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Neutron-diffraction measurements have been carried out to investigate the crystal structure, magnetic struc-
tures, and magnetic phase transitionsRiNi,B,C (R= Y, Ce, Pr, Nd, Th, Dy, Ho, Er, Tm, and YbThe
materials that order magnetically exhibit a wide variety of both commensurate and incommensurate magnetic
structures, which argues strongly that the dominant exchange interactions are of the indirect Ruderman-Kittel-
Kasuya-Yosida type. The Nd system exhibits a commensurate antiferromagnetic ordering at 4.8 K, with wave
vector §=(1/2,0,1/2) and moment direction alomag(or equivalently withé=(0,1/2,1/2) and moment direc-
tion alongb in this tetragonal systemFor Dy (Ty=10.6 K), Pr (Ty=4.0 K), and the low-temperature phase
of Ho, the magnetic structure is also a commensurate antiferromagnet that consists of ferromagnetic sheets of
rare-earth moments in tha-b plane, with the sheets coupled antiferromagnetically along chaxis
[6=(0,0,1)]. Pr is not superconducting, while for Dyr'{=6 K) and Ho (T;=8 K) this magnetic order
coexists with superconductivity. For Ho, though, the magnetic state that initially formg=aB.5 K is an
incommensurate spiral antiferromagnetic state alongcthgis in which the direction of these ferromagnetic
sheets are rotated in tha-b plane by ~17° from their low-temperature antiparallel configuration
[6=(0,0,0.91). The intensity for this spiral state reaches a maximum near the reentrant superconducting
transition (~5 K); the spiral state then collapses at lower temperature in favor of the commensurate antifer-
romagnetic state. An incommensuraeaxis modulation, withs=(0.55,0,0), is also observed above the
spiral-antiferromagnetic transition, but it exists over a narrower temperature range than the spiral state, and also
collapses near the reentrant superconducting transition. The Er system forms an incommensurate, transversely
polarized spin-density wav&SDW) state aff = 6.8 K, with §=(0.553,0,0) and moment direction alobdor
with 6 alongb and the moment direction alora). The SDW squares up at loWw, and coexists with the
superconducting statél (=11 K) over the full temperature range where magnetic order is present. Th, which
does not superconduct, orders with a very similar wave vector, but the SDW is longitudinally polarized in this
case and again squares up at [BwTm orders affy=1.5 K in a transversely polarized SDW state, but with
the moments along the axis and §=(0.093,0.093,0). This state is coexistent with superconductivity
(T.=11 K). No significant magnetic moment is found to develop on the Ni site in any of the materials, and
there is no magnetic ordering of any kind in the Y, Yb, or Ce materials. Profile refinements have also been
carried out on these same samples to investigate the systematics of the crystallography, and the crystal structure
is l4/mmmover the full range of compositions and temperatures investigated. The areaasbtpiane and
the volume of the unit cell both decrease smoothly with either decreasing lanthanide radius or decreasing
temperature, but the strong boron-carbon and nickel-carbon bonding then forcesakis to expand.
[S0163-18297)06010-4

[. INTRODUCTION a great deal of attention recently because of their interesting
superconducting and magnetic properties, and the interaction
The properties of the new classes of quaternary intermebetween the two. From the viewpoint of their superconduc-
tallic superconductors such as the borocarbide serietvity properties these systems have relatively high transition
RNi,B,C andRNiBC (R = rare-earth iojt~* have attracted temperaturegup to 23 K for YPgB,C) 2 and are the first
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guaternary intermetallic systems that are superconductingluctivity, long-range magnetic order develops at about the
Initially they were also thought to be the first “high” same temperaturé:®® Two types of magnetic order were
materials that do not contain either copper or oxygen. Howinitially observed; a commensurate antiferromagnetic struc-
ever, it quickly became apparent from measurements of thiire that consists of sheets of ferromagnetic moments in the
physical properties as well as band-structure calculations?-b plane, with adjacent sheets coupled antiferromagneti-
that these new materials are three-dimensional in their becally along thec axis, and an incommensurate spiral state
havior, and thus are in fact quite different than the layeredhat is obtained by rotating the direction of these ferromag-
cuprates. The substantial isotope effethe nature of the Netic sheets in the-b plane by an anglep=16.6° away
electronic propertieas well as theoretical calculations, all from the antiferromagnetic arrangement. If this angle were
show that the electron-phonon interaction is strong in thes&*actly 15° then this would be a long-wavelength commen-
systems, and the high.’s are now thought to originate from Surate spiral, with a period of 24 Ho layefs2 unit cells.
a peak in the electronic density of states at the Fermi surfac&lowever, the actual spiral that forms is incommensurate
The strong suppression of the superconducting transitioWith the underlying lattice. The intensities from.both types of
temperature with magnetic doping onto the Ni lafticéso Brag_g _p_eaks develo_p at about t_he same ordering temperature
indicates that these are conventional electron-phonon supefd initially grow with decreasing temperature at the same
conductors. More recently, a phonon anomaly, reminiscenf@te. At ~5K the superconductivity is reentrant as evi-
of the strong electron-phonon coupling found previously indenced by a deep minimum ki, near 5 K, below which
carbide superconductors and related systehes also been the incommensurate spiral order locks into thfa commensu-
observed in this class of materidfsand very recently an rate antiferromagnetic structure. An additional incommensu-
additional lattice-dynamical mode directly associated withrate magnetic component, with wave vector alongateis,
the formation of the superconducting state has beeM@s found to develop at a lower temperature§(K), and
discovered! It therefore is apparent that these materials ardhis component also disappears near the reentrant
model electron-phonon superconductors. transition?>?* Once the system is in the commensurate anti-
The interaction between magnetic long-range order anderromagnetic state, this permits the return of superconduc-
superconductivity has been an active area of interest foiiVity, and the long-range antiferromagnetic order coexists
many years, and in this regard these new quaternary mateM\ith superconductivity at low temperatures.
als play a unique role. In the ternary Chevrel-phase and re- The nature of the magnetic order and its influence on the
lated magnetic-superconductor syst&tise magnetic order- Superconductivity is clearly quite interesting in these
ing temperatures are typically-1 K, comparable to the RNi;B,C materials, and here we report a systematic investi-
expected dipolar ordering temperatures. Magnetic exchanggation of the magnetic structures and phase transitions across
interactions play a role in determining the magnetic structhe rare-earth series. There is quite a variety of magnetic
tures that are realized, but at most they are comparable to tifgructures found for the different rare earths. Some are rela-
dipole interactions, and the magnetic ordering temperaturelively simple commensurate antiferromagnets, while others
are typically much lower than the superconducting transiform incommensurate structures with modulation wave vec-
tions. An even more extreme situation is found for the high-tors that are sometimes along tfi00] direction, sometimes
T, cuprate superconductors, where the rare-earth ions agafiong the[110] direction, and sometimes along ti@01]
become ordered in ¢hl K rangél;3 while the Superconduct_ direction. This behavior is reminiscent of the rare-earth el-

ing transitions are one to two orders-of-magnitude higher ifemental systen&, and argues that the exchange interactions
temperature. are of the Rudermen-Kittel-Kasuya-YosidRKKY) type,

Following the initial discovery of the quaternary materi- mediated through the conduction ele.ctrons. We have also
als, Eisakiet al* investigated the systematics of rare-earthfound, as others havé that the magnetic and superconduct-
substitution in the system. They found that almost all the rard"d properties are very sensitive functions of the composi-
earths ordered magnetically, and that many were supercofion. We therefore have also carried out a systematic s_tudy of
ducting as well. The magnetic ordering temperatures occur db€ crystal structure of our samples in order to establish the
much higher temperaturdsvith Ty as high as 19 K for ~Systematics ar)d |de.nt|fy if possible the underlying property
GdNi,B,C, (Refs. 15 and 1§ than for the Chevrel phase or that is controlling this very subtle dependence on composi-
cuprate materials, while the superconducting transition temton.
peraturegwhen they occyrare comparable to the magnetic
transition temperatures. The much highereNemperatures
ensure that the magnetic energetics for these new systems are
dominated by exchange rather than dipdilectromagnetic Polycrystalline samples &Ni,B,C (R= Y, Ce, Pr, Nd,
interactions, while the comparable superconducting conderifb, Dy, Ho, Er, Tm were prepared using a standard arc
sation energies ensure that the interplay between supercomelting technique under flowing argon atmosphere. Starting
ductivity and magnetism should be much stronger than fomaterials were high puritfabout 99.9% or bettgelements
the earlier systems and on a comparable energetic footingn the form of chips, wire or thin rods. First the stoichio-
This has indeed turned out to be the case, with the moshetric amounts oR, Ni, and B were taken and melted on
interesting system appearing to be HeBUC. This material the water-cooled copper hearth of the arc furnace under
becomes superconducting-a8 K, then reenters the normal flowing argon atmosphere. A titanium piece was used as a
state at~5K, only to quickly become superconducting getter for oxygen. Any weight loss after the first melting of
again with further reduction of temperatufe'’ The first  the sample was attributed to boron and was accordingly com-
neutron studies revealed that coincidently with the supercorpensated. The sample was melted once more and again

II. EXPERIMENTAL PROCEDURES
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checked for weight loss. Then tiRNi,B, alloy button was Laboratory. However, to facilitate the most direct compari-
melted along with carbon which was taken either as a felon between the different samples all the refinements re-
(99.7% purg or pieces from a graphite ro®9.99% purg  Ported here were obtained on BT-1. The standzsals (Ref.

The sample was melted six times to ensure homogeneity?® Program was used to refine all the structural data, and

The samples were finally wrapped in Ta foil and annealed afiS Program was also used in most cases to refine the mag-
1050 °C for one week in evacuated quartz tubes. netic structure when the structure was commensurate.

Due to the high vapor pressure of Yb, the YBB4C In cases where just a few magnetic peaks were observed,

sample was prepared by a solid-state reaction techniqué” the magnetic structure was incommensurate, the inte-

First Ni and B were taken in a 1:1 molecular weight ratio andgratEd intgnsities O.f 'the magnetic' anq nuclear intgnsities
melted in an arc furnace under flowing argon. Any loss inwere obtained by fitting a resolution-limited Gaussian to

weight was taken to be due to boron and was according| ach observed peak. In this case the intensity for the nuclear

compensated. The ingot was powdered and mixed with aff/ECtion is given b

appropriate amount of C powder and small pieces of Yb and

the mixture was pelletized. The pellet was sealed in a Mo In=C|Fn(hkl)? = mhk'Ahk' (1)
crucible under an argon atmosphere and the crucible was sin(#)sin(26) ’

then sealed in a quartz tube under vacuum. The sealed am- . . . oo
poule was heated to 1250 °C over a period of 24 h and thelyN€reC is an instrumental constartty,q is the multiplicity
furnace cooled. The samples were ground and pelletized arRf the powder peak with Miller indicebkl, Ay is the ab-
the whole procedure was repeated once to get the final proé_orptmn factor, and the nuclear structure factor is given by
uct. The pellets had good mechanical strength indicating a
good solid-state reaction.

With the exception of Y and Yb, the samples were pre-
pared with the!'B isotope to reduce the unwanted neutron
absorption of'% found in naturally occurring boron. Typi- with 7 the reciprocal-lattice vector of the Bragg pelakl,
cally the weight of each sample was 2-5 g. Phase purity ob; the coherent nuclear scattering amplitude forjttheion at
the material was checked by powder x-ray diffraction. Thepositionr; in the unit cell, W; is the Debye-Waller factor,
samples were then characterized by a variety of techniqueand the sum is over all atoms in the unit cell. The magnetic
Resistivity was measured using the four-probe method. Botintensity is given by the similar expression
ac and dc magnetization measurements were employed to
look for the superconducting transition and to study the mag- MpkiAnki
netic behavior. Heat-capacity measurements were done using Im=C Sin(6)sin(26)’
the semiadiabatic heat-pulse technigue.

The neutron-diffraction experiments were carried out atwhere the constant in parentheses is the neutron-electron di-
the National Institute of Standards and Technology researcpole coupling constant, and the magnetic structure factor is
reactor. The temperature-dependent magnetic diffraction daigiven by
were obtained on the BT-2 triple-axis spectrometer operated
in two-axis mode. A pyrolytic graphite monochromator and N _
filter were employed at a wavelength of 2.351 A in the usual Fu= E (TX[Mx 7)) fi(r)e' e, 4
manner, and the collimation before and after the sample was =1
typically 20" full width at half maximum. The samples were
held in an aluminum cylindrical holder and placed in an
ILL-type top loading cryostat to cool the sample from room
temperature to temperatures as low as 1.6 K. Lower temper
tures were achieved with a cold-finger pumpet cryostat
(to 0.3 K). For the highly absorbing Y sample we used a thin
flat-plate holder to minimize the effects of absorption, while
for the Yb sample we employed a cylindrical annuifisn
addition, during the long shutdown of the NIST reactor some
data on the Ho, Dy, and Er samples were collected on the
HB-3 spectrometer at the Oak Ridge National Laboratory
utilizing a similar experimental configuration.

High-resolution powder-diffraction data were obtained onA model for each spin structure is then developed and least-
the BT-1 spectrometer at NIST, employing the (8ll)  squares fit to the observed magnetic intensities. The mag-
monochromator and a wavelength of 1.54 A. The samplesetic intensities can then be put on an absolute scale by com-
were placed in a cylindrical holder made of vanadium, withparison with the nuclear intensities. We also employed the
the exception of the Yb sample which again was put in arsubtraction techniqu&, whereby the nuclear-diffraction pat-
aluminum annulus. These data were then used to obtain cortern above the ordering temperature is subtracted from the
plete structural refinements for all the samples at room temdata observed at low temperatures. If there is no significant
perature, and at a few selected temperatures below this. Prstructural distortion, as is the case for the present systems,
liminary data were also collected on some of the sampleand the temperature variation of the lattice parameter is not
with the HB-4 powder diffractometer at Oak Ridge National significant compared to the instrumental resolution, then the

N
Fn=2, bje'mlie™™, )
i=1
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whereM; is the direction of the atomic momerj;) is the
ordered moment, andj(hkl) is the magnetic form factor.
For the magnetic form factors of the rare-earth ions we used
fhe free-ion calculated valudé.For the incommensurate
structures it is convenient to write the magnetic structure
factor in terms of thenth Fourier component of the moment
uf at sitej,”®

N
FM=]Z41 {u) =7 uf 1 (r)e e M. (5)
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FIG. 1. Diffraction pattern and
refinement for HONIB,C at 1.7 K
4000~ N in the antiferromagnetically or-
dered(and superconductingtate.
The crosses are the experimental
data and the solid curve is from
the refinement based on the mag-
netic (short vertical lines and
nuclear(long vertical line$ Bragg
peaks. The difference between the
model calculation and the obser-

W vations is shown at the bottom.
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nuclear Bragg peaks subtract out leaving only the magnetigonsists ofR-C planes separated by )@, layers stacked
Bragg peaks. This is a convenient way to quickly identify theaong thec axis. The solid curve in Fig. 1 is the fit to the
magnetic diffraction pattern. _ _ resultant magnetic and nuclear structure, and we see that we
Equationg(3) and(4) show that the intensity of each mag- optain a very good fit as indicated at the bottom of the figure,
netic Bragg peak is proportional to the square of the ordereginere the difference between the calculated and observed
moment, and thus the order parametarits squargcan be gjues is given.
readily obtained from the measurements. In principle, one |y the following section we will discuss the magnetic
can determine the spatial dimensionality of the system, thg,ctures; here we discuss the crystal structure. Above the
number of components of the order parameftes., Ising,  magnetic ordering temperatures only the nuclear Bragg
xy, Heisenberg, etf. critical exponents, etc. In practice, peaks are present, and the profile refinement technique
however, trying to extract such quantities from powder-readily provides the structural parameters as given in Table I.
diffraction data is typically unwarranted. In the present casgigure 3 shows the room-temperature lattice parameters as a
we tried fitting a Brillouin function to the sublattice magne- fynction of lanthanide radius. We see that the volume of the
tization as a first step. This is in essence a mean-field theoryyit cell increases smoothly with increasing lanthanide ra-
which certainly will not be correct in detail for most systems. g5 as does the basal plane lattice parameter. CFagis
However, we have simply let all the parameters valy ( |attice parameter, on the other, shows an anomalous decrease

Ty, and saturation magnetizatjom order to get the best jth increasing radius as was observed in the x-ray Yata.
smooth curve through the data and obtain an estimate of

Tn- In some cases a mean-field fit did not provide an ad-
equate fit to the data, and then we simply put a smooth curve
through the data.

lll. CRYSTAL STRUCTURE

We have carried out high-resolution profile refinements
for these materials for a range of temperatures at and below
room temperature. An example of the data and structural
refinement is shown in Fig. 1, which is for Hof®,C at 1.7
K. This is in the antiferromagnetically ordered state, and the
lowest-angle Bragg peak belongs to #@®1) antiferromag-
netic reflection. The large holmium moment results in mag-
netic peaks that are comparable in intensity to the nuclear
peaks, and thus the results from the refinements are statisti-
cally comparable for the nuclear and magnetic structures. In
this figure the short vertical lines designate magnetic peaks,
while the long vertical lines indicate the positions of the
nuclear Bragg peaks. All theNi,B,C (R= Y, Ce, Pr, Nd,

Th, Dy, Ho, Er, Tm, and Ypsamples investigated possess
the same body-centered-tetragondldnmm) structure FIG. 2. Body-centered-tetragonal crystal structurd/fimm
found originally? which is shown in Fig. 2. The structure for the RNi,B,C series.
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TABLE . Structural parameters, selected interatomic distandds and angles (°) foRNi,B,C at room temperature. Space grolgimmm
atomic positionsR (0,0,0), Ni (1/2,0,1/4), B (0,@), and C (1/2,1/2,0). B (X,Y,2);B;;: (1/2+x,1/2+y,1/2—Z).

Atom Parameter Ce Pr Nd Th Dy Ho Er m Yb

a(A) 3.6378%) 3.70661) 3.678G2) 3.553617) 3.5342@8) 3.51771) 3.50191) 3.48662) 3.47823)
c(A) 1022732 999933 10.08144) 10.43523) 10.48783) 10.52783) 10.558Q4) 10.586Q5) 10.6071)
v (A%  135.3467) 137.3§3)  136.372) 131.7778) 130.9988) 130.271)  129.481)  128.682)  128.323)

R B (A?) 0.583) 0.825) 0.523) 0.473) 0.31(4) 0.274) 0.364) 0.503) 0.6(1)
Ni B (A?) 0.632) 0.852) 0.772) 0.572) 0.904) 0.602) 0.342) 0.51(2) 0.7(2)
B z 0.35441) 035152 035272 035742 0.35843) 0.35922) 0.35972) 0.35982) 0.359 38)
B (A?) 0.832) 1.032) 1.083) 0.772) 1.21(6) 0.833) 0.613) 0.683) 0.42)
C B (A?) 0.71(3) 0.843) 0.86(4) 0.854) 0.821) 0.81(5) 0.21(5) 0.423) 1.2(3)
Ry (%) 4.10 5.03 5.62 5.56 5.99 4.62 5.79 6.23 9.04
Rup (%) 5.08 6.25 6.73 6.84 7.34 5.66 7.16 7.73 11.79
X2 1.397 1.192 1.115 1.569 1.345 1.274 1.383 1.065 1.065
Selected interatomic distanceB) and angles (°)
R-B 2.97226) 3.01268) 299489 292069  2.9071) 2.8961) 2.8851)  2.88789  2.8774)
R-C 2572334) 2.620997) 2.60071) 2512785 2.499066) 2.487397) 2.476237) 2.46541) 2.45944)
Ni-B 2.10926) 211288 211049 210059  2.1012) 2.1011) 2.10q1) 2.0951)  2.0905)
B-C 1.4891) 1.4852) 1.4852) 1.4892) 1.4853) 1.4832) 1.4812) 1.4852) 1.4928)
B;-Ni-B;; 104.853)  103.333)  103.934)  106.534)  107.027)  107.414)  107.735)  107.924)  107.92)
B;-Ni-B; 119.166)  122.618)  121.249)  115548)  114.51)  113.689) 113.029) 112.638)  112.64)

The only apparent exception to this smooth variation appears
to be for Ce, which did not fall on the curve unless we
adjusted the radius by admixing €e suggesting that this is 2 2 °© Ho
mixed valent. Indeed mixed-valent behavior for Ce has al- T g 3.64
ready been suggestédA similar trend is found for the lat- i ]
tice parameters as a function of temperature, as shown in Fig. 3518? s 1
4 for the Ho and Ce materials, where we see thaicreases — r ]
with increasing temperature while decreases. The same ‘= L ® J3.63
trend is found for all the other samples. ©  3.514f :
We can understand this behavior when the full results of m = e
the structural analysis are reviewed. Figure 5 presents some <—s
of the relevant bond distances and angles as a function of
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FIG. 3. Room-temperature lattice parameters and unit-cell vol- FIG. 4. Lattice parameters and unit-cell volume as a function of
ume as a function of lanthanide radius. temperature for HONB,C and CeNjB,C.
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FIG. 6. Atomic displacements that occur when Pr is replaced
with the smaller Tm ion.
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108 % % ] cupancies, and the changes in the magnetic and supercon-
00F T T 05 F i ducting properties that are observed from sample to sample.
0.94 0.96 0.98 1.00 1.02 1.04 1.06 1.08 1.1 In particular, we wanted to understand what is controlling

Lanthanide radius (A) the delicate balance between the magnetic structures and the

. superconducting state in the HgBLC systent’ However,

FIG. 5. Bond distances and angles at room temperature as e site occupancies and structure for the HEYC sample

function of lanthanide radius. Note that the B-C and Ni-B bond 0,0 in the present study were identical within statisti-

lengths do not exhibit much variation with radius, and this forces | i 'E)h | Y. tigated . |

the Ni-B layer thickness to decrease as the lanthanide radius i accuracy 0 the sam_p es nves Iga ed previously even
though the size of the various magnetic components, and the

creasegsee text : . .

depth of the reentrant superconducting transition, varied by

more than a factor of 2 as discussed below. Therefore within

lanthanide radius. In Fig.(&) we see that for th®-C layer,  the present accuracy of these profile refineméFable ) we
the in-plane basal area increases with increasing radius §fere unable to identify such a correlation.

required by the data of Fig.(8. The B-C bond distance
[Fig. 5b)] along thec axis, on the other hand, shows no
significant variation with radius, indicating that this bonding

is very strong. Thus the-axis layer defined by the B-C-B e now turn to the presentation of the magnetic struc-
atoms, with the rare earth in the middle, does not chang@yres and phase transitions in this series of materials. For Nd,
height as the lanthanide radigsr temperaturgis varied, pr, Dy, and the ground state of HoBi,C, the magnetic
while the basal-plane area changes in the conventional magtryctures are simple commensurate ones. However, for
ner. This requires that thR-B distance vary in the same HoNi,B,C two different incommensurate modulations are
manner as th®-C distance, as observéfiig. 5a]. observed at elevated temperatures, where the reentrant super-
~ The second piece of the puzzle comes from the Ni-B bon@onducting behavior is found. For Tb, Er, and Tm, on the
d|Stance, which also does not exhibit much variation W|thother hand, the magnetic structures are incommensurate

lanthanide radius. If the Ni-B separation does not changehroughout the entire temperature range where the magnetic
then this requires a change in the B-Ni-B bond angles angder exists.

layer thickness. The atomic displacements observed when
the Pr ions are replaced by the smaller Tm ions are shown in
Fig. 6. This pulls in the C atoms, and with them go the B
atoms. The Ni atoms must also move in, but are then forced The first system to be investigated with neutrons was
downward to maintain the same Ni-B bond distance, whichHoNi,B,C because of the doubly reentrant superconducting
results in an increase in the Ni-B layer thickness and @ehaviot* exhibited by this materidf The magnetic scatter-
change in the bond angles as shown in Figs)-5 5(d). ing observed at low temperatures is shown in Fig. 1. An
Finally we note both the magnetic and superconductingexcellent fit to these data is obtained with the magnetic struc-
properties of these systems are very sensitive to subtle variéiire shown in Fig. @). For this structure the moments are
tions in the compositioA®> Thus one of the goals of our coupled ferromagnetically in théetragonal basal plane,
crystallographic studies was to establish the correlation beforming ferromagnetic sheets, which are then stacked anti-
tween the changes in the crystal structure and/or atomic oderromagnetically along the axis. The wave vectob de-

IV. MAGNETIC ORDERING

A. Pr, Dy, and HoNi,B,C



6590 J. W. LYNN et al. 55

f _ﬂ /A7d HoNi,B,C

80 T T T T T T T
M(spiral)

M(a) B
M{comm)

L]
-
L]
]
L}
-
L]
*

70 -

]

60 L ]

I\
\
1
M2 ()

.._q__(> ——q——(> __q__t>
(a) Pr, Dy, Ho () Er ©) T (@ Tm a0 | v :
(e) ErNi B, C 20 g ]

NSRRI ol j

FIG. 7. Magnetic structures observed faj Pr, Dy, and Ho at
low T, which consists of ferromagnetic sheets of spins inaHe
plane that are coupled antiferromagnetically along dhexis. The
wave vector describing the structureds-[001]; (b) Er, which is a
transversely polarized spin-density-wave wigtj[100]; (c) Th,
which is a longitudinally polarized spin-density wave with
8|[100]; (d) Tm, which is a transversely polarized spin-density
wave with §)|[110]; (e) Transverse spin-density wave for the
a-axis modulation of ErNiB,C, shown over several unit cells.

Temperature (K)

FIG. 8. Intensity of the antiferromagnetiM(omn), C-axis spiral
(Mgpira), @nda-axis (M,) magnetic peaks as a function of tempera-
ture for HoNLB,C. The intensities for the incommensurate mag-
netic peaks are suppressed below the temperature where the super-
conducting state reemerges.

ing to look at this level of detail. For the data on the present

scribing this structure is thef001]. The low-temperature sample(Fig. 1), on the other hand, the spirgand a-axis)
magnetic moment we obtain from these data isincommensurate state is absent at low temperature, and the
(8.62+0.06)ug, with the direction in thea-b plane. The magnetic scattering was restricted to resolution-limited
easy direction within th@-b plane cannot be obtained from [001]-type Bragg peaks. We then tried including a series of
(zero-field neutron data, either from powders or single crys-assumed magnetic structures for the Ni, and in each case the
tals, but magnetization measurements show that the easy aximent refined to zero within statistical error. Therefore we
is the[110] direction®' Our refinements based on the data offind no evidence for a significant nickel moment in the hol-
Fig. 1 indicated that there is no moment along thexis  mium system, and this turns out to be the case for the other
within the error quoted above, and this result is inconsistensamples in this study as discussed below.
with the c-axis component of the moment reported by Tomy The magnetic order that initially develops in HgB,C
et al?! just below the Nel temperature, on the other hand, shows

One of the interesting questions in these materials idar more interesting behavior. This system becomes super-
whether or not the Ni ions carry a magnetic moment of anyconducting aff.~8 K, while developing long-range mag-
kind, in analogy with the cuprate systems. There were initiahetic order at about the same temperatdré®****The de-
reports of a possible magnetic phase transition irtails of these transitions have already been discussed at some
YNi,B,C, but no type of magnetic ordering was obserfed, length in the literature, so here we will just briefly review the
and it appears now that the Ni by itself is not magnétic. behavior as it pertains to the results for the present sample.
However, in the presence of rare-earth ordering a significantwo types of magnetic peaks initially develop, th@01]
induced moment may be present on the Ni{dand in our commensurate antiferromagnetic structure just described,
initial work on ErNiLB,C (Ref. 28 it was found that includ- and an incommensurate spiral state in which these ferromag-
ing a small induced moment on the Ni site gave a smalhetic sheets in adjacent layers along ¢thexis have a relative
improvement(at the few percent level in the intensiti®  orientation of~163.4°, instead of 180° for the commensu-
the fit of the data. Our new ErpB,C data and analysis will rate structure. Figure 8 shows the data for the present sample,
be discussed below, but the Er system has a rather comphvhere we find that the intensities from both types of Bragg
cated incommensurate magnetic structure, and it was cle@eaks begin to develop &f~8.5 K, and initially grow with
that a detailed analysis on a material with a simple commendecreasing temperature at the same rate. At a temperature of
surate magnetic structure would give a more definitive an~6.25 K additional magnetic peaks that correspond to a
swer. The Ho system is an obvious choice because it hasraodulation wave vector 06=[0.55,0, begin to develop.
large ordered moment and little nuclear absorption, but inAt ~5 K the superconductivity is reentrant as evidenced by a
our earlier studies this could not be adequately addresseteep minimum irH., near 5 K**1”below which the incom-
because at lowl there was still some remnant of the high- mensurate spiral locks-in to the commensurate antiferromag-
temperature spiral incommensurate state present in the scaetic structure and the intensities of theaxis type peaks
tering, and this complicated the analysis too much when tryalso decrease to zero. This magnetic lock-in transition then
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FIG. 9. A comparison of the-axis incommensurate spiral and g
a-axis incommensurate intensities for four different HgBUC § i
samples; the present work, two previous reentrant superconducting = 40 i ]
samples, and one where 0.7% Co was substituted for Ni to suppress_S
the superconductivityRef. 30. The spiral amplitudes that begin to E
develop atTy=~8.5 K all have the same size and temperature de- S 20l .
pendence initially, but the lock-in transition occurs at a higher tem- @
perature in the present sample. The temperature dependence of the
a-axis peak is similar for all the samples, but the intensity for the 0.0 Liriins e TR T
present sample is almost half the other ones. 0 2 4 6 8 10 12 14

Temperature (K)

permits the return of superconductivity and the coexistence
of superconductivity with the commensurate long range an- FIG. 10. (a) Magnetic Bragg peak for DyNB,C at low tem-
tiferromagnetic order at lowr . perature, andb) temperature dependence of the sublattice magne-

We have carried out measurements on a number of differtization obtained from the Bragg peak intensity. The solid curve is
ent HoNi,B,C samples, and a comparison of the intensitiesa guide to the eye.
of the incommensurate peaks is shown in Fig. 9. The inten-
sity for the spiral state develops in each sample-&5 K, siderably higher than that found for the flux-grown single
and the temperature dependence is initially identical for alcrystals ¢ 7 K),2%3* but agrees rather well with the results
the samples. However, for the present santpiangles the  for crystals grown by the floating-zone methdWe note
intensity starts to decrease at a considerably higher tempertat so far it has proved difficult to compare the absolute
ture than for the previous samples studi®dhe reentrant moments we obtain for the three types of peaks with the
superconducting anomaly is also considerably smaller fosingle-crystal samples because of the extinction problems en-
this sample, and this may be correlated with the fact that theountered with the single crystals.
spiral amplitude does not grow to as large a value. However, The magnetic structure for DypB,C is identical to the
we also note that tha-axis peak intensity is also smaller for low-T commensurate antiferromagnetic structure of the Ho
the present sample, and clearly more work is needed in ordelystem, with the moments in tteeb plane being ferromag-
to fully clarify the relationship between these three magnetimetically aligned while the structure is antiferromagnetic
components and the superconductivity. In particular, the inalong thec axis as shown in Fig. (3. Magnetization data
tensities for thea-axis peaks are too weak to allow the mag- indicate that thg110] direction is the easy axi$,as is the
netic structure to be solved by powder-diffraction tech-case for the holmium. Th®01) magnetic Bragg peak at 1.7
niques, while it has not been possible to solve this structur& is shown in Fig. 108). The magnetic signal is identified by
by measurements on single crystaf& due to extinction ef-  utilizing the subtraction technique, where we subtract the
fects and other factors. We remark that within experimentatlata taken well above the ordering temperature from the low-
error the ordered magnetic moment at low temperatures igemperature dat®. We see a resolution-limited Bragg peak
the same for each of the samples, and we have not been alilicative of long-range antiferromagnetic ordémyhile the
to correlate any differences in the chemical structure with thescattering away from the Bragg peak is negative due to the
observed differences in the magnetic and superconductingbsence of the paramagnetic diffuse scattering in the ordered
properties. We also note that the initial ordering temperaturgnagnetic state. These data were obtained on the HB-3 spec-
of 8.5 K for all the powder samples we have studied is contrometer at Oak Ridge National Laboratory. The structure we
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FIG. 12. Magnetic-diffraction pattern obtained on N¢gBliC by

30000 subtracting the data at 10 K from the data obtained at 1.5 K.

ing at low temperatures is shown in Fig.(al In compari-
son to the Dy system we see that the scattering is obviously
much weaker since the ordered moment will be much
smaller than for the Dyand the intensity is proportional to
the square of the moment as shown in E§s.and(4)]. The
ordered moment we obtain is only 0(8lug, which is con-
siderably smaller than the free-ion value. The intensity of the
26000 | - magnetic order is shown in Fig. @ as a function of tem-
° 1 2 3 4 5 perature. The solid curve is a fit to a Brillouin function, and
Temperature (K) we obtain an ordering temperature of @)0K. No supercon-
ducting transition has been seen yet in BBYC, but its
absence may have a different origin in analogy with the cu-
prate systems. In particular, with the exception of the
Pr,CuQ, system where the Pr is in an isolated singkatd
find is in good agreement with the structure found in singlehence non-magneticrystal-field ground state, none of the
crystals®® The ordered moment we obtain from a fit to the Pr-containing cuprates exhibit superconductivity, and this is
complete diffraction patterrfout to a scattering angle of thought to arise from strong-electron hybridization effects
90° at this wavelengthis 8.479)ug. Including a moment With the conduction electrod.This is an area that requires
on the Ni site did not provide any improvement in the refine-further investigation.
ment, and hence we conclude that there is no significant
ordered magnetic moment on nickel ions in the Dy material.
The temperature dependence of the sublattice magnetization
obtained from th€001) peak is shown in Fig. 10), and we A portion of the magnetic-diffraction pattern for
see that the Dy ions in DybB,C order antiferromagneti- NdNi,B,C is shown in Fig. 12. As for the Pr system, the
cally at aTy~ 11 K, which is estimated from the change in magnetic Bragg peaks are weak due to the small moment for
the curvature inM(T). There is also clearly some critical the light rare earths, but fortunately these peaks may be
scattering and/or a spread Ty in this sample. The solid readily indexed on the basis of the commensurate magnetic
curve is a guide to the eye. There are no incommensuratgfructure shown in Fig. 13. The magnetic structure for Nd is
magnetic phases observed in this system. then antiferromagnetic along thee axis, with the moment
Initially superconductivity was thought to be absent indirection alonga. The coupling is ferromagnetic along the
Dy, but then a superconducting transition of 6 (Ref. 39 b axis, while along the axis one adjacent neighbor is fer-
was discovered, again emphasizing the strong dependencer@imagnetic while the other is antiferromagnetically aligned,
the physical properties on compositithThe superconduct- doubling thec-axis periodicity. The modulation wave vector
ing state is very sensitive to the precise composition of thés then(1/2, 0, 1/3, with an equivalent domain wheé= (0,
sample, and is present in some samples while absent in oth/2, 1/2 and the moment direction is alorg This is obvi-
ers. If the superconducting state is present then there appearssly quite a different structure than the commensurate
to be little interaction between it and the magnetic orderstructure just discussed above for Ho, Dy, and Pr. In particu-
parameter, with the two coexisting to low temperatures agar, note that the bilinear exchange interactions between ad-
found for HoNiB,C. jacent planes along theaxis cancel for this spin configura-
Finally, we note that the PrjB,C material also orders tion due to the bcc symmetry, as happens for the Cu order in
with the identical magnetic structure as for Dy, and for Ho inthe 2-1-4 electron superconduct8tsWe observed seven
the ground stat¢Fig. 7(a)]. The observed magnetic scatter- magnetic peaks with nonzero intensity, and the model pro-

28000
28000

27000

Observed Intensity (Counts/10 min.)

FIG. 11. (a) Magnetic Bragg peak for PrpB,C at low tempera-
ture, and(b) temperature dependence of its intensity. The solid
curve is a fit to a Brillouin function.

B. NdNi,B,C
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FIG. 13. Magnetic structure of NdbB,C. The spin direction is
along thea axis, and this coupling is antiferromagnetic, while the
coupling alongb is ferromagnetic. Along the axis one nearest F
neighbor is aligned antiparallel and one parallel, which requires a 0.05 [
doubling of the magnetic unit cell along ;
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vided a good fit within statistical errors to the data, with an
ordered moment at low temperatures of 2735 . The tem-
perature dependence of ttl62, 1, 3/2 magnetic Bragg peak

is shown in Fig. 14, where the solid curve is a fit of the datafOIr
to a Brillouin function. The fitted ordering temperature is
4.797) K.

Temperature (K)

FIG. 15. (a) Intensity of the first and third-order satellite peaks
the spin-density wave in ErbpB,C. (b) Ratio of the intensities
of these two satellites.

Zarestkyet al*? We found that antiferromagnetic order de-
C. Er and TbNi,B,C velops afT = 6.8 K, with the Er ions forming a transversely
For the Er system the superconducting transition occurs aﬁola_rized, incommensurgte spin-density wave state as shown
T,~11K, and superconductivity persists to low tempera-" Fig. 7(b). The modulation wave vector for this state was
tures with no reentrant transitions or evidence of strong coutounfJI to be5=(0.5526,0,.0)(|n units of 27r/a).and- IS ap-
pling to the magnetic state. This system has been studigdfoximately temperature independent. The directiord o

previously by us on powde€ and on single crystals by along thea axis (or.equivaler}tly a_long thd axis in this
tetragonal systejmwith the spins directed along (or a).

The variation of the spin-density-wa¥8DW) over several
NdNi,B,C periods is shown in Fig. (&), which gives a better perspec-
w w , tive of what the magnetic structure is in the undistorted SDW
(112,1,3/2) state. Note that there appears to be two different waves in the
system. One is of short period, and would be a simple anti-
ferromagnet if =(0.5,0,0). The second one is a much
longer period and describes the modulation away from this
simple commensurate state. Fé#(0.55,0,0) this second
period is 6—1/2=0.05, or ten times longer than the com-
mensurate antiferromagnetic state.

The staggered magnetization increases smoothly as the
temperature is decreased beldw, and is nonhysteretic.
Higher-order harmonics develop at lower temperatures, indi-

cating a squaring-up of the magnetic structure. Figur@)15
175000 1 2 3 ; 5 6 7 shows the intensity of the primary satellite intensity as a
Temperature (K) function of temperature for this new sample, along with the
temperature dependence of the third-order satellite. The ratio

FIG. 14. Temperature dependence of the intensity ofti® 1,  of these two intensities is shown in Fig.(b5 where we see
3/2) magnetic Bragg peak in NdpB,C. The solid curve is a fit to  that the ratio is concave upward as expected when these
a Brillouin function. higher order satellites originate from a distortion of the pure

. 20000 :

19500

19000

18500

18000
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15000 TABLE Il. Comparison of calculated and observed magnetic

Bragg peak intensities for ErpB,C.
a ErNiZBZC Position () Indexing Multiplicity Cal. Intensity Obs. Intensity
75 12.78° 200+ 3q 4 1222 111749
3 10000 | ] 15.26° 301+5q 8 520 52058)
% 21.10° q 4 14 750 14 02@5))
Z 101+q 8
= 28.56° 202+3q 8 967 94367)
@ Z
_g 5000 |- ] 101+ 3q 8
o r 1 33.31° 002+q 8 3904 3 93469)
3 42.65° 110+q 8 2750 283272
g 103+q 8
= 46.82° 01k-q 16 1383 124150
oL 110+3q 8
‘ o 103+3q 8
10 20 30 40 50 60 70 80 90 —
50.72° 112+q 16 1291 133750
26(deg) 54.73° 301+3q 8 378 50%78)
FIG. 16. Low-temperature magnetic-diffraction pattern for 204+ 3q 8
ErNi,B,C. The identification of the peaks is given in Table II. 1_12+ 39 16
57.52° 200+q 4 2049 2 02577)
sine wave as it squares up at Iaw This squaring-up of the 004+q 8
spin-density wave is expected since a purely sinusoidal spin- 213+3q 16
density wave cannot be the ground state of a local-momerdo.86° 013-q 16 1295 128672
system because this leaves many of the moments in a pag4.16° 202+q 8 2 064 2 29496)
tially disordered state. Thus typically the SDW will either 101+q )
square up, or undergo a lock-in transition to a commensuratg, 1 go 114+ q 16 2009 2 17673)
magnetic structur&® No lock-in transition is observed in the To5+ 8
present system, and the incommensurate SDW magnetic or- ___ el
der and superconductivity are found to coexist over the full /361 2li+q 16 1467 16962
temperature range where they are observed, with only a weak 101+5q 8
interaction between the two. 312+3q 16
In our original analysis of the magnetic structure we 114+3q 16
found that the addition of a small nickel moment in the 002+ 3q 8
model improved the fit to the data. However, those data were 105+ 3q 8
obtained on a sample containing natural boron, which re- 404+ 5q 8
duced the statistical precision and introduced systematic ek 530 110-q 8 1260 150062)
rors associated with the large corrections due to the high 103+q 8
neutron absorption. We have therefore carried out new meg, ,co 204+ q 8 1768 2111108
surements on a sample made wittB so that absorption by
the sample is not a problem. We also obtained a more com- 112+q 16
plete magnetic-diffraction pattern to allow a more rigorous 215+3q 16
comparison between the magnetic structure nfédéland 011+3q 16
the experimental data. Figure 16 shows the magnetic84-99° 213+q 16 1898 293150
diffraction pattern for ErNiB,C obtained by subtracting the 206+ 3q 8
data at 10 K from the data at 1.5 K. We see that we have a 110+5q 8
guite complicated pattern arising from the first, third and 103+5q 8
fifth harmonics of the SDW. All the peaks can be indexed 015+(q 16
based on this SDW model, and the peak positions and index- 226+ 3q 16
ing are given in Table Il. The calculated and observed inten- 321+ 5q 16
sities are also given for comparison, and from the least: . -
squares fits weg obtain the fgllowing amplitudes for the87'70 121+q 16 696 84068)
sinusoidal momentsy,=9.15(12)ug, us=2.77(30)z, gggig g

ps5=1.53(40ug . If the sine wave becomes a pure square
wave at low temperature, then the coefficients in the Fourier
series should vary asri/In this case the amplitude of the
square wave is given byu,(w/4), which gives a low- ment always converged to zero within statistical error.
temperature Er moment of 7.49 . We also tried to include Therefore we do not find any evidence for a significant or-
a nickel moment as we did previously, but the refined mo-dered nickel moment in ErpiB,C.
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FIG. 17. Low-temperature magnetic-diffraction pattern for . .
TONiLB.C P g P FIG. 19. Low-temperature magnetic-diffraction pattern for
zhee TmNi,B,C.

The low-temperature magnetic-diffraction pattern forintensity for the first-order satellite, while for the third-order
TbNi;B,C is shown in Fig. 17. This pattern may also be satellite we obtain u3=2.28(13ug at 1.7 K, and
indexed with a model of a SDW along theaxis, with a  ;,,=1.65(15ug at 7 K.
modulation wave vectob=(0.555,0,0) which is very simi- The temperature dependence of the intensity of the
lar in magnitude to Er. The positions of these satellites are ifowest-angle magnetic Bragg peak is shown in Fig. 18. The
good agreement with the positions reported by other groupgntiferromagnetic ordering temperature is 18)4. There is
on Single Crystal§§ However, it is evident that the observed also an anoma|y in the temperature dependence at around 10
diffraction pattern appears to be quite a bit simpler than folk, This may be associated with a small ferromagnetic com-
Er, and the reason for this is that the SDW is longitudinallyponent as observed in magnetization measurements on single
polarized as shown in Fig.(@), rather than transversely po- crystals at 8 K or to a transition &5 K identified as a
larized as for the Er case. In the case of longitudinal polarspin-reorientation transitio. A similar transition has been
ization the moment direction is parallel ® and then the identified recenﬂy in EeriBzC,% but we do not observe any
orientation facto«triple cross produgtin Eq. (4) results ina  effects of such a transition in the present powder measure-
number of peaks having vanishing intensity. We also segnents on that sample. The positions of the peaks in our dif-
evidence for a higher-order satellite, which is UnObservab|¢raction pattern were measured at a series of temperatures
at higher temperatures, indicating that the SDW has squaregbth above and below 10 K, and there is no significant varia-
up. We findu,=9.90(36)ug from the least-squares fit. As- tion in the positions of the magnetic peaks. Hence the modu-
suming a square-wave structure at low temperatures, we oljgtion wave vector does not vary significantly with tempera-
tain a value for the ordered moment Qi)=7.78(28)ug.  ture. No superconductivity has yet been found in the
We also remeasured the first and third-order satellite peaks aNi,B,C system, and its absence may be linked to this
1.7 and 7 K todetermine if the § peak is associated with a additional ferromagnetic component. However, more work
squaring up of the structure. We found essentially the samgill be needed before this link can be established unambigu-

ously.
TbNi,B,C

2600 D. TmNi,B,C

Another rare earth that exhibits an incommensurate mag-
netic state is TmNB,C. This system becomes supercon-
ducting at 11 K while it orders magnetically at only
1.5 K*4 However, the modulated magnetic structure is
completely different from any of the other systems. The
modulation wave vector is in the-b plane, but is along the
[120] direction, with a temperature-independent magnitude
of 0.24 A%, giving 6= (0.093, 0.093, D The direction of
the magnetic moment, on the other hand, is along-thgis.
Thus the magnetic structure is a transversely polarized SDW

[ state as for ErNB,C, but with the spins pointing along the
800; s o s 2 c axis as shown in Fig. (@) rather than in thea-b plane.
Temperature (K) Figure 19 shows the magnetic diffraction pattern observed at
low temperature. Because the incommensurate wave vector

FIG. 18. Temperature dependence of the magnetic Bragg pedg small in magnitude, the first-order peak has strong inten-

for TbNi,B,C. sity due to the sirf)sin(26) factor in Eq.(3), while the shape
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TmNi B C T = 1.53K TABLE Ill. The magpetic structure, ordered momept’,eNtem-
2 2 N perature, and modulation wave vector determined in the present
20000 ‘ ‘ 0.1 neutron-scattering study for tHeNi,B,C systems. The supercon-

- ducting transition temperature is also given for the materials that are
£ 15000 | ) superconducting. The Gd system was investigated by magnetic
£ > x-ray scatteringRef. 16 because of the high absorption of Gd for
S~ . .

2 10000 0.05 = neutrons, and is included for completeness. For the ground-state
5 @ magnetic structures of Ho and Dy the neutron measurements cannot
8 _g distinguish the easy axis in treb-plane, but magnetization mea-
5000 = surements indicate that the easy axig140] (Refs. 31 and 36
1 Comparisons with other neutron and x-ray work are given in the
0 1o text.
2.5
Temperature (K) R Ty Te Structure 5 wu(ug) Direction
FIG. 20. Temperature dependence of the magnetic Bragg pedk 4.0 Comm AF 0,01 0.89) ab
intensity associated with the incommensurate ordering inNd 4.8 Comm AF  1/2,0,1/2 210 a
TmNi,B,C. The modulation wave vector for this material is in the Gd 19 a axis 0.55,0,0 7 b2
[1,1,0) direction, which is unique for this class of materials. The Tb 15 a axis 0.555,0,0 7.728) a
3q satellite peak observed at low temperatures is shown in the insepy 106 6 Comm AF 0,0,1 8.49) 110
and indicates that the magnetic structure has squared-up while repg 8.5 8 c-axis spiral  0,0,0.91 6.7 110
maining incommensurate. The temperature dependence of the ratio 6.3 a axis 0.55.0,0 2 2
of the third-order to first order intensities is also shown. 5 5 Comm AF 00,1 8.68) a-b
. . I . Er 6.8 11 a-axis SDW 0.5526,0,0 7.120) b
is asymn_wetnc due to the .contrlbutlon of the vertical resolu—Tm 153 11 SDW 0.093,0.093,0 3(18) .
tion at this small a scattering angle. Again we sea@g8ak, Yb. Ce

indicating that the SDW squares up at low temperature, with

the magnetic structure remaining incommensurate. We obhe injtial ordering for Gd occurs at 19 K, into a transversely
tained M1:4-81(18)“_B and p3=0.93(19ug at thI_S M- polarized spin-density-wave state very similar to the Er system. At
perature, and assuming a square wave atTaothis gives an 14 K ac-axis component to the moment develapslike the Ej

ordered moment of 3.%8. Figure 20 shows the develop- (Ref. 1§. The ground-state moment was not determined in this

ment of the Iong—rar!ge orQer in this .materiaI., where we seesystem, but it is presumed to bg:g since Gd is a spin-only ion.
that we have strong intensity and a nicely defined phase tran-

sition at 1.53 K. The inset shows the magnetic intensity fo

'come superconducting. We have also included the magnetic
the Iowes'g-angle g pgak, and t.he tempe'rature' qep?ndenceproperties for the Gd compound for completeness, which
of the ratio of the first- to third-order intensities is also .o investigated via magnetic x-ray diffractibrue to the

shown as a funct|o_n of temperature. This 'F‘C"mme”S“fat$en/ large neutron absorption cross section for Gd. We see
long-range magnetically ordered state coexists with SUP€That these materials exhibit quite a variety of magnetic struc-

cor%ductw:lty. i dering has b ted ind tures. About half the materials—Pr, Nd, Dy, and Ho—have
ecently magne |c500r ering has been reported INAEPENs, ymensyrate antiferromagnetic structures, and for the Dy
dently for TmNiLB,C.>” The incommensurate wave vector

. and Ho this simple antiferromagnetic ground state coexists
they found is the same as that reported here, although th‘With superconductivity. The Gd, Tb, Er, Tm, on the other

did not report the observation of any higher-order satelliteshand’ form incommensurate magnetic structures. The Er and
or a measurement of the order parameter. Tm materials also exhibit superconductivity, which again co-
exists with the long-range magnetic order.
E.Y, Ce, and YbNipB,C From the point of view of the magnetic ordering in these

Finally, we note that we have carried out low-temperaturematerials, the wide variety and complicated nature of the
diffraction measurements on the Y4B,C, CeNpB,C, and ~ Magnetic structures is reminiscent of the elemental rare
A N ) b L A 2 .
YbNi,B,C materials, but no evidence of any magnetic ordere@rths;” and strongly suggests that the exchange in the
was observed. The Y system is of course superconducting &f€sent materials must be mediated by RKKY interactions.
15.5 K, while no superconductivity has been found in eithern this case the magnetic structure is controlled by the con-
the Ce or Yb systems. The Ce system may have mixedduction electron susceptibility, and the maximum in the con-
valent behavior, which could explain the absence of superduction electron susceptibility would then have to vary from

conductivity, while the Yb material exhibits some moderateMaterial to material to explain all the observed magnetic
heavy-fermion effects structures. As a first step in understanding the nature of the

exchange interactions in these systems, random-phase

approximation-type calculations of the enhanced susceptibil-

ity, based on local-density approximation band structures,
A summary of the type of magnetic structure, the spinhave been carried out for LupB,C.52 The susceptibility

direction, ordered moment, and magnetic transition tempersshows a maximum ab=(0.6,0,0) along thea-axis direc-

ture obtained in the present study is given in Table Ill, alongtion, which is close to the modulation wave vector observed

with the transition temperature for those systems that bein a number of the materials. However, more sophisticated

V. DISCUSSION
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calculations, with the inclusion of matrix elements, aretype structure such as observed in Gd, Tb, Er, and Tm, on
needed. In particular, it will be interesting to determine if thethe other hand, the magnetic structure squares-up at low tem-
maximum in the conduction electron susceptibility variesperatures, as evidenced by the development of strong higher-
with the rare earth in such a way as to provide an explanatiofrder satellite peaks that are easily observed in the powder-
for the full range of magnetic structures observed in thisdiffraction pattern. The SDW structures in the Gd, Tb, Er,
class of materials. and Tm materials remain incommensurate over the full tem-
The richest behavior both for the magnetism and superPerature range where they are ordered magnetically. An al-
conductivity is exhibited by the Ho material, which initially t€rnative possibility to the squaring up is that a lock-in tran-
forms a commensurate antiferromagnetic structure alongton t0 @ commensurate magnetic structure occurs, and this
with two incommensurate modulation wave vectors alang ay be the case for thee-axis s_tructyre in the HO material.
and alongc (see Table lll. In the same temperature regime The magnetic structure for this-axis modulation has not
the material is also developing superconductivity. The hol-been solved yet, but |t.|s clear that.the structure lO.CkSTm to
mium material is known to be particularly sensitive to varia-the commensurate antn‘erromagnet_lc structure, which is _the
tions in compositiorf® and it appears that at least some ofground state for the system: There is still an ov_erall qu_estlon
the states occur in different regions of the sample. In particu@?0ut whether the magnetic structures associated with the

lar, in regions where the commensurate antiferromagneti@ @S modulg;ior;]s i? all these fsystems are co|e_|xistent or
state initially forms there is probably a simple coexistence”®MPeting with the formation of Cooper pairs. However,

with superconductivity? In regions where the incommensu- since Er IS a supe_rconductor while G.d. and_ Th are not, it is
rate magnetism develops, though, this is detrimental to th lear that if there is a strong competition, it must arise not
superconducting state, and forces the system to be reentraht™ thefvglue of6 'tS:,” putlfrorln the naturehof the polar- ‘
or nearly reentrant around 5 K. The magnetic system theffation of the SDW. This is clearly an area where more wor

locks-in to the commensurate antiferromagnetic structure'S Needed.
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