PHYSICAL REVIEW B VOLUME 53, NUMBER 6 1 FEBRUARY 1996-II

Incommensurate antiferromagnetism in the intermetallic superconductor HoN}B,C
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We report high-resolution x-ray and neutron-scattering studies of the antiferromagnetism of the rare-earth
superconductor, HoMB,C (T-=8.5 K). At low temperatures] <5 K, the superconductivity coexists with a
long-range ordered, commensuratéeNstate. In the incommensurate antiferromagnetic state<d K7 K,
we find two phase coexistence betweeraaaxis modulation and e-axis basal plane spiral-like structure. The
c-axis structure is characterized by two wave vectors. Short-range ordered fluctuations of the commensurate
phase, observed far>5 K, are interpreted in terms of local strains.

Superconductivity arises from the Bose condensation obrdered moment is 84 .* In terms of the competition with
Cooper pairs; a pairing of electrons of opposite momenta anthe superconductivity, the incommensurate phase is more in-
spin. Thus, in most superconductors even dilute concentrderesting, though determining the spin structure has proven
tions of paramagnetic impurities suppr@gs, or destroy the  problematic:>!* Here, we present a detailed study of the
superconductivity completely through spin-flip scattering. incommensurate modulations. Our data allow a simplifica-
Notable exceptions occur in compounds sucRE®S;and  tion of the phenomenology of these structures and we discuss
RRh,B,, whereR is a magnetic rare-earth idnand the the implications for the competition with the superconduct-
heavy-fermion superconductotsall of which have evoked ing condensate.
much interest. In these materials, magnetic ordering can co- We have chosen to investigate the antiferromagnetic order
exist with superconductivity over a finite temperature rangeausing the technique of x-ray magnetic scattering, comple-
and the competition between these ground states has prmented by high-resolution magnetic neutron diffraction. This
vided a wealth of data concerning the interaction betweempproach has a number of advantages. First, the reciprocal
these two phenomena. The competition is particularly severspace resolution achievable with x rays is an order of mag-
in the case of ferromagnetic order, since both the magnetinitude better than commonly obtained with neutron diffrac-
ordering and the superconductivity ajes0 phenomena. For tion, greatly facilitating the investigation of large length
antiferromagnetic order the peak in the susceptibility appearscale magnetic phenomena. Second, the polarization depen-
at, or near, the zone boundary and the two ground states camences of the x-ray and neutron-scattering cross sections are
in principle, coexist microscopically. different and therefore the techniques provide a useful

Recently, interest in this topic has been reawakened by theomplement to one another in determining spin structures.
discovery of a new class of magnetic superconductorsThird, resonant x-ray magnetic scattering is element specific
RNi,B,C.*® These are layered intermetallic compounds withand therefore can separdte this case the Ho ordered mo-
superconducting transition temperaturég; as high as ment from that of the Ni. Each of these advantages plays a
T-=16.6 K (for R=Lu), which decrease with increasing de role in this study, revealing an incommensurate antiferro-
Gennes factor,d—1)2J(J+1), and Nel temperatures as magnetic state that is considerably more complex than was
high asT\=10.3 K (for R=Dy), which scale directly with  previously realized.
the deGennes factor. Band-structure calculations suggest that HoNi,B,C forms a tetragonal structure with lattice con-
the superconductivity is “conventionaf”;® which would put ~ stantsa=3.51 A andc=10.53 A atT=2 K. The unit cell
these materials amongst those conventional BCS superconensists of two Ho-C layers separated by aBYicomplex!®
ductors with the highesT's. The antiferromagnetism is The superconductivity is believed to originate in theByi
characterized by a rich variety of phases among the differeriiyers. On cooling through the transition 8t=8 K the
members of the series, including simply commensu(@le superconducting order parameter is seen to increase, as mea-
and incommensuraté¢C) structures. sured by the upper critical fieldHc,) %3 2until Ty=7 K

In this work, we focus on the magnetic phase behavior ofvhen it decreases, coincident with the appearance of the IC
one member of the series, HgBLC (T-=8.5 K, Ty=7 K).  satellites. In earlier studies, two ordering wave vectors were
This compound is particularly interesting because it exhibitseported,q,=0.91%* (Refs. 13 and 14andq,=0.58%* .1
a large reduction, or extinction, of the superconducting ordeA third harmonic of thec-axis modulation indicates that it is
parameté® 2 in the incommensurate antiferromagnetic not perfectly sinusoidaf At T c.c=5 K, a first-order transi-
phase. The low-temperature commensurate spin structure ti®n into the commensurate phase is observed.
well understood and consists of moments aligned ferromag- Resonant x-ray magnetic scattering utilizes atomic ab-
netically within thea-b planes. These ferromagnetic sheetssorption edges to obtain large enhancements in the magnetic
are stacked in alternating directions along ¢hexis>**The  scattering cross sectidfl’ The enhancements are largest
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minum foil to eliminate local heating effect8 and mounted
at the end of the cold finger of a closed-cycle He cryostat in
He exchange gas. A sample from the same batch was used
for the neutron work, and mounted similarly. The mosaic
spread of this sample was resolution limited, as determined 10
by neutron diffraction, that is less than 0.HWHM).

The x-ray experiments were performed at beamline X22C

o
Intensity (10s)

when there is a substantial overlap between the initial and HoNi.B.C (00L) Scans

excited wave functions. Here, we find the Hg edge pro- 350 — . — . T T r

vides the strongest signal and the x-ray scattering data pre-

sented below were taken at this energy. The dipole terms 300 ¢ (004)"(0'0“

(i.e., 2py,—5d), are expected to be dominant so that the 250

technique is sensitive to the polarization of thd Bands 200 - f_ﬁ;

induced by the localized HofAmoments. X sy E

Single crystals of HONB,C were grown at Ames Labo- 150 F

ratory using the high-temperature flux technighi&® For the "E 100 L 02

x-ray work, a platelet of sizeX4x0.5x mm® was used with 2 T02)

a mosaic of 0.03° half width half maximutHWHM), as ; 50

measured by x-ray scattering. A surface, normal tocthais, T o

was prepared by mechanical polishing followed by annealing ., , ' : , ; ' ; ;

at 900 °C in high vacuum. The sample was wrapped in alu- § 20F T
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at the National Synchrotron Light Source. This beamline is 5

equipped with a toroidal focusing mirror for harmonic rejec-

tion and a double bounce @d1) monochromator. A 0
Ge(111) analyzer was employed to provide a longitudinal 288 290 292 294 296 298 3.00 3.02

resolution of 610 4 A~! (HWHM) at the (003 position. L (rlu)
The scattering plane was vertical, that is perpendicular to the o
plane of the electron orbit and therefore perpendicular to the F|G. 1. Longitudinal x-ray scans in the vicinity of tH@03
incident photon polarization. The transverse resolution wagntiferromagnetic reciprocal-lattice point. These data were taken
dominated by the sample mosaic. The out-of-plane resolutiowith the incident photon energy tuned to the Hg edge.(Top)
was controlled by collimating slits and was0.01 A™!  T=4.3 K. Only the commensurate peak is present. Inset. Schematic
HWHM. The neutron-scattering data reported here weref reciprocal space. Closddpen circles represent chardantifer-
taken on the H9 spectrometer at the High Flux Beam Reactopmagneti¢ Bragg peaks. The crosses correspond to the incommen-
operating at an incident energy=3.5 meV. The collimation surate satellites present for temperatures abiov®.2 K. Higher-
was set to 60-40-15-5-10, resulting in a longitudinal reso- order incommensurate peaks are not shoBottom) Data taken at
lution of 0.004 A (HWHM). A pyrolytic graphite (002 T=5.39 K, in the incommensurate phase. The IC peak is comprised
monochromator and analyzer determined the initial and fina?f two satellites at0,0,2+q,) and(0,0,2+dy). The (003 commen-
energies, respectively. For both the x-ray and neutron worgurate peak is stlllipresent but signifigantly reduced and broadened.
reciprocal-lattice vectors of the formhQl) were accessible. Inset. ngh-resolgtlon neutron-scatt_er_lng data taken at an t_aquwalent
The central results of this paper are summarized in Fig. 1t’emperature confirming that the splitting of the IC satellite is a bulk
in which x-ray scattering scans taken along thel{Gxis in ~ ©"eCt
the vicinity of the (003 antiferromagnetic Bragg peak are
shown. At low temperaturedop panel a single, sharp peak tremely sharp, implying that this ordering extends over re-
is observed at th€003 position corresponding to a well gions well in excess of 5000 A in size. To extract estimates
ordered antiferromagnetic structure. Data analysis, outlinedf correlation lengths, the2q, peak was taken to be reso-
below, shows a-axis correlation length 0&5300 A. The Iution limited and fitted to a Lorentzian squared line shape.
bottom panel shows data taken in the IC phas€-ab.4 K.  To analyze otherc-axis data we then convolved this line
The high-resolution of x-ray scattering reveals that the ICshape with a Lorentzian signal function in a one-dimensional
c-axis satellite around)Q=2.915* consists of two peaks, integral. In the IC phase, th®03 peak and 2 g, satellite
one atq;=0.90&* and the other af,=0.91%*. In addition, are both broadened, indicating the presence of disorder in
ana-axis satellite withq,=0.58%" is also observed at these these structures.
temperatures, in agreement with the neutron-scattering re- The temperature dependence of {883 magnetic peak
sults of Ref. 13. A schematic of reciprocal space is shown inntensity is shown in Fig. @). At low temperatures the in-
the inset of the top panel of Fig. 1. Hes&g=1—q,, etc. To  tensity iS approximately constant, suggestive of a saturated
discount the possibility that the splitting is in some way dueorder parameter. AT=5.2 K, the intensity abruptly falls.
to the sensitivity of x rays to the near-surface region of theThis coincides with the appearance of incommensurate sat-
sample, high-resolution neutron diffraction was also perellite peaks, and marks the first-order C-IC transition. The
formed. These data are shown in the inset to the bottonf003) intensity decays more slowly as the temperature is in-
panel of Fig. 1. The incommensurate satellite is again seen toreased further. The deconvolved width of the Lorentzian fit
be split, confirming that this behavior is representative of theés plotted in Fig. 2b). Below the transition it is almost reso-
bulk. In the x-ray data, the satellite peak at@ is ex- lution limited. Above T=5.2 K the peak broadens, reach-
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ing a correlation length o, =500 A at T=5.44 K. Our L L L

inelastic neutron-scattering data suggest that the broadening 45 50 55 60 65 70
is not due to dynamic fluctuations, but to static or quasistatic Temperature (K)
disorder. Interestingly, the size of these commensurate re-

giqns is approximately the same as the incommensurate do- FG, 3. Temperature dependence of the incommensurate satel-
mains discussed below. lites. (Top) Peak intensities. The opéalosed circles represent the
The peak intensities of the three incommensurate sately, (q,) satellites. The shaded circles represent data for which the
lites are plotted in Fig. @). No incommensurate scattering is two could not be resolved and were consequently fit to a single
observed belowl=5.2 K. Above this temperature the in- peak. The open squares represent the peak intensity ai-thés
commensurate satellites abruptly appear with relatively largeatellite as measured @t, ,0,7). (Bottom) The widths,« of Lorent-
intensities. As the temperature is raised, all three satellitesian fits to thec-axis satellites. Tha-axis satellites widths are the
exhibit similar behaviors, peaking at, or ne@r5.3 K be-  result of Lorentzian-squared fits.
fore decreasing slowly. AbovE=5.5 K only onec-axis sat-
ellite, in addition to thea-axis satellite, can be resolved. HoNi,B,C to random strains in the sample, as has been ob-
Consequently a single Lorentzian signal function is used anderved for the spiral order parameter in pure (Ref. 20].
these data are plotted as shaded symbols. We emphasize tidie 8, modulation is disordered with a correlation length
these data were taken at the Hg edge and therefore the similar to the (003) domains at similar temperatures, e.g.,
observation of both tha- andc-axis satellites is strong evi- £.(8,)=600 A atT=5.44 K.
dence that the Ho moments participate in both modulations. In Fig. 4, the modulation wave vectord,, 6,, andé, are
The widths of the IC satellites are plotted in FigbB The  plotted as a function of temperature. Ttvaxis modulations
c-axis peak widths were obtained using the deconvolutiorwere calculated with respect to tt{@04) Bragg peak posi-
procedure outlined above. However, thkeaxis satellite tion, which remains fixed over this temperature range; the
width is dominated by sample mosaic and these data werdaermal expansion of the-axis lattice constant is minimal
not deconvolved. There is no observable change in thisnd was ignored in this analysis. Theaxis modulation gy,
width, to within errors. The temperature dependence of thés plotted in units ofa* and again thermal expansion is as-
8, and 8, satellite widths is intriguings; remains resolution sumed negligible. We find all three modulations to be tem-
limited at all temperatures for which it may be resolved, perature dependentnterestingly, in the temperature region
indicative of an extremely well-ordered structure. Indeedin which bothé, and 8, are resolved, there is a linear rela-
there is some evidence that it is more highly ordered than th#onship between the two; the changedhis five times that
low-temperature commensurate structfperhaps reflecting of &;, a result also seen in our high-resolution neutron data.
a coupling of the commensurate order parameter inThe significance of this correlation is not clgakt high tem-
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. different in ab-axis applied field. We, therefore, tentatively
HoNi,B,C Wave—Vectors ) . .

. , , : conclude that the-axis andc-axis modulations correspond
002+q1; 10.420 to separate domains.

20%‘32 One is now left with two distinct IC spin structures to
)

0.100 °

L]
o

‘}J describe. Taking the-axis modulation first, we note that
0.095 - 0.415 modulations of similar wave vector have been observed in
8y the Er (5,=0.55&*) (Refs. 23 and 24 and Gd
. o (6,=0.553*) (Ref. 25 members of the series. Both com-
‘ °. pounds form transversely polarized sinusoidal modulations.
{ 10410 The similarity of the wave vectors in the three materials,
“ 0.085 - ? - together with band-structure calculati®hsvhich show a
peak in the susceptibility ne§=0.6a* in LuNi,B,C, due to
6, |/ 4 0.405 a nesting of the Fermi surface, suggest a common origin to
- this modulation. In HONB,C, the apparent coexistence of
thea- andc-axis modulations implies that the two structures
have closely similar free energies. In such a situation, re-
. , , , , , gions of each phase may be stabilized by, e.qg., strain, lattice
50 55 60 65 7.0 75 defects or impurities. Given the large correlation length ob-
Temperature (K) served in the x-ray experiments, these regions must be rela-
tively large in agreement with previous single-crystal
FIG. 4. Temperature dependence of the incommensurate waveeutron-scattering measurements. The influence of strain
vectors. Thec-axis satellite wave vector$; and &, (open and may help explain some of the discrepancies between the
closed circles, respectivglare referred to the left-hand scale. The single crystal and powder neutron workt*
open squares represent theaxis satellite position and have not The complementarity of the x-ray and neutron-scattering
been corrected for any expansion of the lattice. They are referred tgatg provide constraints on the structure of dhaxis modu-
the right-hand scale. Note theaxis scale size is identical for left- |ation. The neutron cross section is sensitive to the compo-
and right-hand axes. nents of the moment perpendicular to the momentum trans-
fer, hence the presence of tlig,,0,0) satellite requires a
peratures thec-axis modulation wave vector appears to transverse ordered moment. At the same time, the resonant
lock-in to a value close to 0.09. cross sectiofl requires an ordered moment in thec plane
We now turn to a discussion of the spin structure in theto produce the observed— §,,0,7) satellite. These observa-
incommensurate phase. This is seemingly complex, with foutions, together with magnetization measurements which im-
independent wave vectors to account for. However, our datply that the moments lie in the basal pldiesuggest the
allow some simplification. existence of a longitudinal componehne., alonga*) as well
First, the scattering that is the apparent remnant of thas the transverse componéght) seen in Er and G& De-
(003) commensurate peak is in fact no longer commensuratpending on the relative phase of the two components, the
with the average bulk lattice, but shifts to progressivelyresulting structure is either an in-plane spiral, or a linear
smallerl as the temperature is raised. In addition, the peaknodulation with the moments at a fixed angle to thaxis.
becomes weaker and broader. Similar behavior was observed The c-axis structure consists of a well ordered incommen-
in the x-ray magnetic scattering near the first-order antifersurate structure together with a disordered structure of
romagnetic transition of UQ? In this case, the effect of slightly different wavelength. Both neutrgsee also Refs. 13
near-surface strains nucleating finite-sized ordered domairend 14 and x-ray polarization dependences are consistent
was considered to explain the shift and broadening observedith a basal plane spiral, with a temperature-dependent turn
aboveT,, the so-called “two-length scale problem.” A simi- angle of~163° per layer.
lar explanation may apply here. A surface bias to the location As mentioned in the introduction, the incommensurate
of such strains would explain the relatively wed03) in- phase coincides with a deep suppressionHgf,. Such a
tensity in the neutron daf.In this picture, the remnant suppression, although not common, has been seen before
commensurate scattering arises from domains of the lownear antiferromagnetic transitions of somBMogSg
temperature phase and does not coexist microscopically witbtompound€ and cannot be explained in terms of the mul-
the IC modulations, that is the IC domains do not simulta-tiple pair-breaking theory of Fulde and MaRiAn additional
neously support the commensurate remnants. pair-breaking mechanism has been postuf&techich ap-
The next question to address is whetherch@anda-axis  pears to scale like the antiferromagnetic order parameter.
modulations correspond to distinct domains, or if they form aSuch a mechanism may be in effect here, perhaps associated
doubleQ structure. An extensive search was carried out fowith the incommensurate order paraméter*8Alterna-
third harmonic satellites of the formqgg+q, or 29,+q., tively, it is possible that the origin of the dip lies in the
using neutron diffraction. These can only be present if thancommensurate modulations. Previously, IC structures have
modulations arise from a single spin structure. No suctbeen associated with the competition between superconduc-
peaks were observed, leading to an upper bound on theiivity and ferromagnetism. However, this is not the case in
intensity of 2<10™* of the fundamental. In contrast, the in- RNi,B,C, as the presence of such modulations in nonsuper-
tensity of the 3, peak is 310 2 of the fundamental. We conducting members of the series demonstrates. If this state
also find that the phase behaviors of the two modulations aris responsible for the reduction 5, then it may be con-

=000 F e

(2n/c

]

0.080 |

®
.
0.075 / X-Rays | 0.400




53 INCOMMENSURATE ANTIFERROMAGNETISM IN THE . .. 3491

nected with the Fermi-surface nesting mentioned above. Inshares some common features with the low-temperature
deed, pair-breaking mechanisms based on nesting propertigiguctures of ErNB,C and GdNjB,C; ac-axis basal plane

do exist®®3! A caveat to such speculations, however, is thespiral-like structure, which is revealed to consist of two wave
richness of the temperature and magnetic-field phaskectors, one of which is highly ordered; and some residual
diagrant? which suggests that the energy balance betweefhort-range-ordered, static, commensurate regions, perhaps
the numerous competing ground states is quite delicatd€sulting from strain. The close interplay between the C and
Subtle details in the Fermi surface, or even lattice defectiC antiferromagnetic states and the superconductivity remain
may then be important and may result in changes in th o be understood, even quaht_atlvely, ar_ld should pr(_)V|de an
electronic structure. This would preclude qualitative argu_mterestlng test case for theories of antiferromagnetic super-

ments and detailed calculations specific to HENC may be conductors.
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