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Magnetic structure of heavy-fermion CeRhing
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The magnetic structure of the heavy-fermion antiferromagneREley is determined using neutron diffrac-
tion. It is a collinear antiferromagnet with a magnetic wave ve¢ide,1/2,0 and a staggered moment of
0.55(6)ug per Ce at 1.6 K, tilted 3&)° from the tetragonat axis. In spite of its layered crystal structure, the
phases for the magnetic moments are the same as those in the cubic parent antiferromagndthGeln
suggests that the cubic Ceglbuilding blocks have a stronger influence on magnetic correlations than inter-
vening RhIp layers, which give the material its apparent two-dimensional lattice structure and renders
CeRhlny an incommensurate antiferromagnet.
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Superconducting heavy-fermion materials belong to a Antiferromagnetic structures for both Cgland CeRhlg
special class of correlated electron systems where unconvenave been determined previously using neutron diffraction.
tional superconductivity is believed to be mediated by anti-cupic Celn has a simple commensurate magnetic order with
ferromagnetic fluctuationsUntil recently, there were only wave vector(1/2,1/2,1/2 below its Neel temperaturé (re-
five U-based heavy fermion materials showing superconducg,, o Fig. 3. The staggered magnetic moment is
tivity at ambient pressufen addition to the original heavy- 0.48u5-0.655 per Ce, and the moment direction cannot be

fermion superconductor Ceg8i,.> Three Ce-based heavy- . . . . . 7
fermion materials isostructural to CegSi, and cubic Celg determined by neutron diffraction for this cubic syst&ém’

become superconductors under preséti®ecently, super- N contrast, magnetic moments of Ce ions in tetragonal
conductivity has been discovered in a new structure class d¢e€Rhi form an incommensurate transverse spiral below
heavy-fermion materials with chemical formula @&,  Tn=3.8 K, with wave vectof1/2,1/2,0.297 (Ref. 18 (refer
The Sommerfeld constantg~0.4, 0.7, and 0.3 J/mole’k to Fig. 1). The staggered moment of 034 per Ce at 1.4 K
for M=Rh, Ir, and Co, respectively.? While the M=Rh is smaller than that for Cejn In this paper, we report the
member superconducts below 2.1 K under pressures aboyfagnetic structure for GRhIng, which orders atTy

17 kbar] the M=1Ir and Co members superconduct below —2 8 k1! The commensurate antiferromagnetic structure
0.4 K and 2.3 K, respectively, at ambient pressttelhe  for thisn=2 material(refer to Fig. 2 closely resembles that

high superconducting transition temperatures of the new m _ ; ;
terials hold the record for heavy-fermion superconductors{j‘ror Celn, (n=c0), rather than the magnetic spiral of CeRqln

Thermodynamic and transport measurements at low tem(nzl)' This _suggests a st_rong influe_nce qf the_ CUbiC. seln
perature are consistent with unconventional superconductiysiructural unit on magnetic correlations in this family of
ity in which there are lines of nodes in the superconductind'€@vy-fermion materials.
gap® Single crystals of C&Rhing were grown from an In flux.
Because Celpand CéIng belong to the CéM ,Ing,.om  They crystallize in the tetragonal HGoGag structure(space
family of structures, they present a unique opportunity forgroup No. 123,P4/mmm),'? with lattice parametersa
investigating the influence of systematic structure modifica=4.665 A andc=12.244 A at room temperature. The in-
tions on the superconducting and magnetic propetids.  verse static magnetic susceptibility, measured with a super-
particular, it is interesting to compare Cgland CeRhlg, conducting quantum interference device magnetometer with
which are then=c andn=1 members of the G&hlng,, » a 1 kOe field paralle(circles and perpendiculaisquaresto
subfamily, and can be viewed as periodic stacking lafyers  thec axis, is shown in Fig. 2. The high-temperature effective
of Celry on a layer ofMIn,.*?'3Both are antiferromagnetic moment, from data above 200 K, shows only small anisot-
at ambient pressure withy=10 K for Celry (Ref. 14 and  ropy, with 2.38 ug and 2.32 ug per Ce for magnetic field
Ty=3.8 K for CeRhlIg.”*® Both become superconductors parallel and perpendicular to theaxis, respectively. They
when subjected to pressure, with the superconducting transire slightly reduced from the Hund’s rule value of 2.4 .
tion temperature of CeRhjnbeing one order of magnitude The Curie-Weiss temperatures have different sign$2 K
higher than that for Celn[Tc=0.25 K at 25 kbafRef. §].  for a field along thec axis and—40 K for a field perpen-
This raises a fundamental question about the role of the indicular to thec axis, which is not uncommon for rare-earth
terveningM In, layers on both the superconductivity and an-magnets? There is no cusp iny at the Nel temperature.
tiferromagnetism. Our study of GRhIng, which is then ~ The Sommerfeld constanty~0.4 J/mole Ce R, qualifies
=2 member of this heavy-fermion subfamily, is intended toCe,Rhing as a heavy-fermion compound.
shed light on this question by changing the ratio of the geln  The sample used in this study was a well-faceted rectan-
and Rhin layers. gular plate of dimensior-4x4x0.7 mm and weight of 88
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FIG. 1. The magnetic structure
of CeRhIng (n=2) in a struc-
tural unit cell is shown together
with CeRhi (n=1) and Celg
(n=2). The solid circle denotes
Ce, the shaded circle In, and the
open circle Rh. The magnetic mo-
ment is 0.5z per Ce in
CeRhing and it points 38° from
the c axis. The magnetic moment,
0.37ug per Ce, in CeRhlnforms
an incommensurate spirdRefs.
18 and 1%. The disk denotes the
plane in which the ordered mo-
‘ ment rotates. The magnetic mo-

ment is 0.48.5—0.65ug per Ce in
Celny and the moment direction
n=17: CeRhln, has not been determingRefs. 16
and 17.

n=o0: Celn,

n=2: Ce,Rhlng

mg. The largest surface is tf{@01) plane. Neutron diffrac- tains four magnetic Ce ions. Rocking scan¢l#?,1/2,0 and

tion experiments were performed at NIST using the therma{1/21/2 1), taken at 1.6 K, are shown in Fig(8. The in-
triple-axis spectrometer BT2 in a two-axis mode. The hori-tensity of the(1/2,1/2,1 peak is shown in Fig. ®) as the
zontal collimations were 60-40-40-0pen. Neutrons with inCi'Square of the order parameter of the magnetic phase transi-
dent energyE=35 meV were selected using tt€02) re-  tjon. Integrated intensities of magnetic Bragg peaks from
flection of a pyrolytic graphitaPG) monochromator. The such rocking scans are normalized to structural Bragg peaks
neutron penetration length at this energy is 1.8 mm, which i$001), (002), (003), (005), (006), and(220) to yield magnetic
SubStantia”y |Onger than the thickness of the Sample. Nq’cattering Cross Sectionm—(q):l(q)sin(gll), in absolute

rocking-angle-dependent absorption was noticed. PG filtergnits (see Table)L In such units, the magnetic cross section
of total 9 cm thickness were used to remove higher-ordeg2°

neutrons. The sample temperature was regulated by a top
loading pumped He cryostat.
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FIG. 3. (a) Elastic rocking scans through magnetic Bragg points
FIG. 2. Inverse magnetic susceptibility measured in an applied1/2,1/2,0 and(1/2,1/2-1) at 1.6 K. The(1/2,1/2,0 is forbidden
field of 1 kOe for the field along the axis (circles and perpen-  for this magnetic structuréb) Intensity of(1/2,1/2,2 as a function
dicular to thec axis (squarelsof Ce,RhiIng. The dashed lines are fits of T/Ty. The Neel temperature is 2.8 K. The solid line is a guide to
to the Curie-Weiss law for data above 200 K. the eyes.
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TABLE |. Magnetic Bragg intensityg,,s, defined in Eq(1), [ o P ' o '
observed at 1.6 K in units of I6 b per CeRhing. The theoretical - ' o
intensity, o.,, is calculated using Egq$2) and (3) with g=52° 80 B |
and M=0.55ug/Ce. The resultant reliability coefficientR . F
=3|0ops— Tcall/Zops is 8.9%. 2 L
\-E/ 60 -
q Oobs Ocal C\,I'T i
o L
(0.505-1) 52(1) 46.2 &40 b
(0.50.5 0 0.03) 0.0 30
(05051 49(1) 46.2 % ool 7
(05052 191) 18.9 s
(05053 6.4(4) 55 [
(050549 21(1) 23.2 or : . . . . .
(050586 7.5(7) 7.6 5 0 5 4 6
15150 0.0(8) 0.0 lin (hh,l)
(15151 18(1) 24.8

FIG. 4. Thel dependence of the magnetic cross section,
divided by the form factotf(q)|2. The theoretical curves are cal-
Yo 2 A culated using Eqg2) and(3) with M=0.55ug and various values
U(Q):(T) (MY2[f(q)|?> (6= 0,0 F (D F,(Q), specified in the figure for the moment tilt angJe,
v

1) a, and the angle between the basal plane and the magnetic
where (yry/2)?>=0.07265 bhé, M is the staggered mo- moment asB. Assuming equal populations among the

ment of the Ce ionf(q) the C&* magnetic form factoftq  domains, we have
the unit vector ofy, and.7,(q) the uth Cartesian component . :
of magnetic structure factor per gehing. (1-(q-9%)=1— cos'a cOSB+2 sirfa szﬂ_ (3)
Forbidden peaks atn§/2,m/2,0) provide an important 2
clue to the magnetic structure pf fBhing. They goulq be FEor a magnetic moment lying in the basal plaggs0,
due to magnetic moments aligning along fié0] direction. \yhich is the case for CeRhJA®!® the polarization factor
However, magnetic twinning in this tetragonal material will \aries too much and the resulting theoretical curve does not
yield finite intensities at these reciprocal points. Another i the data(refer to the dot-dashed line in Fig).4For 8
more reasonable, cause is that the nearest-neighbor magnetiGs >g° \which corresponds &in the(111) directions in a
moments along the axis are antiparallel. The phase betweeng hic system, the polarization factor averages to a constant,
the next-nearest-neighbor magnetic moments along & /3 The resulting theoretical curve is a betteffitfer to the
and the phases of magnetic moments in a basal layer atgyeq Jine in Fig. 4 than that for8=0, but it is still not
already determined by the magnetic wave vector. This y'eld§atisfact0ry. The best least-squaregrfer to the solid and
a collinear antiferromagnetic structure as shown in Fig. 1j5shed lines for=k=1/2 and h=k=3/2 respectively
with magnetic cross sections per fBéing yields B=52(2)°, with the reliability coefficient R
1o\ 2 =3|0ops— Tcal /= 0ops bEING 8.9%. The staggered magnetic
U(Q)=4(70) (MY?|f(q)|X1—(q-9?)sirf(le), (2) momentis determined at 1.6 K to bé=0.55(6)u; per Ce.
Having determined the magnetic structure of,Rlelng,

where 2=0.3& is the separation between the nearestV& Now consider the systematics relating the magnetic struc-

neighbor Ce ions along theaxis, s is the unit vector of the ture and lattice structure in ;Eh"b“fz (see Fig. 1 and
] A aon Table ll). In thea-b plane, the magnetic moments of the Ce
magnetic moment, and the averad&—(q-9s)°), is over

. : ions form a square lattice, surrounded by In ions, in all three
magnetic domains. L materials. They all are simple, nearest-neighbor antiferro-
Figure 4 showsro,d)/[f(0)|*~(1—(q-9)*)sir’(le) asa  magnets in the plane. In CeRBJrthis Ce antiferromagnetic

function of thel index of q. The structure factor, 4 sile),  plane alternates with the Rhiiayer. Magnetic correlations
not only accounts for the forbiddér-0 magnetic peaks, but across the Rhinlayer are incommensurate, with neighboring
it also accounts for the strong oscillation @f,s as a func-  magnetic moments being rotated by 13%The local struc-
tion of |. The remaining, smooth dependence is to be ac- ture environment in the verticak-c or theb-c plane within
counted for by the polarization factét— (q-)?). the Celn double layer in CgRhing is very similar to that in
For an arbitrary moment orientation, there are in generathe basal layer. The same nearest-neighbor antiferromagnetic
16 magnetic M domains with tetragonal symmetry of correlations exist in the double layers. It is interesting that
Ce,RhiIng. The moment direction in the basal plane cannothow across the Rhinlayer the Ce moments are antiparallel
be distinguished in the diffraction due to square symm&try. instead of rotated by 107°. The insertion of the RHlyers
However, moment direction relative to tleeaxis is deter- between Celgbilayers, thus, does not modify the magnetic
minable. Denote the angle betwegrand the basal plane as order relative to cubic Celn This suggests CeRhjras a
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TABLE II. Physical properties of G&hlng,,,. Units for the
Sommerfeld constanty, is mJ/KZ mol; for the Nesl temperature,
Ty, and superconducting transition temperaturg, are K; for
staggered momentyl, ug/Ce; for the critical pressureR., of
superconducting transition, kbay.for Celrn; is from Ref. 23. Refer
to text for references for other quantities.

n y Ty Am M Tc Pc
CeRhip 1 400 38 (1 1097y 037 21 17
CeRhlng 2 400 28 (i1 055 - -
Celn » 120 101 (111 0.48,0.65 0.25 25

uniqgue member of the GRhIng,,, family, and then=2

members are likely to be magnetically similar to cubic
Celn;. Searching for heavy-fermion materials with two-
dimensional magnetism seems more profitable if one coul

find a CeM In3 oy, Structure family, wheren Min, layers
separate a single Cejfayer.
Another interesting difference between the 1 and the
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in the two materiald® We also notice that the staggered
moment of CeRhlng (n=2) is comparable to that of Cejn
(n=x), while Ty is quite different for them. In fact,
Tn/{M)? is the smallest for G&Rhing in the group. It will be
interesting to see whether this is due to frustrating effect of
the RhIn layers which renders CeRRjrincommensurate.
Antiferromagnetic transitions have been studied in isostruc-
tural Nd,MIns,.» (M=Rh,Ir andn=1,2) and crystal-field
effects have been emphasiZ4dh detailed understanding of
the magnetic interactions in these materials is essential in
pursuing the magnetic origin of unconventional supercon-
ductivity in heavy-fermion CeMIns, 5.
In summary, we find the magnetic structure of,RblIng

to be closely related to that of cubic CglriThe staggered
moment is 0.55(6pg per Ce at 1.6 K and it points 52° from
thea-b plane. It is hoped that the determination of magnetic

tructures for the family GRhlng, », (n=1, 2, andw») will

llow theoretical magnetic models to be constructed, which
is an essential component of understanding unconventional
superconductivity in GMIns, . » (n=1,%; M=Rh, Ir, Co.

n=2 materials concerns the magnetic moment orientation. We thank M.E. Zhitomirsky and M.F. Hundley for useful
In CeRhliny, the moments rotate in treb plane, indicating a discussions. W.B. thanks D.C. Dender for technical assis-

XY-type magnetic anisotropy. In GRhing, the magnetic

tance at NIST. Work at Los Alamos was performed under

moments point 52° from the basal plane. Different local anthe auspices of the U.S. Department of Energy. Z.F. grate-
isotropic fields, together with crystal fields and isotropic ex-fully acknowledges NSF support at FSU. P.G.P. also ac-
change, likely contribute to the different magnetic structureknowledges FAPESP-S@Brazil).
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