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Muon-spin-rotation and relaxation studies on single-crystalline EB)XI show two magnetic phase transi-
tions atTy;=6.0 K and atT,=5.0 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 superconductivitywhich these studies address are the nature of the incommen-
and magnetism has been an important subject in the study stirate magnetic state near 5 K and the causes of the reentrant
condensed-matter physics for more than two decades. In trguperconductivity in low fields. We find that the incommen-
late 1970s and early 1980s ternary compounds such &irate state is inconsistent with the single spiral spin modu-
RRh,B, and RMogS; (R=rare earth were found to exhibit lation proposed in Ref. 13; and our data indicate rather
either ferromagnetic(FM) or antiferromagnetic(AFM) ~ Multiple-spiral modulation or incommensurate spin ampli-
phases which occur below the superconducting transitiofide modulation.
temperature and which destroy or coexist with the supercon- The uSR experiments were performed at the Paul Scher-
ducting phase, respectivelf. The most recently discovered er Institute (PS) in Viligen, Switzerland. The single-
examples of magnetic superconductors are the rare-earfiiystalline samples were prepared via the Ames Laboratory
quaternary borocarbide materid®dv,B,C, whereM =Ni or ~ Ni2B flux growth method, as described in Ref. 7, and are
Pt3-® These materials exhibit a superconducting transitiofr@m similar growth batches as the single crystals used in the
temperatureT, as high as 16.6 Kfor LuNi,B,C) and, with negtron—scattenng measurements rgported in Re_f. 12. A mo-
the substitution of magnetic rare earths, exhibit coexistencg@ic of about ten crystals, each having a typical dimension of
of antiferromagnetism and superconductivity. 4x4x0.5 mn? and its crystallographic axis perpendicular

Among the heavy rare-eartRNi,B,C compounds, the O the largest sample surface, were glued on a silver plate, so
substitution of magnetic ions enhances theNemperature  that the total sample covered an area of about 5 mn¥.

Ty and depresseE, monotonically, following the rare-earth About 10% of the muon beam stopped in the Ag backing,
ion de Gennes fact8r® Except for Gd and Th, with the larg- Which produces negligible muon-spin relaxation. The re-
est de Gennes factors, superconductivity is not quenche@ainder stopped in the sample material. Thexes of the
completely. This is consistent with a relatively weak cou-Ccrystals were aligned to within a few degrees; no attempt was
pling between the superconducting and rare-earth electron8)ade to align the crystals in treeb plane. .

similar to the situation found ilRRh,B, andRMo¢Se;. For ~ Zero-field (ZF) uSR has been used extensively to inves-
R=Ho, Er, and Tm, the upper critical field and resistivity tigate magnetic systems, because one can simultaneously
curve$ 8101 exhibit a tendency toward reentrant normal- Study both the static and the dynamic magnetic propelr‘hes.
state behavior below., depending upon the applied field. In_our prelllmlna.ry analysis, ZF spectra were fit with a relax-
This tendency is pargci;ularly clear f&=Ho, whertzesreen— ation function given by

trance is found in zeroor low applied magnetic fieldSRe- _

cent neutron-scattering experimeits’ on HoNipB,C ob- G)=Ascod2mvtt d)exp(— M0 +ARxI—Ao0), (1)
served an incommensurate magnetic structure around 5 KyhereA; andA, are the spectral weight#\(+A,=1), v is
which was interpreted as facilitating the reentrant behaviorthe muon precession frequency, andandX , are the damp-
Here we report muon-spin-rotation and relaxatiQuSR) ing rates for the oscillating and nonoscillating terms, respec-
studies on single-crystalline Hop,C. The main points tively. Equation(1) corresponds to the case of a unigue muon
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FIG. 2. (@) Crystal and magnetic structure belo5 K in
HoNi,B,C. The solid diamond denotes the muon locatidm.ZF-
uSR relaxation functionG(t) at 5.4 K in the single-crystalline
HoNi,B,C. Solid curve denotes a fit to E(B).

FIG. 1. Temperature dependence of ZBR (a) precession fre-
quency and relaxation ratag for S,||c, and(b) dynamic relaxation
rate A, in the single-crystalline HoNB,C. Two magnetic phase
transitions are found dfy;=6.0 K andTy,=5.0 K.

lattice site. The spectral weights are determined by the anglether fast second-order transition is not clear from these
¢ between the initial muon spi§, and the internal field data. While bothw and\; display nearly the same depen-
B, at the muon site, such thdt, =sirf¢ and A,=coS¢. dence in both configurationgor clarity only the results for
The frequency is proportional B, , and hence also propor- S,|c are showi A, displays anisotropy abov@y;, with
tional to the sublattice magnetizatidv for an AFM. Both ), for S,|c being about 15% larger than that 6L c. The
inhomogeneous broadening and spin dynamics contribute tlatter suggests slower magnetic fluctuations in the basal
N1, while \, reflects solely the properties of the host spinplane, consistent with a large in-plane susceptibflifhe
fluctuations and is analogous to the spin-lattice relaxatioimost interesting result obtained concerns the nature of the
rate (1T,) in nuclear magnetic resonanteMR). second magnetic phase betwdgp=6.0 K andTy,=5.0 K

ZF measurements were carried out in two configurations(hereafter phase).l In the following, we first establish the
with the initial muon spin either parallel or perpendicular to muon lattice site, then discuss the magnetic behavior of
the ¢ axis. The observation of a full-amplitude oscillation phase I.
(A1=1) for S,||c belov 6 K means that the muon local field  Itis known that HONjB,C has a body-centered-tetragonal
is in the basal plane in the AFM state. This is also consistenstructure, and the Ho moments are antiferromagnetically
with the finding thatA;~A,=1/2 for S, L c. The tempera- aligned belowTy;,,>®?as shown in Fig. @). By symmetry
ture dependences of the frequency and the relaxation ratege can narrow down the possible muon sites. Considering
are given in Fig. 1. The temperature dependenceiofzero  that only one frequency is observed and the muon local field
applied field indicates two magnetic phase transitions ais in the basal planésee abovg our numerical calculations
Tn1=6.0(1) K andTy,=5.0(1) K. Below Ty, the small show that the only possible sites are the axially symmetric
ratio of \;/27v (<0.04 for T<4.5 K) indicates a rather site(0,0,z) and the basal plane sit&,k,0). However, at the
uniform internal field, as expected for a commensurate AFMx,x,0) site the calculated muon local field is at least an
ground state. Bels 4 K the frequency displays very weak order of magnitude larger than observed, leaving(thé® ,z)
temperature variation; in fact, our previous measurements osite. To determine the value ofz, Knight shift
polycrystalline samplés showed that the frequency in- measurement$ with an applied fieldH,=5 kOe were car-
creases smoothly by only 2% as the temperature decreasdsd out. With the axially symmetric crystal structure and
from 4 to 0.1 K. The change of frequency nday, is rather  muon site, the observed susceptibiljgyd) and Knight shift
rapid. Whether this indicates a first-order transition or aK(#) can be expressed as
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x(6)= x| cos 6+ x, Sinte, TABLE I. Incommensurate AFM in HoNB,C and ErNjB,C.
K(0)=K+ Athf()(Hc0§ 6+ x, Sirf6) Parameters HoNB,C ErNi,B,C
1 Te gK?a 10.5KP
+Agip| X|COS 60— Ehsmze +Kig, @ T, 5K and 6 K@ 6 KD
_ _ _ Incommensurate state 5-6% <6KP"
where ¢ is the angle betweehl, and thec axis, K; is the  wwave vector Q,=0.5852 Q,=0.553°
shift due to conduction electrorfassumed to be isotropic Q.=0.915
Ay is the transferred hyperfine coupling consté&iso as- Ny/2my 0.30 0.03
sumed !sp.troph: between the muon and the anlsqtromc \, at 5.5 K 12us1 1pust
susc<|a_pt|bll|tyc,£dipddesngeshthi muofimoment (Tzolar H,(0) 2 kOe® 14-18 kO€
coupling, anK | 4 describes the known Lorentz an €MAag-penin of minimum inHg, 1 kOe® 0.5-2 kO&

netizing fields. Using two sets of high-temperature dat
(x,K) with 4=0° and 6=45° for T=70 K, we find that
Agp=2.03(7) kOeflg, Ay=0.15(2) kOekg, and aReference 12.
K¢=—0.11(4)%. From the dominant couplind, we de-  PReference 17.
termine the muon locatioiR,=(0,0,0.20), which is in a C°Reference 8.
cavity surrounded by B, Ho, and four Ni atoms, as indicated’Reference 10.
in Fig. 2(a). This muon site is further confirmed by calculat-
ing the resultant ground-state moment frenin zero exter-
nal field belowTy,, assuming no change &;; between

Normalized depth irH ., 0.8-1.0° <0.15¢4

relatively uniform field at the muon site, in contrast to our

Ho=0 and 5 kOe. We find 1 1.5 ug/Ho, which is consis- observation. Thus, if.only a sjngle modulation exists, it must

tent with the neutron-scattering resufts. be an IMSA, inconsistent with Ref. 13. In the case of two
modulations, with one along theaxis and another along the

We now discuss the nature of the magnetic phase I. Be- %is12 the nature of ph | depends on whether th -
cause the Ho moments are in the basal plane and the dipolg{a S, e nature of phase | depends o ether these two

e %, s dominate by th Spn L the orgn he mag- 155 12 SPallly scpated or cooxt local e o
netic field is approximately proportional to the spin, and : ’

therefore the field distribution is essentially the same as th O.U|d havehtlo tt)ﬁ of the lMt?]A type,k;mth :Ee Spin amplltudgds |
spin distribution. For instance, a spiral modulation of the Ho €ing rougnly the same, Anus yielding the same sinusoida

spins (with a constant spin amplituglevould yield a spiral field 'dlstnbun‘ons in both ('jc')mallns. In the latter case, FWO
field distribution with nearly uniform amplitude, depending coexisting spiralgsuperpositioh yield the same spin distri-

: bution as a single IMSA, if both spirals have the same am-
only weakly on the wave vectdD. Thus, the magnitude of . X o .
the field distribution for a spiral would be similar to that plitude. Other possible combinations of spiral and IMSA

observed in the commensurate AFM state. This is likely to be\zNomd generally yield a different spin distribution. For in-

the case for ErNB,C, where we have observed a ratherstance, two coexisting IMSA's lead to a much faster-damped
uniform muon interzna’I field X,/27v=0.03 at 3 K, de oscillation in the relaxation functioff.We thus conclude that
1 v ' i}

spite an incommensurate maanetic structure beTov6 the two incommensurate modulations in phase | are most
Kpl7 In contrast, an incommengurate modulation o?){[te spin"ke'y two spirals(if spatially coexisting or two IMSAS (if
amplitude (IMSA) in HoNi,B,C would yield a broad field spatially separatgdwith roughly the same spin amplitudes.

. : . The temperature range over which the magnetic phase | is
distribution. The simplest IMSA witlg,= SycosQ- R,)) has -
a_sinusoidal spin zistributiom(sﬁ](li)(sgSzn))*l’z observed clearly corresponds to the deep minimum

> _ observed'? in the temperature dependence of the upper
which in turn leads to a Bessel functidg(2avt) for G(t), . critical field H.,. It was therefore concluded from neutron-

where VIS the peak fr‘ig”ency correspondl_ng to the maX"scattering experiments*3that the incommensurate magnetic
mum spin amplitudes, .” The observeds(t) in phase | of — ,aqeq cause the near reentrant behavior in HBSi How-
single-crystalline HONB,C is in fact best described by @ gyer we argue that the incommensurate AFM state is not
damped Bessel function necessarily more destructive to superconductivity than the
commensurate one, since the incommensurate wavelength
GO =Jg(2mrt)exp A, ® 6=2m/Q is much smaller than the superconducting cohe?—
as shown in Fig. @). At T=5.4 K, we haver=25 MHz and  ence length¢ for HoNi,B,C [ 5,~11.5 A and5,~6.0 A}?
A=13 us ! The damping raté is attributed to dynamic and é&~400 A (Ref. §]. Thus the AFM molecular field is
relaxation, sinceA~\,. A nearly constant ratio of,/v  averaged out over a range of ordgrThis is supported by
betweenTy, and Ty, [Fig. 1(a)] indicates no change of the neutron studies on ErpB,C,*” where the magnetic structure
line shape, and therefore, the spin amplitude in phase | its found to be incommensurate over the entire temperature
consistent with a sinusoidal modulation. The IMSA has beerrange belowT . In this system, not only does superconduc-
previously also found in the metallic TH. tivity survive at the lowest temperatures, but the minimum in
Neutron studies have proposed either ‘8r@ two'? in- H., is not particularly deep in comparison with the commen-
commensurate modulations in phase I. In both cases, spiralrate AFM superconductors, such as FWngS; >
spin structures were proposed, although to our knowledge What then accounts for the difference between
these experiments couftrule out our IMSA structures. As HoNi,B,C and ErNjB,C? In Table | we give a brief com-
noted previously, a single spiral modulation would yield aparison of their properties. One sees that, compared to
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ErNi,B,C, the Ho system display$l) two incommensurate
AFM states(with Q, andQ.) and(2) two magnetic transi-
tions (at Ty, andTy,), with the transition affy, being very

sharp. Finally, one notes thé®) H.,(0) is much smaller in

the Ho than in the Er system, while the depth of the mini-
mum in H, is roughly comparable in the two systems.
These facts can be qualitatively discussed within the conte
of model€? developed earlier for other classes of rare-eart

based AFM superconductors, suchRIgogS; and RRh,B,.
The principal theoretical finding is that AFM ordéwith
Q=Qarm) in the localized 4 spin system modifies the

conduction-electron band structure, in such a way as to r
duce the electron-phonon interaction between Cooper pai
because of a decreased probability of finding two electron

with opposite spins at the same sitezurthermore, thes-f

coupling can induce a spin-density wave in the conduction

electron system with wave vect@ry, Which is strongly
enhanced when nesting occurs. Thus the superconducting

der parameter is reduced on that piece of the Fermi surfa
which is nested wittQagy . These effects lead to increased
pair breaking above the Abrikosov-Gor’kov value for elastic
scattering from paramagnetic ions, and in particular a sudde

decrease irH., below the onset of AFM order(Inelastic
scattering from AFM spin waves 8t< Ty can lead to addi-

tional pair breaking.We therefore suggest that the large dif-

ference inH ,(0) between HoNjB ,C and ErNyLB ,C is due
to the existence ofwo incommensurate AFM states in the

Ho system. This would be particularly true if a relatively

large area of the Fermi surface is nested alongctlagis in
Ho, thus producing a larger pair-breaking effect and lowerin
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suggestet! that thec-axis modulation might lead to reen-
trance in HoNpB,C, and that Chet al!° have pointed out
that it is perhaps the smaH .,(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

on rates compared to Er.

In conclusion, we have performedSR experiments to
investigate the magnetic properties of HgRLC. Our
analysis of uSR spectra indicates that the incommensurate
structure between 5 dn6 K has a sinusoidal modulation of

r>§rder of magnitude, indicating much slower Ho-ion fluctua-
[

e ) . .
'Ige spin amplitude. We further conclude that this state must

%e 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 samptégut conflict with the

d’@_sults on the polycrystalline sampf€sThis is not surpris-
dbgg because the samples we usedd@R are from the same

atch as those used for Ref. 12. Recent investigations also
show that the neutron studies on powder suffered greatly
om sample-to-sample irreproducibilify.A discussion of
he difference between two neutron studies can be found in
the recent comment by Vogt al. and the reply by Grigereit
et al?® 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 HoNjB,C and ErNpB,C may give clues for

H.,(0) substantially. Similarly, the strong pair-breaking ef_gthe further understanding of these new magnetic supercon-

ductors.

fect in the Ho system could also result in a relatively deep
dip in H,, i.e., the superconducting state reentering to the Work at Los Alamos was performed under the auspices of
normal state near 5 K. The above Fermi-surface-nesting pidJSDOE, and UC Riverside was supported in part by the
ture is supported by calculation of the generalized susceptiJSNSF (DMR-911491). Ames Laboratory is operated for

bility in RNi ,B,C,2* which exhibits maxima at bot®, and
Q.. Finally, we note that Zarestkyetal. have also

the USDOE by lowa State University under Contract No.
W-7405-ENG-82.
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