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Muon-spin-rotation and relaxation studies on single-crystalline HoNi2B2C show two magnetic phase transi-
tions atTN156.0 K and atTN255.0 K. While the low-temperature phase displays a commensurate antiferro-
magnetic structure, the higher-temperature phase exhibits an incommensurately sinusoidal modulation of the
spin amplitude. The nature of the incommensurate state, along with the causes of the reentrant superconduc-
tivity near 5 K, are discussed.

The interplay and competition between superconductivity
and magnetism has been an important subject in the study of
condensed-matter physics for more than two decades. In the
late 1970s and early 1980s ternary compounds such as
RRh4B4 andRMo6S8 ~R5rare earth! were found to exhibit
either ferromagnetic~FM! or antiferromagnetic~AFM!
phases which occur below the superconducting transition
temperature and which destroy or coexist with the supercon-
ducting phase, respectively.1,2 The most recently discovered
examples of magnetic superconductors are the rare-earth
quaternary borocarbide materialsRM2B2C, whereM5Ni or
Pt.3–8 These materials exhibit a superconducting transition
temperatureTc as high as 16.6 K~for LuNi2B2C! and, with
the substitution of magnetic rare earths, exhibit coexistence
of antiferromagnetism and superconductivity.

Among the heavy rare-earthRNi2B2C compounds, the
substitution of magnetic ions enhances the Ne´el temperature
TN and depressesTc monotonically, following the rare-earth
ion de Gennes factor.6,9 Except for Gd and Tb, with the larg-
est de Gennes factors, superconductivity is not quenched
completely. This is consistent with a relatively weak cou-
pling between the superconducting and rare-earth electrons,
similar to the situation found inRRh4B4 andRMo6Se8. For
R5Ho, Er, and Tm, the upper critical field and resistivity
curves6,8,10,11 exhibit a tendency toward reentrant normal-
state behavior belowTc , depending upon the applied field.
This tendency is particularly clear forR5Ho, where reen-
trance is found in zero6 or low applied magnetic fields.8 Re-
cent neutron-scattering experiments12,13 on HoNi2B2C ob-
served an incommensurate magnetic structure around 5 K,
which was interpreted as facilitating the reentrant behavior.
Here we report muon-spin-rotation and relaxation~mSR!
studies on single-crystalline HoNi2B2C. The main points

which these studies address are the nature of the incommen-
surate magnetic state near 5 K and the causes of the reentrant
superconductivity in low fields. We find that the incommen-
surate state is inconsistent with the single spiral spin modu-
lation proposed in Ref. 13; and our data indicate rather
multiple-spiral modulation or incommensurate spin ampli-
tude modulation.

ThemSR experiments were performed at the Paul Scher-
rer Institute ~PSI! in Villigen, Switzerland. The single-
crystalline samples were prepared via the Ames Laboratory
Ni2B flux growth method, as described in Ref. 7, and are
from similar growth batches as the single crystals used in the
neutron-scattering measurements reported in Ref. 12. A mo-
saic of about ten crystals, each having a typical dimension of
43430.5 mm3 and its crystallographicc axis perpendicular
to the largest sample surface, were glued on a silver plate, so
that the total sample covered an area of about 15315 mm2.
About 10% of the muon beam stopped in the Ag backing,
which produces negligible muon-spin relaxation. The re-
mainder stopped in the sample material. Thec axes of the
crystals were aligned to within a few degrees; no attempt was
made to align the crystals in thea-b plane.

Zero-field ~ZF! mSR has been used extensively to inves-
tigate magnetic systems, because one can simultaneously
study both the static and the dynamic magnetic properties.14

In our preliminary analysis, ZF spectra were fit with a relax-
ation function given by

G~ t !5A1cos~2pnt1f!exp~2l1t !1A2exp~2l2t !, ~1!

whereA1 andA2 are the spectral weights (A11A251), n is
the muon precession frequency, andl1 andl2 are the damp-
ing rates for the oscillating and nonoscillating terms, respec-
tively. Equation~1! corresponds to the case of a unique muon

PHYSICAL REVIEW B 1 JANUARY 1996-IIVOLUME 53, NUMBER 2

530163-1829/96/53~2!/510~4!/$06.00 R510 © 1996 The American Physical Society



lattice site. The spectral weights are determined by the angle
f between the initial muon spinSm and the internal field
Bm at the muon site, such thatA15sin2f and A25cos2f.
The frequency is proportional toBm , and hence also propor-
tional to the sublattice magnetizationM for an AFM. Both
inhomogeneous broadening and spin dynamics contribute to
l1 , while l2 reflects solely the properties of the host spin
fluctuations and is analogous to the spin-lattice relaxation
rate (1/T1) in nuclear magnetic resonance~NMR!.

ZF measurements were carried out in two configurations,
with the initial muon spin either parallel or perpendicular to
the c axis. The observation of a full-amplitude oscillation
(A151) for Smic below 6 K means that the muon local field
is in the basal plane in the AFM state. This is also consistent
with the finding thatA1'A251/2 for Sm'c. The tempera-
ture dependences of the frequency and the relaxation rates
are given in Fig. 1. The temperature dependence ofn in zero
applied field indicates two magnetic phase transitions at
TN156.0(1) K andTN255.0(1) K. BelowTN2 the small
ratio of l1/2pn (<0.04 for T<4.5 K! indicates a rather
uniform internal field, as expected for a commensurate AFM
ground state. Below 4 K the frequency displays very weak
temperature variation; in fact, our previous measurements on
polycrystalline samples15 showed that the frequency in-
creases smoothly by only 2% as the temperature decreases
from 4 to 0.1 K. The change of frequency nearTN2 is rather
rapid. Whether this indicates a first-order transition or a

rather fast second-order transition is not clear from these
data. While bothn andl1 display nearly the sameT depen-
dence in both configurations~for clarity only the results for
Smic are shown!, l2 displays anisotropy aboveTN1 , with
l2 for Smic being about 15% larger than that forSm'c. The
latter suggests slower magnetic fluctuations in the basal
plane, consistent with a large in-plane susceptibility.8 The
most interesting result obtained concerns the nature of the
second magnetic phase betweenTN156.0 K andTN255.0 K
~hereafter phase I!. In the following, we first establish the
muon lattice site, then discuss the magnetic behavior of
phase I.

It is known that HoNi2B2C has a body-centered-tetragonal
structure, and the Ho moments are antiferromagnetically
aligned belowTN2 ,

5,8,12as shown in Fig. 2~a!. By symmetry
we can narrow down the possible muon sites. Considering
that only one frequency is observed and the muon local field
is in the basal plane~see above!, our numerical calculations
show that the only possible sites are the axially symmetric
site(0,0,z) and the basal plane site (x,x,0). However, at the
(x,x,0) site the calculated muon local field is at least an
order of magnitude larger than observed, leaving the(0,0,z)
site. To determine the value ofz, Knight shift
measurements14 with an applied fieldH055 kOe were car-
ried out. With the axially symmetric crystal structure and
muon site, the observed susceptibilityx~u! and Knight shift
K(u) can be expressed as

FIG. 1. Temperature dependence of ZFmSR ~a! precession fre-
quency and relaxation ratesl1 for Smic, and~b! dynamic relaxation
rate l2 in the single-crystalline HoNi2B2C. Two magnetic phase
transitions are found atTN156.0 K andTN255.0 K.

FIG. 2. ~a! Crystal and magnetic structure below 5 K in
HoNi2B2C. The solid diamond denotes the muon location.~b! ZF-
mSR relaxation functionG(t) at 5.4 K in the single-crystalline
HoNi2B2C. Solid curve denotes a fit to Eq.~3!.

53 R511MUON-SPIN-ROTATION STUDIES OF HoNi2B2C



x~u!5x icos
2u1x'sin

2u,

K~u!5Kc1Athf~x icos
2u1x'sin

2u!

1AdipS x icos
2u2

1

2
x'sin

2u D1KLd , ~2!

whereu is the angle betweenH0 and thec axis,Kc is the
shift due to conduction electrons~assumed to be isotropic!,
Athf is the transferred hyperfine coupling constant~also as-
sumed isotropic! between the muon and the anisotropicf
susceptibility, Adip describes the muon/f -moment dipolar
coupling, andK Ld describes the known Lorentz and demag-
netizing fields. Using two sets of high-temperature data
(x,K) with u50° and u545° for T>70 K, we find that
Adip52.03(7) kOe/mB , Athf50.15(2) kOe/mB , and
Kc520.11(4)%. From the dominant couplingAdip we de-
termine the muon locationRm5(0,0,0.20), which is in a
cavity surrounded by B, Ho, and four Ni atoms, as indicated
in Fig. 2~a!. This muon site is further confirmed by calculat-
ing the resultant ground-state moment fromn in zero exter-
nal field belowTN2 , assuming no change ofAthf between
H050 and 5 kOe. We find 1161.5mB/Ho, which is consis-
tent with the neutron-scattering results.12

We now discuss the nature of the magnetic phase I. Be-
cause the Ho moments are in the basal plane and the dipolar
field atRm is dominated by the spin at the origin, the mag-
netic field is approximately proportional to the spin, and
therefore the field distribution is essentially the same as the
spin distribution. For instance, a spiral modulation of the Ho
spins ~with a constant spin amplitude! would yield a spiral
field distribution with nearly uniform amplitude, depending
only weakly on the wave vectorQ. Thus, the magnitude of
the field distribution for a spiral would be similar to that
observed in the commensurate AFM state. This is likely to be
the case for ErNi2B2C, where we have observed a rather
uniform muon internal field (l1/2pn50.03 at 3 K!,16 de-
spite an incommensurate magnetic structure belowTN56
K.17 In contrast, an incommensurate modulation of the spin
amplitude~IMSA! in HoNi2B2C would yield a broad field
distribution. The simplest IMSA withSn5S0cos(Q•Rn) has
a sinusoidal spin distributionr(S)5(1/p)(S0

22S2)21/2,
which in turn leads to a Bessel functionJ0(2pnt) for G(t),
wheren is the peak frequency corresponding to the maxi-
mum spin amplitudeS0 .

18 The observedG(t) in phase I of
single-crystalline HoNi2B2C is in fact best described by a
damped Bessel function

G~ t !5J0~2pnt !exp~2lt !, ~3!

as shown in Fig. 2~b!. At T55.4 K, we haven525 MHz and
l513 ms21. The damping ratel is attributed to dynamic
relaxation, sincel'l2 . A nearly constant ratio ofl1 /n
betweenTN2 andTN1 @Fig. 1~a!# indicates no change of the
line shape, and therefore, the spin amplitude in phase I is
consistent with a sinusoidal modulation. The IMSA has been
previously also found in the metallic Tm.19

Neutron studies have proposed either one13 or two12 in-
commensurate modulations in phase I. In both cases, spiral
spin structures were proposed, although to our knowledge
these experiments couldnot rule out our IMSA structures. As
noted previously, a single spiral modulation would yield a

relatively uniform field at the muon site, in contrast to our
observation. Thus, if only a single modulation exists, it must
be an IMSA, inconsistent with Ref. 13. In the case of two
modulations, with one along thec axis and another along the
a axis,12 the nature of phase I depends on whether these two
states are spatially separated or coexist locally; this is not
clear at the moment. In the former case, both modulations
would have to be of the IMSA type, with the spin amplitudes
being roughly the same, thus yielding the same sinusoidal
field distributions in both domains. In the latter case, two
coexisting spirals~superposition! yield the same spin distri-
bution as a single IMSA, if both spirals have the same am-
plitude. Other possible combinations of spiral and IMSA
would generally yield a different spin distribution. For in-
stance, two coexisting IMSA’s lead to a much faster-damped
oscillation in the relaxation function.20We thus conclude that
the two incommensurate modulations in phase I are most
likely two spirals~if spatially coexisting! or two IMSA’s ~if
spatially separated!, with roughly the same spin amplitudes.

The temperature range over which the magnetic phase I is
observed clearly corresponds to the deep minimum
observed8,12 in the temperature dependence of the upper
critical field Hc2 . It was therefore concluded from neutron-
scattering experiments12,13that the incommensurate magnetic
phases cause the near reentrant behavior in HoNi2B2C. How-
ever, we argue that the incommensurate AFM state is not
necessarily more destructive to superconductivity than the
commensurate one, since the incommensurate wavelength
d52p/Q is much smaller than the superconducting coher-
ence lengthj for HoNi2B2C @dc'11.5 Å andda'6.0 Å,12

and j'400 Å ~Ref. 6!#. Thus the AFM molecular field is
averaged out over a range of orderj. This is supported by
neutron studies on ErNi2B2C,

17 where the magnetic structure
is found to be incommensurate over the entire temperature
range belowTN . In this system, not only does superconduc-
tivity survive at the lowest temperatures, but the minimum in
Hc2 is not particularly deep in comparison with the commen-
surate AFM superconductors, such as Tb1.2Mn6S8.

21

What then accounts for the difference between
HoNi2B2C and ErNi2B2C? In Table I we give a brief com-
parison of their properties. One sees that, compared to

TABLE I. Incommensurate AFM in HoNi2B2C and ErNi2B2C.

Parameters HoNi2B2C ErNi2B2C

Tc 8 K a 10.5 Kb

TN 5 K and 6 Ka 6 K b

Incommensurate state 5–6 Ka <6 K b

Wave vector Qa50.585a Qa50.553b

Qc50.915a

l1/2pn 0.30 0.03
l2 at 5.5 K 12ms21 1 ms21

Hc2(0) 2 kOec 14–18 kOed

Depth of minimum inHc2 1 kOec 0.5–2 kOed

Normalized depth inHc2 0.8–1.0c <0.15d

aReference 12.
bReference 17.
cReference 8.
dReference 10.
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ErNi2B2C, the Ho system displays:~1! two incommensurate
AFM states~with Qa andQc) and ~2! two magnetic transi-
tions ~at TN1 andTN2), with the transition atTN2 being very
sharp. Finally, one notes that~3! Hc2(0) is much smaller in
the Ho than in the Er system, while the depth of the mini-
mum in Hc2 is roughly comparable in the two systems.
These facts can be qualitatively discussed within the context
of models22 developed earlier for other classes of rare-earth
based AFM superconductors, such asRMo6S8 andRRh4B4.
The principal theoretical finding is that AFM order~with
Q5QAFM) in the localized 4f spin system modifies the
conduction-electron band structure, in such a way as to re-
duce the electron-phonon interaction between Cooper pairs
because of a decreased probability of finding two electrons
with opposite spins at the same site.23 Furthermore, thes- f
coupling can induce a spin-density wave in the conduction-
electron system with wave vectorQAFM , which is strongly
enhanced when nesting occurs. Thus the superconducting or-
der parameter is reduced on that piece of the Fermi surface
which is nested withQAFM . These effects lead to increased
pair breaking above the Abrikosov-Gor’kov value for elastic
scattering from paramagnetic ions, and in particular a sudden
decrease inHc2 below the onset of AFM order.~Inelastic
scattering from AFM spin waves atT!TN can lead to addi-
tional pair breaking.! We therefore suggest that the large dif-
ference inHc2(0) between HoNi2B2C and ErNi2B2C is due
to the existence oftwo incommensurate AFM states in the
Ho system. This would be particularly true if a relatively
large area of the Fermi surface is nested along thec axis in
Ho, thus producing a larger pair-breaking effect and lowering
Hc2(0) substantially. Similarly, the strong pair-breaking ef-
fect in the Ho system could also result in a relatively deep
dip in Hc2 , i.e., the superconducting state reentering to the
normal state near 5 K. The above Fermi-surface-nesting pic-
ture is supported by calculation of the generalized suscepti-
bility in RNi 2B2C,

24 which exhibits maxima at bothQa and
Qc . Finally, we note that Zarestkyet al. have also

suggested17 that thec-axis modulation might lead to reen-
trance in HoNi2B2C, and that Choet al.10 have pointed out
that it is perhaps the smallHc2(0) in Ho which is relevant to
its reentrance. It is also possible that the dynamical pair
breaking might be different in the two systems, because we
find that the muon-spin lattice relaxation rates differ by an
order of magnitude, indicating much slower Ho-ion fluctua-
tion rates compared to Er.

In conclusion, we have performedmSR experiments to
investigate the magnetic properties of HoNi2B2C. Our
analysis ofmSR spectra indicates that the incommensurate
structure between 5 and 6 K has a sinusoidal modulation of
the spin amplitude. We further conclude that this state must
be either two IMSA’s or two spirals, depending on whether
these two states are spatially separated or locally coexisting.
We note that the two spirals are consistent with the neutron
studies on the single-crystal samples,12 but conflict with the
results on the polycrystalline samples.13 This is not surpris-
ing because the samples we used formSR are from the same
batch as those used for Ref. 12. Recent investigations also
show that the neutron studies on powder suffered greatly
from sample-to-sample irreproducibility.25 A discussion of
the difference between two neutron studies can be found in
the recent comment by Vogtet al.and the reply by Grigereit
et al.26 Also of particular interest in this system is the strong
pair-breaking process, which leads to reentrant behavior in
the superconducting state. We have discussed several pos-
sible mechanisms for this phenomena. We think that a
complementary study of two incommensurate AFM super-
conductors HoNi2B2C and ErNi2B2C may give clues for
the further understanding of these new magnetic supercon-
ductors.
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