++ while x is greater in theb plane, indicative of strong inter-
2.5 @ *, - play between the superconductivity and magnetic ordering
°oo % that can be strongly influenced by the currents.
1.5 % L, - Neutron-scattering® and x-ray diffraction on comparable
°% k $o*, single crystals indicate a well-ordered crystal structure, and
0.5 °o§+ f °o°+t+ - magnetization measurements on the same small sample used
0 7 - ' for resistance studies are in excellent agreement with those
4 6 8 10 ) .
) for much larger single-crystal samples previot$h re-

ported. There are, however, small lumps of flux residue on
the crystals and perhaps small inclusions of flux in the crys-
FIG. 8. Superconducting “phase diagramH,(T) for tals, but the residue flux material does not show a supercon-
HoNi,B,C; (a) determined from resistance measurements With  ducting transition above 2 K Furthermore, we reiterate that
applied along theb axis (crossep and applied along the axis  there is negligible current dependenceTe{H) for similar
(open circleg for low current,j=1.9 Alcn?; (b) apparent supercon- single-crystal samples witflR=Y and Tm?® which have
ducting “phase diagram” for higher currerjt=95 Afcn. The sym-  gimilar residues of flux. On the other hand, there is a similar,
bols are the same as (a). T, is taken as the point at which the but much weaker, current dependence for single-crystal
steepest part of the resistance curve extrapolates to zero resistanggmmes WithR=Er24 We speculate that the current depen-
but only if the sample resistance goes to zero in that region. dence may be related to the ratio of the magnetic to the

o superconducting transition temperatuiigd T, which is 0.7,
In the normal state, the resistivity of the sample can bey g .15 and 0 foR=Ho. Er. Tm. and Y respectively, and

expressed as the sum of the residual resistivity, that due tg.curs when this ratio is closer to unity.
phonon scz_ittering, and that from magnetic scattering by dis- |t the current dependence were only observed in the re-
ordered spinsp=po+pp+ pspq- The exchan?ge_constahbe— gion of temperature where neutron scattering indicates a
tween the conduction electrons and the Hcpns can be  modulated magnetic structuffiom 5.2 to 6 K(Refs. 12 and
estimated fro_m the contrlbgtlon to the res_lstlwty by spin dIS-13) for single crystals, or to almost the zero field (Refs.
order scattering)s,q according to the relatid 14-16 for polycrystalline samplds one could argue that
both superconductivity and magnetism might exhibit a
_ o7 12(g—1)23(J+1) ) modulated structure and that the spatially modulated super-
Pspd™ 362, ZF 9 ' conductivity is very sensitive to the current density. The cur-
rent dependence is, however, quite obvious, and also quite
whereN is the number of Ho atoms per unit volumsg; the  strong(particularly forH, along thec axis), to temperatures
Fermi velocity,g the Landeg factor, andJ the total angular well below the commensurate antiferromagnetic transition
momentum of the localized Ho ion in units é6f Based on temperaturely . In this commensurate magnetic phase with
the abrupt drop in resistivity aly in Fig. 3, psp¢~1.6  a wavelength equal to the lattice spacing, the superconduct-
uQ cm. Withv e calculated for LUNJB,C, this gives the es- ing order parameter should be uniform and unaffected by the
timate! =0.6 eV A%, magnetic order, and no modulated structure was seen below
Superconducting phase diagrani.j(T)] for HoNi,B,C 5 K for single crystal$2*3A similar current dependence has
determined by resistance measurements for the applied fieltbt been reported for polycrystalline sampfé&2° Another
along thec axis and along thé axis are shown in Fig.(&) important difference between these single-crystal measure-
for j=1.9 Alcnt and in Fig. 8b) for j =95 Alcn?. Qualita- ments and previous results from polycrystalline sanfpies
tively, H.,(T) is similar for the low and higher current den- that for current densities up to 95 A/énthe superconduc-
sities. H,(T) increases fromT. to 6 K and then goes tivity in the single crystals is not reentrant in zero field.
through a deep minimum at 5.2 K followed by an increase agMore recent measurements for polycrystalline sanipfés
temperature is lowered to 1.8 K. Quantitatively,,(T) is  do not appear to show reentrance in zero field, indicating a
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g 64 29 ® ® T crossesis taken from the low currentj =1.9 A/cnf) data in Fig.
= ™ ° . L, %, CAF ; 8(a) and the lines for the magnetic boundaries represent the data
T ®e .’-. : from Fig. 9a). The dashed line represents the possible vertical
3 ®, % . L boundary marked with a question mark in FigbPand discussed in
AF € P the text
it 4 |
®
®
0 : . . % — antiferromagnetic phase and two complex antiferromagnetic
2 3 4 5 6 1 phases. The first of these, delineated by the temperatures
TX) T,(H), appears to be robust up to at least 15 kOe. On-going

analysis of single-crystal neutron-diffraction data taken with

FIG. 9. Magnetic “phase diagram” for HoMB,C, (a) H, along ~ Ha Parallel to thea(b) axis should soon provide further
the ¢ axis; (b) H, along thea(b) axis from a wide range of mea- Identlflcfltlon of these two complex antiferromagnetic
surements¥, C,(H,=0), Ref. 10;®, dxT/dT, Refs. 10 and 11; pha§es°’. _

V, R(H); O, R(T); O, M(H) this work. Figure 10 summarizes the results tdy, along thea(b)

axis withH .,(T) (crossestaken from the low current data in
sample to sample variation in polycrystalline samplés. Fig. 8a) and the lines for the magnetic phase boundaries
field of at least 50 Oe, greater féf, in the ab plane, must representing the data from Fig(t9. Below 8 K, H,(T)
be applled to see reentrant behavior with this current denSitwses |inear|y with temperature t6 K where it crosses the
and the minimum field increases with decreasing currentine T,(H,), the boundary for the first CAF phase. It then
The absence of zero-field reentrant behavior is consisterfrops abruptly to a minimum located between the lines
with both magnetism measurements for comparabler,(H,) and Ty(H,), the boundaries for the second CAF
HoNi,B,C sample¥ and the behavior of previously discov- phase and the commensurate AF phase. BelgH,) it
ered antiferromagnetic superconductts. begins to rise sharply again, in the AF phase. These data are

The magnetic phase diagrams based on five different setsnsistent with either or both of the CAF phases being det-
of data:C,(H=0),'° dxT/dT,*** M(H) isothermsR(H)  rimental to superconductivity. Between 6caB K the pres-
isotherms, andR(T) at constant applied fielthe last three  ence of longer wavelength* and c* periodicity has been
from results presented herare shown in Figs. @) and 9b).  observed in the neutron scattering d&td which would be
For clarity, only a few data points frodxT/dT andR(T)  expected to suppress superconductivity. It is, however, not
are shown in Fig. 9. The agreement between thermodynamiget clear from neutron scattering what change in ordering
and transport measurements on at least six different crystaisccurs on crossing,(H,). Significant deviations between
from different batches of flux grown crystals is truly remark- Ho(T) and Ty(H,) in the 3-5 K range are obvious in this
able and convincing. The phase diagrams show a rich varietigure. At lower temperature@ear 2 K H_,(T) approaches
of magnetic phases. Fét, along thec axis there are three T (H,). This behavior indicates that superconductivity is
magnetically ordered phases, the commensurate antiferrerot necessary for stabilization of the antiferromagnetic
magnetic (AF) phase below abaus K and two complex phase. This is also obvious upon comparidg,(T) with
antiferromagnetidCAF) phases between about 5 and 6 K. Tn(H,) for the field applied along the axis whereT y(H,)
These phases appear to be robust to quite large field$1 for is practically independent of field whilel.,(T) shows ap-
along thea(b) axis there are at least three distinct orderedpreciable curvature.
magnetic phases, perhaps a fourth basedrbrdiscussed
with R(T) data from Fig. 4b), whose boundaryvertical
region near 3.8 Kin Fig. 9b) is marked with a question CONCLUSIONS
mark. The question mark indicates that we do not have ther- Rich detail has been observed in the resistive transitions
modynamic(M or dyT/dT) data in this region that can con- in magnetic fields of single-crystal Hop,C. For the
firm this boundary as in the case for the other three boundsingle-crystal samples, no reentrant superconductivity was
aries. The phases include the commensurat®bserved in zero field. An unusual current dependence of the
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superconducting transition is observed that has not been reystem attests to the necessity for single-crystal samples
ported for polycrystalline HoNB,C samples or other mag- when interpreting measurements in a nonzero magnetic field.
netic superconductors. It is not clear if this current depenThese materials are neither “clean” nor “dirty” supercon-
dence is due to the existence of a spiral magnetic phaseuctors with&=~600 A, I~90 A, and exchange parameter,
Since it is negligible for single crystals wiR=Y, Tm (Ref.  1~0.6 eV A’.

23) and much weaker foR=Er,2* the ratio ofT,, to T, may

play a role. Low-temperature scanning force microscopy ACKNOWLEDGMENTS
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