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Magnetic structure of GdNi ,B ,C by resonant and nonresonant x-ray scattering
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Resonant and nonresonant x-ray magnetic scattering techniques have been used to study the low-temperature
magnetic structure of GANB,C. Taken together, these measurements allow a determination of the ordered
moment direction and its evolution with temperature from a single orientation of the sample. The experimental
results show that below approximately 19.4 K this compound forms an incommensurate antiferromagnetic state
with a magnetic wave vector of approximately 55 b*) in the basal plane of the tetragonal structure.
Between 19.4 and 13.6 K, the ordered moment is alond tha) axis. Below approximately 13.6 K an ordered
component of the moment develops along ¢heexis.

[. INTRODUCTION For all of the above members of tHeNi,B,C family,
superconductivity coexists with magnetic ordering over
some temperature randeIn addition, there are substantial
crystal electric field(CEP effects’>1718|t is, therefore,

The study of the physical properties of the recently
discovered™ superconducting rare-earth nickel boride car-

.b'deSRN' 2BC (R = rare earthcan prov!d_e further |nS|gh_t also interesting to investigate the magnetic structures present
into the interplay between supercon_ductlwty and magnetism, | members, such as GdpB ,C, which order in the absence
The structure of these compounds is tetrag@spéice group o syperconductivity. Band structure calculatibhsf the
I4/mmn), consisting of RC layers separated by BB,  generalized susceptibility(q) for LuNi,B,C show a pro-
sheets. Superconductivity has been reported in these COMpounced peak for a wave vector of approximatelya0.6or,
pounds not only for the nonmagnetic rare-earth elements, bl@quivalently, 0.6*). These calculations suggest that the
also for some magnetic rare-earth elements including Tnpnodulated structure with the wave vector alafy( b*) and
(Tc = 10.8 K),% Er (T¢ = 10.5 K),” Ho (Tc = 85 K),>  magnitude close to 0.6 is a common feature of these com-
and, most recently, DyTc = 6.2 K).° Previous neutron pounds and can be attributed to a nesting feature of
diffraction studies of the magnetic structure of super-their Fermi surfaces. Within this group of compounds,
conducting members of th&Ni,B,C family including  GdNi,B,C is most likely to order with wave vectors consis-
HoNi,B,C,*** ErNi,B,C**** and DyNiyB,C (Ref. 14  tent with the y(q) calculations, due to the absence of the
have also been reported. aforementioned CEF effects.

For HoNi,B,C 1% below approximately 4.7 K, the Ho In this paper, we report the results of x-ray resonant ex-
moments are ordered in a simple antiferromagnetic structurehange scatterifg?! (XRES) and nonresonafft?* x-ray
The moments are aligned ferromagnetically in each basahagnetic diffraction measurements on GgBI;C. While
plane layer with the magnetic moments of two consecutivehis compound is not superconducting above=T2 K, it
layers aligned in opposite directions. The most interestingrresents interesting behavior below its magnetic ordering
result of these studies, however, was the appearance oftamperaturé® Specifically, magnetization measurements on
transient incommensurate magnetic phase, characterizgwder samples exhibit a single phase transition at about 20
by two magnetic wave vectors}, = 0.58®* andq. = K to a magnetic state, while the measurements on oriented
0.91%*, in the narrow temperature range between 4.7 andingle crystals show two distinct transitions, the firstTat
6 K. It was suggestédthat pair breaking associated with the ~ 20 K and the second atgl~ 14 K, as shown in Fig. 1.
transient magnetic structusz may be responsible for the The polycrystalline averageypoy=1/3xyjc+2/3xn ¢, Of
deep minimum irH, and the almost reentrant behavior ob- the single-crystal data is in good agreement with the powder
served in this compound at approximately 5°#:°In  measurements, suggesting that the transition at about 14 K
DyNi ,B,C,* below 10 K, the moments order in the simple arises from a spin reorientation that preserves the sublattice
antiferromagnetic structure found in the Ho-based compounehagnetizatiorf> An overall decrease of the magnetic order-
at low temperature. Finally, in ErNB,C**® below 6 K, ing temperatures was observed when Co was substituted for
the moments order in an incommensurate modulated strud\i.?®

ture with wave vectog, = 0.553*, similar to one of the For this particular system, x-ray magnetic scattering mea-
transient ordered structures found in the Ho-based comsurements offer distinct advantages over the more common
pound. neutron diffraction techniques. First of all, since natural Gd
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T ance of a component of the ordered moment along tioes.
emperature (K)
Il. EXPERIMENTAL DETAILS
FIG. 1. (a) The magnetization data taken on powdered single- . )
crystal samples are in good agreement with the polycrystalline av- Single crystals of GANB,C were grown at the Ames
erage over the two single-crystal measurements With ¢ and ~ Laboratory —using a high-temperature flux growth
H L c, respectively. The antiferromagnetic ordering at theelNe technique™’ Platelets extracted from the flux were exam-
temperatureTy ~ 20 K is clearly visible.(b) The single-crystal ined with x rays and were found to be single crystals of high
magnetization data reveal a second phase transitidp at 14 K. quality with the ¢ axis perpendicular to their flat surface.
The constant susceptibility fdd || ¢ between the two transitions Magnetization measurements as a function of temperature
suggests that, in this temperature range, the magnetic moments saad magnetic field were performed using a Quantum Design
perpendicular to the axis. The dashed lines indicate the two tran- superconducting quantum interference deyB8®UID) mag-
sition temperatures. netometer on single crystals from the same batch as those
used in the x-ray experiments. The details of these measure-
strongly absorbs neutrons, a very costly substitution of thenents have been reported elsewh@r®ne edge of the
nonabsorbing isotope&®1581%¢d would be necessary for sample(perpendicular to one of the in-plane axess me-
neutron measurements. Second, the order-of-magnitude ihanically polished to remove any residual flux from the
crease in th&) resolution afforded by x-ray measurements atsurface and to obtain a flat surface for x-ray diffraction. After
synchrotron sources allows a more detailed investigation gpolishing, the crystal was annealed at 900 °C in a vacuum of
the behavior of the magnetic structure over lafgeveral 10~ ' torr for 36 h. The sample dimensions after polishing
micrometey length scales. Indeed, very recent XRES studiesvere approximately % 3% 0.75 mnr.
of HoNi,B,C have shown that the magnetic structure in the The synchrotron experiments were carried out at the
intermediate temperature range, between 4.7 K and abobending magnet beamline X22C of the National Synchrotron
6 K, is considerably more complex than was previouslyLight Source, using a G&11) double crystal monochromator
realized?’ Finally, as detailed below, the resonant and non-and an asymmetric cut GEL]) analyzer. A Ni-coated toroi-
resonant x-ray scattering cross sections have different senglal focusing mirror upstream of the monochromator was
tivities to the spatial components of the ordered moméfft.  used to eliminate higher harmonics in the incident beam. The
The measurement of both allows a more complete picture cfample was mounted on the cold finger of a Heliplex closed
the magnetic structure and its evolution with temperature taycle refrigeratorlbase temperature 3.5)kand oriented so
be determined from a single scattering geometry without rethat the f0l) zone was coincident with the vertical scatter-

orientation of the sample. ing plane of the diffractometedFig. 2). The mosaic spread of
Our experiments show that belowy = 19.4 K the (h00) reflections was characterized by a full width at half

GdNi,B,C undergoes a transition to an incommensuratanaximum(FWHM) of 0.06°.

magnetic state characterized by a wave vectpy The resonant scattering technigli#" utilizes atomic ab-

= 0.58* (0.550%), similar to the in-plane incommensurate sorption edges to obtain large enhancements in the magnetic
ordering found in the Ho- and Er-based compoutfd$®Be-  scattering cross section. For the sample orientation shown in
tween 19.4 K and 13.6 K, the direction of the ordered mag-+ig. 2, and the incident x-ray beam linearly polarized perpen-
netic moment is along thb(a) axis. As the temperature is dicular to the scattering plane, the XRES cross section for
lowered, the magnetic wave vector decreases continuoushjipole transitiondi.e., 2p«5d) may be related to the com-
from 0.551 reciprocal lattice units.l.u.) to 0.550 r.L.u. until, ponents of the magnetic moment in the scattering Bfaimge

at approximately 13.6 K, it starts to increase. At 3.5 K, the ] -
lowest temperature reached in this experiment, the wave vec- Lot (Mgsind— M cosf)“sind
tor of the modulation was determined to be 0.553 r.l.u. This sin26 '

@
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whereM, andM, represent the components of the magnetic
moment along the and c axes, respectively, andd2is the

.—> o,
<]

Bragg angle. The Lorentz factor, 1/sh2as well as an an- —0.55®
gular factor required to correct for the fraction of the incident (002 Tﬂ“—'~—4
beam intercepted by the edge of the sampleg,sare in- © %;{1:().557>
cluded to allow a comparison between the calculated cross Py ° PO
section and the measured integrated interisifgquation(1) (000) (200)
contains only the angular dependence of the polarization fac- ,

@ charge © magnetic

tors. Although there is no magnetic form factor in the usual
sense, it is conceivable that the matrix elements of the tran-
sitions show som& dependence. In the absence of any de- FIG. 3. The f0l) reciprocal space plane showing the points
tailed calculations, however, we have ignored such effectassociated with charge scatteriffijed circles, and the points as-
here. Note that in the present geometry and in the absence séciated with the wave vector of the magnetic modulatepn
an in-plane @) polarized component of the incident beam, ~ 0.5%" (shaded circlgs

the resonant scattering measurements are insensitive to the

component of the ordered moment along khaxis, perpen- L, ; absorption edges &t = 4 K. In both cases, the maxi-

dicular to the scattering plane. mum resonant enhancement is observed slightly above the
For the scattering arrangement described above, the nogprresponding absorption eddeefined by the maximum
resonant intensity may be written’4s** slope in the charge reflection datandicating the electric
dipole character of the electronic transitions involved. In the
I sing ir? it , case of electric quadrupole transitionsp¢2 4f) the maxi-
[Frad Q12 % Sinpg L bSIN 26+ 4sirf 6 Sysing mum resonant enhancement is generally observed several eV

below the absorption edf§¥! due to the stronger Coulomb
+(Lo+S;)cosd]}. (2)  interaction between thef4electrons and the |2 core hole.
No resonant enhancement was observed at thé Geldge.
Sab,c @ndL,p . denote the components of the spin and or-All the resonant data presented in this paper were taken at
bital angular momentum along the corresponding axes, rehe GdL, resonance where the maximum count rate in the
spectively. We assume here that the Ni moments, even ¥nagnetic reflection was achieved. For the “nonresonant”

present, make a negligible contribution to the magnetiGcans we chose an incident energy of 7.0 keV, which lies
scattering>?® Therefore, the nonresonant magnetic form

factor f Q) should be determined by thef £lectrons of
Gd, for which the orbital momentutn, , . can be neglected.
For our analysis, we have used calculations of the &d 4
magnetic form factor based on a relativistic Dirac-Fock
model?®

The important point here is that, in contrast to the XRES
cross section, nonresonant scattering primarily probedthe
component of the moment at lo@-satellites(small 26) and
all three components at higQ-satellites(large 20). Thus,
with a judicious choice of satellites, all components of the
moment may be studied with a single orientation of the crys-
tal by combining resonant and nonresonant scattering data.

I (107 counts/sec at 1,=100m4)

300 |

IIl. RESULTS AND DISCUSSION 050 |

Above the Nel temperature, as determined from the mag-
netization measurements, only charge reflectiohsk,()
with h+k+1=2n were observed. As the temperature was
lowered below 19.4 K, additional scattering developed as
satellites of the charge peaks dt*q,.k,l) (Fig. 3 with
d, ranging from 0.550 to 0.553 over the temperature range — 50 ¢

200
150 |

100 |

counts/sec at ].=100m4)

studied. The equivalence of tlee' andb™ directions in the o L - . .
tetragonal system also implies the existence of magnetic sat- 72l 7Rz 723 724
ellites at ,k=qy,1) with g, = q,. However, the alignment Energy (keV) Energy (keV)

of the crystal in the l§0l) zone did not allow us to investi-

gate these peaks. Careful scans along the in-plane and out- fig 4. Energy scans of the (2,0,0) chargeand (b) and the
of-plane directions did not reveal any additional scattering—q_ 0,0) magnetic reflection&) and (d) across the Gd.; and
beIOW 194 K that iS not aSSOCiated Wlth the Sate”ite reﬂeC'Gd |_2 absorption edges_ In both cases, the maximum resonant en-
tions mentioned above. hancement lies slightly above the corresponding absorption edge

Figure 4 shows energy scans of t#0,0 charge reflec- observed in the charge reflections. This indicates the electric dipole
tion and the (2-qg,,0,0) magnetic satellite across the Gd character of the associated electronic transitions.
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below all three Gd_ absorption edges, to minimize absorp-
tion and the fluorescence background. It is worth noting that,
although this energy is approximately 200 eV below the
edge, there may still be resonant contributions to the scatter-
ing. We estimate that these interference effects<a#8b of

the signal, based upon simple numerical mod2ls.

Figures 5, 6, and 7 summarize the results of our study of
the temperature dependence of the magnetic scattering from
GdNi,B,C. Figures 5 and 6 show selected scans of the non<
resonant and resonant scattering at the ¢2,0,0) satellite,
respectively, while Fig. 7 summarizes the full data set by~
plotting the positiong,, peak intensityP, and longitudinal  ~
width w of the satellite as a function of temperature from fits g
to the data. Before describing the details of these data and thg
fits, we point out some of the essential features of the mag@
netic structure of GANIB ,C as determined by these mea- §
surements.

As shown in Figs. 4, 6, and 7, the low-temperature —
(T=<13.6 K) scans of the (2 q,,0,0) peak taken at the Gd
L, energy exhibit a strong resonant scattering contribution.
Above approximately 13.6 K, however, the resonant en-
hancement of the magnetic scattering is essentially absent
[see Fig. Te)] so that the intensity and line shape of the
magnetic scattering observed at the Gdedge are compa-
rable to the nonresonant data set taken at 7.0 keV. Energy
scans showed only a slight resonant enhancement above
13.6 K which we attribute to a smait-polarized component
in the incident x-ray beartf. The nonresonant magnetic scat-
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FIG. 6. Selected scans of the measurements of the XRES at the

N(;n—resonalnt :3 ‘< 1 ' (2—0,,0,0) magnetic reflection taken at the Ggabsorption edge.
e x5 The inset shows some of the resonant scans on an expanded inten-
100 |- 7 sity scale. Note the presence of a broad and sharp component at
35 K 0080800 13.5 K, and the reversal in the motion of the magnetic satellite.
* tering persists up to 19.4 K, the'Bledemperature determined
L 6. i
80 - 60K from magnetization measurements.
g § o*®, From Eqgs.(1) and(2), the absence of significant resonant
S - 80K R scattering at the magnetic wave vector between 13.6 K and
in R . 19.4 K and the presence of nonresonant scattering imply that,
%) Q o . . . . . .
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FIG. 7. The results of fits to the complete data set obtained from

FIG. 5. Selected scans of the measurements of nonresonatite nonresonanta)—(c) and resonantd)—(f) measurements show-
magnetic scattering at the {,,0,0) reflection taken at an energy ing the evolution of position, intensity, and width of these peaks.
of 7.0 keV. The lines represent the results of the fits described in th&he transition temperatures observed in the resonant and nonreso-
text. To increase the visibility of a second peak, part of the data hasant intensities ar@; = 13.6 = 0.1 K andTy = 19.4* 0.3 K,
been multiplied by Ssolid circles.

respectively.



53 MAGNETIC STRUCTURE OF GdNjB,C BY RESONANT AND ... 6359

(a) (b)
ER: a a
. A
B =
a [ gk
(=
YE’ L
=l b g@ \
C C
FIG. 9. The two components of the ordered magnetic moment
=L along theb and c axes feature the same modulation wave vector
g g,~0.553". However, our measurements did not yield any
= information on the relative phase shit¢ between the two oscil-
i_“f - lations. Two possible structures with¢= 7 [spiral-like, (a)] and
A ¢=0 [transverse wavdp)] are displayed here.

o 1 2 3 A_f‘ 5 6 7 for 13.6 K<T<19.4 K, but with the moment rotated away
Q (A from theb axis in the( b, ¢) plane(for the modulation along
the a axis), as shown in Fig. @). In this case, the stronger
FIG. 8. TheQ dependence of the integrated intensity of mag- decrease of the component of the moment with increasing
netic satellites along thgh,0,0] direction at 3.6 K, obtained off {emperature corresponds to a decrease in the angle between
resonancéa) and on resonanc@))_ The lines show th@ depen_ the moment and thie axis until, at 13.6 K, the moments lock

dence of the integrated intensity expected from Etjsand(2) for in along theb axis.

ordered components of the Gd Bnagnetic momen! and the Gd (b) If the components are out of phas&¢+0), a modi-
4f spin S along thea ( ), b(----- ), andc axis (- — ), fied spiral-like structure results. Different magnitudes of the
respectively. b and c components of the spin would lead to an elliptical

projection onto theéb,c) plane[see Fig. #b)]. With the dis-

the basal plane and transverse to the modulation wave vectappearance of the component at 13.6 K this structure is
(e.g., M||b for the a-axis modulatiop as was found for degenerate with the planar spin modulation described above.
ErNi,B,C by neutron diffractiot?® Below 13.6 K, how- The low symmetry (2nm) of the[ 100] direction is likely to
ever, the observation of resonant enhancement implies thaduce fanning or bunching of the spiral which, in turn, will
an ordered component of the moment exists in the scatteringesult in a rich spectrum of higher-harmonic satellites. How-
(a,0 plane. ever, the determination of the relative phas¢ will have to

In order to determine, more precisely, the direction of theawait further measurements of higher harmonic satellites by
moment below 13.6 K, we have carefully measured the inteneutron or XRES experiments.
grated intensity of a series of satellites alongaheaxis both Having described the basic elements of the magnetic
on and off the resonance condition at the lowest temperaturgtructures observed in GdpB,C below Ty=19.4 K, we
accessiblg3.5 K). To ensure that we actually recorded the briefly discuss some other features found in the XRES and
full integrated intensity, the analyzer crystal was removedhonresonant scattering data of Figs. 5, 6, and 7.
and all slits downstream of the sample were opened until The nonresonant data are adequately fitted using a
26 and y scans displayed a plateau for all diffraction peaksLorentzian-squared line shape. This line shape was chosen
that were studied. The integrated intensitieseasured by simply as an empirical description of the data. The resolution
rocking the crystal at a fixed scattering angle are shown ifunction was not deconvolved from the data. The results of
Fig. 8. With the exception of the lowest-angle sateffit¢he  these fits to the nonresonant scattering data are shown in Fig.
Q dependence of the resonant scattefiy. 8b)] is well 7, where we plot the position),[7(a)], peak intensityP
described by a component of the ordered moment along the[7(b)], and longitudinal widthw [7(c)] of the peak.

axis. TheQ dependence of the nonresonant scattefig. The fits had to be modified to achieve reasonable agree-
8(a)] is well described by a component of the moment alongment with the XRES data. The appearance of two clearly
the b axis. distinguishable peaks between 14 K and 1%ske the inset

From these measurements, we deduce that below 13.6 K Fig. 6) motivated us to include two peaks in all fits below
the moment remains transverse to the propagation directiob5 K, where a single peak was not sufficient to approximate
and acquires a component out of the basal plane. We canndhe data. Below 13.6 K, all scans show strongly asymmetric
however, determine the relative phase shift between the line shapes. The physical reasons for this asymmetry are not
two components of the moment at low temperature from thdully understood, especially since neither the nonresonant
present measurements. The magnetic structure may be desagnetic scattering nor the charge reflections exhibit signifi-
scribed in one of two ways, as sketched in Fig. 9: cant asymmetry. Most likely it is due to strain in the near

(@) If the two components are in phasd $=0), the surface layers. We point out that the resonant scattering mea-
structure is a transverse spin modulation as described abog&irements are more sensitive to the near surface region as a
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result of the strong absorption effects at theedge. Never-  intensity and broader width might be related to structural
theless, reasonable fits to the resonant data were achieved @igfects or strain in the “near surface” region of the sample.
including asymmetry in both peaks. To minimize the number

of free parameters, the asymmetry and the background were

fixed for all temperatures. The results of these fits are pre- IV. SUMMARY

;shented '.?. Fig. @), 7(ek),.atnd K? The gllled c![cﬁs '?d'.céitthe Resonant and nonresonant magnetic x-ray scattering tech-
€ positiong,,, peak intensityP; and longitudinal wi niques have been applied to determine the magnetic structure

w, of the first peak, while the shaded circles indicate the f GdNi,B,C. We find that below the Ne temperature
corresponding parameters of the second peak. Above 15 _ 21924 ' K, the magnetic moments order in ,a

the intensity of the second peak was constrained to b?rgnsverse spin modulation with a wave vecto.
a

PZZO. * * i
. . ~0.55*(0.5% ™). A second phase transition occurs at about
tiorlfl/?/::/eesv-(e?tgnd Ee)assr:ﬁ\g dtg? t?:g'tu%eogfggfe Imgdglsa' 13.6 K. Between 19.4 K and 13.6 K, the ordered magnetic
a Ya.%, - moment lies in the basal plane of the tetragonal structure,

. ; . n};{Iong theb( a) axis. In this temperature range, the modula-
perature_untl_l, at approxmately 13.6 K, this movement "ion wave vector decreases with decreasing temperature. Be-
verses direction. Below this temperature, a second reflecti

Ofdw 13.6 K, an additional component along tbelirection

\évéttgsl'ot\(]vstrabslﬁ;'ﬂ;égﬁ?i%ﬁ:g‘;n?rlcéejo'gslzr:g't gr:gglr o thdevelops while the modulation wave vector increases with
. b 1aerg c?ecreasing temperature. Our findings are in good agreement
second transition at 13.6 K. Instead, the modulation wav

vector of these domains continues to decrease with decre With the magnetization measurements on single crystals de-

. . ; 83¢ribed in the Introductidi and provide further information
ing temperature. The reversal in the motion of the magnetu(;;Ibout the systematics of magnetic ordering in the

;3?2"'&? If?orrima{g;;g]:n(g dvzraa}[teﬁcozl:\s/le)r\gtar%Sttutrr:e?vf/ri?hnfrlﬂeon 'r]-'{NizB ,C family. In particular, the nesting vector close to
. ) 0.6 r.l.u. appears to be a general feature of this class of com-

ordered moment along theaxis) above 52 K to a cycloidal ounds, as predicted by thed?
structure between 52 K and 18 K, upon the development of 8 »asp y '
component of the ordered moment in the basal pfarié.3* The authors are grateful to B. N. Harmon, G. H. Lander,

Finally, we turn our attention to the transition at 13.6 K. Z. A. H. M. Islam, and T. Gu for many useful discussions.
In a narrow range around this temperature, the data taken Aimes Laboratory is operated by the U.S. Department of En-
the GdL, edge are best characterized by two peaks, onergy by lowa State Universty under Contract No. W-7405-
broad and the other sharp, as shown in Figs. 6 and 7. Theng-82. This work was supported by the Director for Energy
presence of two peaks in the resonant scattering measurBesearch, Office of Basic Sciences. The work at Brookhaven
ments is reminiscent of earlier measurem&nt$ the XRES ~ National Laboratory was carried out under Contract No. DE-
from HoNi,B,C. These experiments and theoretical AC02-76CH00016, Division of Materials Science, U.S. De-
argument®’ suggest that the origin of a second peak of lowerpartment of Energy.
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